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1. Scope

1.1 This guide describes different mathematical methods
that may be used to calculate absorbed dose and criteria for
their selection. Absorbed-dose calculations can determine the
effectiveness of the radiation process, estimate the absorbed-
dose distribution in product, or supplement or complement, or
both, the measurement of absorbed dose.

1.2 Radiation processing is an evolving field and annotated
examples are provided in Annex A6 to illustrate the applica-
tions where mathematical methods have been successfully
applied. While not limited by the applications cited in these
examples, applications specific to neutron transport, radiation
therapy and shielding design are not addressed in this docu-
ment.

1.3 This guide covers the calculation of radiation transport
of electrons and photons with energies up to 25 MeV.

1.4 The mathematical methods described include Monte
Carlo, point kernel, discrete ordinate, semi-empirical and
empirical methods.

1.5 This guide is limited to the use of general purpose
software packages for the calculation of the transport of
charged or uncharged particles and photons, or both, from
various types of sources of ionizing radiation. This standard is
limited to the use of these software packages or other math-
ematical methods for the determination of spatial dose distri-
butions for photons emitted following the decay of '*’Cs or
©0Co, for energetic electrons from particle accelerators, or for
X-rays generated by electron accelerators.

1.6 This guide assists the user in determining if mathemati-
cal methods are a useful tool. This guide may assist the user in
selecting an appropriate method for calculating absorbed dose.
The user must determine whether any of these mathematical
methods are appropriate for the solution to their specific
application and what, if any, software to apply.

! This guide is under the jurisdiction of ASTM Committee E61 on Radiation
Processing and is the direct responsibility of Subcommittee E61.04 on Specialty
Application.

Current edition approved Dec. 1, 2016. Published January 2017. Originally
approved in 2002. Last previous edition approved in 2010 as E2232-10. DOI:
10.1520/E2232-16.

Note 1—The user is urged to apply these predictive techniques while
being aware of the need for experience and also the inherent limitations of
both the method and the available software. Information pertaining to
availability and updates to codes for modeling radiation transport, courses,
workshops and meetings can be found in Annex Al. For a basic
understanding of radiation physics and a brief overview of method
selection, refer to Annex A3.

1.7 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory requirements prior to use.

2. Referenced Documents

2.1 ASTM Standards:*

E170 Terminology Relating to Radiation Measurements and
Dosimetry

E482 Guide for Application of Neutron Transport Methods
for Reactor Vessel Surveillance

2.2 ISO/ASTM Standards:*
51707 Guide for Estimating Uncertainties in Dosimetry for
Radiation Processing

2.3 International Commission on Radiation Units and Mea-
surements Reports:®
ICRU Report 85a Fundamental Quantities and Units for
Tonizing Radiation

2.4 United States National Institute of Standards and Tech-
nology:*
NIST Technical Note 1297 (1994 edition) Guidelines for
Evaluating and Expressing the Uncertainty of NIST Mea-
surement Results

3. Terminology
3.1 Definitions:

2 For referenced ASTM and ISO/ASTM standards, visit the ASTM website,
www.astm.org, or contact ASTM Customer Service at service@astm.org. For
Annual Book of ASTM Standards volume information, refer to the standard’s
Document Summary page on the ASTM website.

3 Available from International Commission on Radiation Units and
Measurements, 7910 Woodmont Ave., Suite 800, Bethesda, MD 20815 USA.

4 Available as a download from the NIST web site at: http://physics.nist.gov/
Pubs/guidelines/TN1297/tn1297s.pdf.
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3.1.1 accuracy (VIM)—closeness of agreement between a
measured quantity value and a true quantity value of a
measurand.

3.1.2 benchmarking—comparing model predictions to inde-
pendent measurements or calculations under similar conditions
using defined criteria of uncertainty.

3.1.2.1 Discussion—Benchmarking is a prerequisite before

routine use of a mathematical model. Refer to 8.1 and Annex
AS.

3.1.3 biasing (in a Monte Carlo simulation)—adjustment of
the source particle selection or the transported particle weight,
or both, in a statistically valid manner so as to increase the
particles in a region where the detector response is most
important.

3.1.3.1 Discussion—Biasing is a method used to reduce the
estimated uncertainty or computer run times of Monte Carlo
simulations. Monte Carlo simulations using the natural prob-
abilities of physical events may require unacceptably long run
times to accumulate statistics for rare events. The simulated
probabilities may be altered to achieve the uncertainty goals for
the simulation in acceptable run times by biasing the sampling
from the probability distributions. The number of particles
tracked and the particle weights may be adjusted so as to
ensure a statistically valid sample from the probability distri-
butions. Appropriate biasing requires a detailed knowledge of
the model and the influence of rare events. As with all
simulations, results should be compared with benchmark
measurements or simulation results originated by a different
code.

3.1.4 build-up factor—ratio of the total value of a specified
radiation quantity (such as absorbed dose) at any point in that
medium to the contribution to that quantity from the incident
un-collided radiation reaching that point.

3.1.4.1 Discussion—The concept of build-up applies to the
transport of photons.

3.1.5 deterministic method—a mathematical method using
transport equations to directly calculate the radiation field over
all space as a function of radiation source and boundary
conditions.

3.1.5.1 Discussion—The point kernel and discrete ordinate
methods are examples of deterministic methods.

3.1.6 discrete ordinate method—a deterministic method for
approximate numerical solution of the transport equation in
which the direction of motion is divided into a finite number of
discrete ordinate angles.

3.1.6.1 Discussion—In the discrete ordinates
approximation, the transport equation becomes a set of coupled
equations, one for each discrete ordinate. Particle behaviors
along paths intermediate to described paths are approximated
by a weighted average (numerical quadrature) of adjacent paths
(1).° The method is useful for both electron and photon sources
when appropriate assumptions can be made.

3 The boldface numbers in parentheses refer to the list of references at the end of
this standard.

3.1.7 empirical method—a method derived from fitting an
approximating function to experimental data or Monte Carlo
calculation result.

3.1.7.1 Discussion—Empirical models are generally devel-
oped by fitting equations (for example, polynomial) to experi-
mental data or simulation output derived from another math-
ematical method.

3.1.8 history (of a particle)—record of all simulated inter-
actions along particle’s track as used in stochastic simulations
(for example, Monte Carlo).

3.1.8.1 Discussion—A particle history begins with the start-
ing position, energy and direction of a particle, follows all its
interactions, and terminates in one of several outcomes such as
absorption, escape from the boundary of the problem, or
reaching a cut-off limit (such as a cut-off energy). A particle
history is the systematic generation of a random, simulated
particle track that is obtained according to the known physical
interactions of either electrons or photons with the material
being traversed. History and particle history are considered
Synonymous.

3.1.9 mathematical method—a method of solution of an
electron or photon transport problem, or both, using algebraic
relations and mathematical operations to represent the system
and its dynamics.

3.1.10 mathematical model—a mathematical description of
a physical problem based on physical laws or empirical
correlation, or both.

3.1.11 Monte Carlo method—a simulation method used for
calculating absorbed dose, energy spectra, charge, fluence and
fluence rate in a volume of interest using a statistical summary
of the radiation interactions.

3.1.11.1 Discussion—A Monte Carlo calculation consists of
running a large number of particle histories (simulations) until
some acceptable statistical uncertainty in the desired calculated
quantity (such as dose) has been reached. This calculation
method is suitable for problems involving either electrons or
photons or both. This technique produces a probabilistic
approximation to the solution of a problem by using statistical
sampling techniques. See also stochastic and history.

3.1.12 numerical convergence—process in which the itera-
tive solution of an equation or set of equations changes by less
than some defined value.

3.1.12.1 Discussion—The mathematical equations describ-
ing a problem are often so complex that an analytical (alge-
braic) solution is not possible. The solution of the equations
can be estimated by an iterative process of progressively
refining approximate solutions at a grid of discrete locations. A
consistent set of solutions arrived at by this method achieves
numerical convergence. Convergence may not be obtained if
the discrete locations are too widely separated (that is, the grid
is too coarse).

3.1.13 point kernel method—a deterministic method for
calculating dose based on integrating the contributions from
point sources.

3.1.13.1 Discussion—The point kernel method is typically
used for photon transport applications. The radiation source is
modeled as a large set of point sources. The absorbed dose,
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dose equivalent or exposure is estimated at a dose point by
integrating the contribution from each of the point sources. A
multiplicative value (the semi-empirical build-up factor) is
used to account for the contribution from scattered (indirect)
radiation from regions not in the direct path between the source
point and field point.

3.1.14 radiation field—a function describing the particle
density and the distributions of energy, direction and particle
type at any point.

3.1.15 radiation transport theory—an analytical description
of the propagation of a radiation field according to the physical
laws governing the interaction of radiation with matter.

3.1.15.1 Discussion—In its most general form, transport
theory is a special branch of statistical mechanics, which deals
with the interaction of the radiation field with matter.

3.1.16 semi-empirical model—an empirical model in which
the fitting parameters are constrained so that the model satisfies
one or more physical laws or rules.

3.1.16.1 Discussion—The satisfaction of such physical rules
may enable the model to be applicable over a wide range of
energies and materials.

3.1.17 spatial mesh—subdivision of the radiation interac-
tion volume of interest into a grid of discrete spatial elements
for performing a transport calculation.

3.1.18 statistical component of uncertainty—component of
uncertainty evaluated by statistical analysis of a series of
calculated values.

3.1.18.1 Discussion—The inherent sampling uncertainty of
the Monte Carlo method can be estimated as a statistical
uncertainty by applying statistical sampling techniques to the
number of simulated histories. For calculations without
biasing, the statistical uncertainty scales as the reciprocal of the
square root of the number of histories.

3.1.19 stochastic methods—methods using mathematical
equations containing random variables to describe or summa-
rize the physical processes in the system being studied. A
random variable is a variable whose value is a function of a
statistical distribution of random values.

3.1.19.1 Discussion—The Monte Carlo method is the only
stochastic method discussed in this guide. See also Monte
Carlo and history.

3.1.20 non-statistical component of uncertainty—
component of uncertainty evaluated by means other than
statistical analysis of a series of calculated values.

3.1.20.1 Discussion—There are non-statistical components
of uncertainties associated with the necessary simplifying
assumptions needed to approximate the physical paths of
electrons in the model and uncertainties in the cross-sections
for the different interactions. These uncertainties can be esti-
mated by analytical techniques. A non-statistical component of
uncertainty could result from the difference in geometry and
material composition of the modelled irradiator versus the
actual irradiator. Other sources of non-statistical component of
uncertainty are the inadequate description of the problem and
approximations to actual physics.

3.1.21 transport equation—an integro-differential equation
describing the motion of particles or radiation through a
medium.

3.1.21.1 Discussion—The transport equation contains vari-
ous terms corresponding to sources of particles, particle
streaming and particle scattering in and out of an infinitesimal
volume of phase space.

3.1.22 uncertainty of calculation result—non-negative pa-
rameter associated with the result of a calculation that charac-
terizes the spread of values that could reasonably be attributed
to the derived quantity.

3.1.22.1 Discussion—Like absorbed-dose measurement, the
absorbed-dose calculation should also be accompanied by an
estimate of uncertainty.

3.1.23 validation—accumulation of documented experi-
mental evidence, used to demonstrate that the mathematical
method is a reliable prediction technique.

3.1.23.1 Discussion—Validation compares a code or theory
with results of an appropriate experiment.

3.1.24 verification—confirmation by examination of evi-
dence that the mathematical method has been properly and
successfully applied to the problem.

3.1.24.1 Discussion—It is important to know the type of
radiation sources, geometries, energies, etc. for which a code
has been validated. The calculated results will also depend on
quantities at the user’s disposal such as cut-off energy (for
Monte Carlo) or mesh size (for discrete ordinate methods).
Verification demonstrates that theory was implemented in the
way intended, and that the simulation was performed in
accordance with its requirements and specifications.

3.1.25 zoning—The geometric description used to break up
a larger region into smaller segments in which to calculate the
dose.

3.1.25.1 Discussion—Partitioning a zone into smaller seg-
ments is referred to as subzoning.

3.2 Definitions of other terms used in this standard that
pertain to radiation measurement and dosimetry may be found
in Terminology E170. Definitions in Terminology E170 are
compatible with ICRU 85a; those documents, therefore, may
be used as alternative references.

4. Significance and Use

4.1 Use as an Analytical Tool—Mathematical methods pro-
vide an analytical tool to be employed for many applications
related to absorbed dose determinations in radiation process-
ing. Mathematical calculations may not be used as a substitute
for routine dosimetry in some applications (for example,
medical device sterilization, food irradiation).

4.2 Dose Calculation—Absorbed-dose calculations may be
performed for a variety of photon/electron environments and
irradiator geometries.

4.3 Evaluate Process Effectiveness—Mathematical models
may be used to evaluate the impact of changes in product
composition, loading configuration, and irradiator design on
dose distribution.
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4.4 Complement or Supplement to Dosimetry—Dose calcu-
lations may be used to establish a detailed understanding of
dose distribution, providing a spatial resolution not obtainable
through measurement. Calculations may be used to reduce the
number of dosimeters required to characterize a procedure or
process (for example, dose mapping).

4.5 Alternative to Dosimetry—Dose calculations may be
used when dosimetry is impractical (for example, granular
materials, materials with complex geometries, material con-
tained in a package where dosimetry is not practical or
possible).

4.6 Facility Design—Dose calculations are often used in the
design of a new irradiator and can be used to help optimize
dose distribution in an existing facility or radiation process.
The use of modeling in irradiator design can be found in Refs
2-7).

4.7 Validation—The validation of the model should be done
through comparison with reliable and traceable dosimetric
measurements. The purpose of validation is to demonstrate that
the mathematical method makes reliable predictions of dose
and other transport quantities. Validation compares predictions
or theory to the results of an appropriate experiment. The
degree of validation is commensurate with the application.
Guidance is given in the documents referenced in Annex A2.

4.8 Verification—Verification is the confirmation of the
mathematical correctness of a computer implementation of a
mathematical method. This can be done, for example, by
comparing numerical results with known analytic solutions or
with other computer codes that have been previously verified.
Verification should be done to ensure that the simulation is
appropriate for the intended application. Refer to 3.1.24.

Note 2—Certain applications of the mathematical model deal with
Operational Qualification (OQ), Performance Qualification (PQ) and
process control in radiation processing such as the sterilization of
healthcare products. The application and use of the mathematical model in
these applications may have to meet regulatory requirements. Refer to
Section 6 for prerequisites for application of a mathematical method and
Section 8 for requirements before routine use of the mathematical method.

4.9 Uncertainty—An absorbed dose prediction should be
accompanied by an estimate of overall uncertainty, as it is with
absorbed-dose measurement (refer to ISO/ASTM 51707 and
NIST Technical Note 1297). In many cases, absorbed-dose
measurement helps to establish the uncertainty in the dose
calculation.

4.10 This guide should not be used as the only reference in
the selection and use of mathematical models. The user is
encouraged to contact individuals who are experienced in
mathematical modelling and to read the relevant publications
in order to select the best tool for their application. Radiation
processing is an evolving field and the references cited in the
annotated examples of Annex A6 are representative of the
various published applications. Where a method is validated
with dosimetry, it becomes a benchmark for that particular
application.

5. Classification of Mathematical Methods and General
Application

5.1 Mathematical methods for radiation transport can be
used to estimate the absorbed dose to a small volume or point.
The dose distribution within the entire product can be deter-
mined by calculations at different points within the product.

5.2 Types of Methods—Four general types of methods are in
use: Monte Carlo, deterministic, semi-empirical and empirical.
Both Monte Carlo and deterministic methods are based on the
detailed physics of the interaction of radiation with matter.

5.2.1 Monte Carlo methods involve simulating paths of a
finite number of photons or electrons and estimating dose by
summing and averaging the histories of many energy deposi-
tion events.

5.2.2 Deterministic methods use equations describing the
transport of radiation in matter to perform a direct estimate of
the total radiation field, absorbed dose and other responses.

5.2.3 Empirical and semi-empirical methods are based on
statistical relationships of measurements or calculations for a
particular system.

5.3 Monte Carlo Method—The Monte Carlo method simu-
lates the paths of particles such as electrons and photons from
the source to the dose volume. See Note 1, Refs (8-19) and
Annex Al for examples and codes. See also A3.3 and A3.4.4
for brief discussions of the physics of electron and photon
transport and the Monte Carlo method respectively.

5.3.1 Advantages—Unlike other methods, the Monte Carlo
method can, in principle, account for all interactions and
provide a realistic simulation of actual all scattering and energy
loss events. All contributions to the absorbed dose can be taken
into account including electron and photon scattering from
nearby objects. (See Note 3.) In addition, the Monte Carlo
method has the great advantage of being the method most
capable of simulating the actual radiation transport in complex
three-dimensional geometry.

Note 3—Such objects could be structures outside the system of
irradiated material(s) for which the dose distribution is to be calculated.
For example, these might include shielding layers, photon beam
collimators, e-beam accelerator heads, or walls of concrete or lead
surrounding a ®°Co radiation source.

5.3.2 Disadvantages—Because electrons (including those
generated by photons) in the energy range of 50 keV to 10
MeV undergo large numbers of scattering events, exact simu-
lation of all photon and electron paths is not feasible or
practical. Instead, approximate electron paths are employed, as
in the so-called “condensed history Monte Carlo method” (20
and 21). For electrons, approximate artificial trajectories using
large path length steps and a multiple-scattering approach to
particle deflections are employed in standard Monte Carlo
codes. (See Annex Al.) The standard Monte Carlo codes listed
in Annex Al and Refs (8-19) use this condensed history
approach. However, such approximate paths may lead to
significant errors, particularly at locations where transport
across surfaces or material interfaces is important. See Note 4.
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Note 4—In some Monte Carlo codes (17), improved accuracy near
material boundaries has been obtained using shorter paths near interfaces
between different materials.

Note 5—To reduce computational time, limits to the problem may be
specified, such as physical boundaries and energy cut-offs, when the
contributions to the problem made outside of these boundaries are no
longer expected to be significant. Variance reduction techniques help to
improve the rate of numerical convergence but require a sophisticated
understanding of probability distributions.

5.3.2.1 One of the main difficulties with this method is its
application to geometries that create reductions in fluence
spanning orders of magnitude (for example, thick shields,
complicated mazes, and air cavities).

5.3.2.2 Another difficulty is that, when the dose volume is
small, Monte Carlo calculations may require variance reduc-
tion techniques. This type of problem may occur when attempt-
ing to calculate the dose within a dosimeter volume (for
example, an 18-um thick thin film or a layered 100-um thick
radiochromic film).

5.3.2.3 Calculations of dose should provide a range of dose
values over a region near where the dose is to be measured.
This is to permit estimation of the effect of variations in the
location/orientation of a dosimeter in that region. This deter-
mines the dose sensitivity associated with placement of the
dosimeter and allows determination of this type of error.

5.3.3 Statistical Uncertainty—The inherent uncertainty in
the calculated value of dose due to sampling in the Monte
Carlo method can be estimated by applying statistical sampling
techniques to the number of histories. For calculations without
biasing, the statistical uncertainty scales as the reciprocal of the
square root of the number of histories run.

5.3.3.1 Special care must be taken when using variance
reduction techniques which are used to increase statistics in an
otherwise poorly populated phase space (for example, shield-
ing calculation where only high energy photons are tracked
through the shield). This is accomplished by introducing
sampling probabilities which may be highly varying and have
an adverse effect on the convergence of Monte Carlo calcula-
tions.

5.3.4 Non-statistical Component of Uncertainty—These un-
certainties can be estimated by analytical techniques, which
may include sensitivity analysis (changing a value of a
parameter by an amount related to its uncertainty and rerunning
the calculation to compare the results. Various elements of the
calculation can be validated with dosimetry.

Note 6—There is great potential for large discrepancies in results
because there is no estimate of non-statistical component of uncertainty
resulting from software. Refer to Section 9. Construction of an uncertainty
budget is recommended.

5.4 Deterministic Methods—These methods use analytical
equations to summarize radiation fluence rate through target
materials. Such complex equations cannot be solved directly
but must be solved iteratively in the computer calculations.

5.4.1 Discrete Ordinates Methods—These methods have
been used for both electron and photon sources (22 and 23).
This name is given to several closely related techniques for
obtaining approximate solutions to the transport equations that
contain both integral and partial derivative terms. Various
methods have been developed to solve these equations (24). All

of these methods place limits on the angular variable such that
the incident radiation is represented as streaming only along a
finite number of directions rather than all possible directions as
contained in the transport equation. Extension of this technique
to 2-D and 3-D has been done by several authors (25).

5.4.2 Point Kernel Methods—Point kernel methods are used
mainly for photon transport problems (26). In point kernel
methods, the radiation source volume is approximated by a
number of isotropic source points. The absorbed dose at each
dose point is obtained by summing the dose contribution from
all source points. The calculation takes into account the
distance between the dose point and the source point and
approximates the scatter within the intervening product
through the use of a build-up factor. Build-up factors are
theoretically calculated and sometimes fitted to empirical
functions. These factors provide an approximation for the
contribution of scattered photons from surrounding material.
Approximations are also required to account for the energy
spectrum and variations in the atomic number in different
intervening or scattering materials.

Note 7—There are a number of general databases available for the
photon buildup factors needed for these codes (Annex Al).

5.4.3 Advantages—Deterministic methods may be faster
than Monte Carlo, and can be benchmarked against dosimetry.

5.4.4 Disadvantages—Deterministic methods give no innate
estimate of statistical uncertainty. Iterative solution methods
may be susceptible to numerical convergence errors and
oscillatory solutions.

5.4.5 Uncertainties—There are three sources of uncertain-
ties in deterministic models. These are (/) the approximations
used to create physical models and cross-sections (for example,
energy straggling is neglected in deterministic methods), (2)
the effect of representing a continuous problem in space, angle
and energy with a finite mesh in all these variables and (3)
truncation error due to a finite number of discrete ordinates.

5.4.6 The accuracy of the point kernel treatment may be
comparable to that of a Monte Carlo calculation for configu-
rations where the point kernel approximation is valid (27).

5.5 Empirical and Semi-empirical Methods:

5.5.1 Empirical—Empirical methods typically involve fit-
ting analytical functions to experimental measurements (or to
calculations using other methods). The model equations are
typically specific to a particular radiation facility and their
predictive capabilities are not generally transferable to other
facilities or products. Some simple equations exist for calcu-
lating the range of electrons in condensed matter (28), electron
energy loss (29) and depth-dose relationships in various
materials (30).

5.5.2 Semi-Empirical—These are empirical methods in
which the fitting parameters are constrained so that the model
satisfies one or more physical laws or rules. These methods
provide a more generally applicable mathematical model than
the empirical method and are adjustable to physical parameters
of the facility, source and products, such as energy, density and
composition. In general, these are software-based programs
with variable parameter inputs. Equations, codes and databases
are available (31-34).
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5.5.3 Advantages—Empirical and semi-empirical models
are fast and do not require cross-sections, build-up factors and
zoning since they are implicitly included in the coefficients of
the model. No special knowledge, such as needed for Monte
Carlo or deterministic methods, is required. Semi-empirical
models may be applicable to multiple facilities.

5.5.4 Disadvantages—Empirical methods are likely to be
very limited in their application. Generally, empirically derived
equations cannot be transferred to other sites or irradiation
applications, or both, that were not part of the original database
used to generate the model. These methods may be difficult to
implement for systems with complicated geometry.

Note 8—Although empirical or semi-empirical codes may give some
useful guidance, modern Monte Carlo codes on modern platforms are
often very fast in these types of applications.

5.5.5 Uncertainties—Uncertainty in both methods is influ-
enced by factors such as lack of homogeneity in the product,
dosimeter location and uncertainty associated with dose mea-
surements.

6. Prerequisites for Application of a Mathematical
Method

6.1 Facility and Related Geometry Considerations:

6.1.1 Detailed drawings of irradiation facility equipment,
source-related equipment and associated geometries, should be
obtained, physically verified, and documented. Examples of
gamma irradiation facilities are given in Figs. 1 and 2.

Note 9—Fig. 1 shows a physical model of a typical gamma irradiator
with product in aluminum totes. For clarity, four totes and part of the

source shroud have been removed. The tote irradiator uses a shuffle-and-
dwell concept. Each product tote is irradiated for a defined period of time
before it is moved to the next irradiation position. The source rack
containing the radiation sources is shown (36).

Note 10—Fig. 2 shows a photograph on the left of a research carrier
and the graphical user interface window of a mathematical model shown
on the right photograph. All product is contained in aluminum totes. For
the research carrier, product is brought into the radiation chamber and
irradiated for a defined period of time, and then leaves the irradiation
chamber. The graphical user interface shows ray tracing between the
radiation source (1) and the dose volume (2) (36).

6.1.2 Detailed drawings of materials to be irradiated
(products, targets) and their associated geometries, with physi-
cal verification of the same (composition of constituents,
densities) should be collected and documented.

6.1.3 The type of source(s) present (electrons, photons),
source energy spectrum, source output angular distribution,
source size (point or distributed, diffuse source with variable
activity etc.) and the number of sources should be specified and
documented.

Note 11—In the case of gamma-ray sources (for example, ®°Co
sources), the photon energy spectrum may be difficult to obtain experi-
mentally or estimate theoretically. In general, for photons with energies
200 keV and above, a broad low energy contribution to the spectrum is
created via Compton scattering.

6.2 Personnel—Trained personnel should be involved in all
aspects of model development, program execution, data reduc-
tion and the evaluation of results. There is no standard set of
qualifications that can be recommended. Interaction of person-
nel with all phases of the modeling exercise should be
documented according to the end-user’s policy and procedural

FIG. 1 Solid Model of a modified Nordion JS9600 Irradiator with a two layer roller conveyor, showing the product totes (1) and the ra-
diation source (2). The model was developed using EGSPP (35)
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IRRADIATOR

SIMULATOR

FIG. 2 Picture and Simulation of a Gamma Production Irradiator and Research Loop (36)

plans. The individual developing or using the selected model
should be actively involved in the verification experiment(s).
See Section 8 concerning the verification and validation
experiments.

6.2.1 All training and significant experience of personnel
involved in the modeling effort should be documented.

6.3 Computer Equipment and Software—Requirements
should be reviewed and documented.

6.3.1 All significant pieces of hardware should be docu-
mented by name and, where appropriate, serial number.

6.3.2 All operating system software, modeling software,
compilers and commercial products such as spreadsheets and
data analysis tools should have their titles and version numbers
recorded.

6.4 All relevant dosimetry data, reports of measurement and
other physical evidence should be collected and filed or
referenced for use in validation of model performance. See
Section 8 concerning validation experiments.

7. Specification of Modeling Strategy and Method
Selection

7.1 Specification of the Modeling Effort—All modeling
approaches should be described in the form of a written
protocol detailing the requirements for successful execution
and subsequent completion of the exercise(s) relative to written
criteria for success. The protocol should, at a minimum,
include:

7.1.1 Specification of the source type and geometry as per
6.1.

7.1.2 Specification of facility (transport mechanism, support
structures, biological shield as per 6.1).

7.1.3 Specification of target materials and geometries as per
6.1.

7.1.4 Declaration of personnel as per 6.2.

7.1.5 Specification of computer hardware and software as
per 6.3 (see also 7.2).

7.2 Criteria for Selection—Most problems are rarely mod-
eled exactly as they appear in reality; major approximations for
simplification may be required to reduce the amount of effort
required to build the model description and run times. These
assumptions should be documented. Method selection will be
primarily determined by the following criteria:

7.2.1 Source Description—For a photon source, any of the
four methods may be chosen. For an electron source, the point
kernel method is not recommended since the point kernel
method assumes that the energy of the interacting particle is
delivered at a point and then distributed statistically around that
reaction point, as in the case of photons. On the other hand,
electrons interact continuously with matter along their path and
because of this the point kernel method is not appropriate.

7.2.2 Level of Detail—The level of detail to be included in
the model, or the granularity of the problem, will influence the
method selection. If the problem can be described as regions of
homogeneous material, the point kernel method may be most
appropriate if speed and spatial resolution are important. If the
problem must be further broken down into smaller regions of
different material (composition or density) in order to achieve
accuracy, more complex input files will be needed.

7.2.2.1 Available software may have geometry replication
and tiling features that are very useful for this purpose. If the
target size is small relative to geometry or source description,
Monte Carlo may require biasing or modification to include a
larger volume wherein the dose will be an average value over
a larger volume than desired. The Monte Carlo method can be
used to provide a refinement of the point kernel build-up
calculation to achieve the required accuracy with the point
kernel method for optimized efficiency (time, resolution) (27,
37, 38).

7.2.3 Set-up Time—The complexity of three-dimensional
problem descriptions in the input files and manipulation of the
output files is where most of the effort is concentrated and can
be very time consuming. It may also be necessary to make
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modifications to the code to accommodate the specific problem
to be solved. If modifications to the code are necessary,
revalidation will be required, particularly if the physics mod-
eled in the code has been changed.

7.3 Selection of Method Type:

7.3.1 The criteria for selection of a method type require
input from various sources. Such sources include in-house and
outside modeling expertise, model-based testing history and
availability of verified and validated modeling code(s). These
criteria should be documented as per 7.1.

7.3.2 Evaluation of the impact of the code on those items
stated in 7.1.1 — 7.1.5 will typically be geared towards
minimization of time for model set-up, execution and evalua-
tion in exchange for exactness of solution set(s).

7.3.3 There are currently no written methods available for
determining the optimum code to use. However, some general
guidelines are as follows:

7.3.3.1 Empirical equations can be developed, evaluated
against experimental results and, when found to satisfy written
criteria within the limits established in the documentation,
accepted and applied.

7.3.3.2 If empirical equations are unsatisfactory as deter-
mined by the user’s criteria, deterministic or stochastic
solutions, or both, may be sought.

Note 12—Deterministic or stochastic approaches, or both, may be
utilized for the express purpose of supplementing a sparse measurement
database so that empirical relationships can be established and employed.

Norte 13—Because of the more rigorous physical models used in Monte
Carlo codes, these may be considered for the purpose of verifying or
validating performance of a proposed deterministic or empirical solution.

7.3.3.3 Various options are available to the end-user seeking
deterministic or stochastic solutions, or both. Software pack-
ages related to these modeling techniques are listed in Annex
Al. Refer to Table A3.1 in Annex A3 for guidance.

7.3.3.4 In all cases, validation of model performance should
be done using a comprehensive measurement database (dosim-
etry results). See Section 8 concerning validation.

8. Verification and Validation of Model Performance

8.1 Model Verification and Validation—Validation compares
the code output to results of an appropriate experiment.
Verification confirms that the theory was implemented in a
mathematically correct manner. Both verification and valida-
tion of a model require the use of a comprehensive measure-
ment database of dosimetry results and other accepted calcu-
lations. In practice, verification and validation efforts often
overlap during model testing.

8.1.1 Model Benchmarking—Model benchmarking is used
both to verify a mathematical method and to validate the
overall model construction and underlying physics of the
method to produce reliable results. Comparing current model
results with previously well-characterized systems is part of the
model testing. Comparing model results with dosimetry for the
specific problem being modeled is strongly recommended
whenever possible. Differences between measurement and
calculations should be consistent with uncertainty estimates for
both the measurements and the calculations.

8.1.1.1 There are a limited number of referenced benchmark
examples in the literature and these may be inadequate in
number to validate a method and inadequate in detail for
comparison with the model under consideration. The model of
the application of interest should be as nearly the same as
possible to the benchmark example. Benchmark examples may
be found in Annex AS. An example comparing the results of
several methods (Monte Carlo, deterministic and semi-
empirical) with dosimetry can be found in Ref (39).

Note 14—One or more well-defined problems may be run through the
model on the user’s hardware and software platform(s) and compared to
accepted results for execution of the model generated by one or more
organizations (typically, this includes, at a minimum, the firm issuing the
modeling software). Input and output are compared, and the modeling
package’s performance is deemed verified upon successful completion of
the test(s).

Note 15—Formal software testing is not addressed in this guide. It is
desirable to perform calculations with a modeling code that has undergone
a formal software validation program. The level of validation is commen-
surate with the application, and must be justified by the user. The intended
use of software may also have GMP or ISO implications. Refer to Annex
A2 for references and Guide E482 for further guidance on software
validation. Validation of computer modeling software is a complex issue.
In many cases, validation of all aspects of operation of the code under all
proposed modeling conditions is not feasible. The user is advised of the
possibility that none of the software packages referenced in Annex Al
may be validated to national or international standards. The user is also
advised to compare the calculation results with the experimental results. If
this is not possible it would be convenient to use, at least, two different
computer-modeling codes.

8.2 Particulars of Three-Dimensional Model
Construction—Procedures for building and using a three-
dimensional model to integrate code results with dosimetry

(verification) are discussed in Annex AS.

8.3 Precautions and Implementation—It is important to test
all assumptions for validity and to compare the results against
dosimetry whenever possible.

8.3.1 Dosimetry may be used to “fine tune” the model for
the current system. This is an acceptable and recommended
practice when performed by qualified personnel.

8.4 The verification and validation procedure should be
adhered to and documented.

8.5 Validation and Verification of New Computer Code
Releases—Revisions of mathematical models are intended to
improve the physics or software functionality, or both. At a
minimum, verification of output from the updated software
with output from previously run input files should be per-
formed.

9. Uncertainty in Model/Method Prediction

9.1 Similar to dosimetric measurement, an estimate of
uncertainty should accompany dose calculations. As a
minimum, accuracy of the calculated dose value may be
expressed as the ratio of the calculated absorbed dose to the
measured absorbed dose. The accepted degree of agreement
between calculation and measurement will depend on the
user’s requirements.

9.1.1 Refer to 2.1 for ASTM standards on dosimetry meth-
ods and uncertainties and 2.4 for NIST Technical Note 1297 on
uncertainties.
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9.2 The Monte Carlo method does provide an estimate of
the statistical uncertainty insofar as it relates to the calculation.
The cross sections used in these calculations (and probably
further hidden inside other types of calculations) will have
usually published uncertainties which can be followed through
via an uncertainty budget analysis.

9.3 Inadequate description of the problem and coding errors
constitute a significant source of uncertainty. Biasing due to
variation in geometry and composition of the irradiated
products, and in the properties of the source are additional
sources of uncertainty. Inherently, all models are approxima-
tions and limitations to geometry description and approxima-
tions to the actual physics will cause calculated values to differ.
The distribution of these differences is typically unknown but
is bounded by the validation and verification. Coding errors
can cause both gross and subtle miscalculations.

9.4 Potential deficiencies in the application of mathematical
models to problem solving include the following.

9.4.1 Experience—The methodology is excellent, but a
mistake has been made in describing the input file (for
example, geometry input). Error detection by software is
generally limited to coding errors and cannot be relied upon to
catch user errors that are embedded in formally correct code.

Note 16—Geometry validation packages are available for some radia-
tion transport codes. They detect overlapping, ill coded regions and allow
the visual verification of the geometry. Their use is highly recommended.

9.4.2 Knowledge—A good model is developed but the
application is a failure.

9.4.2.1 Discussion—Examples of application failure are:
running an insufficient number of histories when using a Monte
Carlo code; dividing distances into too small an increment for
the step size; and, using too high an energy cut-off or
neglecting characteristic X-rays in thin multiple layers of
different materials.

9.4.3 Structural Support—This may include software prob-
lems and hardware problems that are beyond the ability of the
method to resolve.

9.4.3.1 Discussion—Limited ability of a 1-D code to match
the number of layers in the problem forces combination of
different materials, limited angle of incidence or inability to
run Monte Carlo in adjoint mode.

9.4.4 Other Factors Limiting Appropriate Benchmarking—
Ability to run dosimetry or lack of access to the problem;
failure to perform a good measurement; lack of traceability or
inability to perform dosimetry in critical elements of the
problem.

9.4.5 Information about the Problem—Insufficient commu-
nication between the experimentalist and the model builder
may obscure important details. Whenever possible, the model
builder should be witness to the experiment and involved in all
measurements.

10. Documentation

10.1 General—The following parameters, data and files
should be stored for a defined duration. The records of each
calculation should contain enough information to permit their
repetition. These records include the identity of all personnel

involved in the calculation. Ensure that all paper records and
electronic records are properly protected.

10.2 Input-Related Items:

10.2.1 All relevant input parameters (files) should be in-
cluded in the file associated with the results of execution of a
modeling project.

10.2.2 Relevant Model Description—The calculation should
reference a drawing or sketch illustrating the relevant details of
the modelled design. For example, these details might include
the type of irradiator and the type (or types) of radiation
emitted by the radiation source, the radiation energy spectrum,
including any filtration, the distance between the source and
the surface or center of the irradiated specimen; physical data
on the irradiated specimen (dimensions, mass, composition),
characteristics of the container or apparatus used to hold the
specimen during the irradiation and source geometry, including
radionuclide distribution (if applicable).

10.2.3 Relevant Computational Parameters—Input param-
eters may also include but are not limited to such information
as specified source distributions, subzone description, spatial
mesh, discrete angles, energy cut-offs, and any non-default
output options. The cross-section data for material composition
should be available from the maximum source energy down to
the chosen cutoffs for all materials defined in the problem
geometry.

Note 17—If the gamma ray source energy spectrum incident on the
specimen is not available, the information on the radiation source
geometry (such as geometric shape of the source and cladding thickness)
should be documented. For bremsstrahlung sources, the composition and
thickness of the conversion target should be documented.

10.3 Output-Related Items:

10.3.1 All relevant input and output (files) should be in-
cluded in the file associated with the results of execution of a
modeling project.

10.3.2 Relevant Diagnostic Output—Examples of relevant
output may include other results such as run time, energy
conservation, charge conservation (where possible), statistical
uncertainties and the number and energies of cascade particles
generated (total and above cut-off).

10.3.3 Sufficient information (for example, title and version
numbers for all operating system software, modeling software,
compilers and commercial products such as spreadsheets and
data analysis tools) should be stored so that if the problem is
re-addressed, the original output from the problem can be
compared to the output from the re-execution of said code.

10.4 Post-Output Related Items—The results of all post-
output related processes (data manipulation, organization of
results, etc.) should be recorded and filed according to accepted
practices.

10.5 Validation of Calculation Results with Dosimetry—
Whenever possible, the results of any set of calculations should
be compared as directly as possible with dosimetry. These
results should be recorded and filed with the input and output
information. An error analysis should be performed to assess
the relevance of any significant deviations. Any significant
deviations should be addressed in the report.
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10.6 Additional Items to Document—The experimental pro-
tocol used in generation and execution of the problem (see also
7.1). This should be referenced in all reports and related
documentation.

10.6.1 References to all files associated with verification or
validation, or both, of modeling software performance.

11. Keywords

11.1 benchmarking; deterministic method; discrete ordi-
nates; empirical method; mathematical models; modeling;
modelling; Monte Carlo; point kernel; radiation processing;
radiation transport; stochastic; validation; verification

ANNEXES

(Informative)

Al. RADIATION MODELING CODES: SOURCES AND RELATED INFORMATION

Al.1 Monte Carlo codes including ITS, MCNP, EGS
(EGSnrc) and PENELOPE point kernel codes including QAD-
CGGP and coupled electron/photon discrete ordinates code
CEPXS/ONELD and photon codes DANTSYS and TORT, and
semi-empirical code EDMULT are available from RSICC
(Radiation Safety Information Computational Center), Oak
Ridge National Laboratory, Oak Ridge, Tennessee, United
States.® See A1.7 for source of ITS and other codes in Europe.

Al.1.1 More information on PENELOPE is available at The
Nuclear Energy Agency (NEA), a specialized agency within

the Organization for Economic Cooperation and Development
(OECD) (http://www.oecd-nea.org/).

A1.2 The Monte Carlo code EGSnrc is available from the
National Research Council of Canada, Ottawa. Refer to http://
www.nrc-cnrc.gc.ca/eng/solutions/advisory/egsnrc-index.html.

Al1.3 The Monte Carlo code MCBEND and point kernel
code RANKERN are available from  http://
www.answerssoftwareservice.com/codes.html.

© For the complete online catalog, see https://rsicc.ornl.gov/Catalog.aspx?c=A-Z.

Al.4 The adjoint Monte Carlo code NOVICE is available
from EMPC Experimental and Mathematical Physics Consul-
tants. Refer to http://www.empc.com/novice.php.

Al.5 The TART Monte Carlo code is available from the
Lawrence Livermore National Laboratory, (https://
wci.llnl.gov/codes/tart/).

Al1.6 A monthly newsletter is available from the RSICC
detailing changes to the computer code and data library
collection. The newsletter also provides a calendar and descrip-
tions of future conferences, courses, workshops and symposia
(https://rsicc.ornl.gov/RSICCNewsletters.aspx).

A1.7 The GEANT4 Monte Carlo code is available from
CERN (https://gean4.web.cern.ch/gean4/index.shtml).

Note Al.1—The user should seek software-supplier guidance for
minimum system operating requirements.

A2. REFERENCES FOR SOFTWARE VALIDATION

A2.1 General Principles of Software Validation; Final Guid-
ance for Industry and FDA Staff, January 11, 2002 U.S.
Department Of Health and Human Services Food and Drug
Administration Center for Devices and Radiological Health
Center for Biologics Evaluation and Research. Available at
www.fda.gov.

A2.2 FDA Medical Device Quality System Manual, Design
Control Guidance For Medical Device Manufacturers, March
1997. Available at www.fda.gov.
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A2.3 TIOS/IEC 90003, Software engineering—Guidelines
for the application of ISO 9000:2008 to computer software.
Available at www.iso.org.

A2.4 Software Quality Assurance—A Guide For Develop-
ers and Auditors, Howard T. Garston Smith, Available at CRC
Press (www.crcpress.com).



Ay E2232 - 16

A2.5 ANSI/IEEE Std 1012-98. IEEE Standard for Software
Verification and Validation. IEEE, 345 East 47th Street, New
York, NY, United States. Available at the IEEE Standards
Association (http://standards.ieee.org).

A2.6 NIST Special Publication 500-234. Reference Infor-
mation for the Software Verification and Validation Process.
Available at www.NIST.gov.

A2.7 ANSI/IEEE Std 1012-98. IEEE Standard for Software
Verification and Validation. IEEE, 345 East 47th Street, New
York, NY, United States.

A2.8 NIST Special Publication 500-234. Reference Infor-
mation for the Software Verification and Validation Process,
USDOC, NIST, Gaithersburg, MD, United States, March 1996.

A3. PHYSICS AND MODELING TUTORIAL

Note A3.1—Several useful and well-known textbooks are available on
the subjects of shielding (26) and transport methods (40).

A3.1 Justification for Model Building—In general, model-
ing of a process increases understanding and may lead to
improved process efficiency. Modeling is particularly useful
when the intended facility is not accessible due to design,
location or scheduling. For electron beam processes, alterna-
tive product packaging designs may be considered to optimize
dose uniformity, throughput and distribution of isotope
activity/voltage selection. Modeling may be used to optimize a
facility design in order to anticipate that a desired result is
possible before committing time, resources and products to a
potentially expensive experiment or fabrication. An example
might be to develop a scheme for running materials of different
densities in parallel, either as stratified layers within product or
product conveyance structure, or sequentially in a series of
product volumes.

A3.2 Consideration of the Modeling Effort—Radiation
transport codes have been under development for several
decades and have become quite sophisticated in their ability to
solve problems. The parallel development of powerful, com-
pact and inexpensive computers now makes their application
both practical and accessible to a broad audience of users. The
degree to which the various codes may mimic reality is
commensurate with the complexity of the method and the effort
applied in model building. Increasing the complexity of the
system, the level of detail desired and the accuracy of the
results will require more effort, experience, judgments and
careful testing of the necessary simplifying assumptions. Some
geometrically simple product forms such as flat sheet, tubing
and wire can be accurately modeled. However, with complex
product forms, assumptions are always made for simplification
and speed but may compromise accuracy. Whenever possible,
assumptions should be tested and verified. Level of experience
will determine where to begin a modeling effort and a range of
approaches is presented in this document. The novice is urged
to use caution but should be aware that some approaches are
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simple and may be entirely adequate for the intended purpose.
Unless trained personnel are available, an expert should be
consulted before applying one of the more sophisticated
approaches.

A3.3 Brief Physics Tutorial—If the background of the
reader does not include any familiarity with radiation
processing, this paragraph will be useful in understanding the
content of this guide. The reader is referred to several useful
articles on the physics of energy deposition and transport codes
(41, 42). Absorbed dose is a measure of the energy deposited
per unit mass (refer to 2.3). Radiation deposits energy into
matter by direct collision with electrons of the absorber and
interactions are at an atomic level. This occurs by way of a
number of processes detailed in the referenced texts. Photons
have no charge or mass. Therefore, they can travel long paths
before an interaction with an atom occurs. This is the reason
that a source of photons such as ®°Co or '*’Cs or photons
generated by electrons (X-radiation or bremsstrahlung) deposit
energy over greater distances than electrons. Electrons, on the
other hand, have charge and mass. Therefore, accelerated
electrons have a high number of interactions per unit path
length and, as a result, deposit their energy in a relatively short
distance. The energy available is directly related to the accel-
erating voltage; therefore, higher energy electrons penetrate
further into matter. Electrons are also scattered by their
interactions with matter and may deposit a substantial amount
of their energy at some distance from the primary track,
particularly if they undergo a bremsstrahlung interaction so
that a photon is generated, carrying energy a long way from the
point of interaction. In addition, the scattering of electrons near
boundaries between regions of different atomic number or
density, or both, may not always be properly accounted for in
some calculations, leading to over-or under-estimates of the
doses in regions near these boundaries. Higher density matter
will increase the electron interactions proportionately and the
bremsstrahlung generated in this process will become more
important as the atomic number (Z) of the material increases.
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A3.4 Method Selection—This guide covers three basic
types of methods ranging in complexity. At the simplest level
these include empirical and semi-empirical methods that are
easily applied. The deterministic methods, including point
kernel, contain more physics and require more experience. The
Monte Carlo method is stochastic and solves radiation trans-
port problems from first principles and in true three dimen-
sions. Software documentation is available but may be inad-
equate. Attending a course or workshop for a particular code is
recommended for the less-experienced user. While there is no
best approach, this guide is intended to help the user make an
appropriate selection.

A3.4.1 Cross-reference Table—A summary of the consider-
ations for choosing a mathematical method is shown in Table
A3.1. The table provides only general guidance and the
attributes listed are subjectively rated. The method selected
strongly depends on the user’s application.

A3.4.2 Empirical and Semi-empirical Method—The sim-
plest approach is a model built on empirical methods, which
may not rely on any computer codes at all. These types of
models can be built from the results of dosimetry experiments.
These models are confined to the boundaries of the experi-
ments and a specific facility. They cannot be extrapolated
beyond those limits. However, this may be entirely sufficient
for the intended purpose. The simplest codes that are available
are semi-empirical and they are relatively easy to use. In these
methods, the physics has been parameterized and there is an
ability to simulate changes in source energy, density and
atomic number (Z). This allows making dose predictions where
measurement is not possible but calculation results should
always be confirmed and tested.

A3.4.3 Deterministic Methods—These methods solve a set
of equations (Boltzmann) used to describe the physics of
radiation transport (22-25). The calculations are often one-
dimensional but have an angular and spatial distribution that
permits dose mapping when projected into three-dimensional
space. Point kernel methods are generally applied for this
purpose. Because these methods are fast, great detail and fine
resolution are possible in a reasonable amount of time.
However, the solution of the Boltzmann equation, while exact,
is valid for a given unit path length only and does not account
for scattered radiation from the rest of the problem (three-
dimension). There is no estimate provided for any error that
this might introduce to the problem being described.

A3.4.4 Monte Carlo Method—This method is a three-
dimensional method capable of including the radiation trans-
port physics of the problem. These codes are sophisticated and
reasonably mimic the real world. The model is sampled to
provide a prediction with statistical uncertainty. A sample is a
batch of particle histories that is only a small fraction of the
real population of particles experienced in the actual world. As
the sampling size increases, this method should converge with
a higher level of precision. This is important for facility design
and determining dose discontinuities at the boundaries of
materials. The caveat is that the calculations take considerable
computer time in order to get the desired precision. Some
techniques exist within Monte Carlo to reduce the computa-
tional time. With some practice, these codes also may be fairly
easily applied to solving one and even two-dimensional (for
example, cylindrical geometry) systems. The use of this
method for solving three-dimensional problems generally re-
quires in-depth knowledge and judgment that can only come
from experience.

A4. PARTICULARS OF THREE-DIMENSIONAL MODEL CONSTRUCTION

Note A4.1—The following tutorial is a general guide on how to build
and use a three-dimensional model to integrate code results with dosim-
etry.

A4.1 General—The model should contain all elements of
the geometry in question that will affect absorbed dose and
dose distribution. Note that while it is necessary to include all

the important components in detail, it is highly desirable from
a practical viewpoint to simplify the description as much as
possible. If the method permits modeling complex geometries,
sensitivity calculations may be performed to justify some
simplifications.

TABLE A3.1 Selection Matrix

Attribute Monte Point Discrete Semi- Empirical
Carlo Kernel Ordinates Empirical
Dimensional capability 3-D 3-D 3-D N/A N/A
Electrons Yes Rarely Yes Yes Yes
Gamma, X-ray and Bremsstrahlung Yes Yes Yes Yes Yes
Calculation Speed Slow Moderate Slow? Fast Fast
Estimate of Precision Yes N/A N/A N/A N/A
Resolution Low High High Moderate N/A
Verification required Yes Yes Yes Yes Yes
Available for Purchase Yes Yes Yes Yes N/A

A Discrete ordinate methods are slower than the Monte Carlo method if one dose point is of interest, but can be faster for multiple dose points.
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A4.1.1 The source of the radiation should be accurately
described including its dimensions and energy. The geometry
details of the irradiator should be accurately described using
direct measurements or verification of physical drawings where
applicable.

A4.1.2 Some simplification of elements may be necessary
(cobalt sources, steel rollers) in order to reduce the number of
input bodies. Care must be exercised to maintain mass and
dimensions.

A4.1.3 Some methods permit simplification of a problem
along axes of symmetry through the geometry by using a
“mirror” to reflect radiation. This is sometimes known as
albedo and the mirror effect can be accomplished by creating
an albedo zone.

A4.1.4 The need to modify the model for the specific
application may involve code modification, modifications to
the geometry to include product movement into a time-
independent code, and post-processing of output to get the
results into a meaningful form for interpretation. Additional
programming may be required for routine operation (for
example, a user interface).

A4.1.5 After the simplifying assumptions are complete,
there will be a minimum of 2 additional steps; model construc-
tion to include (/) homogeneous material, and (2) heteroge-
neous product. In both cases, dosimetry should be employed to
validate both the model and the products. All such operations
should be documented.

A4.2 Photon Source Model Construction:

A4.2.1 For a photon source the model could typically
include such things as linear arrays of isotope, metal structural
components and concrete walls that interact with the radiation
environment sufficiently to affect the absorbed dose distribu-
tion in the product.

A4.22 A %Co gamma source will generally be described
by its physical dimensions with a completely isotropic emis-
sion of two photons roughly having an equal probability. Note
that due to physical geometries of radiation sources, an
isotropic gamma radiation source may effectively become a
non-isotropic source due to self-absorption, mutual absorption,
source rack structure, and source encapsulation material.

A4.3 Electron Source Model Construction:

A4.3.1 For an electron beam, the model could typically
include the titanium window foil, scan angles, distance from
the product and metal components of the conveyor system,
which might affect product dose. Modeling the effect of
scattering structures to redirect a portion of the “escaping”
electrons back towards the product may be evaluated.

A4.3.2 An electron beam source may be modeled as a
distributed source, which is required in order to simulate
product movement. The source description may consist of
either a point or line origin with an isotropic distribution
confined to one plane only and with a narrow angular distri-
bution corresponding to the scan angle of the beam. The source
particle energy in the case of electron beam will generally be
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the accelerating voltage and may be modified by the energy
spectrum characteristics of a particular machine.

A4.4 Product Movement (Conversion of Model Output into
Dose)—The various mathematical approaches for
modeling a facility are generally time-independent and may
require some modification in the geometry or adjustment to the
dose calculation to accurately simulate the movement of
product through the radiation field. This may not be necessary
when using empirically derived parametric equations. In
particular, this issue needs to be addressed for small, focused
sources such as an electron beam.

A4.4.1 Electron Beam—Small or focused sources can be
modeled as distributed sources so that the movement of the
product through the radiation field can be accounted for (43,
44).

A4.4.2 Photon Source—Large isotropic sources such as
radioactive isotopes (°°Co) can usually be modeled as they
actually appear and dose calculation will be a function of
source strength and time.

A4.5 Model of a Facility Using Homogeneous Product—
For validation of a facility, it may be convenient to use
homogeneous product (for example, foam, cardboard, etc.) as
the process load with dosimeters at specific locations. The
model can then be based on a solid single homogeneous
material to avoid excessive coding needed to describe hetero-
geneous product as an array of smaller bodies with different
cross-sections. However, for real product, a homogeneous
approximation is not always a safe assumption and dose
mapping should always test the accuracy of the cross-sections.

A4.6 Model of a Facility Using Specific Products:

A4.6.1 For the product, the geometry would include de-
tailed descriptions of the bodies broken down into components
of density, composition and dimensions.

A4.6.2 The dimensions of the bodies through their associa-
tion with density would describe objects. This may mean
describing a packaged object by the location of the contents
rather than by the package dimensions.

A4.6.3 Layered products (that is, sheets of material) may be
sensitive with respect to orientation of an incident electron
beam. When oriented parallel to the incident beam, the depth of
penetration, magnitude and location of the backscatter maxi-
mum may be shifted deeper into the product.

A4.7T Model of Dosimeters:

A4.7.1 Homogeneous and heterogeneous products may be
partitioned as individual zones or by subzones to define a dose
map. The calculated result must be compared to a dosimetry
measurement at specific locations within a specific product.

A4.7.2 In some cases the dosimeter may be a sufficiently
large object such that it can be modeled directly. Precise
location of a dosimeter in the product geometry is critical to
achieving a valid comparison between the model calculation
and the experimental measurement, especially when using an
electron beam.
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A4.7.3 In many cases the dosimeter may be too small to
effectively model as an individual object in the full model
description. This is a problem when using a Monte Carlo code
because the object is very small and requires long run times in
order to achieve adequate precision in the result. In these cases,
a larger region within the product geometry description may be
used to define a dosimeter by extending its thickness, area or
mass density. The location of dosimeters should be mapped as
regions to account for shifting/misalignment of dosimeters
with actual location in the product geometry. This determines
the dose sensitivity associated with placement of the dosimeter
and allows determination of this source of uncertainty.

A4.7.4 Dose predictions must be validated by irradiating
actual product with dosimeters in specific locations.

A4.8 Dose Calculation:

A4.8.1 For an electron beam model where the dose calcu-
lation is expressed as energy deposited per source electron per
gram (E), the dose in the material in terms of the electron beam
irradiation parameters can be obtained in the following way:

€ E(MeV cm?/g-e)N,

m A(cm?)

with N,, the number of electrons coming out of the accelera-
tor and A the irradiation area in cm?. These last two can be
expressed in the following way:

~ I(mA)-1(s)
¢~ ¢(mC)
A(cm?) = b(cm)-v(cm / 5)-£(s)
with I the beam current of the electron accelerator, ¢, the

irradiation time and, bv the area processing rate. Also e is
the charge of the electron in mC (1.6 x 10'®mC). Using also

D=

the fact that 1 MeV/g=1.6 x 10" kGy, the dose in the mate-

rial can be calculated as:

(MeV cm?/ g - e)-1(mA)
b(cm)-v(cm /)

Note A4.2—It may be important to remember that measured dose is in
units of dose to water, which is often several percent different to the
calculated dose to a non-water material. This may be accounted for using
the average electron collisional stopping power ratio, which may be

obtained for most materials using standard databases, for example,
ESTAR at NIST (45).

A4.8.1.1 Suitable modifications to this simple equation may
be required to adjust the calculation for movement of product
through the radiation field.

E
D(kGy) = 1000—*

A4.82 For a ®Co gamma ray model where the dose
calculation is expressed as energy deposited per photon per
gram, the dose in the material in kGy can be obtained using the
equations below:

D(kGy) = E (MeV/ g)N, = 2E (MeV / g)S(Bq)(s)

where Ny represents the number of gamma rays emitted by
the radioactive source, which for *°Co is equal to twice the
activity of the source expressed in Bq (1 Ci=3.7x10'° Bq).
Using also the conversion factor 1 MeV/g=1.6x10""3 kGy the
dose will be:

D(kGy) = 3.2 X 10"3EV(MeV/g)-S(Bq)-t(s)

Note A4.3—It may be important to remember that measured dose is in
units of dose to water, which is often several percent different to the
calculated dose to a non-water material. This may be accounted for using
the average electron collisional stopping power ratio, which may be
obtained for most materials using standard databases, for example,
ESTAR at NIST, or by using the average mass-energy absorption
coefficient, again from standard databases, for example, XCOM at NIST
(45).

AS. BENCHMARKING

AS5.1 Code-to-code Comparison—Compare code outputs
against each other for the same geometry and sources. The
same results should be obtained within uncertainty if the codes
are installed correctly and are coded correctly (46). This
reference effectively serves as a benchmark for several codes
against each other.
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AS5.2 Code-to-Dosimetry Comparison—Use a real facility
with traceable dosimetry and compare code results to actual
measurement. Compare code output with reference-standard
dosimetry system measurements. This is validation, that model
building assumptions and approximations were correct in this
reduction to practice (47 and 48).
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A6. EXAMPLES OF DIFFERENT CODES

A6.1 Examples for Monte Carlo Models:

A6.1.1 Several general articles on Monte Carlo techniques
and applications are cited in the references (3, 20 and 21)
including the original article on condensed history Monte
Carlo.

A6.1.2 A comparison between simple-geometry examples
and more realistic examples of ETRAN Monte Carlo code can
be found under “ETRAN—Experimental Benchmarks,” and
“Applications of ETRAN Monte Carlo Codes” of Ref (40).

A6.1.3 A comparison between simple and complex geom-
etries for the ITS codes can be found in the various sections of
“Applications of the ITS Codes” in Ref (40). A strategy for
determining dose-depth relationships in standard construction
geometries for a wide variety of applications using ITS can be
found in Ref (49).

A6.1.4 An example of verification of a Monte Carlo code
for thick target bremsstrahlung calculations can be found in
Ref (50).

A6.1.5 Comparisons between Monte Carlo codes with re-
gard to dosimetry at material interfaces, backscatter factors and
depth-dose curves can be found in Refs (36, 50).

A6.1.6 Comparisons of dosimetry measurement with simu-
lations of thin-layer slab geometry at low voltages of 100 to
300 keV, typical of radiation processing of web materials, can
be found in Refs (51, 52). An example detailing dose and
charge distribution relationships in sheet materials at electron
voltages ranging from 0.4 to 10 MeV can be found in Ref (53).

A6.1.7 An example of modeling an electron beam source as
an extended source to simulate product (tubing) movement,
including sensitivity studies to justify model simplifications
can be found in Ref (43). The same approach was later applied
to other moving objects (bottles) in Ref (44). An example
describing 3-D electron and X-ray dose distributions in water
at 2 to 10 MeV with comparison with dosimetry at 2 MeV can
be found in Ref (54).

A6.1.8 Several Monte Carlo gamma irradiation processing
facility validation studies, including process planning and dose
rate determinations, using MCNP can be found in Refs (55-58).
These studies provide a good validation of the underlying
physics and demonstrate the utility of using these models to
evaluate facility design as well as routine and non-routine
processing.

A6.1.9 An application of EGS4 for determination of gamma
ray spectrum and dose rate distribution in a GammaCell 220
can be found in Ref (42).
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A6.2 Examples of Deterministic Models:

A6.2.1 Annotated Examples for the Discrete Ordinates
Method:

A6.2.1.1 Simple geometry one-dimensional and two-
dimensional comparisons can be found in Ref (39).

A6.2.1.2 Forward and adjoint methods and applications can
be found in Ref (22).

A6.2.1.3 A comprehensive comparison of CEPXS/ONELD
calculations with the ®°Co data set of Wall and Burke can be
found in Ref (59).

A6.2.1.4 A comparison of ONETRAN calculations with
dosimetry measurement for ®°Co dose profile data to determine
photon spectrum can be found in Ref (60).

A6.2.2 Annotated Examples for the Point Kernel Method:

A6.2.2.1 Annotated examples for the point kernel method
can be found in Ref (26).

A6.2.2.2 A study of gamma ray buildup factors for a point
isotropic source in stratified shields can be found in Ref (38).

A6.2.2.3 Early benchmark examples of models built using
point kernel codes for %0Co facilities, based on homogeneous
materials, made predictions that were within 5 to 7 % of
dosimetry (4, 61).

A6.2.2.4 Dose distribution predictions for a range of prod-
uct densities have been mapped at high resolution (60 cm?) to
assess sterility assurance (62).

A6.2.2.5 Advanced examples of application of point kernel
codes to industrial radiation processing (37), process control
charting (63), “off-carrier” processing (64), and source rack
loading planning (65) have recently appeared.

A6.3 Examples of Semi-empirical Models:

A6.3.1 Annotated Examples for the Semi-empirical Method.:

A6.3.1.1 Extension of EDMULT code for calculation of
dose distribution in tubing and coparison with dosimetry can be
found in Ref (50).

A6.3.1.2 Semi-empirical method for depth-dose curves

66).
( /326.3.1.3 EDMULT for 300 keV electron beam (67).

A6.3.1.4 Semi-empirical model for X-ray depth dose
distribution, compared with Monte Carlo (68).

A6.3.1.5 Electron transmission energy distribution, empiri-
cal expression (69).

A6.4 Additional Annotated Examples—(45, 70-108)
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