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Standard Guide for
Selection and Use of Mathematical Methods for Calculating
Absorbed Dose in Radiation Processing Applications 1

This standard is issued under the fixed designation E 2232; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.

1. Scope 1.7 This standard does not purport to address all of the

1.1 This guide describes different mathematical method§afety concerns, if any, associated with its use. It is the
that may be used to calculate absorbed dose and criteria f6pSPonsibility of the user of this standard to establish appro-
their selection. Absorbed dose calculations determine theriate safety and health practices and determine the applica-
effectiveness of the radiation process, estimate the absorbeBlity of regulatory requirements prior to use.
dose distribution in product, or supplement and/or complemenﬁ Referenced Documents
dosimetry measurements. '

1.2 Radiation processing is an evolving field and annotated 2-1 ASTM Standards: o
examples are provided in Annex A4 to illustrate the applica- E 170 Terminology Relating to Radiation Measurements

tions where mathematical methods have been successfully @nd DOSimet@/ o
applied. While not limited by the applications cited in these E 482 Guide for Application of Neutron Transport Methods

examples, applications specific to neutron transport, radiation _for Reactor Vessel Surveillante
therapy and shielding design are not addressed in this docu- E 666 Practice for Calculating Absorbed Dose from Gamma
ment. or X Radiatiorf

1.3 This guide covers the calculation of radiation transport 2-2 ISO/ASTM Standards: . -
of electrons and photons in the energy range of 0.1 to 25 MeV. 51204 Practice for Dos[metry in Gamma Irradiation Facili-

1.4 The mathematical methods described include Monte _ ties for Food Processifg , o ,
Carlo, point kernel, discrete ordinate, semi-empirical and 51275 Practice for Use of a Radiochromic Film Dosimetry
empirical methods. Systerd o

1.5 General purpose software packages are available for the91400 Practice for Characterization and Performance of a
calculation of the transport of charged and/or neutral particles __High-Dose Radiation Dosimetry Calibration Laborafory
and photons from various types of sources of ionizing radia- 21431 Practice for Dosimetry in Electron and Bremsstrahl-
tion. This standard is limited to the use of these software _ Ung lrradiation Facilities for Food Processing
packages or other mathematical methods for the determination 91608 Practice for Dosimetry in an X-ray (Bremsstrahlung)
of spatial dose distributions for photons emitted following the ~_ Facility for Radiation Processifig -
decay of *3’Cs or %°Co, energetic electrons from particle 51649 Practice for Dosimetry in an Electron Beam Facility

accelerators, or bremsstrahlung generated by electron accelera- f205r Ea‘zjgtion Processing at Energies between 300 keV and
tors. eve _ _ .

1.6 This guide assists the user in determining if mathemati- 51702 Practice for Dosimetry in a Gamma lIrradiation Fa-
cal methods are a useful tool. This guide may assist the user in _ Cllity for Radiation Processirfg

selecting an appropriate method for calculating absorbed dose. 51707 Guide for Estimating Uncertainties in Dosimetry for
Radiation Processirg

Note 1—The user is urged to apply these predictive techniques while 51818 Practice for Dosimetry in an Electron Beam Facility

being aware of the need for experience and also the inherent limitations of ot ; ;
both the method and the available software. Information pertaining to L%rvgadlatlon Processing at Energies between 80 and 300

availability and updates to codes for modeling radiation transport, courses, . L. .
workshops and meetings can be found in Annex Al. For a basic 01939 Practice for Blood Irradiation Dosimetry

understanding of radiation physics and a brief overview of method 2.3 International Commission on Radiation Units and
selection, refer to Annex A3. Measurements Reports:
ICRU Report 14, Radiation Dosimetry: X-Rays and Gamma

1 This guide is under the jurisdiction of ASTM Committee E10 on Nuclear

Technology and Applications and is the direct responsibility of Subcommittee 2 Annual Book of ASTM Standardgol 12.02.

E10.01 on Dosimetry for Radiation Processing. 3 Available from International Commission on Radiation Units and Measure-
Current edition approved Sept 10, 2002. Published November 2002. ments, 7910 Woodmont Ave., Suite 800, Bethesda, MD 20814 USA.

Copyright © ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959, United States.
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Rays with Maximum Photon Energies Between 0.6 and 50 3.1.4 deterministic metheé-a method using mathematical

MeV equations (transport equations) to directly calculate the radia-
ICRU Report 17, Radiation Dosimetry: X-Rays Generatedtion field over all space as a function of radiation source and
at Potentials of 5 to 150 kV boundary conditions.
ICRU Report 34, The Dosimetry of Pulsed Radiation 3.1.4.1 Discussior—The point kernel and discrete ordinate

ICRU Report 35, Radiation Dosimetry: Electron BeamsMeéthods are examples of deterministic methods.
with Energies Between 1 and 50 MeV 3.1.5 discrete ordinates-a deterministic method for ap-

. proximate numerical solution of the transport equation in
ICE;JSitrRO?gort 37, Stopping Powers for Electrons andWhich the direction of motion is divided into a finite number of
. o - discrete ordinate angles.
lCRU Repprt 51, Quantities and Units in Radiation Protec- 3.15.1 Discussiongln the discrete ordinates approxima-
tion Dosimetry » ) tion, the transport equation becomes a set of coupled equations,
ICRU Report 60, Fundamental Quantities and Units forgne for each discrete ordinate. Particle behaviors along paths
lonizing Radiation, 1998 N intermediate to described paths are approximated by a
2.4 International Organization for Standardlgatldn. weighted average (numerical quadrature) of adjacent paths
ISO 9001 Quality Systems—Model for Quality Assurance (1) The method is useful for both electron and photon beam
n DeSlgn/DeVeIOpment, PI’OdUCtIOI’l, InSta”aUO” and Ser'sources When appropriate assumptions can be made.

vicing 3.1.6 empirical model-a method derived from fitting an
ISO 9002 Quality Systems—Model for Quality Assuranceapproximating function to experimental data or Monte Carlo
in Production and Installation calculation result.

ISO 11137 Sterilization of Health Care Products— 3.1.6.1 Discussior—Empirical models are generally devel-
Requirements for Validation and Routine Control - Radia-oped by fitting equations (for example, polynomial) to experi-

tion Sterilization mental data or simulation output derived from another math-
ematical method.
3. Terminology 3.1.7 histories—a particle history is the record of all simu-
3.1 Definitions: lated interactions along its track as used in stochastic or Monte

3.1.1 benchmarking-comparing model predictions to inde- C&rlo simulations.

pendent measurements or calculations under similar conditions 3-1-7-1 DiSCUSSiOH—A hi;tory begins W!th the starting po-
using established criteria of uncertainty. sition, energy and direction of a particle, follows all its

3.1.2 biasing—in a Monte Carlo simulation, an adjustment interactions, and terminates in one of several outcomes such as

of the source particle selection and/or the transported particl@PSOrption, escape from the boundary of the problem, or
weight in a statistically valid manner so as to increase thd€aching a cut-off limit (such as a cut-off energy). A particle

particles in a region where the detector response is modtiStory is the systematic generation of a random, simulated
important. particle track that is obtained according to the known physical
3.1.2.1 Discussion—Biasing is a method used to reduce the Interactions of either electrons or photons with the material

estimated uncertainty or computer run times of Monte Carld®€ing traversed. _

simulations. Monte Carlo simulations using the natural prob- 3-1.8 mathematical metheda method of solution of an
abilities of physical events may require unacceptably long ruff/€ctron and/or photon transport problem using algebraic
times to accumulate statistics for rare events. The simulatefflations and mathematical operations to represent the system
probabilities may be altered to achieve the uncertainty goals fof"d its dynamics. _ o

the simulation in acceptable run times by biasing the sampling 3-1-9 mathematical modet-a mathematical description of a
from the probability distributions. The number of particles Physical problem based on physical laws and/or empirical

tracked and the particle weights may be adjusted so as fePrrelation. _ _
ensure a statistically valid sample from the probability distri- 3-1.10 Monte Carlo methoe-a simulation method used for

butions. Appropriate biasing requires a detailed knowledge of2!culating absorbed dose, energy spectra, charge, fluence and
the model and the influence of rare events. As with a"fluence rate in a volume of interest using a statistical summary

simulations, results should be compared with benchmarl?f the radiation interactions. A Monte Carlo calculation con-
measurements or simulation results originated by a differeriStS Of running a large number of particle histories (simula-
code. tions) until some acceptable statistical uncertainty in the

3.1.3 build-up factor—the ratio of the total dose, particle desired calculated quantity (such as dose) has been reached.

fluence, exposure or other quantity due to primary and second- 3.1.10.1 Discussior—This calculation method is suitable

ary (scattered) radiation, at a target (or field point) location td©" Problems involving either electrons or photons or both.

the dose due to primary radiation at that location. The concepthis technique produces a probabilistic approximation to the

of build-up applies to the transport of photons. solution of a problem by using statistical sampling techniques.
See alscstochasticand history.

4 Available from American National Standards Institute (ANSI), 25 W. 43rd St.,  ° The boldface numbers in parentheses refer to the list of references at the end of
4th Floor, New York, NY 10036 USA. this standard.
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3.1.11 numerical convergeneethe process in which the 3.1.19 uncertainty—a parameter associated with the result
iterative solution of an equation or set of equations changes bgf a measurement, that characterises the spread of values that
less than some defined value. could reasonably be attributed to the measurand or derived

3.1.11.1 Discussior-The mathematical equations describ- duantity.
ing a problem are often so complex that an analytical (alge- 3.1.20 validation—accumulation of documented experi-
braic) solution is not possible. The solution of the equationgnental evidence, used to demonstrate that the mathematical
can be estimated by an iterative process of progressiveljnethod is a reliable prediction technique.
refining approximate solutions at a grid of discrete locations. A 3.1.20.1 Discussior—Validation compares a code or theory
consistent set of solutions arrived at by this method achievewith results of an appropriate experiment.
numerical convergence. Convergence may not be obtained if 3.1.21 verification—confirmation by examination of evi-
the discrete locations are too widely separated (that is, the gridence that the mathematical method has been properly and
is too coarse). successfully applied to the problem.

3.1.12 point kernel method-a deterministic method for 3.1.21.1 Discussior—It is important to know the type of
calculating dose based on integrating the contributions froniadiation sources, geometries, energies, etc. for which a code
point sources. has been validated. The calculated results will also depend on

3.1.12.1 Discussion-The point kernel method is typically quantities at the user's disposal such as cutoff energy (for
used for photon transport applications. The radiation source i¥lonte Carlo) or mesh size (for discrete ordinate methods).
modeled as a large set of point sources. The absorbed dosérification demonstrates that theory was implemented in the
dose equivalent or exposure is estimated at a dose point By2y intended, and that the simulation was performed in
integrating the contribution from each of the point sources. A2ccordance with its requirements and specifications.
multiplicative value (the semi-empirical build-up factor) is ~3.1.22zoning—The geometric description used to break up
used to account for the contribution from scattered (indirectp larger region into smaller segments in which to calculate the
radiation from regions not in the direct path between the sourcdose. Partitioning a zone into smaller segments is referred to as
point and field point. subzoning.

3.1.13 radiation field—a function describing the particle -2 Definitions of other terms used in this standard that

density and the distributions of energy, direction and particl®€tain to radiation measurement and dosimetry may be found
type at any point. in Terminology E 170. Definitions in Terminology E 170 are

3.1.14 radiation transport theory—an analytical description compatible with ICRU 51 and 60; those documents, therefore,

of the propagation of a radiation field according to the physicarnay be used as altemative references.
laws governing the interactions of the radiation.
3.1.14.1 Discussior—In its most general form, transport . .
theory is a special branch of statistical mechanics, which deals, 4.1 Use as an Analytical Toe-Mathematical method_s pro-
with the interaction of the radiation field with matter. vide an analytical tool to be empl_oye_d for_ many a_ppllcatlons
. - . . . related to absorbed dose determinations in radiation process-
3'.1'.15 semi-empirical model—ar) empirical model in Wh'Ch. .ing. Mathematical calculations may not be used as a substitute
the fitting parameters are constrained so that the model satisfies’ o tine dosimetry in some applications (for example,
one or more physical laws or rules. ~ medical device sterilization, food irradiation).
3.1.15.1Discussion-The satisfaction of such physical 45 pose Calculation-Absorbed-dose calculations may be
rules may enable the model to be applicable over a wide ranggerformed for a variety of photon/electron environments and
of energies and materials. A good example of a semi-empiricgladiator geometries.
model for electron beam energy deposition is found in refer- 4.3 Evaluate Process EffectivenesMathematical models
ence(2). may be used to evaluate the impact of changes in product
3.1.16 spatial mesh-the subdivision of the radiation inter- composition, loading configuration, and irradiator design on
action volume of interest for performing a transport calculationdose distribution.
into a grid of discrete spatial elements. 4.4 Complement or Supplement to Dosime#fyose calcu-
3.1.17 stochastic methodsmethods using mathematical lations may be used to establish a detailed understanding of
equations containing random variables to describe or summatose distribution, providing a spatial resolution not obtainable
rize the physical processes in the system being studied. frough measurement. Calculations may be used to reduce the
random variable is a variable whose value is a function of anumber of dosimeters required to characterize a procedure or
statistical distribution of random values. The Monte Carloprocess (for example, dose mapping).
method is the only stochastic method discussed in this guide. 4.5 Alternative to Dosimetr-Dose calculations may be
See alsdMonte Carloand history. used when dosimetry is impractical (for example, granular
3.1.18 transport equation-an integrodifferential equation materials, materials with complex geometries, material con-
describing the motion of particles or radiation through atained in a package where dosimetry is not practical or
medium. This equation contains various terms correspondingossible).
to sources of particles, particle streaming and particle scatter- 4.6 Facility Design—Dose calculations are often used in the
ing in and out of an infinitesimal volume of phase space.  design of a new irradiator and can be used to help optimize

4. Significance and Use



A8 E 2232 — 02
“afl

dose distribution in an existing facility or radiation process.the source to the target. See Note 1, referer{@€s23) and
The use of modeling in irradiator design can be found inAnnex Al for examples and codes.

referenceg3-9). 5.3.1 Advantages-Unlike other methods, the Monte Carlo
4.7 Validation—The validation of model performance method can theoretically account for all particle interactions
should be done through comparison with reliable and traceablgnd provide a faithful and accurate simulation of actual events.
dosimetric measurements. The purpose of validation is t@\| contributions to the absorbed dose can be taken into
demonstrate that the mathematical method makes reliablgccount including scatter events in nearby objects. The Monte
predictions of dose and other transport quantities. Validatiocarlo method is the method most capable of simulating the

compares predictions or theory to the results of an appropriatgctyal radiation transport in complex three-dimensional geom-
experiment. The degree of validation is commensurate with thgtry_

application. Guidance is given in the documents referenced in
Annex A2.
4.8 Verification—Verification is the confirmation of the

5.3.2 Disadvantages-Depending on the quantity being cal-
culated, Monte Carlo calculations tend to require execution

h tical . ¢ ter imol ati ftimes that are longer than deterministic methods to obtain
mathematica’ correctness ot-a computer implementation o §atisfactory precision of dose estimates. In practice, exact

mathem_ancal me_thod. This can be done, for example, b)\éimulation of all photon and electron paths is not feasible, so
comparing numerical results with known analyt|_c solut|on_s.or pproximations and/or variance reduction techniques must be
\\//VIt:i]intflieI'nCOI’I?pL:LerbCOgefl thtat hﬁverbeﬁ]n f:ﬁv'oﬁ‘:ylvﬁngei mployed. For electrons, approximate trajectories using large
erfication should pe doneé 1o ensure hat the simuiatio ath length steps and a multiple-scattering approach to particle
appropriate for the intended application. See discussion und eflections are used in standard Monte Carlo codes (See Annex

dle;;tll(J)n n thctt|0rjAS ofbthlsbd%c%ment. dicti hould b Al). Such approximate paths may lead to significant errors,
-2 Uncertainty—An absorbed dose prediction shou € articularly when transport across surfaces or material inter-

accompanied by an estimate of overall uncertainty, as it is wit L

absorbed-dose measurement (Refer to ISO/ASTM 51707). Inaces 's important.

many cases, dose measurement helps to establish the uncemNore 2—To minimize computation time, limits to the problem may be

tainty in the dose calculation. specified, such as physical boundaries and energy cut-offs, when the
4.10 This guide should not be used as the only reference jentributions to the problem made outside of these boundaries are no

the selection and use of mathematical models. The user |gnger expected to be significant. Variance reduction techniques help to

encouraged to contact individuals who are experienced i|mprove the rate of numerical convergence but require a sophisticated

. - L |anderstanding of probability distributions.

mathematical modelling and to read the relevant publications

in order to select the best tool for their application. Radiation 5.3.2.1 One of the greatest difficulties with this method is its

processing is an evolving field and the references cited in thapplication to geometries that create reductions in fluence

annotated examples of Annex A4 are representative of thepanning orders of magnitude (for example, thick shields,

various published applications. Where a method is validatedomplicated mazes, and air cavities).

with dosimetry, it becomes a benchmark for that particular 5.3.2.2 Another difficulty is that, when the target size is

application. small relative to geometry or source description, Monte Carlo

calculations may require extra long run times, biasing or

5. Classification of Mathematical Methods and General modification to include a target volume wherein the dose will
Application be an average value over a larger volume than desired. This

5.1 Mathematical methods for radiation transport can bdype of problem may occur when attempting to calculate the
used to estimate the dose delivered to a small volume or poinélose at dosimeters with small volume.

The dose distribution within the entire product can be deter- 5.3.2.3 Calculations of dose should provide dose values
mined by calculations at different points within the product. over a region near where the dose is to be measured. This is to
5.2 Types of Methods-Four general types of models are in permit estimation of the effect of variations in the location/
use: Monte Carlo, deterministic, semi-empirical and empirical orientation of a dosimeter in that region. This determines the
Both Monte Carlo and deterministic models are based on thdose sensitivity associated with placement of the dosimeter and

detailed physics of the interaction of radiation with matter. allows determination of this type of error.

5.2.1 Monte Carlo methods involve simulating paths of 5.3.3 Uncertainties—The inherent sampling uncertainty of
individual particles (either photons or electrons) and estimatinghe Monte Carlo method can be estimated as a Type A
dose by summing and averaging the histories of many patincertainty by applying statistical sampling techniques to the
ticles. number of simulated histories. For calculations without bias-

5.2.2 Deterministic methods use equations describing thing, the statistical uncertainty scales as the reciprocal of the
transport of radiation in matter to perform a direct estimate okquare root of the number of histories run. In addition, there are
the total radiation field, absorbed dose and other responses.Type B uncertainties associated with the necessary simplifying

5.2.3 Empirical and semi-empirical methods are based oassumptions needed to approximate the physical paths of
statistical relationships of measurements or calculations for alectrons in the model and uncertainties in the cross-sections
particular system. for the different interactions. These Type B uncertainties can be

5.3 Monte Carlo Methogd-The Monte Carlo method simu- estimated by analytical techniques. Various elements of the
lates the paths of particles such as electrons and photons frozalculation can be validated with dosimetry.



A8 E 2232 — 02
“afl

5.4 Deterministic Methods-These methods use analytical on facility and product-specific characteristics. The model
equations to summarize radiation fluence rate through targetquations are typically specific to a particular facility and their
materials. Such complex equations cannot be solved directlgredictive capabilities are not generally transferable to other
but must be solved iteratively in the computer calculations. facilities or products. Some simple equations exist for calcu-

5.4.1 Discrete Ordinates MethodsThese methods have lating the range of electrons in condensed md®&8j, electron
been used for both electron and photon sou(24s28) This  energy loss(39) and depth-dose relationships in various
name is given to several closely related techniques for obtairmaterials(40).
ing approximate solutions to the transport equations that 5.5.2 Semi-Empirical-These are empirical methods in
contain both integral and partial derivative terms. Variouswhich the fitting parameters are constrained so that the model
methods have been developed to solve these equéBBhall satisfies one or more physical laws or rules. These methods
of these methods place limits on the angular variable such thgirovides a more generally applicable mathematical model than
the particles are represented as streaming only along a finitbe empirical method and are adjustable to physical parameters
number of directions rather than all possible directions a®f the facility, source and products, such as energy, density and
contained in the transport equation. Extension of this techniqueomposition. In general, these are software-based programs

to 2D and 3D has been done by several work8fs35) with variable parameter inputs. Equations, codes and databases
5.4.2 Point Kernel Methods-Point kernel methods are used are availablg41-47)
mainly for photon transport problem@6). In point kernel 5.5.3 Advantages-Empirical and semi-empirical models

methods, the radiation source volume is approximated by are fast and do not require cross-sections, build-up factors and

number of isotropic point sources. The total absorbed dose apning since they are implicitly included in the coefficients of

each dose point is obtained by summing the dose contributiothe model. No special knowledge, such as needed for Monte

from all source points. The calculation takes into account thé&arlo or deterministic methods, is required. Semi-empirical

distance between the dose point and the source point andodels may be applicable to multiple facilities.

approximates the scatter within the intervening product 5.5.4 Disadvantages-Empirical methods are likely to be

through the use of a build-up factor. Build-up factors arevery limited in their application. Generally, empirically derived

theoretically calculated and sometimes fitted to empiricakquations cannot be transferred to other sites and/or irradiation

functions. These factors provide an approximation for theapplications that were not part of the original database used to

contribution of scattered photons from surrounding materialgenerate the model. These methods may be difficult to imple-

Approximations are also required to account for the energynent for systems with complicated geometry.

;pectrum and Va”atl,ons In th_e atomic number in different Note 4—If a one-dimensional model such as the semi-empirical

intervening or scattering materials. EDMULT code (Al1.2,(43)) is used to obtain an estimate of the dose in a
Note 3—There are a number of general databases available for thgystem that is finite in more_than one _dimension, checking the dose with

gamma-ray buildup factors needed for these codes (Annex Al). See aléh2™P OF 3-D Monte Carlo simulation is recommended.

section 7.1.4 of referend86) on the point kernel applications of buildup 5.5.5 Uncertainties—Uncertainty in both methods is influ-

factors. enced by factors such as lack of homogeneity in the product,
5.4.3 Advantages-Deterministic methods are typically dosimeter location and uncertainty associated with dosimetry.

faster than Monte Carlo, and can be benchmarked against . o )

dosimetry. For single dose points, the Monte Carlo method i§- Prerequisites for Application of a Mathematical

faster. For multiple dose points, discrete ordinates methods are Method

faster. 6.1 Facility and Related Geometry Considerations
5.4.4 Disadvantages-Deterministic methods give no in-  6.1.1 Detailed drawings of irradiation facility equipment,

nate estimate of precision. Iterative solution methods may beource-related equipment and associated geometries, should be

susceptible to numerical convergence errors and oscillatorgbtained, physically verified, and documented.

solutions. 6.1.2 Detailed drawings of materials to be irradiated (prod-
5.4.5 Uncertainties—There are three sources of uncertain-ucts, targets) and their associated geometries, with physical

ties in deterministic models. These afg the approximations Verification of the same (composition of constituents, densities)

used to create physical models and cross sections (for exampghjould be collected and documented.

energy straggling is neglected in deterministic method), (  6.1.3 The type of source(s) present (electrons, photons),

the effect of representing a continuous problem in space, angkpurce energy spectrum, source output angular distribution,

and energy with a finite mesh in all these variables a8)d ( source size (point or distributed, diffuse source with variable

truncation error due to a finite number of discrete ordinates. activity etc.) and the number of sources should be specified and
5.4.6 The accuracy of the point kernel treatment may bélocumented.

cor_nparable to that o_f a Monte Carlo _calc_ulati_on fo_r configu-  Nore 5—in the case of gamma-ray sources (for exarfifg sources),

rations where the point kernel approximation is valid (see fokne photon energy spectrum may be difficult to obtain experimentally or

example, referenc€s7)). estimate theoretically. In general, photons 200 keV and above in energy
5.5 Empirical and Semi-empirical Methods Compton scatter from cell/source walls and make a large and broad low
5.5.1 Empirica—Empirical methods typically involve fit- €nergy contribution to the spectrum.

ting analytical functions to experimental measurements (or to 6.2 PersonneExperienced personnel should be involved

calculations using other methods). Dose interpolation is baseid all aspects of model development, program execution, data
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reduction and the evaluation of results. There is no standard sgeometry or source description, Monte Carlo may require long
of qualifications that can be recommended. Interaction ofun times, biasing or modification to include a larger volume
personnel with all phases of the modeling exercise should b&herein the dose will be an average value over a larger volume
documented according to the end-user’s policy and procedurghan desired. The Monte Carlo method can be used to provide
plans. The individual developing or using the selected mode4 refinement of the point kernel build-up calculation to achieve
should be actively involved in the verification experiment(s).the required accuracy with the point kernel method for opti-
See Section 8 concerning the verification and validationmized efficiency (time, resolution(37,48,49)
experiments.

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

6.3 Computer Equipment and SoftwardRequirements
should be reviewed and documented.

6.3.1 All significant pieces of hardware should be docu-

7.2.3 Precision and Accuraey-The Monte Carlo method is
the only method that generates an estimate of precision (in the
sense of convergence of solutions) as part of the calculation.
While precision and accuracy are terms generally used with
respect to sampling, the accuracy of any method will depend

mented by name and, where appropriate, serial number. n the detail that has bee_n included in the model. See
6.3.2 All operating system software, modeling software, 1€/minology E 170 and Practice 51707.
compilers and commercial products such as spreadsheets and-2.4 Set-up Time-The complication of three-dimensional
data analysis tools should have their titles and version numbegoblem descriptions in the input files and manipulation of the
recorded. output files is where most of the effort is concentrated and can
6.4 All relevant dosimetry data, reports of measurement antie very time consuming. It may also be necessary to make
other physical evidence should be collected and filed omadifications to the code to accommodate the specific problem
referenced for use in validation of model performance. Se¢o be solved. If modifications to the code are necessary,
Section 8 concerning validation experiments. revalidation will be required, particularly if the physics mod-
7. Specification of Modeling Strategy and Method eled in the cpde has been changed.
Selection 7.3 Selection of Method Type
7.1 Specification of the Modeling EffertAll modeling 7.3.1 The griteria for selection of a m_ethod type require
approaches should be described in the form of a writtedPUt from various sources. Such sources include in-house and
protocol detailing the requirements for successful executioPutside modeling expertise, model-based testing history and

and subsequent completion of the exercise(s) relative to Writteﬁ‘{ai|§bi|ity of verified and validated modeling code(s). These
criteria for success. The protocol should, at a minimumgriteria should be documented as per 7.1.

include: 7.3.2 Evaluation of the impact of the code on those items
7.1.1 Specification of the source type and geometry as pestated in 7.1.1-7.1.5 will typically be geared towards minimi-
6.1. zation of model set-up, execution and evaluation-related times

7.1.2 Specification of facility (transport mechanism, supportin exchange for exactness of solution set(s).

structures, biological shield as per 6.1). _ 7.3.3 There are currently no written methods available for
7.1.3 Specification of target materials and geometries as P@fetermining the optimum code to use. However, some general

6.1. guidelines are as follows:

7.1.4 Declaration of personnel as per 6.2, 7.3.3.1 Empirical equations can be sought, evaluated
7.1.5 Specification of computer hardware and software as " "7~ P d gnt, .
per 6.3, see also 7.2. against experimental results and, when found to satisfy written

7.2 Criteria for Selectior-Most problems are rarely mod- criteria within the limits established in the documentation,

eled exactly as they appear in reality; major approximations fopccePted and applied.

simplification may be required to reduce the amount of effort 7.3.3.2 If empirical equations are unsatisfactory as deter-

required to build the model description and run times. Thesénined by the user’s criteria, deterministic and/or Monte Carlo

assumptions should be documented. Method selection will bgolutions may be sought.

pn;n; r:ll_lysgﬁitramg;esir?éig]ne—ljg:]zwér;}%t%rgesrcl)%rce any of the Note 6—Deterministic and/or stochastic approaches may be utilized
- ' for the expressed purpose of supplementing a sparse measurement

four methods may be chosen. For an electron source, the POIRLtahase so that empirical relationships can be established and employed.

kernel method is not _recommended' . . . Note 7—Because of the more rigorous physical models used in Monte
7.2.2 Level of Detai—The level of detail to be included in Carlo codes, these may be considered for the purpose of verifying or

the model, or the granularity of the problem, will influence theyalidating performance of a proposed deterministic or empirical solution.
method selection. If the problem can be described as regions of i i ) i
homogeneous material, the point kernel method may be most 7.3.3..3_ \(arlous options are avallablg to the end-user seeking
appropriate if speed and resolution are important. If thedeterministic and/or Mo_nte Carlo_solutlons. _Softwgre packages
problem must be further broken down into smaller regions of€lated to these modeling techniques are listed in Annex Al.
different material (density) in order to achieve accuracy, moréXefer to Table A3.1 in Annex A3 for guidance.

complex input files will be needed. Available software may 7.3.3.4 In all cases, validation of model performance shall
have geometry replication and tiling features that are verype done using a comprehensive measurement database (dosim-
useful for this purpose. If the target size is small relative toetry results). See Section 8 concerning validation.
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8. Verification and Validation of Model Performance 8.4 Precautions and Implementatiedt is important to test

8.1 Verification and Validation-Validation compares the all a}ssumptions for validity and to compare the results against
dosimetry whenever possible.

code output to results of an appropriate experiment. Verifica* . b d to “f " th del
tion demonstrates thattheorywasimplementedinamathemati—8'4'1 Dosimetry may be use to "fine tune” the model for
cally correct manner, and that the simulation was built inthe current system. This Is an appeptable and recommended
accordance with its requirements and specifications. BotRractice when performed by qualified personnel.

verification and validation of a model require the use of ag yncertainty in Model/Method Prediction

comprehensive measurement database of dosimetry results an 1 Th lculati f absorbed d hould b d
other accepted calculations. Although these are important.:: € calculation of absorbed dose should be compare

concepts, in practice verification and validation are OftenWlththe measurement of absorbed dose. The required degree of

co-mingled during model testing. agreeme’nt between calculation and measurement depends on
8.1.1 Model Benchmarking-Model benchmarking is used the user's requirements. :
. . . . 9.1.1 Refer to 2.1 for ASTM standards on dosimetry meth-
both to verify a mathematical method and to validate the o
overall model construction and underlying physics of theOds and uncertainties.
method to produce reliable results. Comparing current mode& 9.1.2 A detailed uncertainty analysis (Type A and B) for the

. . ) : alibration and use of thin film dosimeters and PMMA can be
results with previously well-characterized systems is part of th‘?ound in reference$51,52)

model testing. Comparing model results with dosimetry for the 9.2 The Monte Carlo method does provide an estimate of
specific problem being modeled is strongly rec:ommende%‘il )

whenever possible. Differences between measurement a ecision only insofar as it relates to the calculation. Biasing
P : e to variation in geometry and composition of the irradiated

o;Sroducts, and in the properties of the source are additional

bath the measurement; z-and the calculations. sources of systematic uncertainty; see Terminology E 170 and
8.1.1.1 There are a limited number of referenced benchmar}sractice 51707.

examples in the literature and these may be inadequate ing 3 The verification and validation procedure should be

number to validate a method and inadequate in detail fofqcymented and rigorously adhered to by both the modeler and

comparison with the model under consideration. The model of,o experimenter. Inadequate description of the problem and

the application of interest should be as nearly the same ag,4ing errors constitute a significant source of uncertainty.
possible to the benchmark example. Benchmark examples Majherently, all models are approximations and limitations to

be found in Annex A4. An example comparing the results ofgeometry description and approximations to the actual physics

several methods (Monte Carlo, deterministic and semiy;j cause calculated values to differ from standards. The

empirical) with dosimetry can be found in referen&e). distribution of these differences is typically unknown but is
Note 8—One form of verification exercise that is common in the areaPounded by the validation and verification. Coding errors can

of computer-based modeling is benchmarking. One or more well-define@ause both gross and subtle miscalculations. While gross errors

problems may be run through the model on the user's hardware andre easily caught, subtle errors in algorithms contribute to the

software platform(s) and compared to accepted results for execution of thgverall uncertainty.

model generated by one or more organizations (typically, this includes, at

a minimum, the firm issuing the modeling software). Input and output ar€10. Documentation

compared, and the modeling package’s performance is deemed verified . :
upon successful completion of the test(s). 10.1 General—The foIIov_vmg parameters, data and files
o o ~ should be stored for a defined duration. The records of each
8.2 Validation—Formal software testing is not addressed incalculation should contain enough information to permit their

this guide. When available or feasible, it is desirable to perforntepetition. These records include the identity of all personnel
calculations with a modeling code that has undergone a formahvolved in the calculation.

software validation program. The level of validation is com- 10.2 Input-Related Items
mensurate with the application, and must be justified by the 10.2.1 All relevant input parameters (files) should be in-
user. The intended use of software may have GMP or ISQluded in the file associated with the results of execution of a
implications. Refer to Annex A2 for references and Guidemodeling project.
E 482 for further guidance on software validation. 10.2.2 Relevant Model DescriptieaThe calculation
N - . . . should reference a drawing or sketch illustrating the relevant
ote 9—Validation of computer modeling software is a complex issue. . ; .
In many cases, validation of all aspects of operation of the code under aﬁe.'ta'lsl of the modelled QESIgn. For example, these details
proposed modeling conditions is not feasible. The user is advised of thBlight include the type of irradiator and the type (or types) of
possibility that none of the software packages referenced in Annex Aradiation emitted by the radiation source, the radiation energy
may be validated to national or international standards. The user is alsspectrum, including any filtration, the distance between the
ani_sed to compare_the calculation resu_lts with the experimental re_sults. Hource and the surface or center of the irradiated specimen;
this is not poss@le it would be convenient to use, at least, two dlﬁerenbhysiceu data on the irradiated specimen (dimensions, mass,
computer-modeling codes. composition), characteristics of the container or apparatus used
8.3 Particulars of Three-Dimensional Model to hold the specimen during the irradiation and source geom-
Constructior—Procedures for building and using a three- etry, including radionuclide distribution (if applicable).
dimensional model to integrate code results with dosimetry 10.2.3 Relevant Computational Parameterénput param-
(verification) are discussed in Annex A5. eters may also include but are not limited to such information
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as specified source distributions, subzone description, spatial 10.4 Post-Output Related Iltems
mesh, discrete angles, energy cutoffs, and any non-default 10.4.1 The results of all post-output related processes (data
output options. The cross section data for material compositiomanipulation, organization of results, etc.) should be recorded
should be available from the maximum source energy down t@nd filed according to accepted practices.
the chosen cutoffs for all materials defined in the problem 10 5 \alidation of Calculation Results with Dosimetry
geometry. Whenever possible, the results of any set of calculations should
Note 10—If the gamma ray source energy spectrum incident on thdd@ compared as directly as possible with dosimetry. These
specimen is not available, the information on the radiation sourcaesults should be recorded and filed with the input and output
geometry (such as geometric shape of the source and cladding thicknegsformation. An error analysis should be performed to assess
should be documented. For bremsstrahlung sources, the composition afge relevance of any significant deviations. Any significant
thickness of the conversion target should be documented. deviations should be addressed in the report

10.3 Output-Related Items _ _ 10.6 Additional Items to Document
10.3.1 All relevant output (files) should be included inthe 1561 The experimental protocol used in generation and
file associated with the results of execution of a modeling,yacution of the problem (see also 7.1). This should be
prilgg-z Relevant Diagnostic Outbet Examples of relevant referenced in all reports and related documentation.
o e agnos P ples ol rele 10.6.2 References to all files associated with verification

output may include other results such as run time, energé d/or validation of modeling software performance
conservation, charge conservation (where possible), statistic k 9 P '

uncertainties and the number and energies of cascade particl

generated (total and above cutoff). ff. Keywords
10.3.3 Sufficient information should be stored so that if the 11.1 benchmarking; deterministic method; discrete ordi-

problem is re-addressed, the original output from the problenmates; empirical method; mathematical models; modeling;
can be compared to the output from the re-execution of saichodelling; Monte Carlo method; point kernel; radiation pro-
code. cessing; radiation transport; stochastic; validation; verification

ANNEXES

(Informative)

Al. RADIATION MODELING CODES: SOURCES AND RELATED INFORMATION

Al.1 Monte Carlo codes including ITS, MCNP, EGS and available from RSICC.
PENELOPE are available from RSICC (Radiation Safety
Information Computational Center), Oak Ridge National Labo- Al1.8 The semi-empirical code EDMULT is available from
ratory, P.O. Box 2008, Oak Ridge, Tennessee 37831-636RSICC.

USA. See A1.10 for source of ITS and other codes in Europe.
A1.9 A monthly newsletter is available from the RSICC

Al.2 The Monte Carlo code MCBEND is available from getajling changes to the computer code and data library
AEA Technology plc, Winfrith, Dorchester, Dorset DT2 8DH cojlection. The newsletter also provides a calendar and descrip-
United Kingdom. tions of future conferences, courses, workshops and symposia.

AL1.3 The adjoint Monte Carlo code NOVICE is available The newsletter is available. from Oak Ridge National Labora-
from EMPC, PO Box 3191, Gaithersburg, MD 20885, USA. tory, P.O. Box 2008, Oak Ridge, Tennessee 37831-6362, USA.

Phone 865-574-6176, FAX 865-574-6182; Web Address:

Al.4 The point kernel code QAD-CGGP is available from PDC@ORNL.GOV; WWW: http://www-rsicc.ornl.gov/
RSICC. rsic.html.

AL5 The point kernel code RANKERN is available from  A1.10 Information related to computer codes and data
AEA Technology plc, Winfrith, Dorchester, Dorset DT2 8DH banks, GEANT Library, nuclear safety, radiation protection,
United Kingdom. publications and press releases can be accessed from the

: . . OECD Nuclear Energy Agency, Le Seine Saint-Germain, 12

Al'.G The point kern_el code PK-MASTER is avallabl_e from boulevard des lles, 92130 Issy-les-Moulineaux, FRANCE. Tel:
Special Process Services L.C., Box 605, Dunn Loring, VA+33 (0) 1 4524 8200, Fax: +33 (0) 1 4524 1110; Web Address:
22027, USA. www.nea.fr.

Al.7 The coupled electon/photon discrete ordinates code NOTE Al1-The user should seek software-supplier guidance
CEPXS/ONELD and photon codes DANTSYS and TORT arefor minimum system operating requirements.
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A2. REFERENCES FOR SOFTWARE VALIDATION

A2.1 General Principles of Software Validation; Final Validation Forum, Inc., Marcel Dekker, Inc., 270 Madison
Guidance for Industry and FDA Staff, January 11, 2002 U.SAve., New York, NY 10016, USA, ISBN: 0-8247-9459-1-
Department Of Health and Human Services Food and Drug995.

Administration Center for Devices and Radiological Health

Center for Biologics Evaluation and Research. A2.6 Computer Systems Validation for the Pharmaceutical

and Medical Device Industries, Richard Chamberlain, Alaren

Control Guidance For Medical Device Manufacturers, March60048, USA, ISBN: 0-9631489-0-8-1994.

1997, 2098 Gaither Road, Rockville, Maryland 20850, USA. x5 7 ANSI/IEEE Std 1012-98. IEEE Standard for Software
A2.3 Guidelines for the Application of ANSIISO/ASQC Verification and Validation. IEEE, 345 East 47th Street, New

9000-3-1991 to the Development, Supply, & Maintenance onork’ New York, USA.

Software, American Society for Quality (Control) ASQ, P.O. A28 NIST Special Publication 500-234. Reference Infor-
Box 3005, Milwaukee, WI 53201- 3005, USA. mation for the Software Verification and Validation Process.

) ) USDOC, NIST, Gaithersburg, MD, USA. March, 1996.
A2.4 Software Quality Assurance—A Guide For Develop-

ers and Auditors, Howard T. Garston Smith, Interpharm Press, A2.9 Saylor, M. C., Baryschpolec, S. W., Hurwitz, L. M.,
Inc., 1358 Busch Parkway, Buffalo Grove, IL 60089, USA, and McLaughlin, W. L., “Radiation Process Data Collection,
ISBN: 1-57491-049-3-1997. Analysis, and Interpretation,” iSterilization of Medical Prod-
ucts Volume VI, Morrisey, R. F., ed., Polyscience Publications
A2.5 Validation Compliance Annual—1995, International Inc., Morin Heights, Quebec, Canada; pp. 240-260, 1993.

A3. PHYSICS AND MODELING TUTORIAL

Several useful and well-known textbooks are available omever possible or practical to create an exact model of reality;

the subjects of shieldin(B6) and transport method$3,54) therefore assumptions are always made for simplification and
speed but may compromise accuracy. Whenever possible,

A3.1 Justification for Model Building-+s general, model- assumptions should be tested and verified. Level of experience
ing of a process increases understanding and may lead till determine where to begin a modeling effort and a range of
improved process efficiency. Modeling is particularly useful approaches is presented in this document. The novice is urged
when the intended facility is not accessible due to designto use caution but should be aware that some approaches are
location or scheduling. For electron beam processes, whesimple and may be entirely adequate for the intended purpose.
dose uniformity is not as good as with gamma rays, alternativénless experienced personnel are available, an expert should
product packaging designs may be considered to optimize dog® consulted before applying one of the more sophisticated
uniformity, throughput and voltage selection. Modeling may beapproaches.
used to optimize a facility design in order to anticipate that a
desired result is possible before committing time, resources A3.3 Brief Physics Tutorial4 the background of the
and products to a potentially expensive experiment or fabricareader does not include any familiarity with radiation process-
tion. An example might be to develop a scheme for runningng, this paragraph will be useful in understanding the content
materials of different densities in parallel, either as stratifieddf this guide. The reader is referred to several useful articles on
layers within product or product conveyance structure, othe physics of energy deposition and transport cd88s56)
sequentially in a series of product volumes. Absorbed dose is a measure of the energy deposited per unit

mass (refer to ICRU references for definitions and unit

A3.2 Consideration of the Modeling EffortRadiation equivalents). Radiation deposits energy into matter by direct
transport codes have been under development for severesllision with electrons of the absorber and interactions are at
decades and have become quite sophisticated in their ability &n atomic level. This occurs by way of a number of processes
solve problems. The parallel development of powerful, com-detailed in the referenced texts. High-energy photons have no
pact and inexpensive computers now makes their applicatiocharge or mass. Therefore, they can travel long paths before an
both practical and accessible to a broad audience of users. Th@eraction with an atom occurs. This is the reason that a source
degree to which the various codes may mimic reality isof photons such a§°Co or **Cs or photons generated by
commensurate with the complexity of the method and the efforelectrons (X-rays and bremsstrahlung) deposit energy over
applied in model building. Increasing the complexity of thegreater distances than electrons. They are also the primary
system, the level of detail desired and the accuracy of theeason that radiation shielding is necessary. Electrons, on the
results will require more effort, experience, judgments andther hand, have charge and mass. Therefore, accelerated
careful testing of the necessary simplifying assumptions. It i®lectrons have a high number of interactions per unit path
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TABLE A3.1 Selection Matrix

) Monte ] Discrete Semi- .
Attribute Carlo Point Kernel Ordinates Empirical 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.

length and, as a result, deposit their energy in a relatively shorhethods, the physics has been parameterized and there is an
distance. The energy available is directly related to the accehbility to simulate changes in source energy, density and
erating voltage; therefore higher energy beams are capable afomic number (Z). This allows making dose predictions where
sending electrons further into matter. Electrons are also scatreasurement is not possible but calculation results should
tered by their interactions with matter and may deposit always be confirmed and tested.
substantial amount of their energy at some distance from the A3.4.3 Deterministic Methods-These methods solve a set
primary track. This causes sharp changes in dose (sometime$ equations (Boltzmann) used to describe the physics of
known as the “dose enhancement effect”) at interfaces whenmadiation transport. The calculations are often one-dimensional
materials of different densities and/or atomic number meet (seleut have an angular and spatial distribution that permits dose
(57) and references contained therein). Higher density mattemapping when projected into three-dimensional space. Point
will increase the electron interactions proportionately and thé&ernel methods are generally applied for this purpose. Because
bremsstrahlung generated in this process will become morthese methods are fast, great detail and fine resolution are
important as the atomic number (Z) of the material increasegossible in a reasonable amount of time. However, the solution
) . ] _ofthe Boltzmann equation, while exact, is valid for a given unit
A3.4 Method SelectionFhis guide covers three basic path length only and does not account for scattered radiation
types of methods ranging in complexity. At the simplest levelfrom the rest of the problem (three-dimension). There is no
these include empirical and semi-empirical methods that argstimate provided for any error that this might introduce to the
easily applied. The deterministic methods, including pomtproblem being described.
kernel, contain more physics and require more experience. The o3 4.4 Monte Carlo Methog=This method is a truly three-
Monte Carlo method is stochastic and solves radiation transjimensional method capable of including all of the radiation
port problems from first principles and in true three dimen-yansport physics and, therefore, all the scattering effects
sions. Software do_cumentanon is ava_llable but may genera”)ﬁecessary to get accuracy. These codes are very sophisticated
be assumed to be inadequate. Attending a course or workshgp,q actually mimic the real world. The model is sampled to
for a particular code is recommended for the Igss-experienceﬁ»ovide a prediction with an indication of precision. A sample
user. There is no best approach. This guide is intended to he|g 5 hatch of particle histories that is only a small fraction of the
the user make an appropriate selection. real population of particles experienced in the real world. The
A3.4.1 Cross-reference TableA summary of the consider- dose calculation based on a single small sample will contain a
ations for choosing a mathematical method is shown in Tabléarge and unknown amount of imprecision. However, as the
A3.1. The table provides only general guidance and thesize of the sampling increases, the method converges on a
attributes listed are subjectively rated. The method selectedksult with a higher level of precision. This is important for
strongly depends on the user’s application. facility design and determining dose discontinuities at the
A3.4.2 Empirical and Semi-empirical MethedThe sim-  boundaries of materials. The caveat is that the calculations take
plest approach is a model built on empirical methods, whictconsiderable computer time in order to get the desired preci-
may not rely on any computer codes at all. These types afion. Some techniques exist within Monte Carlo to reduce the
models can be built from the results of dosimetry experimentscomputational time. With some practice, these codes also may
These models are confined to the boundaries of the experbe fairly easily applied to solving one and even two-
ments and a specific facility. They cannot be extrapolatedlimensional (e.g. cylindrical geometry) systems. The use of
beyond those limits. However, this may be entirely sufficientthis method for solving three-dimensional problems generally
for the intended purpose. The simplest codes that are availabtequires in-depth knowledge and judgment that can only come
are semi-empirical and they are relatively easy to use. In thedeom experience.

10
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A4. ANNOTATED EXAMPLES

A4.1 Examples for Monte Carlo Models: physics and demonstrate the utility of using these models to

A4.1.1 Several general articles on Monte Carlo technique?valuatef‘ facility design as well as routine and non-routine
and applications are cited in the referencgs18,58-60) Processing. o I
including the original article on condensed history Monte Carlo A4.1.13 An application of EGS4 for_ de_ternjmatlon of
61) gamma ray spectrum and dose rate distribution in a Gamma-

A4.1.2 A comparisons between simple-geometry examplesCeII 220 can be found ig84)
and more realistic examples of ETRAN Monte Carlo code can A4.2 Examples of Deterministic Models:

be fo_und_ under "ETRAN—Experimental Benchmarks,” and a4 5 1 Annotated Examples for the Discrete Ordinates
“Applications of ETRAN Monte Carlo Codes” of reference Method

(54) A4.2.1.1 Simple one-dimensional geometry comparisons to

A4.1.3 A comparison between simple and complex geoMexperiment and Monte Carlo methods can be foun(2D).
etries for the ITS codes can be found in the various sections of o4 2. 1.2 Simple geometry one-dimensional and two-
“Applications of the ITS Codes” in referen€®4). A strategy  dimensional comparisons can be found in refere(8&.
for determining dose-depth relationships in standard construc- ao4.2 1.3 Forward and adjoint methods and applications can
tion geometries for a wide variety of applications using ITS canye found in referencé26).
be found in referencé52). A4.2.1.4 Efficient modeling of Compton diode gamma-

A4.1.4 A comparison between the simple-geometry exradiation detectors can be found in referefgs).
amples for the EGS code system can be found under “Experi- A4.2.1.5 A comprehensive comparison of CEPXS/ONELD
mental Benchmarks of EGS,” and “Positron Emission Tomog-calculations with thé°Co data set of Wall and Burke can be
raphy Applications of EGS” in referend&4). found in referencg57).

A4.1.5 A sensitivity study for including/omitting the tita- A4.2.1.6 A comparison of ONETRAN calculations with
nium beam window and air gap for 400 keV electronsdosimetry measurements for electron beam dose profiles can be
impinging on a nylon substrate can be found in Fig. 6 offound in referencg87).
reference(56). A4.2.1.7 A comparison of ONETRAN calculations with

A4.1.6 An example of verification of a Monte Carlo code dosimetry measurement f8%Co dose profile data to determine
for thick target bremsstrahlung calculations can be found iphoton spectrum can be found in referer(@s).
reference(63). A4.2.2 Annotated Examples for the Point Kernel Method

A4.1.7 Comparisons between Monte Carlo codes with re- A4.2.2.1 Annotated examples for the point kernel method
gard to dosimetry at material interfaces, backscatter factors arfn b€ found in referend@6). _ _
depth-dose curves can be found in referer(6ds65) - A4.2.2.2 A study of gamma ray buildup factors for a point

A4.1.8 Acomparison of pencil beam algorithms with Monte isotropic source in stratified shields can be found in reference
Carlo methods can be found in referen(€é). (49). . .

A4.1.9 Simulations of a variety of detectors/scintillators A4.2.2.3 Early benchmark examples of models built using

. 0 gy
(thermoluminescent, silicon, sodium iodide, lithium fluoride, point I_<e;rnel C%des fOZ.C(.) faC|I|rt]|es, based _orr:_ homogenﬁousf
and diamond) can be found in referen¢62-72) materials, made predictions that were within 5 to 7% o

. : .. dosimetry(6,89) Detailed model descriptions of actual product
A4.1.10 Comparisons of dosimetry measurement W'th(Petri dishes) provided good agreement (3 to 8%) with

simulations of th.in—layer sl_ab_ geometry at low voltages Of.loodosimetry using QAD-CGGP cod@0). For routine screening,
to 300 kev, typlcal of radiation processing of Web_materlals,a less precise (15 % uncertainty) but simpler and faster code
can be found in referenc€g3-75) An example detailing dose was a better approad91).

and charge distribution relationships in sheet materials at A4.2.2.4 Dose distribution predictions for a range of prod-

electron voltages ranging from 0.4 to 10 MeV can be found inuct densities have been mapped at high resolution (69 tom
reference(76). . assess sterility assuran(@2).

A4.1.11 An example of modeling an electron beam source a4.2.25 Advanced examples of application of point kernel
as an extended source to simulate product (tubing) movementgges to industrial radiation processiég), process control

including sensitivity studies to justify model simplifications charting (93), “off-carrier” processing(94) and source rack
can be found in referend@7). The same approach was later loading planning(95) have recently appeared.
applied to other moving objects (bottles) in refere(cd). An

example describing 3-D electron and X-ray dose distributions A4.3 Examples of Empirical and Semi-empirical Models:

in water at 2 to 10 MeV with comparison with dosimetry at 2 A4.3.1 Annotated Examples for the Empirical Method

MeV can be found in referend@9). A4.3.1.1 Empirical expressions for beta-ray point-source
A4.1.12 Several Monte Carlo gamma irradiation processinglose distributions can be found in referer{eé).

facility validation studies, including process planning and dose A4.3.1.2 Analytical fits of empirical equations to Monte

rate determinations, using MCNP can be found(&0-83) Carlo calculated depth dose curves for 1 to 50 MeV electrons

These studies provide a good validation of the underlyingn water can be found in referen¢@?).

11
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A4.3.2 Annotated Examples for the Semi-empirical Method A4.3.2.4 Extension of EDMULT code for calculation of
A4.3.2.1 An algorithm for depth-dose curves of electronsdose distribution in tubing and comparison with dosimetry can
fitted to Monte Carlo data can be found in refereif@8). be found in referencél01).
A4.3.2.2 Adiscussion of the EDMULT code can be found in
reference(99).
A4.3.2.3 A comparison of calculated and measured ab-
sorbed doses of electron beams can be found in reference
(100).

A5. PARTICULARS OF THREE-DIMENSIONAL MODEL CONSTRUCTION

The following tutorial is a general guide on how to build and two photons roughly having an equal probability. Note that due
use a three-dimensional model to integrate code results witto physical geometries of radiation sources, an isotropic
dosimetry. gamma radiation source may effectively become a non-

. isotropic source due to self-absorption, mutual absorption,
AS5.1 General—he model should contain all elements that source rack structure, and source encapsulation material.

will affect absorbed dose and dose distribution of the geometry
in question. 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 AS5-3.1 For an electron beam, the model could typically
possible. If the method permits modeling complex geometriesnclude the titanium window foil, scan angles, distance from

sensitivity calculations may be performed to justify somethe product and metal components of the conveyor system,
simplifications. which might affect product dose. Use of scatter plates to
redirect “escaping” electrons back towards the product may

A5.1.1 The source of the radiation should be accuratel%lso be a consideration

described and include its dimensions and energy. The geometryA5 3.2 An electron beam source may be modeled as a
details of the irradiator should be accurately described using. .+ inuted source, which is required in order to simulate

ggsﬁ(t:;nb?:surements or verification of physical drawings Wher%roduct movement. The source description may consist of

either a point or line origin with an isotropic distribution

. ; Yonfined to one plane only and with a narrow angular distri-
(cobalt linear sources, steel rollers) in order to reduce the .. .
; i . - _.pution corresponding to the scan angle of the beam. The source
number of input bodies. Care must be exercised to maintain_ .. ' .
. . particle energy in the case of electron beam will generally be
mass and dimensions.

A5.1.3 Some methods permit simplification of a problemthe accelerating voltage and may be modified by the energy

along axes of symmetry through the geometry by using aspectrum characteristics of a particular machine.

“mirror” to reflect radiation. This is sometimes known as
albedo and the mirror effect can be accomplished by creatinB
an albedo zone.

A5.1.4 The need to tailor the model for the specific appli-
cation may involve code modification, modifications to the

A5.3 Electron Source Model Construction:

A5.4 Product Movement (Conversion of Model Output into

ose)—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

. L alculation to accurately simulate the movement of product
geometry to factor prodqct movement into atlme-lndepender} rough the radiation field. This may not be necessary when
code, and post-processing of output to get the results into a i

. i . S .~ using empirically derived parametric equations. In particular,
meaningful form for interpretation. Additional programming ,,".
) : . g this issue needs to be addressed for small, focused sources such
may be required for routine operation (e.g. a user interface).
S ; as an electron beam.

A5.1.5 After the simplifying assumptions are complete,
there will be a minimum of 2 additional steps; model construc- A5.4.1 Electron Beam-Small or focused sources (electron
tion to include () homogeneous material an@) (heteroge- beam) can be modeled as distributed sources to factor into the
neous product. In both cases, dosimetry should be employed #9se calculation the movement of the product through the
validate both the model and the products. All such operation§adiation field with time(77,78)

should be documented. A5.4.2 Photon Source-Large isotropic sources such as
. radioactive isotopes®{Co) can usually be modeled as they
A5.2 Photon Source Model Construction: actually appear and dose calculation will be a function of

A5.2.1 For a photon source the model could typicallysource strength and time.
include such things as linear arrays of isotope and metal
structural components that interact with the radiation environ- A5.5 Model of a Facility Using Homogeneous Product—
ment sufficiently to affect the absorbed dose distribution in the~or validation of a facility, it may be convenient to use
product. homogeneous product (for example, foam, cardboard, etc.) as
A5.2.2 A®%Co gamma source will generally be described bythe process load with dosimeters at specific locations. The
its physical dimensions with a completely isotropic emission ofmodel can then be based on a solid single homogeneous

12
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material to avoid excessive coding needed to describe hetero-A5.8 Dose Calculation:
geneous product as an array of smaller bodies with different A5.8.1 For an electron beam model where the dose calcu-

grosr?)x?ri(;tli%r:\&isHﬂ\(l)vtE\;Elz\:\,/afosr ;easlafperoggg;,ma tig?]mgggngggation is expressed as energy deposited (MeV) per source
PP Y P Slectron E) per gram (g), conversion to units of kilograys may

mapping should always test the accuracy of the cross-sectionge achieved using the lump sum conversion factor of 1000

A5.6 Model of a Facility Using Specific Products: kilogray-cnf/mA-s multiplied by the actual beam operating
parametersl(= beam current in mA and (cn) = area irradi-
ted). The lump sum conversion factor is derived from the
ollowing equivalents:

A5.6.1 For the product, the geometry would include de-
tailed descriptions of the bodies broken down into component
of density, composition and dimensions.

A5.6.2 The dimensions of the bodies through their associa- 1 kilogray = 6.24 x 10*2MeV/g
tion with density would describe objects. This may mean and
describing a packaged object by the location of the contents
rather than by the package dimensions.

A5.6.3 Layered products (that is, sheets of material) may be and
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- [1.6 x 10 **kGy-cnf/electrori [1 electron/1.6x 10 *°mA-g]

1mA = 6.24 X 10 electrons-crits

1 MeV-cnf/g-electron=

mum may be shifted deeper into the product. = 1000 kGy-criimA-s
A5.7 Model of Dosimeters: Absorbed Dosel§) Conversion for an Electron Beam:
A5.7.1 Homogeneous and heterogeneous products may be D (KGy (materia)) = 1000E (MeV) I (mA)
partitioned as individual zones or by subzones to define a dose gA(cn)

map. The calculated result must be compared to a dosimetry o5 g 11 Suijtable modifications to this simple equation may

measurement at specific locations within a specific product. pe required to adjust the calculation for movement of product
A5.7.2 In some cases the dosimeter may be a sufﬁC|entI¥hrough the radiation field.

Iarge. object suc_h that It can be modeled dweptly. Precise A5.8.2 For a gamma ray model where the dose calculation

location of a dosimeter in the product geometry is critical to. -

achieving a valid comparison between the model calculation; expressed as energy deposited (MeV) per phoEnper

and the experimental measurement, especially when using aam (9), conversion to units of kilograys may t_)e achieved
electron beam. using the lump sum conversion factor of 5930 kilogray/cm

. MCi-s multiplied by the actual operating parameters
eff':;icésl lnmrgggyacsaﬁsiggﬁv%%z{r gé?écin%y tgz tf?fl)l f:;?j”elt?sz source strength in MCi aric= residence time in seconds).
Vely g ) The lump sum conversion factor is derived from the following
description. This is a problem when using a Monte Carlo COdeequivaIentS' 1 kilogray = 6.24 102 MeV/g and 1 megacurie
because the object is very small and requires long run times i ! :

I N 6 i . : .
order to achieve adequate precision in the result. In these casgklco = 3.7 10°° disintegrations/s. The unit cancellations
are shown below.

a larger region within the product geometry description may be

used to define a dosimeter. The location of dosimeters should Absorbed DosgkGy) =
be mapped as regions to account for shifting/misalignment of [Mev/y] S[MCi][3.7 x 10 y/s/MCi] t [s] [1 kGy/ 6.24x 10" MeV/g]
dosimeters with actual location in the product geometry. This Vol [cm?] p [glcn?]

determines the dose sensitivity associated with placement of ]

the dosimeter and allows determination of this type of error. Absorbed Dose Conversiol) for a Gamma Source:
A5.7.4 Dose predictions must be validated by irradiating . 5930E (MeV) S(MCi) t (s)

actual product with dosimeters in specific locations. D (kGy (materia)) = g

13
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responsible technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should
make your views known to the ASTM Committee on Standards, at the address shown below.

This standard is copyrighted by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959,
United States. Individual reprints (single or multiple copies) of this standard may be obtained by contacting ASTM at the above
address or at 610-832-9585 (phone), 610-832-9555 (fax), or service@astm.org (e-mail); or through the ASTM website
(www.astm.org).
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