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FOREWORD

Establishing reliable computational methods and tools for radiation dosimetry is of great
importance today due to the increased use of radiation in a number of areas of science, technology
and medical applications. Fields concerned include radiation protection, radiation shielding, radiation
therapy, radiobiology, biophysics and radiation detection.
A first workshop with tutorials and lectures on this subject was sponsored by the OECD/NEA
Nuclear Science Committee and hosted by the Instituto Tecnólogico Nuclear (ITN), Sacavém, Lisbon,
Portugal, with the objective of providing the best information available and state-of-the-art methods to
the younger generation of scientists and researchers. Existing knowledge and acquired competencies in
this field need to be transmitted further if a high standard of radiation safety and protection is to be
maintained. This is an important aspect of knowledge management.
Radiation dosimetry is the calculation of the energy imparted by radiation per unit mass and the
relation of this parameter to biological effects, such as the risk of cancer induction or cell death, or
damage to materials in intensive radiation fields. It is necessary for radiation protection purposes in
practically all uses of ionising radiation. Examples where radiation dosimetry is needed in particular
include:
•

Ensuring that the right amount of radiation is emitted in industrial radiography for the purpose
of producing clear images of objects and monitoring the radiation levels in the surrounding
environment.

•

Determining the radiation dose to patients or staff that may be administered or received, so as
to determine the radiation shielding required in diagnostic radiology and nuclear medicine.

•

Ensuring, during radiation therapy, that the right level of radiation is delivered to tumours
without damaging healthy tissues located nearby.

The course was designed to give an overview of the evolving dosimetry field and to examine
different technologies such as Monte Carlo or deterministic methods. The current proceedings provide
a summary of the workshop, together with the text of the presentations made. These proceedings are a
valuable reference for those wishing to better understand and to learn about the most advanced
computational methods in radiation dosimetry.
This text is published on the responsibility of the OECD Secretary-General. The views expressed
are those of the authors and do not necessarily correspond to those of the national authorities concerned.
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EXECUTIVE SUMMARY

Introduction
The workshop and training course has focused on computational issues and state-of-the-art
techniques in dosimetry, radiation protection, radiation shielding, biophysics, medical physics, etc.
Students and young scientists have participated in this education and training initiative organised by
ITN (Nuclear and Technological Institute, Lisbon) with the following international sponsors:
•

The Nuclear Science Committee of the Nuclear Energy Agency (NEA).

•

The Radiation Safety Information Computational Center (RSICC) of the USA.

•

The European Radiation Dosimetry Group (EURADOS).

Workshop tutorials/lectures
The workshop was opened by Professor J. Carvalho Soares (President of ITN, Portugal), who
welcomed participants. This was followed by introductory remarks on the scope and objectives of this
training initiatives made by P. Vaz and a presentation by E. Sartori, introducing the international
activities of the OECD/NEA in this domain.
The following lectures were delivered:
•

P. Pihet (IRSN, France), “Importance of Computing Methods in Radiation Protection
Dosimetry and Related Research and Development Activities”.

•

A. Nahum (ICR, UK), “Dosimetric Fundamentals”.

•

G. Gualdrini (ENEA, Italy), “Monte Carlo Studies in the Field of Area Monitoring and
Personal Dosimetry for Photons Between 10 keV and 10 MeV and Neutrons Below 20 MeV”.

•

M. Pelliccioni (INFN, Italy), “Monte Carlo Calculation of Conversion Coefficients for
High-energy Radiation”.

•

A. Nahum (ICR, UK), “Monte Carlo Solutions to Important Problems in Radiotherapy
Dosimetry”.

•

M. Kraemer (GSI, Germany), “From Ion Tracks to Ion Radiotherapy”.

•

G. Gualdrini (ENEA, Italy), “Monte Carlo Studies in the Field of Internal Dosimetry of
Incorporated Radionuclides”.

•

F. Salvat (U. Barcelona, Spain), “PENELOPE: Special Features and Applications”.
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•

N. Hertel (Georgia Tech, USA), “Numerical Simulation of Radiation Instrument and Dosemeter
Responses” (oral presentation, overhead handouts).

•

B. Grosswendt (PTB, Germany), “Track Structure Simulation: A Basic Tool for Molecular
Radiation Biology and Nanodosimetry”.

•

A. Ferrari (CERN), “Intermediate- and High-energy Nuclear Reactions in Dosimetry
Calculations”.

•

G. Hughes (LANL, USA), “Modelling Charged-particles Energy-loss Straggling”.

•

C. Oliveira (Imperial College, UK), “Computing Radiation Dosimetry: Deterministic
Calculations”.

•

E. Sartori (OECD/NEA), “Use of Dosimetry Data in Atmospheric Dispersion, Waste
Management and Transport of Radioactive Materials” (oral presentation, overhead handouts).

Objectives of the Workshop on Computing Radiation Dosimetry
The main objectives were to discuss and review the state-of-the-art computational methods and
techniques used in different fields and applications, such as:
•

Dosimetry.

•

Radiation protection.

•

Radiation shielding.

•

Radiation therapy.

•

Radiobiology.

•

Biophysics.

•

Biology-related (emerging) “applications”.

•

Radiation detection.

The workshop has pin-pointed the importance of R&D activities in radiation physics, radiation
dosimetry, radiation protection, biophysics, biomedical engineering, biology and of computational
methods used today for these research areas.
The workshop aimed essentially at education and training, and the initiative responded to concerns
outlined in:
•

Nuclear Education and Training: Cause for Concern?, Summary report from the
OECD/NEA (2000).

•

How to Maintain Nuclear Competence in Europe: A Reflection Paper Prepared by the CCE
Fission Working Group on Nuclear Education Training and Competence, EURATOM
document EUR 19787.
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as well as to studies on the topic of “Radiation Serving Society” published in:
•

Better Integration of Radiation Protection in Modern Society, OECD/NEA Workshop
Proceedings (2002).

•

Policy Issues in Radiological Protection Decision Making, OECD/NEA Workshop Proceedings
(2001).

One reason for holding this workshop in Portugal in conjunction with a hands-on training course
using the MCNPX code was to strengthen international co-operation in:
•

Projects/working groups/task forces co-ordinated by international organisations.

•

Consortia of organisations from different countries.

•

“Networks of excellence”.

and within Portugal to foster co-operation between:
•

ITN.

•

Academia.

•

Research institutes.

•

Industry.

•

Hospitals.

•

Other “actors”.

OECD/NEA activities in this area
Radiation dosimetry is of great importance today, both to countries generating electricity from
nuclear power, and to those using radiation in many other technological applications, medicine and
biology. The OECD/NEA, the international sponsor of the workshop, and other international
organisations co-ordinate activities in this field that are of common interest and benefit to the different
countries.
OECD/NEA committees involved with radiation dosimetry include:
•

Radiation Protection.

•

Safety of Nuclear Installations.

•

Nuclear Science.

The Nuclear Science Committee (NSC) covers the aspect of radiation shielding and radiation
dosimetry including in particular basic data for shielding and dosimetry, computer codes for radiation
transport, and integral experiments relative to shields and dosimetry.
9

Radiation safety is of concern to all countries, and smaller countries or countries not having
embarked in nuclear power are starting to play an important role in providing increasing contributions
to this field. Non-nuclear power applications of radiation involve an increasing workforce as applications
expand.
Educational aspects of radiation physics are important for an efficient and safe use of radiation in
technology, medical and biological sciences.
The following figure shows the average proportion of different radiation sources to which the
world population is subjected (source ANS).

Radiation we are subject to

Atomic bomb tests
2%

Nuclear energy
0.002%

Artificial
(medicine, X-rays)
42%

Natural background
(from space & earth)
56%

Conclusions
The Workshop on Computing Radiation Dosimetry, followed by an MCNP-X training course was
held at ITN, Lisbon, Portugal. The course was attended by 58 participants from 13 countries and
3 international organisations, all of whom were provided with a CD-ROM containing all presentations
as well as some other background reports. Fourteen lectures were given by international experts.
During the discussion it was concluded that computation methods and codes developed recently can
help users to design devices measuring as close as possible what happens in the human body or
biology in radiation fields. An important aspect is the extension to lower energies (100 eV – this is the
range of cell nuclei and chromosomes), providing greater insight into what happens in radiation
biology. There is a need to obtain better data specific to this field. The new knowledge acquired needs
to be included into today’s codes: recent studies show that we should cast some doubt onto results of
the past and revisit the problems in a critical way using new insight.
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IMPORTANCE OF COMPUTING METHODS IN RADIATION PROTECTION
DOSIMETRY AND RELATED R&D ACTIVITIES – EURADOS CONTRIBUTION

P. Pihet
Institut de Radioprotection et de Sûreté Nucléaire (IRSN)
Fontenay-aux-Roses

Abstract
The European Radiation Dosimetry Group (EURADOS) has, over the years, had a continuous interest
in the implications of evolving computing methods in radiation protection dosimetry. The use and
actual capabilities of computing methods has indeed drastically increased in the last twenty years and
concern all areas of dosimetry, including research and applications. Depending on the needs
expressed, EURADOS contributions have taken various forms including working groups and
collaborations in the framework of concerted actions. These activities are described in this paper.

13

The first working group set up within the EURADOS programme (and with the support of the
European Commission) concerned numerical dosimetry. It dates from the 80s and was first chaired by
Georges Burger (National Research Centre for Environment and Health, GSF, Neuherberg, Gerrmany)
followed by Bernd Siebert (Physikalisch technische bundesanstalt, PTB, Braunschweig, Germany).
As of 1996, work was carried on in dedicated concerted actions within the EC’s Framework Programme
(4th FP and 5th FP). The project currently underway in this framework is known as Quality Assurance
of Computational Tools for Dosimetry (QUADOS). The secretariat of these groups has been handled,
successively, by David Thomas (NPL, Teddington, UK), Chris Perks (AEA, Harwell, UK) and at
present Robert Price (Clatterbridge Centre for Oncology, UK). In addition to their own contributions,
these groups have won considerable experience in the fields of development, use and qualification of
computing methods in dosimetry. They could provide useful assistance to different thematic working
groups and contributions in various training courses. The review of these contributions shows the
importance and diversity of computing radiation dosimetry. A few examples briefly illustrate this
diversity. More details can be found in related reports and publications:
•

Response functions of multi-sphere neutron spectrometry systems [1]. Multi-sphere systems
are a widely used technique to assess neutron spectra in situ. The system uses the moderation
of neutrons vs. neutron energy by coupling polyethylene spheres of variable size and 3He
proportional counters. The interest of this method therefore rests on the reliability of the
response functions necessary to unfold the neutron spectra from the set of multi-sphere
measurements. The detailed intercomparison work performed demonstrated the conditions
under which the agreement between the methods used in different laboratories is obtained and
provided information on the influence of the detector design. It contributed directly to the
quality assurance of the method and its application for workplace monitoring.
Figure 1 illustrates part of the results obtained in this investigation. It compares the
calculations of the response functions corresponding to two spheres as obtained by different
methods. We can distinguish calculations using the ANISN code giving the response in
pre-selected ranges of energy (“adjoint mode”) and those using Monte Carlo (MCNP and
BOKU) codes giving the function as discrete point corresponding to the incident neutron
energy (“pointwise cross-section mode”). In addition, calculations in the adjoint mode are
shown with and without taking into account the binding effects of the carbon and the
hydrogen in the polyethylene. The ANISN approach was actually used by many groups for
calculating multi-sphere response functions. It was therefore important to know how accurate
they are, especially at low energies. As can be seen, a good agreement is observed between
Monte Carlo and ANISN data (IKE code) providing that binding effects are taken into
account. Ref. [1] can be consulted for a more detailed discussion.

•

Compilation and analysis of W data in tissue-equivalent gas [2]. In this work, a close
collaboration was established between a thematic working group of EURADOS dealing with
the application of gas ionisation devices in dosimetry and microdosimetry and experts of the
numerical dosimetry group to consider the difficult problem of providing reliable and up-to-date
basic physical data, the mean energy required to produce an ion pair W in this case, for
determining the response of gas ionisation devices. The work indeed implies the analysis of
experimental a data of different origins and their reduction in the form of analytical
expressions. It provides an excellent example of a situation in which, over the period of a
couple of years, experts joined their efforts to produce new analytical expressions traceable to
old algorithms, to discriminate unphysical results derived from calculations, to resolve the
comparison of experimental and predicted data and to identify remaining uncertainties and the
need for further investigations (Figure 2). Moreover, the results could provide practical data
(i.e. W vs. neutron energy curves, Figure 3) and assess the impact of the new curve on actual
measurements (i.e. microdosimetric spectra, Figure 4).
14

Figure 1 Response functions calculated for two spheres with
different diameters (polyethylene density = 0.92 g. cm-3)
Reproduced from [1] by courtesy of Radiation Protection Dosimetry
(a) 38.1 mm sphere

(b) 63.5 mm sphere

NPL (ANISN)
NPL (MCNP)
Harwell (MCNP)
PTB (MCNP)
PTB (BOKU)
GSF (MCNP)
IKE (ANISN, binding)
IKE (ANISN, no binding)

Figure 2. Analysis of W values for protons in CH4
tissue-equivalent gas as a function of proton energy
Upper part – integral W values, lower part – differential w values
The symbols correspond to different set of experimental values analysed from published data
The lines correspond to different methods for fitting the data (see Ref. [2] for more detailed description)
Reproduced from [2] by courtesy of Radiation Protection Dosimetry
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Figure 3. Computation of Wn values as function of neutron energy (En) for an infinite
cavity of tissue-equivalent gas and using different models for Wp (see Figure 2)
Reproduced from [2] by courtesy of Radiation Protection Dosimetry

Figure 3. Microdosimetric spectra computed using different Wp
models (see Figure 2) for a TEPC with A-150 tissue-equivalent plastic
wall, filed CH4 gas to simulate a 1 µm cavity at 145 keV neutron energy
Reproduced from [2] by courtesy of Radiation Protection Dosimetry

•

Conversion factors for use in radiological protection against external radiation [3]. In 1990,
the International Commission on Radiological Protection (ICRP) published recommendations
implying changes to the specification of radiation protection quantities. The International
Commission on Radiation Units and Measurements (ICRU) developed a set of measurable
operational quantities following earlier ICRP recommendations. It was therefore necessary to
investigate to what extent these operational quantities still adequately represented the protection
quantities, which implied carrying out a considerable amount of expert calculations. Experts
of the above-mentioned numerical dosimetry groups (including J.L. Chartier, B. Grosswendt,
N. Petoussi-Henss, M. Zankl, B.R.L. Siebert) have made substantial contributions as members
of the joint ICRP-ICRU task group specially set up to perform these investigations, the results
of which can be found and examined in more detail in Ref. [4].

•

Use of Monte Carlo methods in radiation protection and dosimetry [4]. Prior to the present
training course, several sessions sponsored by the Organisation for Economic Co-operation
and Development (OECD) were organised in collaboration with EURADOS, namely in
16

Bologna (1996) and London (1998), on the reliable use of stochastic methods in computational
dosimetry. These courses have been regularly attended by increasing groups of participants,
Monte Carlo methods being more and more widely used to achieve reliable radiation transport
calculations for various investigations. A good knowledge of the methods, principles and
capabilities of their features, underlying assumptions and limitations is a definite prerequisite
to ensure the correct use of these codes. The collaboration of EURADOS and OECD allowed
a comprehensive treatment of this field, including theoretical background, physics aspects,
numerical methods as well as practical training. Moreover, the work plan of the concerted
actions included the provision of a compendium of Monte Carlo codes used in dosimetry, in
particular those used for high-energy applications [5].
•

Quality assurance of computational tools for dosimetry [6]. Within the framework of the
concerted action currently carried out (5th FP), the QUADOS group has promoted an
international intercomparison on the usage of computational codes (Monte Carlo, analytic and
semi-analytic codes or deterministic methods) for dosimetry in radiation protection and
medical physics based on eight problems selected for their relevance to the radiation
dosimetry community. The results currently collected and assessed will be presented at a
workshop planned in Bologna in July 2003 [7]. The aims of this action include:
–

“providing a snapshot of the methods and codes currently in use;

–

furnishing information on the methods used to assess the reliability of computational
results;

–

disseminating “good practice” throughout the radiation dosimetry community;

–

providing the users of computational codes with an opportunity to quality-assure their own
procedures;

–

informing the community about the benefits to be obtained from sensitivity and uncertainty
analysis;

–

informing the community about more sophisticated approaches that may be available to
them.”

Different applications and areas of dosimetry in which computing methods play a key role could
be added to these examples. Some of them have been addressed within the EURADOS framework, for
example numerical modelling of tissue-equivalent proportional counters [8] or, in collaboration with
the European Late Effects Project (EULEP) group, the methods used for assessing internal dose due to
the intake of radionuclides [9,10]. Other fields of application have emerged more recently, such as the
use of Monte Carlo methods for the modelling and calibration of in vivo spectrometry measurements.
Each of these applications presents particular difficulties and specific requirements, in particular
regarding acceptable uncertainties. However, they all involve the same process consisting of the
“connecting and ordering of known data, by means of relations based on theory or established models,
in order to create new data and to reveal new insights” [11]. Furthermore, as pointed out by the authors
of this publication, they all require an expert knowledge of the methods and reliability of the results
which relies at some levels on an indispensable comparison between calculated and experimental data
which is nothing more than “dosimetry” – the word itself being composed of “dose” (i.e. implying
numbers) and “metry” (i.e. the art of measuring).
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In 2002, QUADOS expressed its views on the actions which should be carried on in the field of
numerical dosimetry. Indeed, the fundamental basis of reliable radiation protection is quality-assured
measurements, and the quality of measurements in radiation protection relies increasingly on the use
of computational methods and on the extent to which a reliable uncertainty can be stated. Furthermore,
there should be a link between the need for practice and mechanisms to assure the transfer from pure
to applied research and to practical application. In the Expression of Interest published on Internet [12],
the subjects of further work assessed by the group as most relevant future projects include research on
advanced tools such as:
•

“VOXEL phantoms. “VOXEL” phantoms are anatomical models, composed by about a
million cells, which allow a very high level of detail in the object description. Due to the
rather large variety of models already developed, they should be intercompared and checked,
both from the point of view of the image segmentation and from the point of view of the
Monte Carlo techniques employed to speed up the particle tracking.

•

Unfolding codes. Unfolding of measured spectra, for instance at work places is essential for a
more accurate dosimetry. Members of the group work on including the uncertainty of the
response matrices into the uncertainty analysis.

•

Combination of Monte Carlo and deterministic codes. This technique can considerably reduce
computing times and supports the uncertainty analysis of complex transport problems.

•

Simulation of complex measurements (virtual experiments and response functions). Virtual
experiments are the ideal tool for understanding, optimising and evaluating complex
experiments.

•

High-level sensitivity and uncertainty analysis and propagation. Sensitivity analysis and
uncertainty analysis and propagation are the backbone of quality assurance and are required
by ISO 17025.”

EURADOS intends to carry on with computational dosimetry as a priority axis of its future
programme and is currently investigating with the group QUADOS suitable conditions for continuing
this work.
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Abstract
This text covers some important concepts in radiation dosimetry with an emphasis on cavity theory,
i.e. the theoretical evaluation of Dmed/Ddet, for two important classes of detector, “large” and Bragg-Gray.
Monte Carlo simulation continues to play a major role in evaluating this expression through its ability
to compute the fluence spectra of electrons and photons as a function of their position in a medium.
The key results in the paper can be summarised thus:
•

Fluence Φ = dN/da = ¦ds/dV and is a scalar quantity.

•

Kerma K = dEtr/dm, i.e. kinetic energy (k.e.) transferred per unit mass; collision kerma Kc
excludes charged-particle k.e. converted to bremsstrahlung.

•

Kerma and fluence are related by Kmed = Φ E (µtr/ρ)med for photons of energy E; for collision
kerma, Kc, the mass energy-absorption coefficient µen replaces µtr.

•

Dmed = (Kc)med under conditions of charged particle equilibrium (CPE), for a medium med
irradiated by photons.

•

For a fluence Φ of charged particles, e.g. electrons, in medium med, the absorbed dose
Dmed = Φ (Scol/ρ)med provided there is δ-ray equilibrium.

•

For large detectors under photon irradiation (i.e. in which there is CPE as e– ranges << detector
size), Dmed/Ddet is given by (µen/ρ)med/(µen/ρ)det which is evaluated over the photon spectrum at
the detector position: e.g. TLD (e.g. LiF) in kV X-ray beams are large.

•

For “small” or Bragg-Gray detectors under photon or electron irradiation (e– ranges >> detector
dimensions), Dmed/Ddet is given by (Scol/ρ)med/(Scol/ρ)det, the (mass) stopping-power ratio,
usually written smed.det: e.g. (air-filled) ionisation chambers behave as Bragg-Gray detectors in
megavoltage photon and electron beams, but not in kV X-ray beams.

•

Bragg-Gray theory was extended by Spencer and Attix to take into account the finite range of
δ-rays.

•

General cavity theory provides an approximate treatment of detectors which are neither “large”
nor “small”.
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Introduction
The accurate determination of absorbed dose is crucial factor in the success of radiotherapy.
The interpretation of the reading of a detector, when used as a dosimeter, generally requires some
appreciation of the theoretical aspects of radiation dosimetry, as does the calculation of the dose
distribution inside the complicated inhomogeneous geometry of the patient. In this brief text the main
ideas and principles involved in the subject, sometimes known as “cavity theory”, are covered.
The basic expressions that will be derived and discussed are those relating the dose in the uniform,
i.e. undisturbed, medium at the point of interest to that in the detector or dosimeter, thus Dmed/Ddet.
In principle it is not necessary to know the numerical value of this ratio in cases where the detector is
calibrated to read absorbed dose (usually for medium = water) in the particular radiation quality of
interest. However, frequently this is not the case, and it becomes necessary to convert the detector
response at the calibration quantity, which would typically be 60Co γ-rays, to that at the quality of
interest, e.g. 10 MeV electrons. A further introductory point is that the process of converting the raw
detector response, e.g. charge for an ionisation chamber, chemical yield for the ferrous sulphate
detector, light output for a thermoluminescent dosimeter (TLD), to absorbed dose to the sensitive
material of the detector (via W/e for an ion chamber, G-value for the FeSO4 dosimeter) is not
generally dealt with under the heading of cavity theory and consequently is not covered in what
follows. The reader is referred to several excellent general texts in the medical physics literature [1-7].
Particle fluence
In order to be able to calculate absorbed dose we require quantities which describe the radiation
field. Particle fluence is a very important basic quantity, concerning the number of particles per unit
area. The concept is illustrated in Figure 1.
Figure 1. Characterisation of the radiation field at a point P in terms
of the radiation traversing the spherical surface S (redrawn from [2])
Sphere
Great circle, area dA

Ray-traversing
sphere

Volume dV

Let N be the expectation value of the number of rays striking a finite sphere surrounding point
P (during a finite time interval). If the sphere is reduced to an infinitesimal one at P with a diameter of
da, then the fluence Φ is given by:
Φ=

dN
dA

(1)

which is usually expressed in units of m–2 or cm–2. Note that fluence is a scalar quantity – the direction
of the radiation is not taken into account. Additionally it is useful to define the energy fluence ψ:
ψ = EΦ
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(2)

The convention in radiation dosimetry is to write the fluence, differential in energy, as ΦE:
dΦ
dE

ΦE =

(3)

and thus the (total) fluence is given by:
E max

Φ=

³

Φ E dE

(4)

0

It is important to realise that fluence can also be expressed as the quotient of the sum of the track
lengths of the particles crossing the elementary sphere divided by the volume of the sphere [8]:
Φ=

¦ ds

(5)

dV

This expression is extremely useful when considering so-called cavity integrals (see later) which
generally involve evaluating the fluence averaged over a volume and subsequently the absorbed dose
in that volume; this is generally the technique used in Monte Carlo simulations.
Relation between fluence and kerma
We are now in a position to relate quantities concerning energy transferred to or deposited in a
medium to the fluence, which is a basic description of the radiation field. Consider the following
schematic of N radiation tracks, of indirectly ionising radiation, each of energy E, crossing a thin layer
dl of area dA:
Figure 2. A thin slab of material, thickness dl, area dA, mass dm, density ρ,
traversed (perpendicularly) by radiation; here N photons of energy E

Recalling now the definition of the mass energy transfer coefficient µtr/ρ (e.g. ICRU 1998) and
rearranging this:
dE tr = (µ tr ) med dlNE
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(6)

then dividing by the mass of the layer dm:
dE tr
Ndl º
= (µ tr ) E ª
«¬ dm »¼
dm

(7)

and replacing dm by ρ × dV we can write:
dE tr § µ tr ·
ª Ndl º
=¨
¸ E«
dm © ρ ¹ med ¬ dV »¼

(8)

in which we recognise the expression in the square brackets as the sum of the track lengths divided by
the volume, i.e. fluence, and in place of dEtr/dm we can write kerma (in medium med):
§µ ·
K med = ¨ tr ¸
EΦ
© ρ ¹ med

(9)

§µ ·
K med = ¨ tr ¸ ψ
© ρ ¹ med

(10)

or, in terms of energy fluence ψ:

Thus far we have confined ourselves to particles crossing the thin layer all with a single energy.
In the case of spectrum of energies, described by the fluence differential in energy, ΦE, we evaluate the
Kmed from:
E max

K med =

³
0

§ µ (E)·
EΦ E ¨ tr
¸ dE
© ρ ¹ med

(11)

where the energy dependence of µtr has been shown explicitly.
We will also want to calculate collision kerma, Kc. The mass energy transfer coefficient µtr/ρ is
replaced by the mass energy absorption coefficient µen/ρ, where energy “absorbed” is defined to
exclude that part of the initial kinetic energy of charged particles converted to bremsstrahlung photons.
The two coefficients are related by:
µ en = µ tr (1 − g )

(12)

which is naturally also the factor that relates Kc to K. It therefore follows that:

( Kc ) m = §¨©

µ en ·
¸ EΦ
ρ ¹

and similarly for the integral over ΦE in the case of a spectrum of incident photons.
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(13)

Relation between kerma and absorbed dose
The absorbed dose Dmed in medium med concerns the (mean) value of energy imparted to an
elementary volume, whereas kerma concerns energy transferred, which is not the same thing at all, as
the charged particles can leave the elementary volume (or thin layer), taking a fraction of the initial
kinetic energy with them. This is illustrated in Figure 3. Note that the quantity denoted in the figure by
E trn is the net energy transferred, which excludes that part of the initial kinetic energy converted into
bremsstrahlung photons; it is equal to Etr(1 – g) as we have seen above.
Figure 3. Schematic illustration of charged particle equilibrium
in a thin layer in a medium irradiated by photons
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ELECTRON
INCIDENT
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Let the energy imparted to the layer be denoted by ε, the (net) kinetic energy entering the layer on
n
. Then we have:
charged particles by E inn and the (net) kinetic energy leaving the layer by E out
n
ε = E trn − E out
+ E inn

(14)

If now the electron track that leaves the layer happens to be replaced by an identical track that
enters the layer such that:
n
E inn ,2 = E out

(15)

ε = E trn

(16)

it follows that:

The equality between energy leaving and energy entering on charged particles is known as
charged particle equilibrium (CPE); this condition can be realised to a very good approximation under
certain circumstances (see next section).
Dividing both sides by the mass of the layer or volume element, we can write:
CPE

Dm = ( K c ) m
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and therefore:

( Kc ) m = §¨©

µ en ·
¸ EΦ
ρ ¹

(17)

which are very important results.
Charged particle equilibrium (CPE)
Charge particle equilibrium (CPE) is said to exist in a volume V in an irradiated medium if each
charged particle of a given type and energy leaving V is replaced by an identical particle of the same
energy. Figure 4, for the case of a photon beam, taken from [4], illustrates how CPE can actually be
achieved in a photon beam, provided that there is no/negligible attenuation of the beam. Note that
square D, where CPE is first attained, contains all the sections of an electron track.
Figure 4. The development of charged particle equilibrium in a medium irradiated by photons
Reproduced from [4] with permission

In practice, in the megavoltage beams encountered in modern radiotherapy, there is only partial
CPE as the attentuation of the photons is not negligible in a distance equal to the range, rmax,e-, of the
maximum energy secondary electron. However, in kilovoltage X-ray beams (e.g. used for diagnostic
purposes and some superficial radiotherapy) there is negligible attenuation in a distance rmax,e- (due to
the rapidly increasing collision stopping power at sub-relativistic electron energies); thus there is an
excellent approximation to full CPE.
Photon detectors
The relation between absorbed dose and collision kerma can be exploited in predicting the
relation between the reading of a dosimeter and the dose in the uniform medium in the absence of the
dosimeter, for the case of indirectly ionising radiation. Let a beam of monoenergetic radiation be
incident on a phantom of material med with energy fluence ψ at the depth of interest z. Provided that
this depth is sufficient for CPE to be established then we can equate Dmed with Kc and thus write:
CPE
§µ ·
Dmed = ψ med ,z ¨ en ¸
© ρ ¹ med

28

(18)

Suppose now that the detector is placed with its centre at the depth z and that the sensitive
material of the detector, denoted by det, is large enough for there to be CPE in this material, i.e. that its
extent is very much greater than the maximum range of the secondary electrons generated in this
material. Figure 5 illustrates what is intended.
Figure 5. A schematic illustration of the concept of a “large” or photon detector,
where the electron tracks are much shorter than the cavity dimensions
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The photon track goes through a spherical detector and produces secondary electrons tracks
(changes in the photon direction/energy have been ignored for simplicity). Within the dotted regions
on either side of the boundary there is no CPE but elsewhere there is. The detector can be said to be
“large” when the volume of the dotted region is small compared to the total detector volume. Then we
can write:
CPE
§µ ·
Ddet = ψ det,z ¨ en ¸
© ρ ¹ det

(19)

where now the energy fluence is that in the detector material. If we further assume that the detector
does not disturb the fluence existing in the medium, i.e.:
ψ det,z = ψ med ,z

(20)

then it follows that:
Dmed ψ med ,z (µ en ρ)med (µ en ρ)med
=
=
Ddet
ψ med ,z (µ en ρ)det
(µ en ρ)det

(21)

which is a standard result for a “large” detector. Naturally the detector must not have a dimension in
the direction of the beam, which is large with respect to the attenuation of photons within it, i.e. detector
thickness t << 1/µatt, the (average) photon mean free path, otherwise it would be impossible to fulfil
the requirement that the (energy) fluence in the detector be negligibly different from that in the
medium. In the more realistic case of a polyenergetic photon beam, the dose ratio is evaluated as:
E max

Dmed
=
Ddet

³

0
E max

³
0

dψ med ,z § µ en ( E ) ·
¨
¸ dE
dE © ρ ¹
med
dψ med ,z § µ en ( E ) ·
¨
¸ dE
dE © ρ ¹
det
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(22)

which is often written in shorthand form as:
(23)

Dmed
= (µen ρ)med ,det
Ddet

An example of the application of the “large” detector is the use of small TL dosimeters in
low-energy photon fields. Another application is the calculation of the change in the absorbed dose
when the material changes from tissue to bone in a patient irradiated by a low-energy X-ray beam.
Figure 6 illustrates schematically what would happen to the dose levels when the medium changes, for
the case where there is CPE in both media (except extremely close to the boundary where differential
secondary-electron backscattering effects are evident). The equilibrium dose levels in the tissue and
the bone are proportional to (µ en ρ) tissue and (µ en ρ) bone , respectively.
Figure 6. A schematic illustration of the variation of absorbed dose at a tissue-bone-tissue
interface, where the bone is acting as a photon detector; interface effects due to electron
build-up and scattering will occur very close to the medium boundaries
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Electron or Bragg-Gray detectors
Relation between fluence and dose for electrons
A relation between charged particle fluence, in particular for electrons, and absorbed dose will
now be developed. Consider that there are N electron tracks t perpendicularly incident on a thin layer
of thickness dl (refer to Figure 2). Recall that stopping power is energy lost per unit track length [9]
and denote this energy by dEl to distinguish it from dEtr used for indirectly ionising radiation. We are
interested in energy locally deposited in the thin layer, so it is clearly appropriate to employ the
collision stopping power, Scol, rather than the total stopping power as the latter would include the
energy lost in the form of bremsstrahlung which would escape. Thus we can write:
dE l = Scol dlN

(24)

Note that unlike the analogous Eq. (6) for photons we do not need the energy of the particles.
Dividing both sides by the mass of the layer dm and expressing this as ρ × dV on the right hand side
we obtain:
dE l S col Ndl
=
dm
ρdV
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(25)

which can be regrouped to give:
dE l S col ª Ndl º
=
ρ «¬ dV »¼
dm

(26)

where, as in the case of indirectly ionising radiation, the quantity in the square brackets is the fluence Φ:
dE l
S
= Φ col
ρ
dm

(27)

Until recently there has not been an equivalent of kerma for the case of charged particles, i.e. a
quantity to express the energy transferred as opposed to imparted or absorbed. However, the quantity
CEMA (converted energy per unit mass) has been proposed [9,10]. In the above case CEMA is simply
equal to our dEl/dm and thus to the product of electron fluence and mass collision stopping power.
In order to bring absorbed dose into the picture we must be able to say that any charged particle
kinetic energy that leaves the thin layer or elementary volume is replaced by an exactly equal amount
entering the layer and being deposited in it/imparted to it. The particles that leave, in the present case,
are energetic delta rays. Thus we have to assume that there is delta-ray equilibrium in order to be able
to equate CEMA and absorbed dose and thus to write, for a medium med:
δ − eqm
§S ·
Dmed = Φ¨ col ¸
© ρ ¹ med

(28)

or, in the case of polyenergetic electron radiation:
δ − eqm

Dmed =

Emax

³
0

§ S (E)·
Φ E ¨ col
¸ dE
© ρ ¹ med

(29)

where ΦE is the fluence, differential in energy (see earlier).
Bragg-Gray cavity theory
We have seen that in the case of detectors with sensitive volumes large enough for the establishment
of CPE, the ratio Dmed/Ddet is given by (µ en ρ) med ,det for the case of indirectly ionising radiation. In the
case of charged particles one requires an analogous relation in terms of stopping powers. If we assume
that the electron fluences in the detector and at the same depth in the medium are given by Φdet and
Φmed respectively, then according to Eq. (28) we must be able to write:
Dmed Φ med ( S col ρ) med
=
Ddet
Φ det ( S col ρ) det

(30)

where we recall that Ddet is the mean dose over detector volume, i.e. that which is proportional to the
detector signal. Consider the situation shown Figure 7.
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Figure 7. Schematic illustration of the electron detector or Bragg-Gray
principle; a beam of photons irradiates the uniform medium
Left – a fictitious detector volume in the medium, right – an identical volume made of detector material
Both volumes are traversed by identical electron fluences
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If we assume that the detector does not disturb the electron fluence existing in the undisturbed
medium, i.e. if:
Φ det = Φ med

(31)

then the fluences in Eq. (30) cancel out, yielding:
Dmed ( Scol ρ) med
=
Ddet
( Scol ρ) det

(32)

The above expression is known as the (mass) stopping-power ratio, often written as smed,det (or as
smed/det.). For the practical case of a spectrum of electron energies, the stopping-power ratio must be
evaluated from:
Emax

Dmed
=
Ddet

³

Φ E ( S col ( E ) ρ) med dE

(33)

0
E max

³ Φ (S ( E ) ρ)
E

col

det

dE

0

where the energy dependence of the stopping powers has been made explicit and it is understood that
ΦE refers to the undisturbed medium in both the numerator and the denominator. It should be stressed
that this is the fluence of primary electrons only; no delta rays are involved (see following section).
For reasons that will become apparent in the next paragraph, it is convenient to denote the stopping-power
BG
ratio evaluated according to Eq. (33) by smed
,det [11].
The stopping-power ratio result was originally derived for the case of ionisation chambers irradiated
by photons, not electrons. A small gas-filled cavity will never fulfil the CPE condition discussed above
for so-called photon detectors, as the ranges of the most energetic electrons in a gas easily exceed the
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dimensions of the cavity. However, if the gas cavity is sufficiently small then it can be assumed that
the cavity does not disturb the electron fluence set up by the photons in the surrounding medium.
This is equivalent to saying that the dose to the gas in the cavity results entirely from electrons
generated in the surrounding medium and not from the few electrons generated by photon interactions
in the cavity gas itself. These principles were first enunciated separately by Bragg and Gray more than
50 years ago, and detectors fulfilling these assumptions are known as Bragg-Gray cavities [e.g. 2-4]
The commonly used air-filled ionisation chamber irradiated by a megavoltage photon beam is the
clearest case of a Bragg-Gray cavity. However for typical ion chamber dimensions for kilovoltage
X-ray beams, the percentage of the dose to the air in the cavity due to photon interactions in the air is
far from negligible, as has been shown explicitly in [12].
In the case of electron beams there are no photon-generated electrons to consider and the
stopping-power ratio will always be the relevant quantity. However, the assumption that the fluence
must not be appreciably disturbed by the “cavity” limits the applicability of the above theory to
detectors that are small compared to the range of the primary electrons. The response of TLD chips
and semiconductor diodes in megavoltage electron beams, for example, should be predicted by the
stopping-power ratio. Departures from Bragg-Gray assumptions are generally treated as perturbations;
see [13].
The Spencer-Attix modification of Bragg-Gray theory
In the previous section we neglected the question of delta-ray equilibrium, which is a prerequisite
for the strict validity of the stopping-power ratio as evaluated in Eq. (33). The original Bragg-Gray
theory effectively assumed that all collision losses resulted in energy deposition within the cavity.
Spencer and Attix [14] proposed an extension of the Bragg-Gray idea that took account, in an
approximate manner, of the effect of the finite ranges of the delta rays. All the electrons above a
cut-off energy ∆, whether primary or delta rays, were now considered to be part of the fluence
spectrum incident on the cavity. All energy losses below ∆ in energy were assumed to be local to the
cavity and all losses above ∆ were assumed to escape entirely. The local energy loss was calculated by
using the collision stopping power restricted to losses less than ∆, L∆. This two-component model
leads to a stopping-power ratio given by [10,14,15]:
E max

Dmed
=
Ddet

³

[

]

[

]

Φ δE ( L∆ ( E ) ρ) med dE + Φ E ( ∆ )( Scol ( ∆ ) ρ) med ∆

∆
E max

³ Φ ( L ( E ) ρ)
δ
E

∆

∆

det

dE + Φ E ( ∆ )( Scol ( ∆ ) ρ) det ∆

(34)

The electron fluence has been denoted by Φδ to emphasise that (all generations of) delta rays must
be included. The term in square brackets accounts for the energy deposition by those electrons falling
below ∆ in energy, the so-called track-end term [15]. The shorthand form recommended by ICRU
SA
SA
report 35 [11] for the Spencer-Attix stopping-power ratio is smed
,det . The use of smed ,det instead of the
BG
conventional Bragg-Gray ratio based on the unrestricted stopping power smed
,det has been shown to
result in improved agreement with experiment [2]. However, for cases where the atomic composition,
and hence the mean atomic number, Z, of the cavity and the medium are closely matched, there is little
SA
BG
difference between smed
,det and the simpler smed ,det . All modern codes of practice for the absolute dose
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SA
determination in megavoltage photon and electron radiotherapy beams use values of swater
,air evaluated
according to Eq. (34) (see Andreo [16]) as part of the conversion of the reading of an ion chamber to
absorbed dose in water.

General cavity theory
Two extreme cases have been covered:
1) Detectors which are large compared to the electron ranges (indirectly ionising radiation only).
2) Detectors which are small compared to the electron ranges and which do not disturb the electron
(strictly, charged particle) fluence – so-called Bragg-Gray cavities (directly or indirectly
ionising radiation).
Many situations involve measuring the dose from photon (or neutron) radiation using detectors
which fall into neither of the above categories. In such cases there is no exact theory. However,
so-called “general cavity theory” was developed by Burlin [17] as a simple approximation. A detailed
discussion is beyond the scope of the present lecture (see [18]), but in essence these theories yield a
factor which is a weighted mean of the stopping-power ratio and the mass-energy absorption
coefficient ratio, as the Burlin expression shows:
det

ªµ º
Ddet
= dsdet,med + (1 − d )« en »
Dmed
¬ ρ ¼ med

(35)

where d is the fraction of the dose in the cavity originating from electrons generated in the surrounding
medium and (1 – d) is the dose from photon interactions in the cavity. Various “recipes” for estimating
the magnitude of d have been proposed (e.g. Horowitz [18]). Much work remains to be done in
improving the accuracy of this approach (e.g. Mobit, et al. [19]).
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PHYSICS OF ELECTRON AND PHOTON
TRANSPORT FOR DOSIMETRY CALCULATIONS
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Abstract
The main objective of the physics of particle transport in the fields of radiation protection and of
radiation dosimetry for therapy purposes is the determination of the spatial distribution of energy
deposition in the human body while exposing it to external ionising radiation. The central physical
quantity to be used for this purpose is the absorbed dose to soft tissue or water. Since the direct
measurement of absorbed dose distributions within a patient’s body is neither directly possible nor
reasonable, it must be replaced by measuring procedures in phantoms and by recipes which are well
suited to deduce the desired dose distributions. To justify such measuring procedures and recipes,
sophisticated Monte Carlo simulations based on interaction cross-sections and particle transport
theories are commonly used. The first part of the talk analyses the effort needed to simulate the
penetration of photons and high-energy electrons through matter, and summarises the basic physical
principles of electron or photon transport models. In a second part, these principles are applied to
study a few general aspects of electron or photon histories in water. Here, special emphasis is laid on
the depth dependence of spectral electron distributions in primary photon or electron fields and on the
range of high-energy electrons as a function of their initial energy. In a final section, the role of
low-energy electrons is briefly discussed from the point of view of radiation damage and compared
with that of photons and light ions.
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Introduction
The main objective of radiation physics in the fields of protection against ionising radiation and
of dosimetry for therapy purposes is, in the end, the determination of the spatial distribution of energy
deposition in the human body while exposing it to external radiation. According to the recommendations
of the ICRU [1], the central quantity to be used for these purposes is the absorbed dose D(P) at a
specified point P in soft tissue or water. It is defined as the quotient dε/dm, where dε is the mean
energy imparted by ionising radiation to a small piece of matter of mass dm localised at point P and
applies to all kinds of ionising radiation. The value of the absorbed dose caused by ionising radiation
at the specified point depends strongly on the kind of primary radiation and also on the degradation
properties of all secondary particles set in motion by primary interaction processes. Due to the fact that
in many practical situations the direct measurement of absorbed dose distributions is either not directly
possible or not possible with the necessary accuracy, or that it is too costly in terms of time and labour,
sophisticated calculation methods based on particle transport theories are commonly used. These must
be well suited with respect to the irradiation conditions encountered in practice and to the shape and
structure of the irradiated system. The most direct and at the same time most versatile method for this
purpose is the Monte Carlo simulation of the histories of a great number of primary particles for the
particular irradiation geometry one has in mind or for geometries which are assumed to be reasonably
well suited from the practical point of view. The aim of the present paper is to summarise briefly the
physical background of primary electron and photon interactions with matter.
The most important photon interaction process at lower energies is the photoelectric effect, in
which the photon is absorbed by an atom and a photoelectron is emitted, leaving a vacancy in the
atom, usually in the K-shell. The second interaction process, predominant at photon energies of
the order of 1 MeV, is the Compton interaction, in which the photon is inelastically scattered, thus
liberating secondary electrons and possibly causing again a vacancy in a target atom. A third major
interaction process at lower energies is the Rayleigh scattering effect, in which the photon is elastically
scattered, transferring an only negligible energy fraction to a recoil atom. At high photon energies, the
pair creation may be the predominant photon interaction process. In this case the photon interacts with
the field of an atomic nucleus or an atomic electron and is absorbed while creating an electron-positron
pair. Other interaction effects such as nuclear-resonance scattering, Delbrück scattering or photonuclear
reactions are, in general, of no importance as far as radiation protection or radiation dosimetry is
concerned.
The fraction of photons interacting with matter by one of these processes is given by the probability
pν(T) = σν(T)/σtot(T), where σν(T) is the partial cross-section of photon interaction of type ν and σtot(T)
is the total interaction cross-section at photon energy T. For values of these cross-sections or of the
corresponding partial or total mass attenuation coefficients see, for instance, the tabulations by
Hubbell [2], Plechaty, et al. [3], Berger and Hubbell [4], and Higgins, et al. [5]. To give an impression
of such data, Figure 1 shows the interaction probabilities of photons in water as a function of photon
energy T. At a glance, the predominance of the photoelectric effect at energies smaller than about
10 keV and of the Compton scattering at energies greater than about 20 keV becomes obvious. In high-Z
materials, the energy region in which Compton scattering predominates is strongly reduced because of
an increased importance of the photoelectric effect and of electron-positron pair creation.
Filling up the inner-shell vacancy after photoelectron ejection takes place through a complex
cascade of radiative and radiationless events and ends in a multiply ionised state of the target atom,
unless electrons are captured from the outside. To simplify matters, it is commonly assumed that the
filling up of vacancies occurs by emission of either fluorescence photons or Auger electrons whose
energies and emission probabilities depend strongly on the target species. The need for taking into
account Auger electrons and fluorescence radiation when performing Monte Carlo simulations thus
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Figure 1. Interaction probability pν of photons at energy T
in liquid water, based on the tables of Higgins, et al. [5]

depends strongly on the problem to be solved. For many applications in radiation protection dosimetry
and radiation therapy, at least in low-Z materials such as water or soft tissue, the production of Auger
electrons or of fluorescence radiation can be ignored because the probability of creating fluorescence
radiation is negligible and the potential energy of Auger electrons is smaller than the cut-off energy
commonly assumed in the simulation. In high-Z materials, however, the creation of fluorescence
radiation might be of importance because of the high values of the fluorescence yield and the possibly
high energies of fluorescence photons.
To see what happens to photons when they penetrate through matter, let us assume a narrow beam
of monoenergetic 100 keV photons penetrating the front face of a water cylinder 20 cm in diameter
and height in a direction parallel to the cylinder’s main axis. If we were able to follow by eye the path
each photon takes within the phantom after having penetrated its front face, we would see a picture
like that shown in Figure 2. The photons are scattered elastically by Rayleigh scattering or inelastically
by Compton scattering, transferring part of their initial energy to secondary electrons, or they are
absorbed by the photoelectric effect and leave the greater part of their energy also to electrons. The main
information that could be extracted from the figure is that, during photon slow-down in matter, a great
number of secondary electrons is set in motion whose starting points are distributed over the whole
volume of the water cylinder, due to a large mean free interaction length of photons and to their strong
angular scattering.
If we were able to track also the path of secondary electrons through the phantom, we would see a
picture like that shown in Figure 3. The electron tracks appear as only more or less extended small spots,
showing that the spatial energy transfer of electrons takes place in dimensions very small as compared
with that of photons. The reason for this is the electron range which is generally much smaller than the
mean free path length of photons. To demonstrate this fact quantitatively, Figure 4 shows the mean
free interaction length λ(T) of photons and the continuous-slowing-down range Rcsda (T) of electrons in
liquid water as a function of the primary particle energy T. The great difference between Rcsda(T) and
λ(T) is obvious from the figure. At the same initial energy the mean free photon interaction length is
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Figure 2. Movement of 100 keV photons in a water cylinder in
the case of perpendicular incidence along the phantom’s main axis

Figure 3. Tracks of secondary electrons liberated in water by the 100 keV photons of Figure 2

Figure 4. Mean free interaction lengths λν of photons at energy T in water, in comparison
with the continuous-slowing-down range Rcsda of electrons at the same energy
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greater than the electron range by a factor of up to 103. In view of this fact, a photon track can be
assumed as a collection of single electron tracks the starting points of which are distributed over
distances that are large as compared with the mean photon interaction length.
The two-step model of photon transport through matter
Because of the large mean free interaction length of a photon as compared with the range of a
secondary electron, the spatial distribution of the absorbed dose caused by photon radiation in matter
can be assumed to be produced in two steps (see Figure 5). In the first step, a fraction of the photon
energy is transferred to secondary electrons at interaction points separated by rather large distances.
In the second step, this energy is distributed by electron transport processes, in the neighbourhood of
the photon interaction points. The simulation of the spatial distribution of energy deposition to matter
by primary photons can, therefore, be subdivided into two parts. The first is the determination of the
spatial distribution of energy transfer interactions of photons and the second one is the transport of
energy by secondary electrons. In homogeneous media, the simulation of electron transport can be
ignored, in general, because the electron ranges are small as compared with the mean free path lengths
of photon interactions (see Figure 4). Nevertheless, the creation of bremsstrahlung due to electron
slow down and the annihilation of positrons may be of importance to solve special problems also in
homogeneous media. In heterogeneous media, a coupled photon-electron simulation is generally
necessary to obtain realistic dose distributions, in particular near surfaces.
Figure 5. The two-step model of energy deposition by photons; in a first
step, energy is transferred to electrons by photon interactions, and
in the second step this energy is transported by electron interactions

The photon transport through matter
The main steps for simulating the penetration of photons through matter are:
•

The determination of the travelling distance of photons between two successive interaction
events.

•

The selection of the type of interaction a photon suffers after having covered the travelling
distance.

•

The sampling of energy loss and deflection angle caused by the selected interaction process.
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As is obvious from photon attenuation measurements in homogeneous media, the distance
between successive interaction points of a photon at energy T is governed by an exponential
probability density. This probability density is completely described by the total linear photon
attenuation coefficient which is equal to the reciprocal of the mean free interaction length of the
photons (Figure 4). The type of photon interaction at each single interaction point is given by the
probability pν(T) of photon interactions of type ν which are taken into account in the calculation
(commonly: photoelectric absorption, Rayleigh scattering, Compton scattering, and electron-positron
pair creation if T > 1.022 MeV). After determination of the point of interaction and of the type of
interaction process, the energy loss and the new photon direction after interaction have to be
determined on the basis of the physical properties of all major photon interaction processes which
might be of importance to the solution of a particular problem. For details on photon interaction
processes see, for instance, the comprehensive publication by Davisson and Evans [6]. The history of
each primary photon is tracked from collision to collision until the photon either leaves the target
volume, is absorbed in it, or until its energy has been degraded to a value small enough to be sure that
a further continuation of photon transport simulation no longer influences the final results. For details
on the Monte Carlo simulation of photon transport see, for instance, the publications by Zerby [7],
Nahum [8], Baró, et al. [9] and Grosswendt [10,11].
To give an impression of what happens to the photons during their penetration through matter,
Figure 6 shows the mean spectral photon distribution ∆n/∆T′ per primary photon at interaction number
j in the case of monoenergetic primary photons emitted by a point source in water at an energy of
100 keV [11]. The transmutation of the needle-shaped spectral photon distribution at j = 1 into a rather
broad energy distribution at j > 1, and the shift of the energy distribution to smaller energies with
increasing interaction number j are obvious. A very interesting feature of the distributions is that they
are restricted to energies greater than about 20 keV. This behaviour is due to the competition between
Compton scattering and photoelectric absorption. With increasing interaction number, the photon
energy decreases (as does the energy transfer to Compton electrons) and the probability of
photoelectric absorption rises (see Figure 1). In consequence, the probability of Compton scattering
decreases with increasing interaction number whereas the probability of photoelectric absorption
strongly goes up, in particular, at the low-energy side of the photon distribution.
Figure 6. Mean spectral photon distribution ∆n/∆T′ of initially 100 keV
photons at interaction number j in water as a function of photon energy T′
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Let us now assume that a photon source works continuously, emitting monoenergetic photons of
energy T. Then, after having waited for a time long enough to be sure that there are enough photons of
any state of degradation within the water medium, one can ask for the spectral energy distribution
∆n/∆T′ of photons responsible for the production of secondary electrons during a subsequent interaction.
Figure 7 presents the results for ∆n/∆T′ (per primary photon of initial energy T) as a function of photon
energy T′ for the four selected primary energies of T = 10 keV, 100 keV, 1 MeV and 10 MeV [11].
Apart from the occurrence of annihilation quanta of 511 keV in the case of T = 10 MeV, it can be seen
at a glance that the spectral photon distributions related to the three higher primary energies nearly
coincide in their overlapping energy regions, thus demonstrating a rather similar photon degradation
process. This is due to the fact that in this energy region Compton scattering is the most important type
of interaction (see again Figure 1). Hence, in the case of heavy energy losses or, and that is the same,
of large scattering angles, the photon energy after scattering is in the same energy region independent
of the photon’s primary energy. For instance, the large-angle scattering of a 10 MeV photon leads to
an energy after scattering of between about 250 keV ≤ T′ ≤ 485 keV while that of 1 MeV photons
leads to an energy of between 204 keV ≤ T′ < 388 keV. If the photon energy decreases, the maximum
energy loss decreases as well, leading to a rather continuous photon degradation in the case of Compton
scattering which in turn enters more and more into competition with photoelectric absorption. This
competition and the almost continuous photon degradation are the reasons for the bump of the spectral
photon distribution around 40 keV and also for the very slim distribution in the case of 10 keV
primary photons.
Figure 7. Mean spectral photon distribution ∆n/∆T′ of initially
10 keV, 100 keV, 1 MeV and 10 MeV photons as a function of energy T′,
after complete photon slow-down in water, as a function of photon energy T′

Due to the fact that a photon track can be interpreted as a series of electron tracks separated by
more or less large distances, the mean number Ntot of electron tracks is one of the basic features of a
photon track. This mean number is equal to the mean number of inelastic photon interactions in a
specified piece of matter. Figure 8 shows the mean number Ntot of photon interactions upon the total
degradation of primary photons in water, as a function of its energy T (upper curve) [11]. Interesting
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Figure 8. Mean number Ntot of photon interactions upon complete photon slow down in
water and the mean numbers Nν of a specified interaction type, as a function of photon energy T

aspects of the mean number of interactions are (i) its strong energy dependence between 10 and
100 keV followed by an only slight increase in the energy range between 100 keV and 10 MeV, and
(ii) its small value even at high photon energies. To give an impression of the different types of
interaction contributing to Ntot, the figure also shows the number Nν of photoelectric absorptions,
Rayleigh or Compton scatterings, and electron-positron pair creations. The overwhelming contribution
of Compton scattering to Ntot for energies greater than 50 keV is apparent from the figure. Its strong
increase in the low-energy region is due to the increasing probability of Compton scattering with
increasing photon energy (see Figure 1). The increasing number of photoelectric absorptions and
Rayleigh scatterings at the high-energy end can be ascribed to the electron-positron pair creation
followed by the production of annihilation quanta which were interpreted as primary photons because
of their high energy of 0.511 MeV [11].
During the simulation of primary photons, the directions and energies of secondary particles
(electrons, positrons and fluorescent X-rays) and also the spatial co-ordinates of their starting points
are stored and used as initial parameters if the transport of the secondaries is to be taken into account.
In consequence, it is worthwhile to consider the energy transfer to secondary electrons in more detail.
For this purpose, Figure 9 shows the mean spectral distribution ∆n/∆E of secondary electrons
produced in water by photons at 10 keV or 100 keV in the first interaction [11]. Despite the rather
complex structure of these distributions they can easily be interpreted on the basis of primary photon
interactions. In the case of 100 keV photons the needle-shaped line at about 100 keV, for instance, is
produced by photoelectric absorption (about 1.6% at 100 keV), and the edge at 28.1 keV by Compton
scattering at θ = 180°. The more or less continuous energy distribution at lower energies is due to the
Compton effect at smaller scattering angles, with the exception of the second line at 486 eV which is
shaped like a δ-function and represents the Auger electrons created during photoelectric absorption or
Compton scattering at an electron of the K-shell of oxygen. If one looks at the secondary electron
distribution produced by 10 keV photons in their first interaction, the same features can be found as
for the secondary electrons initiated by 100 keV photons, apart form the fact that the Compton edge is
at 377 eV and has, therefore, an energy smaller than that of the Auger electron line.
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Figure 9. Mean spectral distribution ∆n/∆E of secondary electrons produced by 10 keV or
100 keV photons in water in the first photon interaction as a function of electron energy E
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To give an impression of the development of the secondary electron distribution with increasing
value of the interaction number j of photons, Figure 10 shows ∆n/∆E produced by 100 keV photons at
different values of j [11]. The very complex structure of electron production is obvious. But all
interaction points have in common that the spectral electron distribution at any interaction point is
composed of two components, a first one at lower energies, which is mainly caused by energy transfer
to Compton electrons (in part after multiple photon scattering), and a second one which is caused by
photoelectric absorption of multiply scattered Compton photons.
Figure 10. Mean spectral distribution ∆n/∆E of secondary electrons produced
by 100 keV photons at interaction j in water as a function of electron energy E
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The spectral secondary electron distributions after complete photon slow-down at the primary
energies of Figure 7 are presented in Figure 11. The complex structure and the very extended energy
range of the secondary electrons from almost the initial energy of the primary photons down to a
few eV are striking and can be easily interpreted from the properties of photoelectric absorption,
Compton scattering and Auger electron production [11]. At first glance, the similarity of the spectral
secondary electron distributions at energies E ≤ 10 keV (including Auger electrons) caused by primary
photon energies T ≥ 100 keV is noticeable, as is that caused by 1 MeV and 10 MeV photons at
10 keV ≤ E ≤ 200 keV. In addition, the structure of the distribution related to 100 keV photons can
easily be recognised in the distribution for the higher energies. In detail, however, some differences in
∆n/∆E can be seen. These are, for instance, the structure near the Compton edges and the increasing
gap (in the logarithmic energy scale) between the photoelectric absorption peak and the Compton edge
with decreasing primary photon energy. All these features of the electron energy distribution can be
understood if one remembers the spectral photon distributions of Figure 7 and the consequences of the
competition between Compton scattering and photoelectric absorption.
Figure 11. Mean spectral distribution ∆n/∆E of secondary electrons
produced upon the complete slow-down by primary photons at
energy T (see the inset) in water as a function of electron energy E

Summarising the properties of photon tracks it can be stated that:
•

The number of interaction points of a typical photon track is restricted to rather small values
of about 15 at 1 MeV, depending only slightly on the primary photon energy.

•

The interaction points are distributed over large volumes due to the large mean free path
lengths of photon interactions and of Compton scattering, in particular (this fact leads to
statistical problems when quantities must be determined which are defined at a point in matter
like absorbed dose).
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•

The spectral photon distribution in matter shows a shape which is almost independent of
primary photon energy, at least if this energy is large as compared with the energy of absorption
edges of photoelectric absorption.

•

The spectral distribution of liberated secondary electrons is extended over a large energy
range and also depends only slightly on the primary photon energy.

The most important of these features of photon degradation is the large mean free interaction
length of photons as compared with the ranges of secondary particles, as it enables the calculation of
the spatial distribution of energy deposition to matter to be subdivided into two parts, the first being
the determination of the spatial distribution of primary energy transfer interactions (the kerma
approximation) and the second, if necessary at all, that of the energy transport by secondary electrons.
Because of the comparably short ranges of the secondaries, the simulation of their histories can, in
general, be ignored in homogeneous media or in heterogeneous media far away from surfaces.
Problems arise near surfaces, however, because of a possible lack of a secondary electron equilibrium.
The question is, therefore, how the liberated secondary electrons behave in matter and how they
contribute to the energy transfer in photon fields.
Electron transport through matter
When penetrating through matter, electrons are scattered elastically, transferring a negligible
fraction of their kinetic energy to atoms or molecules of the target medium, or they are scattered
inelastically by impact ionisation or excitation of the target constituents. In addition, at higher initial
energies, they can lose part of their energy by the production of bremsstrahlung photons.
To estimate the mean number of interactions which an electron of kinetic energy E suffers during
its complete slow-down in matter, the mean energy W required to produce an ion pair can be used. It is
defined by W = E/N, where N is the mean number of ion pairs caused during the complete electron
slowing-down process. If we assume an initial electron energy of 3 MeV and a W value of 30 eV,
which is typical of many media of interest in practice, the mean number N of ion pairs is equal to 105.
To determine the total number of electron interactions, the number N must be multiplied by a factor of
the order of 2 to 3 (depending on electron energy and stopping medium) to include elastic scattering
and excitation. In consequence, the number of interactions belonging to one single electron track is
about 3 × 105 and is, thus, by a factor of the order of 104 greater than the number of primary
interactions of a photon at the same energy. The simulation of a great number of electron histories,
collision after collision as is typical of photon Monte Carlo models, is therefore hardly feasible for
electrons at higher energies, though basically possible, and other methods must be applied.
The methods used today for this purpose are more or less completely based on the fundamental
publication by Berger [12], realising that the greater part of electron interactions, as shown in the left
part of Figure 12, is accompanied by only small energy losses and minor changes of the electron flight
direction, now and then interrupted by interactions with heavier energy loss and scattering angle,
visible by a branching of the main track due to the ejection of electrons with noticeable ranges, the
so-called δ-electrons. Such interactions, completed by the creation of bremsstrahlung photons, are
summarised as catastrophic interactions. Following this concept, the electron tracks are simulated as
shown schematically in the right part of the figure:
•

All interactions with an energy loss smaller than a predefined threshold energy are bundled
together and treated as continuous energy loss governed by the electron stopping power and
by the path segments covered by the electron; this bundling-together is schematically indicated
by the shaded region around the main track, characterising secondary electrons of short ranges.
47

•

Energy loss straggling and angular electron scattering, which are caused by the stochastic
nature of energy deposition and the bundling-together of single interactions along the path
segments, are handled within the framework of multiple scattering theories.

•

The occurrence of catastrophic events is taken into account separately by treating the ejected
δ-electrons and bremsstrahlung photons like primary particles.
Figure 12. Schematic view of a realistic electron track (left) and of a track
simulated within the framework of a condensed-history model (right)

The central procedure of simulating electron tracks on the basis of such a condensed-history
model is, therefore, the determination of the distance to the next catastrophic interaction and of the
step size necessary to calculate the continuous energy loss, including energy loss straggling and the
change of particle direction caused by multiple scattering.
The distance l(E) which an electron of kinetic energy E travels before suffering a catastrophic
event can be determined in the same way that used for photons when treating the distance between two
successive interaction points. This means that an exponential probability density is assumed which
is completely described by the probabilities per unit length with respect to a setting-in-motion of
δ-electrons and to a creation of bremsstrahlung photons.
Whereas the determination of l(E) is straightforward, the choice of the step size s(E) for the
continuous energy loss causes some problems in view of various conflicting requirements which have
to be taken into account for its determination, even in homogeneous media. On the one hand, s(E)
should be large enough to restrict the number of step sizes per electron track, and to justify the use of
multiple scattering theories. On the other hand, s(E) should be small enough to justify the assumption
that the electron path can be approximated by a straight line covering s(E), and to justify the use of
multiple scattering theories that do not really take into account the energy loss of electrons while
penetrating a material layer of thickness s(E). In addition, the path segments must be short to avoid
serious complications near the surfaces of heterogeneous media. One way out of this problem is to
define only those secondary electrons as δ-electrons, whose energies are greater than a lower limit, and
to use a step size s(E) based on the restricted linear stopping power and a fixed value of the fraction of
energy which an electron loses continuously when travelling along s(E).
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The transport of electrons is now simulated in such a way that the travelling distance l(E) for
catastrophic interactions is calculated first and s(E) afterwards. If l(E) is smaller than s(E), the step is
terminated with a travelling distance l(E) by a catastrophic event, otherwise the new electron energy is
calculated according to the continuous energy loss along the distance s(E) (including energy loss
straggling), and its new direction is determined within the framework of a multiple scattering theory;
afterwards a new value of the step size is calculated at the new electron energy as long as the electron
reaches the travelling distance for catastrophic events.
The type of a catastrophic event is determined, in analogy to the procedure of sampling the type
of photon interactions, using the appropriate relative probabilities for δ-electron production or the
creation of bremsstrahlung photons. After the determination of the type and position of a catastrophic
interaction, the appropriate energy loss and the new electron direction are calculated, based on the
physics of bremsstrahlung creation or δ-electron production. The energy, the direction and the spatial
co-ordinates of the secondaries caused by catastrophic events are stored if the energy is greater than a
pre-selected cut-off energy; they are used as initial parameters if tracing of their histories has to be
taken into account.
The history of each electron (including the contributions by all secondary particles) is followed
up as long as the particle leaves the target volume or its energy has been degraded to the cut-off
energy which must be chosen low enough to be sure that a further continuation of the simulation
process would not markedly influence the final results. For details of the simulation of the energy
transport by electrons, in particular, also of taking into account energy loss straggling and angular
scattering based on multiple scattering theories, see, for instance, the publications by Nahum [8],
Grosswendt [10], Berger [12], Andreo and Brahme [13], Seltzer [14,15], Berger [16], Berger and
Wang [17], Rogers and Bielajew [18], and by Andreo, et al. [19].
In contrast to photon tracks which can be interpreted as a sequence of single interaction points, a
single electron track within the framework of a condensed-history model can be interpreted as a
sequence of straight line segments representing continuous energy losses, now and then interrupted by
the ejection of δ-electrons or the creation of bremsstrahlung photons. The change of the primary
electron direction, the energy losses and, in the case of catastrophic interactions, also the energy and
direction of the secondary radiation are governed by statistical rules related to the physics of primary
electron interaction processes or multiple scattering theories. To give an impression of the influence
which these effects have on the energy transport by electrons, Figure 13 shows the scaled depth-dose
distribution per initial electron at the depth z of a half-infinitely extended water medium for a narrow
beam of monoenergetic 30 MeV electrons of perpendicular incidence on the surface of the water
medium (z/Rcsda = 0); D(z) is the absorbed dose to water at depth z, E0 is the initial kinetic electron
energy and Rcsda =13.1 cm the corresponding continuous-slowing-down range [20]. The depth-dose
distributions were calculated using different approximations. The upper part of the figure shows the
results which do not take into account energy loss straggling and catastrophic interactions. The dashed
curve presents the calculated energy deposition without angular deflection of the electrons due to
multiple scattering. At a glance it can be seen from the curve that the energy deposition decreases with
increasing depth z as long as z is smaller than the electron range Rcsda because of the decreasing electron
energy. It increases, however, more or less sharply (depending on the increment ∆z) at z = Rcsda, since
all particles reach the same depth where the remaining kinetic energy is completely absorbed. If multiple
angular scattering is taken into account (see the unbroken curve), the depth dependence of energy
deposition changes drastically. With increasing depth the energy deposition increases first until it
reaches a maximum, and decreases afterwards if the depth is further increased. This behaviour of
depth deposition is caused by the fact that the greater part of the initial electrons, due to the angular
deflections caused by multiple scattering, do not reach the depth z = Rcsda but lose their total kinetic
energy at smaller depths.
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Figure 13. Scaled absorbed-dose distribution for electrons
at initial energy E0 as a function of depth z in water
Upper: (- - -) pure continuous-slowing-down approximation, (——) multiple angular scattering is taken into account
Lower: (- - -) energy-loss straggling and multiple angular scattering taken into account, (——) catastrophic events included

If energy loss straggling and catastrophic interactions are also taken into account, the depth
dependence of energy deposition changes again, as shown in the lower part of Figure 13. The broken
curve presents the energy deposition calculated while taking multiple scattering and energy loss
straggling into account but neglecting the energy transport by δ-electrons; the unbroken curve shows
the results without the latter approximation. As compared with the data calculated within the
framework of the pure continuous-slowing-down approximation (see the upper part of Figure 13), the
energy deposition at small depths is decreased, in particular if the δ-electron transport is taken into
account, and it is increased at great depths, partly as a result of δ-electrons or bremsstrahlung photons
and partly as the result of an increase in the electron path length due to energy loss straggling.
In the field of dosimetry for radiation therapy purposes, electron depth-dose distributions are
commonly used to derive parameters characterising the radiation quality. These parameters are
commonly based on electron ranges in water (see, for instance, ICRU [21]). Figure 14 shows the
extrapolated range Rp, the 50% range R50, and the continuous-slowing-down range Rcsda of electrons in
water as a function of energy E in the region between 100 keV and 80 MeV [10]. An interesting aspect
of the ranges is that Rcsda is greater than Rp at lower energies, but smaller at high energies, clearly
showing the effect of pronounced multiple scattering at lower energies and the importance of
catastrophic interactions at high energies. In addition, the strong energy dependence of the ranges is
striking. The extrapolated range, for instance, reaches from about 130 µm at 100 keV to about 40 cm
at 80 MeV. As a rule of thumb, it can be assumed that for 1 MeV < E < 100 MeV the extrapolated
range Rp is approximately equal to 0.5 × (E/MeV) cm.

50

Figure 14. Ranges of electrons as a function of energy E in water
(——) continuous-slowed-down range Rcsda, (− • −) projected range Rp, (——) 50% range R50

Another aspect of electron degradation is the spectral energy distribution of the primary particle
and of all of its secondaries as a function of the electron penetration depth through matter. For its
discussion, let us assume an electron source in a vacuum, which emits continuously with time
monoenergetic electrons in a direction perpendicular to the front face of a water phantom. Then, after
waiting a time long enough to be sure that a great number of electrons has reached any state of energy
degradation, one can ask about the spectral energy distribution of electrons in a thin material layer at a
fixed depth d of the phantom. Figure 15 shows the spectral fluence distribution [dΦ/dE′]/Φ0 of 80 MeV
electrons slowed down in water, at four different depths. These distributions are normalised to the
Figure 15. Mean spectral electron fluence due to the degradation of primary electrons at
80 MeV in water, at four different depths (Rcsda = 27.95 cm); Φ0 is the primary electron fluence
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primary electron fluence at the phantom surface and were calculated with a cut-off energy of 0.8 MeV
for the electron transport, supplemented for lower energies by solving the Spencer-Fano equation
using the method of McGuinnies [22]. Near the phantom surface (z/Rcsda = 0.025; Rcsda = 27.95 cm),
the sharp peak of primary electrons at 80 MeV is the most prominent feature of the spectral energy
distribution, followed by a deep minimum for decreasing electron energies and a strong increase if the
electron energy is further decreased to low values. When looking at the primary electron peak it can be
seen at a glance that its height decreases with increasing phantom depth and vanishes at depths almost
equal to the electron range. At the same time, the minimum at lower energies is flattened. Both effects
can be expected within the framework of a condensed-history model based to a great extent on the
assumption of continuous energy loss mechanisms. It is, however, somewhat surprising that the
spectral electron distribution in the low-energy region is almost independent of the penetration depth.
As far as electron degradation is concerned, the most important aspects are:
•

The very great number of interactions during the complete slow-down of electrons of higher
initial energies, preventing a fast simulation of electron degradation from one interaction
point to the other.

•

The more or less continuous energy loss of electrons caused by the fact that interactions with
large energy transfers are rare events, enabling electron histories to be treated within the
framework of condensed-history models.

•

The short ranges as compared to the dimensions of macroscopic targets.

•

The rather small angular deflections of electrons due to single interactions, which can be
treated by multiple scattering theories and which, combined with the short particle ranges,
lead to only limited statistical fluctuations of energy deposited in small volume elements even
in the case of smaller numbers of simulated primary particles.

•

The similarity of electron degradation spectra as a function of electron penetration depth.

•

The strong influence of δ-electrons on the energy deposited near surfaces.

From the point of view of Monte Carlo simulation, the most important feature of electron
degradation is the possibility of treating the histories of higher-energy electrons within the framework
of condensed-history models. These, however, can be used without restrictions only in macroscopic
target volumes of homogeneous media or of heterogeneous media far away from surfaces, because of
the limited validity of available multiple scattering theories with respect to angular deflections and
energy loss straggling. Handled with care, however, condensed-history models are very well suited for
applications in the fields of dosimetry (for radiation therapy purposes) and radiation protection.
The role of track structure in biological targets
A serious disadvantage of condensed-history models is that they cannot be applied for studying
the structure of electron tracks as they treat the whole set of low-energy transfer interactions within the
framework of the continuous-slowing-down approximation which assumes continuous energy losses
along straight path segments. Due to this fact, these models are not able to distinguish interaction
points of low energy transfers. In addition, they are not able to treat the yields of different kinds of
target species produced by electron interactions (ionised atoms or molecules, atoms or molecules at
specified excitation states, dissociation products). In consequence, condensed-history models cannot be
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used to solve problems which are sensitive, for instance, to the distance distribution of target species
produced by a series of successive electron interactions representing the structure of an electron track.
Examples of such problems are the dynamics of chemical reaction chains in radiation chemistry and
the damage to sub-cellular structures in radiation biology. Here, it is commonly accepted that the
knowledge of track structure of ionising particles is fundamental to a general understanding of the
induction of radio-chemical or radio-biological effects.
Figure 16 shows the typical sizes of biological targets which we must bear in mind, at least in
principle, when studying problems related to the irradiation of biological systems. On a micrometer
scale, the characteristic sizes are extended from about 107 µm in the case of a whale to about 10–3 µm
in the case of the DNA molecule, thus covering 10 orders of magnitude. The energy of electrons of
comparable continuous-slowing-down range in water is indicated on the right scale of the figure.
At first glance, it can be seen that the ranges of electrons at energies smaller than about 10 keV cover
the whole area of characteristic sizes within a cell nucleus, and the ranges of electrons at energies
smaller than about 1 keV the characteristic sizes of a chromosome fibre, which itself represents a
highly structured target of DNA wound around so-called nucleosomes, about 9 nm in diameter. If we
assume a W value of 25 eV for electrons in liquid water, a number of about 40 ion pairs is produced
upon the complete slow-down of 1 keV electrons within a chromosome fibre. An appreciable fraction
of these ion pairs would be produced within the DNA, which is commonly accepted as the most
probable radiation sensitive sub-cellular structure of a biological target. In view of these facts, the
distance distribution of single electron interactions within volumes a few nanometres in size is decisive
for the understanding of initial radiation damage to cellular DNA, and must be taken into account in
the definition of radiation quality. In microdosimetry, for instance, this is performed by defining
Figure 16. A selection of typical sizes of biological targets
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radiation quality in terms of linear energy transfer, which represents the energy density in matter due
to charged particle interactions and can be interpreted as a rough measure of the distance distribution
of particle interactions. To give an impression of the energy density of charged particles, Figure 17
shows the collision stopping power of water for electrons as a function of energy E [20], in comparison
with the collision stopping power for protons, α-particles and bare carbon ions [23]. These data are
supplemented by the kerma factor E × [µ/ρ]en of photons at the same energy which is based on the
so-called mass-energy-absorption coefficient [µ/ρ]en. The comparably small energy-deposition density
of photons as compared with that of electrons is striking and demonstrates again that mean free
interaction lengths of photons are generally much longer than the ranges of accompanying secondary
electrons. The stopping power of electrons at energies smaller than about 1 keV is comparable,
however, with that of protons and α-particles whereas the stopping power of high-energy electrons is
much smaller and decreases with increasing particle energy, up to about 1 MeV. As regards radiation
damage, it can be assumed, in consequence, that low-energy electrons are much more effective than
high-energy electrons, and that their effectiveness should even be comparable with that of light ions.
Figure 17. Density of energy absorption in water as a function of particle energy E
∆ – bare carbon ions, □ – α-particles, ○ – protons, ∇ – electrons, ◊ – photons

To further demonstrate the importance of low-energy electrons in sub-cellular structures, Figure 18
shows the energy ∆E(zρ) deposited by electrons in material layers of density ρ and mass per area zρ of
between 0.1 µg/cm2 and 50 µg/cm2 (corresponding to layer thicknesses of between 1 nm and 500 nm
in liquid water) as a function of energy E, in the case of electrons normally penetrating the surface of
the layers [24]. For layers of mass per area smaller than about 10 µg/cm2 (or 100 nm at unit density),
the maximum energy is deposited by electrons at energies less than about 1 keV, and for layers of
mass per area of 0.2 µg/cm2 (which corresponds to the diameter of DNA) by electrons at an energy of
about 200 eV. Hence, in nanometric volumes, the energy absorption in matter due to the interactions
of low-energy electrons is much greater than that due to the interactions of high-energy electrons, and is
even comparable with that of light ions, as discussed above. The key problem of a detailed understanding
of the initialisation of radiation damage to DNA is, therefore, the general understanding of the distance
distribution of particle interactions (including the type of accompanying atomic or molecular target
species) which is commonly summarised as the track structure of ionising particles.
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Figure 18. Energy ∆E absorbed in layers of tissue-equivalent
material of mass per area zρ, as a function of electron energy E
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MONTE CARLO STUDIES IN THE FIELD OF AREA
MONITORING AND PERSONAL DOSIMETRY FOR PHOTONS
BETWEEN 10 keV AND 10 MeV AND NEUTRONS BELOW 20 MeV

Gianfranco Gualdrini
ENEA – Istituto di Radioprotezione, Italy

Abstract
The system of dose limitation based on radiation protection quantities and defined on a complex
mathematical model of anthropomorphic phantoms and operational simplified quantities relies on a
wide set of conversion coefficients to be used both in area monitoring and personal dosimetry. These
coefficients, reported in the open literature, have been calculated through Monte Carlo simulations.
The present paper illustrates the role played by Monte Carlo modelling in the framework of
conversion coefficients evaluation, in the numerical determination of reference radiation fields for the
calibration and type test of personal dosemeters as well as in the characterisation of irradiation
facilities in terms of operational quantities.
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Introduction
Radiation transport calculations using the Monte Carlo [1,2] method have become a basic tool in
radiation protection dosimetry. The reason for its growing importance, highlighted during the recent
debate on new radiation protection quantities, is the fact that calculations based on the Monte Carlo
method may often be the only means to link measurable quantities with radiation protection quantities.
These new radiation protection quantities result from the ICRP recommendations; their implementation
is necessary in order to guarantee that the system of dose limitations remains consistent with the
biological and epidemiological evidence of the harm caused by radiation. Harmonisation and
standardisation is therefore clearly required in view of the growing impact of such Monte Carlo
calculations on radiation protection [3]. In recent years complex Monte Carlo code packages have
been distributed among the users and are widely used for a variety of evaluations in the dosimetry and
radiation protection fields. EGS4 [4,5], MCNP [6-8], MCNPX [9], FLUKA [10-12], McBEND [13],
ETRAN [14-16] PENELOPE [17], TRIPOLI [18-20], etc., are some of the codes worth noting; all are
based on different theoretical models and are able to treat different radiations and energy domains.
The present paper tries to offer some ideas of the role of Monte Carlo modelling in producing
conversion coefficients from measurable physical quantities to radiation protection and operational
quantities. Furthermore, some examples are presented concerning the Monte Carlo evaluation of field
parameters for the type test and calibration of photon personal dosemeters and the characterisation of
irradiation facilities in terms of operational quantities.
Monte Carlo evaluation of radiation protection and operational quantities for area monitoring
and personal dosimetry
Radiation protection quantities
The radiation protection quantities are the organ equivalent dose (HT) and effective dose (E) [21].
These quantities are not measurable and, for their calculation, it is necessary to build a mathematical
model based on the standard man [22], containing all the organs taken into account in the ICRP-60
recommendation (wt tissue weighting factor table that includes gonads, red bone marrow, colon,
lungs, stomach, bladder, breast, liver, oesophagus, thyroid, skin, bone surfaces and the remainder).
For many years a large modelling activity has existed at the international level, aimed at developing
progressively complex and realistic human mathematical phantoms. The Medical Internal Radiation
Dose Committee (MIRD) [23] analytical model, originally hermaphrodite, was significantly improved
over the years with the modelling of sex and age-dependent phantoms. Cristy and Eckerman [24,25] at
ORNL (USA) developed a human model of different ages (0, 1, 5, 10, 15 years), whilst Kramer [26]
derived the ADAM and EVA model, all based on the MIRD organ equations. Further developments,
especially in recent years, were achieved by M. Zankl and co-workers [27] at GSF (Germany), through
their adoption of a VOXEL representation of the model directly taken from CT scans of the body.
A similar effort addressed to radiation protection purposes was carried out by Dimbylow and
co-workers [28] at NRPB (UK) relying on data taken from magnetic resonance images. Various
laboratories performed Monte Carlo calculations based on analytical human models to produce sets of
conversion coefficients between measurable physical quantities (i.e. fluence for neutrons and electrons or
“air kerma” for photons) and radiation protection quantities1 [29,30]. The data are reported in documents
ICRP-74 and ICRU-57. A complete set of air kerma to organ equivalent dose and effective dose
conversion coefficients for photons from 10 keV to 10 MeV was calculated in the kerma approximation
1

The average organ fluence is calculated through a track length estimator [volume tally that collects all the
particle tracks within one organ, sums up all the contributions and divides by the volume (dimension cm2)].
The volume of all the organs, which are defined by rather complex equations, can be calculated by Monte Carlo.
58

by Zankl and co-workers [31,32] using the ADAM and EVA mathematical models and Yamaguchi [33].
For neutrons (from thermal to 20 MeV) various sets of conversion coefficients were calculated by
Morstin, et al., Nabelssi and Hertel, Leuthold, et al., Stewart and Holnagel [34-38].
An interesting contribution is represented by the calculations performed by Sato, et al. [39], who
extended the studies to photons until 10 GeV also taking into account the effect of secondary electron
transport on the results. The kerma approximation that does not take into account the photo-electron
non-equilibrium conditions has a negligible effect on E for photon energies up to 10 MeV and generates
more and more overestimations for higher energies (15% at 15 MeV, 50% at 50 MeV up to a factor
of 20 at 1 GeV). Figure 1 shows a picture of the ADAM phantom developed in the MCNP format and
Figure 2 reports a comparison of MCNP calculations performed at the ENEA Radiation Protection
Institute (A/P photon irradiation of the lung) with reference data taken from ICRP-74 and ICRP-51.
Figure 1. ADAM skeleton and some internal organs
(lungs, heart, thymus, gall bladder and sigma) (Sabrina [25], plots)

Figure 2. ADAM phantom (sectional view)
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Figure 3. Lung equivalent dose per unit air kerma for photons (A/P)
The ENEA and ICRP-51 values refer to the standard male, whilst the ICRP-74 values are an
average between male and female. The systematic underestimation of the ICRP-74 values is due
to the presence of the breasts in the female phantom that implies a higher shielding on the lungs.
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Translating the ADAM and EVA phantoms from MCNP to FLUKA, M. Pelliccioni, et al. [40]
calculated a large set of fluence-to-effective dose conversion coefficients for high-energy radiations
(up to 10 TeV for photons, electrons, protons, neutrons, muons, pions, etc.). In Figure 4 the fluence to
effective dose conversion factor for neutrons for AP irradiation is shown (data taken from ICRP-74).
Figure 4. Fluence-to-effective dose conversion coefficient
for neutron from 1.e-9 to 1.e+2 MeV (AP irradiation)
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Operational quantities
Two simplified quantities are defined for area and personal dosimetry: the ambient dose equivalent
H*(d) (Figure 5) and the personal dose equivalent Hp(d,α) (Figure 6) (with d = 10 mm for strongly
penetrating radiation and d = 0.07 mm for weakly penetrating radiation). These quantities are defined
on two simple receptors (a 30 cm diameter soft tissue sphere, the ICRU sphere or a 30 × 30 × 15 cm
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Figure 5. Introduction of the concept “ambient dose equivalent”
Courtesy of B. Grosswendt

Reference quantity: H*(d), ambient dose
equivalent, and H′(d,α) directional dose
equivalent, defined in a 30 cm diameter tissue
equivalent sphere (ICRU sphere) under specified
irradiation field conditions. The area monitors
should be calibrated in terms of H* without
receptor.
H * (d ) =

Emax

³ (dφ dE ) E[µ
d

en

ρ]ICRU dE

Emin

Figure 6. Introduction of the concept “personal dose equivalent”
Courtesy of B. Grosswendt

Reference quantity: Hp(d,α) personal dose
equivalent , defined under a specified point of the
human body (trunk). The conversion coefficients
have been evaluated in simplified slab tissue
equivalent phantoms. The calibrations in terms of
Hp should be carried out on plastic phantoms,
simulating the body (or part of it, e.g. extremities).
H (d ) =
*

Emax

³ (dφ dE ) E[µ
d

en

ρ]ICRU dE

Emin

soft tissue slab respectively) and should provide (for every radiation and energy) a reasonable
overestimation of the radiation protection quantities. Further, area monitors as well as personal
dosemeters should be characterised by an energy (and angular for personal dosemeters) response as
close as possible to the “quantity” conversion factor. On this concept a long discussion at the
international level generated a series of criticisms on the operational quantities for neutrons and for
photons with energy > 4-5 MeV. For photons in this energy domain the kerma approximation is no
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longer valid at 10 mm depth in tissue, and the dose maximum takes place at progressively higher
depths in the phantom, with the consequence of an underestimation of H*(10) and Hp(10) versus E.
Very significant contributions to the discussion in this field were produced by Ferrari and Pelliccioni
with a rigorous work concerning the high-energy radiation field [41,42].
On the other hand, it should be pointed out that the choice of a fixed reference depth for the
operational quantities guarantees the additivity of the dose values, in contrast with the formerly
adopted quantity “dose index”, that is not additive due to its dependence on the depth within the
phantom. In Figures 7 and 8 are reported the conversion coefficients Hp(0.07,0°)/Ka and Hp(10,0°)/Ka
for photons from 10 keV to 10 MeV (kerma approximation) [43]. A good agreement between the data
taken from ICRP-74 and MCNP results obtained at ENEA can be noted.
Figures 7-8. Hp(0.07,0°)/Ka and Hp(10,0°)/Ka conversion
coefficients for photons between 10 keV to 10 MeV
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It should be noted that the personal dose equivalent also has an angular dependence that should
reproduce the behaviour of the effective dose under different angular irradiation conditions. A set of
conversion coefficients depending on the angle of incidence is therefore provided (see Figure 9 for
photons) and the angular response of a personal dosemeter should fit as close as possible to the
conversion coefficient behaviour.
Figure 9. Ratio Hp(10,α)/Hp(10,0°) for various angles of incidence

In the same manner as for the trunk, a series of conversion coefficients for photons has been
produced by B. Grosswendt using the Monte Carlo method for the extremities [44,45], adopting
mathematical cylindrical phantoms for the wrist and pillar (see Figure 10). It should be pointed out
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Figure 10. Schematic view of the irradiation geometries and phantom shape
for the Monte Carlo evaluation of extremity photon conversion coefficients
Courtesy B. Grosswendt

that the reference depth for the extremity dosimetry operational quantity is 0.07 mm. This depth
corresponds to the extrapolated range of 70 keV electrons in tissue, which implies a very significant
overestimation of the quantity at higher photon energies (due to the kerma approximation) especially if
the coefficient is applied to source manipulation operative conditions. An improvement of the
evaluations, taking into account secondary electron transport, was suggested by the author.
As far as the evaluation of operational quantities for neutrons is concerned, one must consult the
reference work of Siebert and Schuhmacher [46], who produced a complete set of fluence to ambient
dose equivalent and fluence to personal dose equivalent conversion coefficients from thermal to
200 MeV. The calculation of dose equivalents for neutrons is much more complex than for photons
and electrons (quality factor = 1), it being necessary to evaluate the LET spectrum of neutron-induced
secondaries and thereafter the LET spectrum of the dose to obtain the quality factor associated with
each neutron energy according to the formula:
Qn ( En ) = 1 D

Lmax

³ Q( L) D ( L, E )dL
L

n

Lmin

where Q(L) and DL(L,En) are the LET quality factor and LET absorbed dose distributions respectively.
The H*/Φ conversion coefficient is expressed as:

(

*
H * (10) φ = H1*st (10) + H mult
(10) + K γ

)

φ

where:
•

(

)

First collision contribution – H1*st (10) φ = Qn ( E n )k f ( E n )exp( − dΣ t ( E n )) φ

•

Multiple collision contribution –

•

Photon kerma contribution – Kγ

*
H mult

§ En
·
(10) φ = ¨¨ Qn ( E )k E ( E )φ( E )dE ¸¸ φ
© Emin
¹

³

The behaviour of H*/Φ is shown in Figure 11.
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Figure 11. H*/Φ conversion coefficient for neutrons from thermal to 200 MeV
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Operational quantities conservativity
As already explained, the operational quantities should be a conservative estimate of the radiation
protection quantities. A long-standing debate engendered a series of criticisms regarding the suitability
of these simplified quantities.
As far as neutrons are concerned, Figure 12 demonstrates the non-conservativity of the operational
quantity Hp(10,0°) from ~2 eV to ~50 keV and from 3 MeV to 20 MeV.
Figure 12. Conservativity of personal dose equivalent
Hp(10) versus effective dose E for neutrons
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As far as photons are concerned the ICRP-74 recommendation and ICRU-57 document supply
conversion coefficients for photon energies between 10 keV and 10 MeV in the kerma approximation.
If the conversion coefficients were calculated taking into account the secondary electron transport in
the phantom (e.g. ICRU sphere in vacuum) at about 3 MeV an electron-photon non-equilibrium
condition was put in evidence (Figure 13) [41].
Figure 13. Kerma approximation and secondary electron
transport treatment effect on H*(10) evaluation for photons
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This consideration should be taken into account in the discussion on the conservativity of the
operational quantities for photons. In this context it is therefore interesting to compare various quantities:
1) H*(10) in kerma approximation, 2) H*(10) with secondary electron transport, 3) the dose index with
electron transport, 4) the effective dose (e.g. A/P irradiation) in kerma approximation (ICRP-74 and
evaluations from Sato, et al.), 5) the effective dose with electron transport.
The radiation protection quantity, E, is the reference quantity for the discussion, the dose index is
the maximum dose along the depth dose curve in a simplified phantom (e.g. ICRU sphere) and
indicates the suitability of the selected depth “d” at which the operational quantity H*(d) is calculated.
Figure 14 summarises the behaviour of the six quantities with data taken from Grosswendt, Pelliccioni
and Ferrari, and Sato, et al. It can be noted that the H*(10) in the kerma approximation is a good
estimate of the effective dose (AP irradiation) until 10 MeV. At the same time the comparison between
H*(10)/Φ and Hmax(10)/Φ (both with electron transport) shows increasingly larger deviations for energies
above 3 MeV2 but above this energy the kerma approximation for H* at 10 mm depth compensates the
deviation and properly estimates the radiation protection quantity (on the other hand, it should be
pointed out that the H*(10)/Φ conversion coefficient referred to the ICRU sphere placed in vacuum to
fulfil the definition of expanded and aligned field and, at the same time, based on secondary electron
transport to take into account photon-electron non-equilibrium conditions, is not applicable in practical
situations, where the air provides a partial equilibrium and perturbs the field alignment).
2

The deviation means that the 10 mm depth is no more suitable for H*(d) (non-kerma approximation) to
estimate Hmax and E. Until 50 MeV a quite good agreement can be noted between E and Hmax both in kerma
and non-kerma approximation.
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Figure 14. Comparison of radiation protection quantities and operational quantities for photons
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In practice, since a suitable set of conversion factors for high-energy photon fields (>10 MeV) is
not officially available, the use of the Hmax/Φ set (even if not additive) should be recommended.
Evaluation of physical parameters for the design and type test of photon personal dosemeters
The type test and calibrations of photon personal dosemeters have to be carried out on suitable
calibration phantoms (Figure 15). The dosemeter reading is, in this irradiation scenario, dependent on
both the incident and backscattered radiation. In the past the calibration of personal dosemeters was
carried out free in air, but this scenario was not in reality representative of the operative condition in
which the human body contributes to the response.
Figure 15. The three ISO phantoms for the calibration of personal dosemeters
Left to right: trunk phantom, wrist phantom and finger phantom
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In this new context Monte Carlo simulations can play a very significant role in the following topics:
•

Evaluation of air kerma backscatter factors in calibration conditions (receptor present).

•

Evaluation of the incident and backscattered spectra, i.e. the overall radiation field to which
the dosemeter is exposed.

•

Definition of an “homogeneity area” according to the ISO criteria for the contemporary
calibration of personal dosemeters.

A set of air kerma backscattered factors for photons were produced by Grosswendt [47] for all the
ISO X-ray series, various angles of incidence and for different kinds of tissue equivalent slab phantoms.
At the same time an extensive study on the X-ray spectra modification due to the presence of the
calibration phantom was carried out with MCNP at ENEA for all the ISO X-ray series [48]. The two
examples reported in Figures 16 and 17 demonstrate the very significant spectral degradation due to
Compton scattering in the point of measurement. When performing the type test of a personal dosemeter,
various experimental and calculated parameters are available at the end [49]:
•

Front and rear response of the bare dosemeter.

•

Filtration.

•

Air kerma backscatter factor.

•

Backscattered fluence spectrum.

This information can be proficiently used to estimate the dosemeter response on a calibration
phantom (see Figure 18) in terms of Hp, according to the equation:
Rdos ( E ,α ) RE − in e − µ in ( Z )⋅ x ( α ) + ( B(d ′ ,α ) − 1) ⋅ RE − B e − µ B ( Z )⋅ x ( α )
=
H p (d ,0) H p (d ,α )
H p ( d ,α )
Kacal ⋅
⋅
Ka
H p (d ,0)

A flow diagram illustrating the determination of Hp response of the personal dosemeter and the
related involved parameters is presented in Figure 19.
Figures 16-17. Two evaluated X-ray spectra in presence of a calibration phantom
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Figure 18. An ideal sketch of the irradiation geometry

Figure 19. Personal dosemeter Hp response evaluation flow diagram

As suggested by the ISO international standards [50] the calibration of personal dosemeters to be
worn on the human trunk should be carried out on a water 30 × 30 × 15 slab phantom. This procedure
allows the contemporary calibration of dosemeters mounted on a central area of the phantom front
face, which should fulfil the ISO homogeneity criteria for the backscattered radiation. The extension
of the area (for normal incidence) is a function of the X-ray beam quality. For angular irradiations on
the other hand a higher degree of complexity is introduced to guarantee that all the dosemeters are
irradiated in the same condition independently from their location on the phantom face central area.
The Monte Carlo method was extensively used at the ENEA [51] in this framework to evaluate
homogeneity areas for the contemporary calibration of photon personal dosemeters. Figures 20-21
show a comparison between Monte Carlo calculations and ion chamber air kerma measurements along
the face of a slab calibration phantom, as well as the homogeneity area dependence on the application
of different criteria (i.e. percentage deviation from the maximum value at the face centre).
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Figure 20. Ion chamber and Monte Carlo evaluation of air kerma
backscatter factor along the face of a water slab calibration phantom
80 kV wide spectrum series
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Figure 21. Example of the application of different homogeneity criteria to the
evaluation of the area for contemporary calibration of photon personal dosemeters
110 kV wide spectrum series
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Monte Carlo simulations for the design of radiation monitors and personal dosemeters
It is worthwhile to mention the large field of Monte Carlo investigations addressed to the design
of monitors and dosemeters. The optimisation of the construction parameters can preliminarily be done
numerically. Two examples from the neutron dosimetry field are briefly presented: the design of a rem
counter carried out at the Physikaliske Teckliske Bundesanstalt (PTB, Germany) [52] and the evaluation
of the neutron response function for a superheated drop detector performed at the ENEA Radiation
Protection Institute [53,54].
The Berthold rem counter (see Figure 22) is a proportional counter in which a central cavity filled
with 3He is surrounded by a polyethylene layer, contributing to the slowing down and thermalisation
of neutrons and, thereafter, to the enhancement of the (n,p) reaction rate on 3He3.

3

The Monte Carlo calculation of the number of counts given by the rem counter per unit neutron fluence is
obtained from the reaction rate of the (n,p)3He cross-section in the conditions of neutron spectrum present in
the sensible volume multiplied by the number of 3He atoms present in the same volume.
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Figure 22. The LB6411 Berthold rem counter

The optimisation of the response function both in terms of fluence and H*(10) was carried out
through a large number of MCNP simulations relying on neutron cross-sections from the European
Fusion X-Section File (EFF) [55]. In order to evaluate the optimum response various parameters were
varied, for example the moderator diameter and the positions of the embedded absorbing materials.
The instrument, in its final configuration, was calibrated at PTB with monoenergetic neutrons and ISO
standard sources from thermal energy up to 19 MeV. The neutron fluence response RΦ and the ambient
dose equivalent response RH*(10) were evaluated. For the calibration factor (refer to 252Cf) a satisfactory
(<10%) agreement between measurements and calculations was obtained. A similar study, carried out
with FLUKA, was addressed to the extension of a rem counter response until 400 MeV [56-59].
A lead converter was inserted for this purpose in the sensible volume.
Another example of Monte Carlo evaluation of response functions is the study of superheated
drop detectors (Figure 23). A freon superheated emulsion is suspended within a gel matrix. The bubbles
can be nucleated by neutron-induced charged particles with LET >35 keV/µm where the minimum
energy to produce an ionisation is 14 keV. Due to the lack of monoenergetic neutron sources, especially
in the intermediate energy domain, Monte Carlo evaluation of the neutron spectra in the detector is
necessary. A further, non-Monte Carlo analysis of the LET distribution of the secondaries is thereafter
necessary together with a study both of the contributions to the response due to the secondaries
generated in the drop and in the gel. The evaluation of the gel contribution to the response was based
on a simplified analytical model of the drop (Figure 24). This coupled Monte Carlo/analytical approach
allowed determining the useful number of collisions for the bubble nucleation per cm3 and unit source
particle (Figure 25). The peak at about 500 eV due to a resonance of the (n,p) cross-section on chlorine
can be noted. The energy response was extended to energies >10 MeV by Agosteo, et al. [60].
Figure 23. A superheated drop detector
Left – before neutron irradiation, right – after neutron irradiation)
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Figure 24. Analytical model for the evaluation of the contribution to the
bubble nucleation from secondaries generated by the neutrons in the gel matrix

Figure 25. Superheated drop detector neutron
response function for neutrons from thermal to 20 MeV

Monte Carlo characterisation of neutron irradiation facilities
In the radiation metrological field it is necessary to characterise the irradiation experiences with
a high degree of accuracy. In this framework computational techniques, especially those based on
Monte Carlo, allow a detailed study of the measurement experience, including accurate spectral analyses
that cannot very often be carried out experimentally. The contemporary employment of measurements
and Monte Carlo simulations is thus more and more frequent.
In the framework of the EURADOS activities a European intercomparison (“trial performance
test”) was carried out on the measurement of Hp(d) with personal dosemeter routinely used by the
dosimetric services. For this purpose a series of irradiation facilities were employed at various leader
European laboratories (IRSN, NRPB, PTB, ARCS) [61].
The neutron irradiations were performed at IRSN using a bare 252Cf neutron source, the thermal
neutron Sigma facility (see Figures 26 and 27) and the CANEL facility.
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Figure 26. Sigma thermal neutron facility
Courtesy J.M. Bordy

Figure 27. Internal view of the Sigma facility for MCNP simulations
Courtesy J.M. Bordy

Thermal neutron irradiation facility characterisation
The Sigma facility supplies a nearly thermal neutron field and consists of a 150 × 150 × 150 cm3
graphite cube containing six Am-Be sources (for a total of 3 552 GBq). The integral values and spectral
distributions of the neutron fluence on the calibration phantom for personal dosemeters have been
determined by J.M. Bordy through accurate MCNP simulations. An analogous study was carried out at
the ENEA Radiation Protection Institute on a thermal neutron facility (see in Figures 28-29 the cube
and the internal sources and irradiation cavities MCNP model).
The 100 × 100 × 100 cm3 polyethylene cube contains three Am-Be sources (for a total of 555 GBq).
Three coaxial measurement cavities are placed on the central horizontal axis of the facility. The thermal
facility was fully characterised both in terms of ambient dose equivalent and spectral fluence by means
of MCNP simulations [62] (in Figure 30 the Monte Carlo spectrum at a given measurement point
inside one cavity is presented).
A dose equivalent mapping along the three measurement cavities was also performed using TL LiF
detectors for thermal neutrons (relying on the 6Li(n,α)3H reaction, see Figure 31). The detectors were
independently calibrated at the IRSN Sigma facility.
The Monte Carlo and experimental results were compared in an absolute way without any
adjustment (apart from the 1/v behaviour of the 6Li capture reaction); a very satisfactory agreement
can be noted (error bars corresponding to two confidence intervals).
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Figure 28. Picture of the ENEA thermal neutron facility

Figure 29. MCNP model of the facility internal cavities

Figure 30. Monte Carlo evaluated neutron spectrum at
one stated measurement point inside a measurement cavity
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Figure 31. Monte Carlo and experimental mapping of
the thermal H*(10) along the three irradiation cavities
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Neutron irradiation room characterisation
Neutron irradiation rooms (see Figures 32 and 33) should be characterised, according to the ISO
procedures [63], both in terms of fluence and dose equivalent, separating the direct and scattered
components of the radiation field. Experimental procedures, like the shadow cone, can be applied to
evaluate the scattered contribution coming from walls, floor, ceiling, source banks, etc. In this framework
Monte Carlo simulation of all the room geometry, with an accurate representation of all the materials
(that sometimes could imply some complication) is a good support to the experimental evaluations, at
the same time allowing calculating the spectra in the various measurement points in the room.
The study herewith presented is an example of this application for a neutron irradiation room
operative at the ENEA Radiation Protection Institute [64] (Figures 32-33). The black dot in the figure
represents the measurement point to which the source can be moved using an automatic mechanism.
The shadow cone is also modelled along with all the source banks, etc., that can significantly contribute
to the scattering process.
Due to the very small dimensions of the measurement point a volume Monte Carlo estimator
(track length estimator) could not provide a satisfactory precision of the results in reasonable CPU
time. Point detectors (next event estimators) have therefore been applied. This guarantees at every
source and scattering event the calculation of the contribution to the response in an analytical way.
The Monte Carlo modelling allowed determining the neutron spectra at the measurement points.
In Figures 34-36 the spectra for bare Am-Be, bare Cf and moderated Cf sources are presented; the
spectrum modification due to the scattered component can be noted.
Conclusions
Monte Carlo simulation plays a fundamental role, integrated with experimental measurements, in
the field of area monitoring and personal dosimetry for radiation protection purposes.
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Figures 32. The ENEA neutron irradiation room

Figure 33. Horizontal and vertical sections of the ENEA neutron irradiation room
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Figures 34-36. Three Monte Carlo evaluated neutron spectra in the measurement point
inside the irradiation room: moderated californium, bare Am-Be and bare californium
Bare Cf

Bare Am-Be

Bare Cf
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Abstract
Two types of quantities are specifically defined for use in radiological protection: protection
quantities, which are defined by the ICRP, and operational quantities, which are defined by the ICRU.
Conversion coefficients, which relate protection and operational quantities to physical quantities, are
calculated using radiation transport codes and the appropriate mathematical models. ICRP and ICRU
recommended conversion coefficients for photons and electrons of energies up to 10 MeV and for
neutrons with energies up to 180 MeV. However, conversion coefficients for higher energies are
needed for various purposes. Sets of fluence-to-effective dose and fluence-to-ambient dose equivalent
conversion coefficients for monoenergetic photons, electrons, positrons, protons, neutrons, muons,
pions and kaons, with incident energies up to 10 TeV, have been calculated by the Monte Carlo
transport code FLUKA. Details on the calculations and a graphical presentation of the calculated
results are given in the present paper.
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Introduction
There are two types of quantities specifically defined for use in radiological protection:
protection quantities, defined by the ICRP, and operational quantities, defined by the ICRU. Dose
limits are expressed in terms of protection quantities and compliance with these limits is demonstrated
by a determination of the appropriate operational quantity. Both the protection quantities and
operational quantities can be related to the basic physical quantities by means of conversion
coefficients.
Protection quantities
The most recent set of protection quantities was recommended in ICRP Publication 60 [1].
It includes the tissue or organ equivalent doses, HT, and the effective dose, E.
The equivalent dose, HT, in a tissue or organ, T, is given by:
HT = ΣR wRDT,R

(1)

where DT,R is the average absorbed dose from radiation R, in tissue T, and wR the radiation weighting
factor of radiation R (see Table 1).
Table 1. Values for radiation weighting factors recommended in ICRP Publication 60
Radiation

wR

Photons
Electrons and muons

01
01

Neutrons, energy
< 10 keV
10 keV-100 keV
> 100 keV-2 MeV
> 2 MeV-20 MeV
> 20 MeV
Protons, other than recoils protons, energy >2 MeV

05
10
20
10
05
05

Alpha particles, fission fragments, heavy nuclei

20

It is noticeable that, in the case of neutrons, as an approximation, a continuous function was also
recommended in Paragraph (A12) of ICRP Publication 60:
2

wR = 5 + 17e-(ln(2En)) /6

(2)

where En is the neutron energy.
Sometimes this fact is a reason of confusion because, practically, two sets of wR values are
recommended in the energy region 100 keV-100 MeV, diverging up to several tens per cent at some
neutron energies (see Figure 1).

84

Figure 1. Radiation weighting factors for neutrons [1]

The effective dose, E, is the sum of the weighted equivalent doses in all the tissues and organs of
the body. It is given by the expression:
E = ΣT wTHT

(3)

where HT is the equivalent dose in tissue or organ T and wT is the weighting factor for tissue T (see
Table 2).
Table 2. Tissue weighting factors recommended in ICRP Publication 60
Tissue or organ
Gonads
Red bone marrow, colon, lung, stomach
Bladder, breast, liver, oesophagus, thyroid, remainder
Bone surface, skin

wT
0.20
0.12
0.05
0.01

The remainder includes the following 10 organs and tissues: adrenals, brain, kidney, muscle,
pancreas, small intestine, extra-thoracic airways, spleen, thymus, uterus.
The protection quantities (HT and E) are not directly measurable but may be related by calculation
to the radiation field if the conditions of irradiation are known. The only way to estimate HT and E is
to measure the radiation field outside the body and convert it using previously calculated conversion
coefficients.
Operational quantities
The mean absorbed dose DT,R was soon recognised as a quantity that cannot be evaluated
experimentally [2,3]. Therefore, according to the ICRU [3], Eqs. (1) and (3) cannot be used as a basis
for measurements. For these purposes, the operational quantities defined in terms of quality factor (Q),
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namely ambient dose equivalent, directional dose equivalent and personal dose equivalent, should be
used. The operational quantities were first defined in ICRU Report 39 [4]. Changes to the definitions
of the quantities recommended for individual monitoring were subsequently made. A complete
compilation of all operational quantities currently recommended by the ICRU is available in ICRU
Report 51 [3]. For strongly penetrating radiation, the appropriate operational quantity for area
monitoring is the ambient dose equivalent. The ambient dose equivalent, H*(d), at a point in a
radiation field is the dose equivalent that would be produced by the corresponding expanded and
aligned field in the ICRU sphere at a depth, d, on the radius opposing the direction of the aligned field.
The currently recommended value of d for penetrating radiation is 10 mm.
For some types of radiation and their energies or directions of incidence, the dose equivalent at a
single depth may provide an unacceptable underestimate of the effective dose. In such instances, the
dose equivalent at other depths may be considered [4].
According to paragraphs 70 and 319 of both ICRP Publication 74 [5] and ICRU Report 57 [6],
the operational quantities are intended to provide a reasonable estimate of the protection quantities in
assessing compliance with the limits. This may be simply expressed by the goal that the value of the
appropriate protection quantity is less than that of the operational quantity:
Hprot
≤1
Hoper

(4)

Since neither the protection quantities nor the operational quantities can be measured directly, it
is extremely important to relate them to basic physical quantities (such as particle fluence), which is
done with conversion coefficients.
The international bodies provided conversion coefficients for protection and operational quantities
in the case of photons and electrons up to 10 MeV and for neutrons up to 180 MeV [5,6].
However, fluence-to-dose conversion coefficients at higher energies are needed. They are the
basic data for various purposes like radiation protection around high-energy particle accelerators,
cosmic ray dosimetry, air crew dose assessment, space dosimetry.
Conversion coefficients for high-energy radiation
Over the past few years, conversion coefficients relating protection and operational quantities to
the particle fluence for high-energy radiation have been calculated using the Monte Carlo radiation
transport code FLUKA [7,8]. Sets of conversion coefficients for all kinds of radiation (photons,
electrons, positrons, protons, neutrons, muons, charged pions, kaons) and incident energies (up to
10 TeV) of practical interest have been provided. The energy ranges investigated were extended to
low energies for comparison with the recommended values. Details about the physical models adopted
by the FLUKA code are given elsewhere [7,8,9].
In computing effective dose a hermaphrodite mathematical model has been used [10]. It was
derived from ADAM, the male phantom developed for the MCNP code at GSF (Germany). The MCNP
phantom was translated in terms of bodies and regions appropriate for the combinatorial geometry of
FLUKA. A list of the bodies used in order to realise the mathematical model includes: sphere (SPH),
right circular cylinder (RCC), right elliptical cylinder (REC), truncated right angle cone (TRC), ellipsoid
of revolution (ELL), infinite half-space (XYP, XZP, YZP, PLA), infinite elliptical cylinder (ZEC).
The geometry of some organs was changed due to the minor number of surfaces available. Female
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organs (breast, ovaries, uterus) were added. Additional changes with respect to the original model
concern the representation of bone surfaces and red bone marrow. The various organs and tissues
of the human body have been represented by 68 regions. Tissue considered: lungs (0.296 g⋅cm–3);
bone (1.486 g⋅cm–3); red bone marrow (1.028 g⋅cm–3); soft tissues (0.987 g⋅cm-3); skin (1.105 g⋅cm–3).
The composition of these five tissues was limited to 14 elements: H, C, N, O, Na, Mg, P, S, Cl, K, Ca,
Fe, Zr, Pb.
The ICRP frequently revised the specification about the organs to be included and the rules to be
applied for the calculation of the effective dose. In the FLUKA calculations, the higher value of doses
to ovaries and testes was applied to the gonad-weighting factor. The breast dose was assumed to be
the dose to female breast. The lung dose was assumed to be the higher value of doses to the single
lungs. For the organs or tissues represented by more than one region the dose has been determined as
the arithmetic mean of the doses to the single regions. Concerning the so-called remainder the dose
has been evaluated as the arithmetic mean of doses to nine organs and tissues (according to ICRP
Publication 67 [11]). Footnote 3 of Table 2 of ICRP Publication 60 has been ignored.
Four geometries of irradiation that have been considered include: anterior-to-posterior (AP);
posterior-to-anterior (PA); lateral from the right side to the left side (RLAT); isotropic incidence from
all directions (ISO).
The results of the calculations [12-20] have been summarised in Ref. [21]. As an example,
Figures 2 and 3 provide a graphical presentation of the calculated effective dose per unit of fluence as
a function of the incident particle energy for various kinds of particles, in the case of AP and ISO
irradiation, respectively. Usually AP irradiation gives the maximum effective dose per unit of fluence
in the case of low incident energies (up to 50-100 MeV). Conversely ISO irradiation gives the highest
values at high incident energies (in excess of about 100 MeV).
In order to obtain the fluence-to-ambient dose equivalent conversion coefficients, the depth-dose
distribution along the principal axis of an ICRU sphere exposed in the vacuum to an expanded and
aligned particle beam was determined. The energy deposited has been scored as a function of the
depth and radius in one r-z binning cylindrical structure. The Q-L relationship according to ICRP
Publication 60 has been considered. The values of the ambient dose equivalent have been averaged
over the depth 0.95-1.05 or 0.9-1.1 cm, according to the incident energy. The calculated results have
been discussed through several papers [16,17,20,22-27]. Figure 4 gives a graphical presentation of the
calculated ambient dose equivalent per unit of fluence as a function of the incident energy for the
various particles considered. A summary of the calculated data can be found in the summarising paper
mentioned above [21].
Some remarks on the calculated conversion coefficients
Ambient dose equivalent for photons of energy lower than 10 MeV: A comparison with the
recommended conversion coefficients
Figure 5 shows a comparison between calculated and recommended fluence-to-ambient dose
equivalent conversion coefficients for photons. The significant discrepancies between the two sets of
data, in the energy range 3-10 MeV, are due to the differences in the way in which the value of the
ambient dose equivalent is calculated. While in the FLUKA calculations the medium between the
source and the ICRU sphere was assumed to be a vacuum, the recommended conversion coefficients
assume that the sphere is located in air and that secondary charged-particle equilibrium exists at the
point in the radiation field where a measurement is made.
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Figure 2. Calculated effective dose (AP) per unit fluence
as a function of particle energy for various kinds of radiation

Figure 3. Calculated effective dose (ISO) per unit fluence
as a function of particle energy for various kinds of radiation
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Figure 4. Calculated ambient dose equivalent per unit fluence
as a function of particle energy for various kinds of radiation

Figure 5. Calculated and recommended fluence-to-ambient
dose equivalent conversion coefficients for photons
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In the opinion of the present author the calculation of the conversion coefficients for photons in
air under charged particle equilibrium is arbitrary. By contrast with the definition of ambient dose
equivalent, the air prevents the beam to impinge aligned and expanded on the sphere [22,28].
Relationship between effective dose and ambient dose equivalent for high-energy radiation
Inspection of Figures 2, 3 and 4 permits a qualitative understanding of the relationship between
effective dose and ambient dose equivalent in the case of high-energy radiation.
In particular, Figures 2 and 3 show that the effective dose increases practically over the entire
energy interval investigated. On the contrary, the shape of the curves showing the dependence of the
ambient dose equivalent to the energy appears to become flat at high energies.
As a consequence it is expected that the ambient dose equivalent can not be a conservative
estimate of effective dose for high-energy radiation.
Figures 6 and 7 show a comparison between H*(10) and effective dose, in various conditions of
irradiation, for photons and neutrons, respectively. The data shown in these figures confirm that
H*(10) systematically underestimates the effective dose at high energies.
Figure 6. Calculated effective dose, maximum dose equivalent and
ambient dose equivalent per unit of fluence as a function of photon energy
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Figure 7. Calculated effective dose, maximum dose equivalent and
ambient dose equivalent per unit of fluence as a function of neutron energy

Unfortunately the maximum dose equivalent along the principal diameter of the ICRU sphere
also does not gives a conservative approximation of the effective dose for neutrons (see Figure 7).
This means that a simple value of depth, d, which would make H*(d) an appropriate operational
quantity irrespective of incident neutron energy can not be specified. The ICRU sphere seems to be a
simplified phantom inadequate for high-energy neutron dosimetry, probably because of its insufficient
mass compared with that of an anthropomorphic model.
Comparison with the results of other authors
Other groups of authors [29-47] have performed calculations of effective dose and ambient
dose equivalent for radiation of energy in excess of those considered by the international bodies.
The agreement with the results of the FLUKA calculations is generally satisfactory. Nevertheless,
significant discrepancies have been found for neutrons in the GeV region, probably due to the
different physical models adopted by the different codes at intermediate energies.
In order to make clear the reasons for these discrepancies, at the SATIF-4 meeting a simple
benchmark was planned with the Monte Carlo codes FLUKA, MCNPX and HETC-3STEP. The scope
of the benchmark was the calculation of the energy deposition in four single elements (H, C, N, O)
and in ICRU tissue cylindrical phantoms for incident neutron energies from 100 MeV to 10 GeV.
The depth absorbed dose distributions in the central region (R = 1 cm) and in the whole region
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(R = 10 cm) of the phantoms were calculated. The results were very surprising. There were large
differences especially for the single-element phantoms [48]. In addition the results showed significant
discrepancies not only between FLUKA and the other two codes, but also between MCNPX and
HETC-3STEP. The benchmark confirmed that the predictions of the various codes in the GeV region
are quite different, without explaining the reason why.
A systematic calculation of the conversion coefficients in terms of effective dose, although only
for isotropic irradiation and for incident energies up to 10 GeV, was recently carried out by another
group of authors using the MCNPX code [49]. The results were presented at the SATIF-6 meeting
(SLAC, April 2002) and compared to the data obtained using FLUKA. The agreement was found to
be generally satisfactory for photons, electrons, muons and protons. In the case of neutrons, MCNPX
data are systematically higher than those calculated with FLUKA for energies higher than 200 MeV.
Incidentally, it is interesting to recall that the prediction power of FLUKA has been proven to be
very reliable in numerous applications at high-energy accelerators, where detailed comparisons with
experimental data are possible. In any case, the problem of discrepancies between the various codes
for the calculation of the neutron conversion coefficients in the GeV region remains an open question.

REFERENCES

[1]

ICRP (International Commission on Radiological Protection), 1990 Recommendations of the
International Commission on Radiological Protection, Publication 60, Annals of ICRP, 21(1-3)
(1991).

[2]

Kellerer, A.M., Rigour within Uncertainty, ICRU News, December 1990.

[3]

ICRU (International Commission on Radiation Units and Measurements), Quantities and Units
in Radiation Protection Dosimetry, Report 51, Bethesda, MD (1993).

[4]

ICRU, Determination of Dose Equivalents Resulting from External Radiation Source,
Report 39, Bethesda, MD (1985).

[5]

ICRP, Conversion Coefficients for use in Radiological Protection Against External Radiation,
Publication 74, Annals of ICRP, 26, No. 3/4 (1996).

[6]

ICRU, Conversion Coefficients for use in Radiological Protection Against External Radiation,
Report 57, Bethesda, MD (1998).

[7]

Fassò, A., A. Ferrari and P.R. Sala, “Electron-photon Transport in FLUKA: Status”, Proceedings
of the Monte Carlo 2000 Conference, Lisbon, 23-26 October 2000, A. Kling, F. Barao,
M. Nakagawa, L. Tavora, P. Vaz, eds., Springer-Verlag, Berlin, pp. 159-164 (2001).

92

[8]

Fassò, A., A. Ferrari, J. Ranft and P.R. Sala, “FLUKA: Status and Prospective for Hadronic
Applications”, Proceedings of the Monte Carlo 2000 Conference, Lisbon, 23-26 October 2000,
A. Kling, F. Barao, M. Nakagawa, L. Tavora, P. Vaz, eds., Springer-Verlag, Berlin, pp. 955-960
(2001).

[9]

Ferrari, A., Intermediate and High Energy Nuclear Reactions in Dosimetry Calculations, these
proceedings.

[10] Pelliccioni, M. and M. Pillon, “Comparison Between Anthropomorphic Mathematical
Phantoms Using MCNP and FLUKA Codes”, Rad. Prot. Dos., 67 (4), 253-256 (1996).
[11] ICRP, Age-dependent Doses to Members of the Public from Intakes of Radionuclides: Part 2
Ingestion Dose Coefficients, Publication 67, Annals of ICRP, 23, No. 3/4 (1993).
[12] Ferrari, A., M. Pelliccioni and M. Pillon, “Fluence to Effective Dose and Effective Dose
Equivalent Conversion Coefficients for Photons from 50 keV to 10 GeV”, Radiat. Prot. Dosim.,
67 (4), 245-251 (1996).
[13] Ferrari, A., M. Pelliccioni and M. Pillon, “Fluence to Effective Dose and Effective Dose
Equivalent Conversion Coefficients for Electrons from 5 MeV to 10 GeV”, Radiat. Prot. Dosim.,
62 (9), 97-104 (1997).
[14] Ferrari, A., M. Pelliccioni and M. Pillon, “Fluence to Effective Dose Conversion Coefficients
for Protons from 5 MeV to 10 TeV”, Radiat. Prot. Dosim., 71 (2) 85-91 (1997).
[15] Ferrari, A., M. Pelliccioni and M. Pillon, “Fluence to Effective Dose Equivalent Conversion
Coefficients for Neutrons up to 10 TeV”, Radiat. Prot. Dosim., 71 (3), 165-173 (1997).
[16] Ferrari, A., M. Pelliccioni and M. Pillon, “High-energy Electron and Photon Dosimetry”,
Proceedings of the 30th Midyear Topical Meeting of the Health Physics Society, 5-8 Jan. 1997,
San Josè, California (USA), 151-161 (1997).
[17] Pelliccioni, M., “Conversion Coefficients for High-energy Radiation”, Proceedings of SATIF-3,
Tohoku University, Sendai, Japan, 12-13 May 1997, 289-298, OECD Proceedings (1998).
[18] Ferrari, A., M. Pelliccioni and M. Pillon, “Fluence to Effective Dose Conversion Coefficients
for Muons”, Radiat. Prot. Dos., 74 (4), 227-233 (1997).
[19] Ferrari, A., M. Pelliccioni and M. Pillon, “Fluence to Effective Dose Conversion Coefficients
for Negatively and Positively Charged Pions”, Radiat. Prot. Dosim., 80 (4), 361-370 (1998).
[20] Pelliccioni, M., “Radiation Weighting Factors and Conversion Coefficients for High-energy
Radiation”, Proceedings of SATIF-4, Knoxville, TN, 17-18 September 1998, 179-192, OECD
Proceedings (1999).
[21] Pelliccioni, M., “Overview of Fluence to Effective Dose and Fluence to Ambient Dose
Equivalent Conversion Coefficients for High-energy Radiation Calculated Using the FLUKA
Code”, Radiat. Prot. Dos., 88, 279-298 (2000).
[22] Ferrari, A. and M. Pelliccioni, “On the Conversion Coefficients from Fluence to Ambient Dose
Equivalent”, Radiat. Prot. Dosim., 51 (4), 251-255 (1994).
93

[23] Ferrari A. and M. Pelliccioni, “Dose Equivalents for Monoenergetic Electrons Incident on the
ICRU Sphere”, Radiat. Prot. Dos., 55, 207-210 (1994).
[24] Ferrari A. and M. Pelliccioni, “Dose Equivalents for Monoenergetic Positrons Incident on the
ICRU Sphere”, Radiat. Prot. Dos., 55, 309-312 (1994).
[25] Ferrari, A. and M. Pelliccioni, “Fluence to Dose Equivalent Conversion Coefficients for
Electrons and Photons of Energy up to 10 GeV”, Proceedings 8th International Conference on
Radiation Shielding, Arlington, TX, 24-28 April 1994, 2, 893-899 (1994).
[26] Ferrari, A. and M. Pelliccioni, “Fluence to Dose Equivalent Conversion Data and Effective
Quality Factors for High-energy Neutrons”, Radiat. Prot. Dosim., 76 (4), 215-224 (1998).
[27] Pelliccioni, M. “Fluence to Dose Equivalent Conversion Data and Radiation Weighting Factors
for High-energy Radiation”, Radiat. Prot. Dosim., 77(4), 159-170 (1998).
[28] Ferrari A. and M. Pelliccioni, “On the Ambient Dose Equivalent”, J. Radiol. Prot., 14 (4),
331-335 (1994).
[29] Sato, O., S. Iwai, S. Tanaka, T. Uehara, Y. Sakamoto, N. Yoshizawa and S. Furihata,
“Calculations of Equivalent Dose and Effective Dose Conversion Coefficients for Photons from
1 MeV to 10 GeV”, Radiat. Prot. Dos., 62 (3), 119-130 (1995).
[30] Iwai, S., T. Uehara, O. Sato, N. Yoshizawa, S. Furihata, S. Tanaka and Y. Sakamoto,
“Evaluation of Effective Dose Irradiated by High-energy Radiation”, Proceedings of SATIF-1,
Arlington, TX, 28-29 April 1994, 305-322, OECD Proceedings (1995).
[31] Mares, V., G. Leuthold and H. Schraube, Organ Doses and Dose Equivalents for Neutrons
above 20 MeV, Proceedings of the 8th Symposium on Neutron Dosimetry, Paris, 13-17 Nov. 1995,
Radiat. Prot. Dosim., 70 (1-4), 391-394 (1997).
[32] Sannikov, A.V. and E.N. Savitskaya, Ambient Dose Equivalent Conversion Factors for High
Energy Neutrons Based on the New ICRP Recommendations, IHEP 95-98 (1995).
[33] Iwai, S., T. Uehara, O. Sato, N. Yoshizawa, S. Furihata, S. Takagi, S. Tanaka and Y. Sakamoto,
Evaluation of Fluence to Dose Equivalent Conversion Coefficients for High Energy Neutrons –
Calculation of Effective Dose Equivalent and Effective Dose, Proceedings of SATIF-2, CERN,
Switzerland, 12-13 October 1995, 193-220, OECD Proceedings (1996).
[34] Sannikov, A.V. and E.N. Savitskaya, “Ambient Dose Equivalent Conversion Factors for High
Energy Neutrons Based on the ICRP 60 Recommendations”, Radiat. Prot. Dos., 70 (1-4),
383-386 (1997).
[35] Iwai, S., T. Uehara, O. Sato, N. Yoshizawa, S. Furihata, S. Takagy, S. Tanaka and Y. Sakamoto,
“Overview of Fluence to Dose Equivalent Conversion Coefficients for High Energy Radiations –
Calculational Methods and Results of Effective Dose Equivalent and Effective Dose per Unit
Particle Fluence”, Proceedings of SATIF-3, Tohoku University, Sendai, Japan, 12-13 May 1997,
OECD Proceedings, 299-332, 1998.

94

[36] Uehara, T., S. Iwai, O. Sato, N. Yoshizawa, S. Furihata, S. Tanaka and Y. Sakamoto,
“Evaluation of Fluence to Dose Equivalent Conversion Coefficients for High-energy Photons
(II) – Evaluation of the Conversion Coefficients for Effective Dose by Use of the Mathematical
Phantom of the Human Body”, Proceedings 8th International Conference on Radiation
Shielding, Arlington, TX, 24-28 April 1994, 2, 1188-1204 (1994).
[37] Nielsen, A.D., N.E. Hertel and L.S. Waters, “Calculations of Ambient Dose Equivalent to
2 GeV”, Proceedings of AccApp’98, 2nd International Topical Meeting on Nuclear Applications
of Accelerator Technology, 20-23 September 1998, Gatlinburg, Tennessee, 269-275 (1998).
[38] Yoshizawa, N., O. Sato, S. Takagi, S. Furihata, S. Iwai, T. Uehara, S. Tanaka and Y. Sakamoto,
“External Radiation Conversion Coefficients using Radiation Weighting Factor and Quality
Factor for Neutron and Proton from 20 MeV to 10 GeV”, Journal of Nuclear Science and
Technology, 35 (12), 928-942 (1998).
[39] Sutton, M.R., N.E. Hertel, L.S. Waters and L.S. Walker, “High-energy Neutron Conversion
Coefficients”, Health Physics Society Annual Meeting, 27 June-1 July 1999, Philadelphia, PA,
Health Physics, 76, No. 6, S111 (1999).
[40] Iwai, S., T. Uehara, O. Sato, N. Yoshizawa, S. Furihata, S. Takagi, S. Tanaka and Y. Sakamoto,
“Overview of Fluence to Dose Equivalent Conversion Coefficients for High Energy Radiations –
Calculational Methods and Results of Effective Dose Equivalent and Effective Dose per Unit
Particle Fluence”, Proceedings of SATIF-4, Knoxville, TN, 17-18 September 1998, 193-220,
OECD Proceedings (1999).
[41] Yoshizawa, N., N. Nakao, Y. Sakamoto and S. Iwai, “Comparison of Computer Code Calculations
for the ICRU Slab Phantom”, Proceedings of SATIF-4, Knoxville, TN, 17-18 September 1998,
231-238, OECD Proceedings (1999).
[42] Bozkurt, A. and X.G. Xu, “Organ Dose Calculations for High-energy Protons Using
Anthropomorphic Phantoms”, Health Physics Society Annual Meeting, 27 June-1 July 1999,
Philadelphia, PA, Health Physics, 76, No. 6, S111 (1999).
[43] Hertel, N.E., M.R. Sutton and J.E. Sweezy, Preliminary Set of Fluence-to-effective-dose
Conversion Coefficients, Technical Memorandum to Accelerator Production of Tritium,
Technical Program Office, LNAL (1999).
[44] Yoshizawa, N., O. Sato, S. Takagi, S. Furihata, J. Funabiki, S. Iwai, T. Uehara, S. Tanaka and
Y. Sakamoto, Fluence to Dose Conversion Coefficients for High-energy Neutrons, Protons and
Alpha Particles, paper presented at the 9th International Conference on Radiation Shielding
(ICRS-9), Tsukuba, Japan, 17-22 October 1999.
[45] Iwai, S., T. Uehara, O. Sato, N. Yoshizawa, S. Furihata, S. Takagi, S. Tanaka and Y. Sakamoto,
Calculational Method and Results of Two Kinds of Effective Dose per Unit Particle Fluence,
paper presented at 9th International Conference on Radiation Shielding (ICRS-9), Tsukuba,
Japan, 17-22 October 1999.
[46] Sutton, M.R., N.E. Hertel and L.S. Waters, High-energy Neutron Dosimetry, presented at the 9th
International Conference on Radiation Shielding (ICRS-9), Tsukuba, Japan, 17-22 October 1999.

95

[47] Bozkurt, A., T.C. Chao and X.G. Xu, “Fluence-to-dose Conversion Coefficients Based on the
VIP-man Anatomical Model and MCNPX Code for Monoenergetic Neutrons above 20 MeV”,
Health Physics, 81, 184-202 (2001).
[48] N. Yoshizawa, Y. Sakamoto, S. Iwai and H. Hirayama, “Benchmark Calculation with Simple
Phantom for Neutron Dosimetry”, Proceedings of SATIF-5, Paris, France, 18-21 July 2000,
253-264, OECD Proceedings (2001).
[49] Mares V. and H. Schraube, “The Effect of the Fluence to Dose Conversion Coefficients upon
the Dose Estimation to Cosmic Radiation”, these proceedings, SLAC, April 2002.

96

SESSION II

Chair: B. Grosswendt

97

MONTE CARLO APPROACHES TO IMPORTANT
PROBLEMS IN RADIOTHERAPY DOSIMETRY

Alan E. Nahum
Radiation Oncology Dept., Fox-Chase Cancer Center
Philadelphia PA 19111, USA
alan_e_nahum@yahoo.co.uk

Abstract
Monte Carlo codes such as EGS4 and MCNP are essential for simulating electron and photon
transport in radiotherapy, e.g. Monte Carlo (MC) derived values of the water-to-air stopping-power
ratio, sw/air, are used in all Codes of Practice for absolute dose determination in radiotherapy clinics.
Further, MC simulation can compute directly Dmed/Ddet for a dosimeter. Low gas density in ionisation
chambers poses problems for most codes based on condensed history (CH) electron transport.
However, combining single- with multiple-scattering, as recently implemented in EGSnrc, enables
arbitrarily accurate chamber-response simulations. Monte Carlo can now compute doses in radiotherapy
patients with uncertainties of ≈1% (1 SD) in mm-sized voxels in a few minutes for an electron beam
and in < 60 min. for photon beams using sub $20 000 hardware, thus avoiding approximations
previously made for the effect of heterogeneities. In the microdosimetry/track structure field, CH
based codes demonstrate depth- and (incident) energy-independent electron (dΦ/dE) per unit dose at
low energies, thus explaining the negligible RBE variation over a wide range of low-LET radiations.

99

Introduction
Monte Carlo simulation of radiation transport is a very powerful technique. There are basically no
exact analytical solutions to the Boltzmann Transport equation. Even the “straightforward” situation
(in radiotherapy) of an electron beam depth-dose distribution in water proves to be too difficult for
analytical methods without making gross approximations such as ignoring energy-loss straggling,
large-angle single scattering and bremsstrahlung production. But the true power of Monte Carlo is
utilised when radiation is transported from one medium into another. As the particle (be it a neutron,
photon, electron, proton) crosses the boundary then a new set of interaction cross-sections is simply
read in and the simulation continues as though the new medium were infinite until the next boundary
is encountered.
However, at the extreme (in terms of density differences) gas/condensed medium interface in an
ionisation chamber, Condensed history charged-particle MC simulation has difficulties [1-4]. This is
due to the fact that CH simulation always has an analytical component. As will be discussed below,
the only way to completely eliminate such problems is to revert back to analogue MC [5].
Figure 1. Electron tracks at the wall/gas interface of an ionisation chamber
Alex Bielajew, private communication

Schemes for electron transport
The analytical description of the penetration of electron beams in matter is complex due to the
very large cross-section for interactions and hence the extremely large number of interactions, be they
inelastic with the atomic electrons, bremsstrahlung involving the nucleus or elastic scattering with the
positively charged nucleus. Analogue, i.e. interaction-by-interaction or event-by-event Monte Carlo, is
in principle possible [6] but the processing time required to execute a sufficient number of histories
to yield results such as the energy deposited in a small volume with an acceptable uncertainty is
prohibitive with the computer hardware small-to-medium-sized research groups can afford. However,
when the quantity of interest is the structure of the charged particle tracks, in order to understand, for
example, the details of the interaction of radiation with the structures in the cells of living matter, then
event-by-event MC codes are an essential tool [6-9].
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Macroscopic schemes for MC electron transport group together the individual interactions using
multiple-scattering theory for elastic angular changes and stopping power for energy losses [10,11].
An up-to-date, detailed treatment of condensed-history charged-particle simulation can be found in
Salvat, et al. [12]; only certain aspects will be treated here. Condensed history (CH) codes have
successfully simulated the transport of the electrons, for example, in radiotherapy dosimetry. Public
domain MC codes such as EGS4 [13] and MCNP [14] have made this powerful tool available to
medical physicists and stimulated research [15-17].
Figure 2. An “event-by-event” electron track (labelled “realistic”) is contrasted
with the condensed history (CH) approach (labelled “simulation”)
Reproduced from [16] with permission

There are alternative ways of condensing the charged-particle histories. The MCNP code [14] and
the ITS [18] and ETRAN [19,20] codes upon which it is based, use a so-called Class I algorithm
which groups all energy losses into distributions to be sampled from, and thus can also include
energy-loss straggling. In contrast, EGS4 [13], and certain other one-off codes, e.g. Nahum [21] and
Andreo [22], contain a Class II algorithm: events above a certain threshold or cut-off are simulated
explicitly (δ-rays and bremsstrahlung photons), i.e. in an analogue manner, and only those events
below this cut-off are grouped together, using the restricted stopping power [13]. A disadvantage with
the Class II approach is that energy-loss straggling is difficult to simulate correctly [23,24]; straggling
due to those events above the cut-off is simulated completely naturally but straggling due to fluctuations
in events below the cut-offs is ignored. In practice the absence of the latter has little effect on most
results of interest in medical radiation physics, because it is precisely those relatively large energy
losses, which are explicitly simulated, that give rise to virtually all of the straggling.
There is also considerable current interest in simulating the transport of protons [25]; beams of
protons with incident energies of the order of 200 MeV or more are increasingly being used in
radiation therapy [26]. MC transport schemes for protons are similar to those for electrons; a recent
informative review on this subject can be found in [27]. There is negligible bremsstrahlung and the
energies of the secondary electrons are very much lower in the case of protons compared to electrons.
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Applications in dosimetry
Instruments for measuring radiation dose fall into two categories: 1) absolute, such as calorimeters
and certain types of ionisation chambers and 2) relative, such as thermoluminescent dosimeters (TLDs),
photographic film and semiconductors. In both cases one wishes to relate the mean absorbed dose in
the sensitive region of the dosimeter, e.g. the air in an ion chamber, the heat absorbing element in a
calorimeter, to the absorbed dose at some specified or reference position in the undisturbed medium
into which the detector is placed, i.e. evaluate the ratio DmedDdet. This can only be done by theory in
two ideal cases:
•

A large detector in a beam of indirectly ionising radiation such as photons, through the
(µen/ρ)med,det ratio.

•

A small or Bragg-Gray detector in either photon or electron radiation, through the mass
stopping-power ratio, smed,det. Generally there will be deviations from perfect fulfilment of the
required conditions, necessitating the addition of a perturbation factor [28].

Monte Carlo simulation has been an invaluable tool in the computation of the quantity
smed,det [29-31], and to a lesser extent the (µen/ρ)med,det ratio, and also other detector-response related
parameters such as the backscatter factor, B for kilovoltage X-ray qualities [32,33]. Such computations
involve numerical integration over the spectrum of photons or electrons at a given depth in an irradiated
uniform medium; this requires the power of Monte Carlo simulation due to the complex changes in the
radiation spectrum with depth. All Codes of Practice for absolute dose determination in radiotherapy
beams now use MC generated swater,air for both megavoltage photons and electrons [34-37];
hence everyday radiotherapy practice all over the world has benefited directly from Monte Carlo.
Stopping-power ratios for proton beams [38] have also been computed by Monte Carlo simulation.
MC can also compute directly the dose ratio Dmed/Ddet for the exact geometry of the detector at a
certain position in a medium. This is just one specific application of the general case of determining
the dose in a heterogeneous medium. Such simulations can then be interpreted to yield the perturbation
factor for a particular detector, assumed to fulfil approximately Bragg-Gray conditions [39], by
comparing Dmed/Ddet with smed,det. Such simulations are computationally inefficient as only a small
fraction of the particles incident on the phantom surface traverse the small dosimeter. Correlated
sampling (CS) can be exploited to reducing the variance; one single set of histories is split at the depth
where the geometry of the medium and detector first differ [40]. The computation of the ratio
Ddet1/Ddet2 can then be highly efficient; one example is the effect of a change in central-electrode
material in an ion chamber [41]. The behaviour of small LiF TLDs in the form of 1 cm rods and chips
in radiotherapy beam qualities has also been investigated [42] by exploiting CS to yield Dwater/DLiF;
this has settled the “arguments” in the literature concerning the magnitude of the perturbation factor in
electron beams. Figure 3, taken from EGS4 simulations by Mobit, et al. [43], shows very clearly how
the dose ratio, here for calcium fluoride TLD discs of 0.9 mm thickness, is equal to the (µen/ρ) ratio,
i.e. the large detector result, at low photon energies (very short electron ranges) but approaches the
stopping-power ratio at high energies where the greater electron ranges result in Bragg-Gray detector
behaviour.
Ion chamber simulation
The air-filled ionisation chamber is the most important instrument for the determination of
absorbed dose in radiotherapy. Its often-complicated construction makes it an ideal candidate for MC
simulation. However, the low density of the gaseous sensitive medium poses problems for MC codes
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Figure 3. The ratio Dwater/DCalcium Fluoride for TLD discs 0.9 mm thick,
over a broad range of photon-beam qualities computed directly using the
EGS4 code and compared to the two extreme idealised cavity-theory results
Reproduced from Mobit, et al. [43] with permission

that utilise the condensed-history approach for electron transport [1,4,44,45]. In CH codes the (artificial)
electron step-lengths have to be made extremely short in the chamber wall and in the gas cavity itself.
The PRESTA scheme (Bielajew and Rogers [46]) was specifically developed so that ion-chamber
response could be correctly simulated by the EGS4 code system; PRESTA automatically adjusts
step-lengths in the vicinity of interfaces. However, the Molière multiple-scattering formalism is no
longer valid for such ultra-short step-lengths because they consist of too few single-scattering events.
This problem effectively put a limit on ion-chamber simulation accuracy of the order of 1% for low
atomic number materials [47]. Nevertheless, some impressive simulations have been carried out,
e.g. Rogers [48] on parallel-plate chambers in a 60Co beam; large changes in chamber response due to
the inhomogeneous wall materials were demonstrated.
Recent advances in electron-transport theory [49] have enabled multiple scattering to be
combined with single scattering. This will enable Dmed /Dair for ion chambers to be precisely computed
and hence important effects such as the finite size of the air cavity and the effect of different
material(s) in the chamber walls can now be simulated with a high degree of confidence.
Monte Carlo based radiotherapy treatment planning
The computation of the dose distribution in the inhomogeneous “geometry” of a patient
undergoing radiotherapy is an obvious candidate for MC simulation [50]. Up to the present time, most
radiotherapy treatment planning systems (TPS), i.e. the software, involve algorithms of varying
degrees of sophistication; these “correct” the measured distribution in a water phantom for the
irregular patient skin surface, and inhomogeneities, most notably bone, air passages and cavities, and
lung tissue. In high-energy (or megavoltage) X-ray beams, electron transport close to interfaces of
different density is an intractable problem for any analytical method [51,52].
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In the case of electron beams the failure of analytical methods (including 3-D pencil-beam
convolution) to model the effect of density differences on electron scatter is even more serious than for
photon beams [53]. Conformal therapy, by which is meant the modification of beam directions,
apertures and possibly other properties to cause the region, in 3-D, of high-dose to conform to the
shape of the target (see below) [54] causes special difficulties for analytical, i.e. non-MC, algorithms
due to irregular field shapes, Multileaf Collimators, small-field stereotactic techniques and most
notably due to the recent emphasis on so-called Intensity-Modulated radiotherapy (IMRT), very small
beam elements, each of a different intensity, i.e. fluence rate. Such very small photon-beam fields do
not exhibit charged-particle equilibrium (CPE) on the central axis [55] due to the range of secondary
electrons exceeding the dimensions of the beam cross-section. Figure 4 shows what happens when a
narrow photon beam crosses a broad low-density inhomogeneity: due to electron transport away from
the central axis, which is uncompensated by transport towards the axis, the dose in the air region falls
and there is then a re-build-up in the water beyond. The discontinuity in dose at the first water/air
interface is a consequence of the water/air stopping-power ratio (this is not unity); MC always yields
the absorbed dose in whatever the medium is, whereas all the current analytical methods [56]
effectively yield equivalent water dose.
Figure 4. Loss of equilibrium on the central axis due to a low-density region in a narrow
photon beam clearly predicted in a Monte Carlo simulation involving electron transport
Cephas Mubata, private communication
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The only factor that has delayed the application of MC methods to the computation of dose
distributions in radiotherapy is the amount of computer-processing power necessary; some 15 years
ago this was estimated to be of the order of 100s of hours for a photon-beam radiotherapy treatment
plan [50]. In the last five years or so, the picture has changed radically; very fast processors (which
cost thousands of dollars rather than 10-100 times this) are now available – principally so-called PCs.
Furthermore, there have been extensive efforts to simulate the full geometrical detail of the passage of
radiation through the so-called treatment head (target, flattening filter, monitor chamber, collimating
jaws, etc.) in modern linear accelerators for radiotherapy [56]. It has been demonstrated, originally by
Mohan [57] for photon beams, and by Udale [58] for electron beams, that when all the detail is
modelled, that one can obtain excellent agreement with measurement (in water phantoms). There is an
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impressively comprehensive detailed EGS4 usercode called BEAM for the purpose of detailed treatment
head modelling [56]. BEAM can produce a so-called phase-space file of co-ordinates (particle type,
energy, direction, position), e.g. above the level of the devices which define the beam collimation for
the particular patient undergoing treatment. The final patient-specific simulation is then (re-)started
from this phase-space file [57,58]. This approach is illustrated schematically in Figure 5.
Figure 5. Schematic illustration of the two-step approach to
Monte Carlo simulation in radiotherapy patient dose computation
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For electron beams, run times of the order of a few minutes for 1-2% uncertainty (1σ) with a small
voxel size (1-2 mm) were first demonstrated by Neuenschwander, et al. [60] using the macro-MC
(MMC) approach [61]. In the case of megavoltage photon beams (the “bread and butter” of radiotherapy
all over the world) of the order of 2-10 × 108 histories are required to fulfil the above specifications
on voxel size and statistical uncertainty, essentially independent of the number of beams, (cf. ≈107
for electrons). Through a combination of ingenious variance reduction techniques, mostly concerned
with speeding up (secondary) electron transport simulation, and generally using between 10 and
30 state-of-the-art PCs in parallel, i.e. each CPU executes a certain number of histories independently
of all the others, several radiotherapy physics research groups [62-68] have demonstrated that photon
beam treatment plans can be calculated in acceptable runtimes of the order of an hour or less. Articles
documenting essentially perfect agreement between measurements and MC simulation in both
homogeneous (i.e. water) and heterogeneous phantoms (e.g. Rando standard man) irradiated by
radiotherapy beams are now appearing at a rapid rate in the medical physics research journals [69,70].
This excellent agreement includes not only relative dose distributions but also absolute dose
determination; the latter is often referred to, using radiotherapy jargon, in terms of monitor units
(MUs) and output factors (OFs) [71,72].
Two clinical examples of Monte Carlo calculated dose distributions, shown in terms of so-called
isodose lines connecting points of equal dose, and superimposed on CT sections through the patient
under study, are now given in the next two figures. Figure 6 shows an electron-beam treatment plan;
the effect of the inevitable statistical noise is seen as a slight unevenness in the isodoses. The extension
of the irradiated volume into the low-density lung is clearly shown. Figure 7 is a dramatic illustration
of the difference between calculated dose distributions for a narrow photon beam, incident here on
the extremely heterogeneous anatomy of the head and neck region; in the figure on the left we see
the smooth dose isodoses produced by the so-called pencil-beam algorithm, widely employed in
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Figure 6. Electron beam treatment plan in the lung
with the dose distribution shown as isodose lines
16 MeV beam; 10 × 10 cm2 field, calculated with EGS4/BEAM using full phase-space data from Varian 2100C linear
accelerator; 5 × 5 × 5 mm scoring voxels, 2 × 106 histories, CPU time 16 min. on DEC 500 MHz, uncertainty (1σ) 1.5%
Cephas Mubata, private communication

Figure 7. A narrow (megavoltage) photon beam incident on the
anatomy in the head (represented by a computer tomograph image)
Left: doses computed using a pencil-beam algorithm, right: Monte Carlo simulation
Charlie Ma, private communication

commercial radiotherapy treatment planning systems (TPS), whereas on the right the true behaviour of
such a narrow photon beam in heterogeneous terrain is displayed. In fact, it is precisely such grossly
distorted dose distributions that comprise the input of so-called inverse planning algorithms which are
used to deduce the fluence-profile modulation patterns subsequently delivered in the IM radiotherapy
technique. Fortunately this extremely unsatisfactory situation is about to change as a result of the fact
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that several companies are implementing Monte Carlo simulation into their patient dose calculation
systems and, very significantly, also adapting MC to model today’s increasingly complex treatment
delivery techniques, e.g. using MLCs to shape fields to the tumour shape and to modulate the fluence
across the beam to reduce the irradiation of so-called organs at risk.
Will it be possible to prove that the increased accuracy of patient dose computation via
Monte Carlo influences the clinical outcome of radiotherapy? The rapidly developing subject of
so-called Biological Modelling, i.e. the estimation of the probability of tumour (local) control (TCP)
and of the probability of complications (unwanted side effects) to normal tissue (NTCP) using the
detailed dose distribution in the tumour and the organs-at-risk [73-75] is furnishing us with this
possibility.
Track-structure aspects

Have (condensed history) MC codes also led to contributions to the microdosimetry/track
structure field? Before specialised microdosimetric detectors (e.g. [76]) were developed, biological
differences between different radiation qualities were analysed in terms of so-called LET distributions,
which could subsequently be computed directly from the electron fluence spectra calculated by MC
codes [21,77]. A clear contribution to the understanding of biological effects is the demonstration that
the electron fluence spectrum, (dΦ/dE), at low electron energies, normalised to unit absorbed dose, is
virtually independent of incident particle energy or depth. Figure 8 shows this depth-independence for
a 20-MeV electron beam in water at various depths.
Figure 8. Electron fluence per unit dose, differential in energy, at different depths
in a 20-MeV electron beam in water computed by a Monte Carlo CH code [21]

In the 1960s before the use of megavoltage electron beams for radiotherapy was established, there
was considerable uncertainty about the relative clinical, i.e. biological or cell-killing, effectiveness of
this new therapy modality. Cell irradiation experiments indicated that high-energy electrons had a
relative biological effectiveness (RBE) close to unity, i.e. the same as Cobalt-60 or high-energy
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X-rays; furthermore, there was no indication either of any significant variation of RBE with depth.
The number of low-energy electrons (per unit absorbed dose in water) for all of these radiation qualities,
as computed by C-H MC codes, was virtually identical. For so-called conventional (i.e. kilovoltage)
X-ray beams, however, this number was slightly greater, which is consistent with their slightly higher
RBE. All the above findings are consistent with assuming that the biological effectiveness (of so-called
low-LET radiation) is basically due to the number of low-energy electrons (per unit dose); it is these
electrons which have relatively high values of stopping power, i.e. high density of ionisations (and
excitations) along their tracks and it is energy transferred in this way which is believed to cause almost
all the cell killing, through DNA double-strand breaks in the cell nucleus [78]. However, for information
on the detailed electron track structure at very small length scales, such as that of the DNA in cell
nuclei, event-by-event charged-particle codes [6-8] take over from ones based on the condensed
history approach.
Monte Carlo simulation of radiation transport has also played an essential role not only in
radiotherapy with external beams but also in several other branches of bio-medical physics, e.g. in
imaging and therapy in so-called nuclear medicine (i.e. unsealed sources of radioisotopes administered
to the patient) [79-81], and imaging generally with ionising radiation, principally kilovoltage X-ray
beams [82]. It is to be hoped, however, that the ever-decreasing cost of the ever-increasing processing
speed of computer hardware will not discourage scientists from applying their brains and creativity to
making MC radiation transport simulation more efficient [83]; otherwise the brilliant, pioneering work
of Martin Berger [10] in developing the condensed history approach to charged-particle Monte Carlo
may never be rivalled. Perhaps, ironically, the very fact that processing speed per Euro increases by a
factor of 2 to 3 per year, instead of, say, by 10 or more, will still give Professor Berger a chance of the
Nobel prize for what will come to be seen as his essential contribution to the improvement of the
well-being of our species through increased rates of cancer cure by radiation therapy.
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Abstract
This contribution describes the application of swift ion beams in cancer radiotherapy. We start with a
discussion of the rationale for choosing light ions over protons or photons. We shortly describe the
microscopic simulation of ion interaction with matter with the TRAX Monte Carlo code. The GSI
radiotherapy pilot project uses a magnetic raster scanner and active energy variation to achieve dose
conformation in 3-D. We describe the necessary steps for treatment planning such as beam modelling,
absorbed dose and biological effectiveness calculation, dose optimisation and verification, as
implemented in our TRiP98 treatment planning code.
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Introduction
One of the main objectives in radiotherapy is the conformal delivery of the prescribed dose to the
target volume, whereas the surrounding healthy tissue and critical structures should be spared as much
as possible. In comparison with conventional photon beams, therapeutic ion beams in general offer the
advantage of a depth dose distribution with a pronounced maximum (Bragg maximum) and a sharp
dose fall-off at large penetration depth, in contrast to the exponential dose deposition of photons or
neutrons, or the broad maximum generated by electrons. This is also known as inverted dose profile
and it allows a higher degree of dose conformation to the target volume. Heavier ions like 12C offer
further advantages over protons or other lighter charged particles. First, the lateral scattering in tissue
is reduced roughly by a factor of 3. Second, carbon ions possess an increased relative biological
effectiveness (RBE), especially in the stopping region at the Bragg peak. These particular properties
make carbon ion beams an ideal candidate to be combined with the evolving techniques of intensity
modulated radiotherapy (IMRT).
Microdosimetric calculations
In order to gain some insight on the ion interaction at the microscopic scale, i.e. cell nucleus or
DNA level, ab initio Monte Carlo computations are needed, for example with our TRAX code [1,2].
It simulates ionisation, excitation and elastic scattering events for both the primary ions as well as the
subsequently emitted (δ-) electrons and their secondaries. Due to the small scale (micro- or nanometers)
and the low electron energies involved (mostly of the order of 100 eV or below) the calculations must
be performed on a single interaction basis, rather than condensed random walk. As an example Figure 1
shows a comparison of proton and carbon ion tracks for various initial energies. The comparison with
the inserted DNA gives an idea about the effectiveness of carbon ions versus protons.
An important quantity in microdosimetry is the radial dose distribution around an ion path.
Figure 2 shows a comparison of experimental data (obtained with tissue-equivalent gas but scaled to
the density of liquid water) for oxygen ions with various calculations.
One may now be tempted to use this ab initio Monte Carlo method to calculate both absorbed as
well as biologically equivalent dose on a macroscopic scale, i.e. a patient plan based on computer
tomography. Unfortunately, this does not appear to be feasible at present [3]. For the absorbed dose
there are two obstacles. The first one is the immense amount of CPU time which would be required for
each patient plan. The second, more serious one is the lack of accurate basic interaction cross-sections.
For biological effects the knowledge of the ionisation or energy deposition pattern alone is not enough.
Chemical conditions and repair capacity play an important role for the biological effect. A pragmatic
approach to solve the task of RBE calculation is the Local Effect Model shortly described in a later
section. It uses the microscopic spatial energy distribution as obtained from codes like TRAX, but
relies on empirical dose-effect curves for photon radiation to determine the biological endpoint.
Radiotherapy at GSI
In December 1997 an experimental heavy-ion radiotherapy facility became operational at the
German heavy-ion research centre Gesellschaft für Schwerionenforschung (GSI), Darmstadt. The aim
is to investigate the clinical impact of the unique properties of heavy ions and to show which patients
can benefit from such a therapy.
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Figure 1. Paths of electron created by various ions, as simulated by the TRAX code

Figure 2. Radial dose distribution around an oxygen ion
Symbols are gas measurements, the MC histogram is obtained with TRAX
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The GSI facility realises for the first time a combination of an active field shaping, using a
scanned beam [4], with an active energy variation of the beam, thus making full use of the advantages
of heavy charged particles for therapy. This novel irradiation technique requires a method for dose
calculation and optimisation which is radically different from conventional approaches used for
example in photon and even proton therapy, due to the strong dependence of the RBE on particle
charge, energy and absorbed dose. A prerequisite is the development of a physical beam model as well
as a radiobiological model to describe the interactions of ion beams with biological material.
Beam delivery system
The general design idea is to use completely active volume scanning in three dimensions. This
can be achieved by magnetic deflection of the 12C beam in lateral direction (intensity-controlled raster
scan [4]) and by energy variation of the GSI synchrotron to cover different depths in order to spread
out the dose across the target volume. Figure 3 shows a schematic overview. In order to match the
needs of radiotherapy the accelerator control system was modified to allow selection of the energy,
beam spot size and intensity level of the 12C beam from one synchrotron cycle to the next [5]. A list of
253 energies has been set up in order to achieve a constant spacing of the corresponding ranges in
water. This is important to obtain a homogenous depth dose distribution. The energy range is between
80 MeV/u and 430 MeV/u corresponding to a range in tissue between 20 mm and 330 mm, respectively.
The ion energy can be switched within ≈5 seconds and thus different depths can be reached without
the need of additional absorbers. This way the target region is divided into subsequent slices
corresponding to beams of different energies. A large tumour may require up to 50 000 different beam
positions.
Figure 3. Schematic view of the magnetic scanning system

Requirements for treatment planning
For photon beams numerous commercial and research prototype software packages exist.
For heavy ions commercial treatment planning systems do not exist. We thus decided to couple an
existing conventional radiotherapy planning system (Voxelplan, developed at the German Cancer
Research Centre, DKFZ [6]) with a newly developed code from GSI (TRiP, Treatment planning for
Particles [7]. Voxelplan covers the conventional tasks of graphics rendering and user interface, whereas
TRiP handles all physical and radiobiological aspects of heavy ions, including dose optimisation.
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Treatment planning for scanned heavy-ion beams starts just like conventional planning, that is,
imaging devices such as magnetic resonance (MR) and computer tomography (CT) are used to generate
a digital model of the irradiation region. While MR images deliver high-resolution information
on tumour location and critical structures, the CT data are mandatory for dose computation and
optimisation.
The main task of treatment planning for scanned ion beams is to determine the different particle
fluence values for all beam energy slices and beam positions. This is best achieved by applying a
pencil model (rather than Monte Carlo) for the individual beams and by using inverse planning
methods to obtain the desired values automatically from the prescribed dose distribution.
Physical beam model
The beam model we use so far is based on the fact that for ion beams as heavy as 12C the multiple
elastic scattering plays only a minor role. The light fragments, which are generated while a heavy ion
traverses matter, will experience larger deflections. However, since they contribute only a small
amount to the overall dose, their multiple scattering is neglected as well in first order.
Under these assumptions the (partial) dose generated by a single heavy-ion beam with energy
Ebeam can be described as:
ª MeV º
§ 1 r2 ·

N
¸
×
D(E beam , x )[Gy] = 1.6 × 10 −8 × d (E beam , z )«
exp¨¨ −
−2 »
2
2
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where r is the distance from the beam centre, σ is the actual width (variance) of the Gaussian beam
profile and N is the total number of particles. The most important quantity, however, is the energy loss
distribution d(Ebeam,z), for a given initial beam energy, Ebeam, as a function of penetration depth, z,
which has to be described by an appropriate model. Such a model has to include not only the single
particle energy loss, but also the energy loss straggling and the process of projectile fragmentation in
order to reproduce experimentally determined dose profiles with sufficient accuracy [8]. For the sake
of brevity we will not describe the model in detail, we refer to [7] instead.
For practical use in therapy planning it is sufficient to calculate the depth dose profiles in steps of
10 MeV/u initial beam energy from 50 to 500 MeV/u. The profiles are calculated only once and then
stored as tables. The fragment spectra dN(Ebeam,z,T,E) = dE for each depth are stored as well, to be
used in algorithms where the fragment and energy distribution is required, such as calculation of RBE
or response of solid-state detectors. When beam energies are required which are not represented in the
pre-calculated database, linear interpolation between the next neighbours is performed.
Radiobiological beam model
A main advantage of heavy charged particles in radiotherapy is their increased RBE, which is due
to increased local ionisation density on the level of the cell nucleus. Many attempts have been made in
the past to describe charged particle radiation action on biological systems [9]. For the GSI radiotherapy
we chose the local effect model (LEM) of Scholz [10,11] which is based on the X-ray sensitivity of
cells, the structure of a heavy ion track (radial dose distribution) and the size of the cell nucleus. This
model is the best choice for a number of reasons:

119

•

It clearly separates the physical properties of the radiation from the biological properties of
the irradiated object.

•

The relevant biological properties can be measured or estimated, like the radiation sensitivity
represented by the α/β ratios of X-ray dose-effect curves for single cells and by the known
response of tumours and normal tissue to X-rays.

•

The physical properties of the radiation, that is the radial dose distribution around a heavy-ion
track can be described with reasonable accuracy by various models, either analytical [12] or
by Monte Carlo simulations [1].

LEM essentially allows to predict the response of biological systems irradiated with particles of a
particular type and energy from the knowledge of the X-ray response. This is an important advantage
because few experimental data for tissue response to ion radiation are available.
In the context of treatment planning we apply this model to replace the physically absorbed dose
by the biologically effective dose [13]:

Dbiol = Dabs × RBE ( x , Dabs )

(2)

where the RBE depends on the location within the irradiated volume as well as on the absorbed dose
level.
Dose optimisation
For the dose optimisation it is sufficient in first order to use one-dimensional dose distributions
d(Ebeam,z) because the lateral beam scattering is negligible compared to the initial beam width as
delivered by the beam optics. In this case the dose computation [Eq. (1)] can be simplified to:

[

ª MeV º

D(E beam , x )[Gy] = 1.6 × 10 −8 × d (E beam , z )«
× F (E beam , x, y ) mm − 2
−2 »
¬ gcm ¼

]
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with the fluence:
F (E beam , x, y ) =

N (E beam , x, y )
∆x∆y

(4)

where the ∆x and ∆y are the scanner step sizes in x and y, respectively. Within the target volume the
lateral overlapping of neighbouring beam positions compensates for this crude approximation of a
Gaussian profile by a delta function.
The task of particle fluence optimisation with respect to dose represents a least squares
minimisation with respect to the fluence values F(Ebeam,x,y):


χ 2 = ¦ z w( x )(Dprescribed − D( x ))2

∂χ 2 ∂F = 0



with appropriately chosen weight factors w(x ) and the dose D( x ) as given by Eq. (3).
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(5)

The task is solved by iteration in two major steps, as described in [7]. First a simple dose
matching procedure is applied, proceeding from the distal to the proximal slices of the target volume.
With the resulting fluences as start values, text book minimisation algorithms like Conjugate Gradients
or Marquardt’s algorithm are used in a second step to yield satisfactory dose conformation. The method
works for absorbed as well as for biologically effective dose provided the RBE is correctly calculated
as a function of the absorbed dose level and the location within the irradiated volume.
Figure 4 illustrates a biologically effective dose optimisation including experimental verification
performed for CHO cells. The target region was a cuboid with a volume 40 × 100 × 40 mm3. For a
description of the experimental procedure we refer to [14]. As expected the absorbed dose decreases in
the distal part of the target volume due to the increasing RBE of stopping particles. The lower left part
of the figure compares measured and calculated survival profiles as a function of depth. While there is
good agreement in the target region and beyond, the calculated cell response in the entrance channel is
larger than the measured one due to experimental dose rate effects. In any case we are on the safe side,
since the biologically effective dose is overestimated rather than underestimated. The lower right part
finally shows the lateral survival profile on a line through the centre of the target volume. Here good
agreement could be achieved between measurement and calculation, which includes the finite beam
width.
Figure 4. Biologically effective dose equivalent optimisation for CHO cells. The prescribed
dose was 5.5 GyE in a single fraction, corresponding to a 20% survival level. The target region
was between 80 and 120 mm depth, field size 40 × 100 mm2. Experimental data from [14].
a) Calculated absorbed and biologically effective dose profile as a function of depth
b) Measured (symbols) and calculated survival as a function of depth
c) Calculated absorbed and biologically effective lateral dose profile
d) Measured (symbols) and calculated survival in lateral direction

Summary and conclusion
We have developed and described the first ion therapy planning system based on the concept of
biologically effective dose which is able to generate a strictly tumour-conformal irradiation using
intensity-modulated fields of scanned heavy ions. These features make it a unique tool for cancer
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treatment with heavy ions. The algorithms and procedures presented in this contribution have been in
regular use since 1995 for the planning of numerous irradiation experiments including cell and animal
experiments such as mini-pig lungs and skin, and the central nervous system of rats, where they have
proven to be correct. Finally, the methods have been transferred unchanged to patient treatment
planning. More than 140 patients have been planned with this software. Good tumour response and
almost no acute side effects have been observed.
Future developments will be directed towards further exploitation of the high RBE, for example
simultaneous multi-port optimisation in order to take full advantage of the high RBE of stopping 12C
in a larger part of the target volume.
Monte Carlo simulations may improve dose calculation in cases of sharp density gradients because
here the effects of multiple scattering might be significant. We plan, however, to implement MC
directly into our code rather than relying on external packages.
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Abstract
The radiation doses received by individuals from radionuclides which enter the human body cannot be
measured directly but must be inferred. In these calculations several measurable quantities (such as the
internal whole body burden or urine daily excretion) and quantities derived from models are employed.
The radiation protection quantities for internal dosimetry are in principle the same as for external
dosimetry with the addition of quantities taking into account that the doses in the body are protracted.
Other parameters are also necessary for dose assessment, like the specific absorbed fractions (SAFs).
All these quantities are calculated using Monte Carlo codes and complex anthropomorphic phantoms.
The present paper summarises, with some examples, the role played by Monte Carlo modelling in this
field.
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Introduction
The radiation doses received by individuals from radionuclides which enter the human body
cannot be measured directly but must be inferred. In these calculations several measurable quantities
(such as the internal whole body burden or urine daily excretion) and quantities derived from models
are compared.
The first step in estimating the effective dose to an individual is to estimate the total amount (Bq)
of radioactive material that has entered in the body (intake) and the second step is to estimate the
effective dose from the intake.
The characteristics of internal dosimetry are:
•

In internal dosimetry doses cannot be measured directly.

•

The distribution of activity in the body is extremely inhomogeneous.

•

The doses from internal dosimetry are protracted and radionuclides can continue to deliver
dose throughout life.

•

Each element can behave differently.

A series of quantities and parameters are necessary for a dose estimate and Monte Carlo techniques
play a crucial role in the evaluation of such quantities. Furthermore, due to the great importance of a
rigorous design of suitable calibration phantoms for in vivo measurements, the Monte Carlo method
can also be proficiently employed as a valuable tool to optimise calibration systems design.
Definition of quantities for internal dosimetry
The basic dosimetric quantities are common to both external and internal dosimetry. We therefore
refer to ICRP-ICRU documents [1-4] for the definition of the quantities: absorbed dose in an organ,
equivalent dose to tissue and effective dose.
Other quantities are peculiar to internal dosimetry [5].
Committed equivalent dose
Since radionuclides continue to irradiate organs of the body after intake the term committed
equivalent dose HT(τ) is defined as the time integral over the time τ of the equivalent dose rate in a
particular tissue. It is defined as the total equivalent dose to which that organ or tissue would be
committed during the τ years after intake:
H T (τ ) =

t 0 +τ

³ H (t )dt
τ

t0

When the period of integration is not given, a period of 50 years is assumed for adults or a period
of up to the age of 70 years for children.
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Committed effective dose
If the committed equivalent doses from an intake are multiplied for the appropriate tissue
weighting factors then the result is the committed effective dose E(τ):
E (τ ) =

¦ H (τ )w
T

T

τ

Reference man
Many of the quantities calculated in internal dosimetry rely on the anatomical and physiological
parameters of a person, and since it is not possible to measure all of these parameters in each
individual, reference values are assumed. This set of parameters constitutes the reference man, a
person with the anatomical and physiological characteristics defined in ICRP Publication 23 [6].
Monte Carlo codes have been employed for the evaluation of the quantities relying on complex
mathematical models of the standard man. The same models have also been used to calculate
dosimetric quantities for external irradiation.
Source and target organs
Radionuclides may decay in the lungs, in the gastrointestinal (GI) tract or in specific organs.
These are known as source organs. The tissue in which energy is deposited following a nuclear decay
is known as target organs. There are as many as 23 target organs listed in ICRP publications to be
considered.
Absorbed fraction
The absorbed fraction is defined as the fraction of energy emitted within source region S that is
absorbed in the target region T:
AF (T ← S ) =

Energy absorbed in T
Energy emitted in S

This fraction depends on the anatomical model, the type and the energy of radiation. For some
source-target pairs AF may be largely independent of energy while for other pairs the values are highly
dependent on the energy.
Absorbed fraction data are required for each radiation type:
Photon
Electron
Alpha

Data are found in reference man (MIRD pamphlet)
Assume AF(T ← T) = 1, elsewhere=0
Assume AF(T ← T) = 1, elsewhere=0

Additional considerations are required for wall organs and bone.
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For walled organs AF(T ← S) for particulate radiations where S is the content of a walled organ
and T is the wall are derived assuming the dose at the interface is the equilibrium dose. The absorbed
fraction is:
AF (T ← S ) =

1 MT
ν
2 MS

where MT and MS are the mass of the walls and contents and ν is a factor representing the degree to
which the radiation penetrate the mucosal layer. ν is taken as 1 for electrons, zero (0) for recoil atoms
and 0.01 for alpha particles.
For bone the following Table 1 is applicable on AF values (see later for the meaning of trabecular
and cortical bone).
Table 1. Absorbed fraction in bone for particulate radiations
Alpha emissions
AF
AF(BS ← TB)
AF(BS ← CB)
AF(RM ← TB)
AF(RM ← CB)

Volume

Surface

Volume

0.025
0.010
0.050
0.000

0.25
0.25
0.50
0.00

0.025
0.015
0.350
0.000

Beta emissions
Surface
E < 0.2 MeV
E > 0.2 MeV
0.25
0.025
0.25
0.015
0.50
0.500
0.00
0.000

RM – red marrow, TB – trabecular bone, BS – bone surface, CB – cortical bone

The computation of the values of AF(T ← S) for each combination source to target organ is
performed by means of Monte Carlo radiation transport calculations on anthropomorphic numerical
phantoms.
The value of AF divided by MT, the mass of the target organ, is known as specific absorbed
fraction (SAF). The values of SAFs have been calculated and revised on the basis of the Oak Ridge
series of analytical anthropomorphic phantoms.
Calculation of committed effective dose E(50)
The first step is to calculate the number of decays in each source organ S in 50 years (US).
This implies solving the biokinetic models which represents the internal behaviour of the radionuclide.
This can be done using mathematical tools to solve the system of linear differential equations
describing the model.
Thus if qS(t) is the amount of radioactivity for radiation R in organ S at time t and US is the
number of nuclear transformations in organ source S during 50 y post intake, then:
50 y

US =

³ q (t )dt
S

0
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The second stage is to calculate the specific effective energy, SEE(T ← S), which is defined as the
dose to the target organ T per decay in the source organ S. SEE is given by:
SEE (T ← S ) =

¦

R

E R YR wR AF (T ← S )R
MT

where SEE is the specific effective energy absorbed in target organ T due to the emission of radiation
R in source organ S, ER is the energy of the emitted radiation R, YR is the yield of radiation R per
nuclear transformation, wR is the radiation weighting factor for radiation R, AF(T ← S)R is the
absorbed fraction of energy in organ T for emission of radiation R in organ S and MT is the mass of the
target organ T.
For the calculation of committed equivalent dose the following equation can be used:
H T (50 ) =

¦U

S

SEE (T ← S )

S

Finally, the committed effective dose is obtained multiplying the equivalent dose to each tissue
by the appropriate tissue weighting factor and summing over all tissues.
Dosimetric models
Anthropomorphic numerical phantoms are used for the calculation of SEE (and SAF) values.
A mathematical description of the reference man is used to compute the energy deposition in organs/
tissues of the body from photon radiation. Phantoms consist of three types of tissues: lung, skeletal
tissue and soft tissue. Such phantoms are used in Monte Carlo radiation transport simulations where
the source is usually located within each source organ. Models have been extended to take age groups
other than adults into account.
In Figure 1 the external dimensions of the adult human phantom are reported.
Figure 1. The adult human phantom, external view (on the right an MCNPTM model of ADAM)
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In Figure 2 the internal disposition of organs is shown. Each organ is described by means of
equations in the space considering a common system of co-ordinates.
Figure 2. The adult human phantom, internal disposition of organs
in the trunk (on the right an MCNPTM model of ADAM internal organs)

In the model the skeleton consists of six parts: the leg bones, arm bones, pelvis, spine, skull and
the ribs. In Figure 3 the description of the gastrointestinal tract is reported.
Figure 3. The adult human phantom, GI tract (on the right an MCNPTM model of the sigma)

Summarising
To summarise the committed dose assessment procedure some simplified schemes can be useful.
In Figure 4 the concept of E(50) is briefly presented. To determine E(50) we need to carefully
estimate the total number of nuclear transformation in source organ S during 50 years post intake (see
Figure 4). This quantity can be determined through compartment modelling (see Figure 5) and excreta
analysis or in vivo measurements.
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Figure 4. Conceptual scheme of E(50) evaluation
Equivalent dose rate
received by the target
organ

Amount of radionuclide
inside the source organ
q

dH/dt
SEE(T<-S)
dH(t)/dt
qs(t)
Us

HT(50)
50 y

50 y

Time after contamination
Contamination

Contamination

E(50) = ¦ wT HT (50)
T

Figure 5. Routes of intake

Transfer

Excretion
Absorption
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To perform accurate in vivo measurements it is necessary to rely on very accurate calibrations that
imply the evaluation of the detection system efficiency and the minimum detectable activity (MDA):
MDA =

3 + 4.65 • S B
t •ε

where MDA is the a priori MDA (Bq), ε is the in vivo detection efficiency (cts .s–1.Bq–1), t is the
measuring time (s) and SB is the uncertainty of the counts in the region of interest for the blank
measurement (subject related counts) (cts).
The efficiency evaluation is based on a suitable calibration phantom that should be as much as
possible representative of the individual to be measured. In this framework Monte Carlo analyses can
play a fundamental role for an accurate efficiency determination (and thereafter MDA assessment).
Examples of applications in this field will be discussed later.
Figure 6. The role of Monte Carlo simulations in Us determination

US= Number of Nuclear Transformations
in Source Organ S during 50 y post intake

excreta meas.

Compartment Modelling
50 y

(1)
CALIBRATION

Monte Carlo

US = ³ qS (t) •dt

Efficiency
and MDA
(detector
characterisation)
characterisation)

0

“in vivo” measurement

qS(t) = activity in organ S at time t

ENEA-Istituto di Radioprotezione

Finally, E(50) is linked to the SEE and the SAFs (see Figure 7) that are calculated using Monte
Carlo codes (and tabulated for a large range of photon energies) relying on the aforementioned
anthropomorphic mathematical models.
The present paper will be focused on two main aspects in which Monte Carlo techniques can play
a fundamental role: the calibration procedures of in vivo monitoring devices and the SAF evaluation.
Finally a significant example of Monte Carlo aided design of a complex head calibration phantom for
in vivo measurements of bone-seeker nuclides will be presented.
Anthropomorphic phantoms for calibrations
As it is well known the calibration conditions should be as close as possible to the routine
measurement on the contaminated subject. Due to the large subject-specific variations concerning the
measurement conditions the calibration situation can in principle differ from the reality to a great extent
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Figure 7. Formulation of the SEE and Monte Carlo role in its determination

(2) SEE = SFECIFIC EFFECTIVE ENERGY [MeV/(g*nt)]

SEE(T ← S)= ¦ ER YR w R SAF(T ← S) R
R

ER= Emitted energy from Radiation R
YR= Yield of Radiation R

MONTE CARLO

wR= Radiation R weighting factor

SAF (specific absorbed fraction) = fraction of the
radiating energy emitted by a source organ that is
absorbed in a given target organ)/target organ
mass. (MIRD Pamphlet or ICRP-30 Supplements Tabulations)
ENEA-Istituto di Radioprotezione

This is the reason why a large variety of plastic calibration phantoms, to be filled with radioactive
solutions or solid sources (spheres, rods, etc.), have been proposed to fulfil a series of reliability
requirements. Some significant examples of such phantoms are the St. Petersburg phantom, which is
composed by modular polyethylene boxes (Figure 8). Each box contains four rods with different
radioactive sources: 57Co(122-136 keV photons) which can reproduce a contamination from technetium,
60
Co(1.17-1.33 keV photons) and 137Cs(662 keV), both typical of an accident in the nuclear industry
and 40K (1.46 MeV), representative of the natural content of potassium in the body soft tissue.
The phantom has been employed in a European intercomparison. Another very popular calibration
phantom for whole body contaminations is the BOttle Mannequin Absorption (BOMAB) phantom
(Figure 9), constituted by ten cylindrical (circular and elliptical basis) elements that can be filled with
liquid or gel radioactive materials.
Figure 8. The St. Petersburg phantom
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Figure 9. The BOMAB phantom

The BOMAB calibration configurations can easily be modelled by Monte Carlo, allowing
calculating correction coefficients to the counting efficiency to take into account density and
composition variations in the radioactive solution (see Figure 10).
Figure 10. BOMAB phantom calibration for whole body contamination (e.g. 137Cs)
and the MCNP model of a “standard chair” and “bed” measurement postures

Other phantoms that should be briefly mentioned are the Lawrence Livermore National Laboratory
(LLNL) phantom for lung measurements (Figure 11), the Bottle phantom (Figure 12) which allows to
simulate different body sizes, and the thyroid ANSI phantom (Figure 13). Of particular importance are
the head phantoms that will be treated later on.
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Figure 11. The LLNL phantom for lung measurements

Figure 12. Bottle whole body phantom to simulate different body sizes

Figure 13. ANSI thyroid phantom
The neck is modelled with a PMMA cylinder with a cylindrical hole containing a point source
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How accurate and suitable are the available calibration phantoms?
It should be pointed out that all the experimental phantoms employed in the calibration procedure
are in any case simplified and it is not always easy to evaluate the degree of deviation from the in vivo
real measurement introduced by the calibration itself. Furthermore the assumption of a homogeneous
distribution of the contaminant in the target organ or in the whole body can constitute in many cases a
very rough approximation.
The use of more detailed experimental phantoms, and, where necessary, Monte Carlo evaluations
based on very complex mathematical phantoms is necessary in the case of nuclides present in single
organs of complex geometry, in presence of significant variations of dimensions and morphology of
the investigated subjects, especially for low energy gamma emitters and when a very low minimum
detectable activity (MDA) is required (the case of the in vivo measurement of actinides).
A very significant example in this field are the studies carried out by Kramer, et al. (Radiation
Protection Bureau, Ontario, Canada) [7,8] on the influence of the lung deposition conditions on the
counting efficiencies. An analytical MCNP model of the trunk was developed for the simulation of
different source geometries. The uncertainty on the 239Pu (17 keV) source geometric distribution can
cause underestimations by a factor of 4, overestimation by a factor ~30 until the complete loss of the
countings vs. an assumed homogeneous distribution of the nuclide in the lungs.
Kramer validated his model against the LLNL and JAERI experimental calibration phantoms.
The validation suggested an improvement to the model, with the addition of a detailed representation
of the sternum and the ribs.
To guarantee that the calibration factors of the detection system are as close as possible to the real
measurement conditions, improved computer softwares have been developed. These models usually
rely on sophisticated mathematical phantoms that have been being developed for some years in the
major radiation protection and medical physics institutes around the world [9-17]. Two significant
examples of these so-called “voxel models” directly taken from CT scans, NMRI scans or colour
pictures of anatomical slices are reported in Figure 14.
Figure 14. The Golem male phantom (courtesy M. Zankl) from CT scans (left) and
the VIP man (courtesy G. Xu) from photographic images of an executed man

The software “MC_in vivo” [18,19] developed by J. Hunt of the Instituto de Radioprotecao e
Dosimetria (Rio de Janeiro, Brazil) was written in visual basic (VB5) and is operative under Windows 95.
It is based, with some modifications, on the VOXEL phantom NORMAN developed by the National
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Radiological Protection Board (NRPB, UK) and is able to model a large variety of subject-detector
configurations and calculate the associated counting efficiencies (Figures 14 and 15). The software
performances were compared with EGS4, whilst an experimental benchmarking was carried out on
241
Am-contaminated head phantoms (National Radiation Protection Institute phantom – Czech Republic,
BfS phantom – Germany, and BPAM-001 that is included in the USA Transuranium and Uranium
Registry Americium Bone Phantoms and consists of a cranium of a donor who was contaminated
25 years before death). This benchmarking put in evidence significant discrepancies due to the
different models adopted (the experimental and the mathematical (NORMAN) phantoms) and to the
actual contamination distribution in the experimental phantoms employed.
Figure 15. Sagittal section of the voxel phantom NORMAN, showing a
homogeneous deposition of 235U in the lung detected by an NaI detector
The circles represent interaction points of the 186 keV photons towards the detector and within the detector itself
Courtesy of John Hunt

Figure 16. Axial section of the voxel phantom NORMAN, showing a point deposition of 241Am
in the rear part of the lung detected by an NaI crystal coupled with a Phoswich detector
The circles represent interactions of the 59.5 keV photons towards the detector and within the detector itself
Courtesy of John Hunt

A software characterised by similar features and based on the MCNP code has been developed
jointly by the University of Texas, the Lawrence Livermore National Laboratory and the Los Alamos
National Laboratory. The code MRIPP [20], available from the NEA Data Bank, includes a database
of voxel anthropoid phantoms and is addressed to calculate correction factors to be applied to the
efficiencies evaluated on the basis of very simplified calibration sources (spherical, cylindrical, etc.)
to take into account the real measurement condition of the contaminated subject.
An example of Monte Carlo aided design of a head calibration phantom
It is of some interest to mention a research activity carried out at ENEA-Radiation Protection
Institute addressed at developing a head calibration phantom for 241Am measurements [21,22]. As it is
well known the measurement of 241Am (59.5 keV photon emission) in the bone is an easier way to
determine the plutonium burden. In fact plutonium has an associated very low energy photon emission
(17 keV) and an in vivo measurement of its content can be subject to enormous uncertainties,
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especially related to the body size variations. Due to these reasons, for an effective and fast screening
on internal contamination from actinides it is recommended to determine the activity of 241Am in the
bone (skull or knee).
The mean free paths at this photon energy are:
•

1.7 cm in cortical bone.

•

3.6 cm in trabecular bone.

•

4.5 cm in soft tissue.

The contamination distribution can be assumed homogeneous on the bone surfaces. As a function
of time after intake one can also assume that the nuclide migrates inside the bone, therefore generating
a homogeneous volumetric contamination (as a first approximation).
Due to the difficulties associated with such kinds of measurements it was decided to design a
calibration phantom of the head with morphological characteristics as close as possible to the in vivo
measurement condition.
Traditionally such phantoms are developed painting the internal and external bone surface by
radioactive paints; this process, however, does not guarantee a homogeneous application of the paint.
It was therefore decided to put calibrated point sources in optimised position to approximate as
much as possible a homogeneous distribution of the radionuclide and calculate a correction coefficient
using Monte Carlo.
As far as the plastic phantom is concerned, it should be representative of the European Standard
Man (Caucasian Standard Man).
The density and the composition of the constituent materials should follow the standard tissue
equivalent materials suggested by the ICRU (International Commission on Radiation Units and
Measurements).
A commercial AldersonTM developed for angiography studies was used, and was modified
following the indications obtained from Monte Carlo simulations (see Figure 17).
Figure 17. A skull for anatomical studies and the AldersonTM
plastic phantom adopted, with modifications, for the calibrations

138

The role of Monte Carlo modelling was:
•

Evaluating the volumes of bone macro-regions (24) of the head in which centroids the
calibrated sources should have been placed.

•

Modelling the calibration condition and evaluating a correction coefficient to the calibration
factor, (depending on the head-detector configuration) to take into account the difference
between the in vivo measurement on the subject (assumed in this case homogeneous, though
this is debatable) and the calibration measurement (with point distributed sources).

To summarise the design and construction procedure, CT scans of the plastic Alderson phantom
were taken and a series of slices were modelled with MCNP in an analytical way (non-voxel approach)
(Figures 18-19). A 3-D model of the head was built where the volume calculations of 24 nearly
iso-volumetric macro-regions were performed. The plastic phantom was thereafter drilled (Figure 20)
in the 24 positions suggested by the Monte Carlo simulations and the point sources were placed in
each hole and closed with plastic caps. At the end the calibrations were performed and simulated by
Monte Carlo (Figure 21). The two configurations treated by Monte Carlo were the homogeneous source
distribution (in vivo measurement) and the heterogeneous source distribution (calibration condition).
Figure 18. A CT slice of the head (right) and its MCNP model (left)

Figure 19. The 3-D final MCNP model
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Figure 20. Drilling operations

Figure 21. A calibration measurement (right) and its MCNP model (left)

It should be pointed out that the closer the detector is to the head, the higher the discrepancy
between the two conditions and the higher should be the correction coefficient to be applied.
An important element to be taken into account is also the position of the single point sources with
respect to the detector. If the calibration condition is chosen such that a point source is very close to
the detector window centre, a further, much higher counting rate occurs, if compared to the in vivo
condition. This is to explain that a careful calibration strategy should be adopted.
The “calibration/in vivo measurement” procedure adopted is as follows:
1) Calculate a calibration correction factor to take into account the source distribution difference
(at about 20 cm head-detector distance (homogeneous-heterogeneous) (CH).
2) Calculate a correction factor due to the distance (from 20 cm to 1 cm) assuming a
homogeneous source distribution in the bone (CD).
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3) Perform the calibrations at 20 cm distance to minimise the effects of point source positioning
on the measurements.
4) Perform the in vivo measurements at 1 cm distance to minimise the measurement time for a
fast screening and apply the composition of the two correction coefficients to the counting
(CH*CD).
Table 2 summarises the results of the experiments and simulations.
Table 2. Results of calibrations and numerical simulations
Head surface to
MCNP (homog.)/WBC MCNP (etherog.)/WBC
MCNP (homog.)/
detector distance (cm) measurement ratio
measurement ratio etherog. correction factor
~ 10
0.77
0.87
0.89
~ 10
0.85
0.89
0.96
~ 15
0.98
0.99
0.99
~ 20
1.00
1.02
0.98
A very satisfactory agreement can be noted, though some criticisms can nevertheless be
formulated against the design procedure and the optimisation of the 24 source positioning.
The main limit of the procedure consists in that it relies on a rather crude 3-D model of the head,
consisting of rather thick layers the contours of which were drawn on the basis of a by-hand best fit of
the region boundaries. The correction factors obtained in this way are based on the assumption that
the Monte Carlo geometrical model is a good approximation of the reality; the optimisation of the
24-source positioning depends on the same assumption.
Figure 22. The 3-D reconstructed CT head image to be implemented in MCNP

A new and exhaustive approach to the design of the head phantom should rely on a geometry
fully based on the CT scan Hounsfield number, an accurate segmentation and a new optimisation of
the 24 point sources with an improved voxel model of the head. This methodology should guarantee
both a reliable source distribution (in the homogeneous distribution case) and a good simulation of the
radiation transport within a model as close as possible to the in vivo and calibration conditions.
Apart from the intrinsic limitations of the procedure, its logic can indicate a satisfactory coupling
between measurements and Monte Carlo modelling to obtain reliable calibrations.
The voxel head phantom being implemented in MCNP is shown in Figure 23.
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Figure 23. Procedure adopted for the development of the calibration head phantom

Commercial
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Monte Carlo evaluation of specific absorbed fractions (SAF)
As explained in the introductory part of the paper, the absorbed fraction (AF) is one of the
fundamental quantities employed for the calculation of doses from incorporated radionuclides. It is
defined as the fraction of the emitted energy from a given source organ that is absorbed by a given
target organ. The specific absorbed fraction (SAF) is obtained from AF divided by the target organ
mass. This transfer quantity is therefore crucial for the evaluation of the committed equivalent dose
and the committed effective dose and variations in the employed SAF values have an immediate
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influence on the committed dose evaluation. For quite some time, the most widely used set of SAF
values has been extracted from Monte Carlo (and sometimes “point kernel”) calculations based on the
MIRD mathematical phantom, which is, as already explained, analytical [23]. It should be pointed out
here that the MIRD model is affected by significant approximations and simplifications compared
with the strong etherogeneity of a real subject.
Taking into account the strong dependence of the SAF values on the organ shape and relative
position, in the last three years a series of studies have been undertaken at the international level
addressed at producing new sets of SAF values based on realistic voxel phantoms and the Monte Carlo
method.
D.J. Jones (NRPB) performed his studies in 1998 using NORMAN [24], while Yoriatz, et al.
employed a phantom developed by Zubal at Yale University to calculate new SAF values using
MCNP [25,26].
A fruitful collaboration between NRPB and GSF allowed evaluating the SAF variations
depending on the usage of MIRD models of various ages and the voxel phantoms Golem, CHILD and
BABY. Of particular interest is an investigation on internal doses based on new SAF values for a large
series of radionuclides employed in the medical field.
Some very recent evaluations by M. Zankl [27-29] demonstrate the influence of the mathematical
anatomical model employed on the calculation of SAFs. In Figure 24 is reported the SAF behaviour as
a function of energy in the case of “liver to stomach” irradiation. The satisfactory agreement among
the different voxel models can be noted, whilst a high systematic discrepancy for the MIRD model is
evident. The reason of such a disagreement is that stomach and liver are organs in strong contact with
each other in a real subject, while the minimum distance between the two organs in the MIRD model
is more than 2 cm. This is the reason why the low-energy photons emitted from the liver do not reach
the stomach in the MIRD model, though they easily reach the stomach in the voxel models. In general
there is a satisfactory agreement for a large number of organ couples, but the average organ-organ
distances are smaller in the voxel models, thus leading to significant differences between the two sets
of SAFs.
Figure 24. Comparison of SAF values obtained with different
mathematical models of the man (MIRD and voxel approach)
Courtesy of M. Zankl
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The influence of more or less realistic mathematical models employed in the dosimetric
assessment should not be neglected and is more crucial in internal dosimetry than external dosimetry.
The importance of correct SAF evaluations is also confirmed by the further uncertainty associated
with the metabolic model of the investigated radionuclide. The contemporary usage of unreliable
SAFs and unreliable metabolic models could lead to extremely inaccurate dose evaluations.
Conclusions
The validity of a Monte Carlo result is strongly linked to the correspondence of the model to the
real irradiation experience to be simulated: the more complete and accurate the modelling, the more
accurate the obtained results. Therefore, notwithstanding the fact that every model adopted for the
simulation implies inherent simplifications to be accepted, there are details of the experiment to be
modelled that cannot be neglected and should be represented very carefully due to their importance for
the response to be determined by the simulation
The examples presented, also in the lecture on external dosimetry, demonstrate that a Monte Carlo
result characterised by a low statistical error cannot be automatically judged as reliable. Of absolute
importance is in fact the accuracy of the modelling. Every result should be, on the basis of these
considerations, presented with its associated statistical uncertainty (precision) and an indication of the
systematic deviations (accuracy) that can be due to several factors, including the cross-section files
employed.
To conclude, the set-up of a Monte Carlo simulation is very similar to the preparation of an
experiment, characterised by various degrees of complexity. The availability of advanced code packages
that could be used in every laboratory dealing with radiation physics problems should suggest the need
for non-extemporary use of these tools.
Training initiatives at the European level are therefore to be encouraged in the field of radiation
protection dosimetry along with thematic workshops on specific computational dosimetry applications.
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Abstract
Specific features of the Monte Carlo code PENELOPE, which are either implemented in the current
public version 2001 or have been recently developed to be introduced in future releases of the code,
are briefly described. Results from simulations of various practical problems are also reviewed:
dosimetry of beta sources for intravascular brachytherapy, X-ray generation by keV electron
bombardment and dose distributions in water from MeV photon and electron beams.
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Introduction
PENELOPE [1] (an acronym for PENetration and Energy LOss of Positrons and Electrons… and
photons) is a general-purpose Monte Carlo code for the simulation of coupled electron-photon
transport in arbitrary materials (elements and compounds with atomic numbers Z ≤ 92). It covers the
energy range from 1 GeV down to (nominally) 100 eV. PENELOPE is structured as a FORTRAN77
subroutine package; the user must provide the MAIN steering program, which controls the evaluation
of the histories and performs the scoring of relevant quantities. The distribution package includes tools
for transport simulation in complex (quadric) geometries and variance reduction.
Since the first release of the code in 1996, a considerable effort has been devoted to improve the
adopted physical models and the electron-positron transport mechanics. The current 2001 version has
recently been run in an extensive series of benchmark comparisons with experiments from the
literature [2]. For moderately high energies (say, above 10 keV or so), satisfactory agreement was
found in all the considered cases, thus confirming the reliability of the whole simulation scheme.
Here, some peculiarities of the adopted interaction models and electron-positron transport
mechanics are considered. Results of our current research work, involving the calculation of doses
from beta sources, the emission of X-ray and bremsstrahlung from targets irradiated by keV electron
beams and the dosimetry of photon and electron beams, are also presented.
Interaction models
In PENELOPE, most of the interactions of electrons and photons with matter are described in
terms of semi-analytical differential cross-sections (DCS), with parameters determined from the most
reliable data currently available. Details of the various interaction models can be found in Ref. [1].
Here we mention only the most relevant recent improvements in interaction physics.
Ionisation of inner shells by electron and positron impact
To allow the simulation of characteristic X-ray emission from samples irradiated by electron beams,
we have recently modified the description of inner-shell ionisation by electron impact. The default
model for inelastic collisions is too schematic to describe X-ray emission with the required accuracy.
Nevertheless, it does account correctly for the average stopping and energy straggling in the whole
energy range. To avoid conflict with the inelastic scattering model, the ionisation of inner shells has
been considered as an independent process in which the projectile produces vacancies in the inner
(K and L) shells of the target atom, without losing energy or changing its direction of motion, i.e. the
state of the projectile remains unaltered in ionising events. The produced ions then relax to the ground
state by emission of characteristics X-rays and Auger electrons. To be consistent, the relaxation of
ions after “true” inelastic collisions has been switched off. In this way, to simulate inner-shell
ionisation only the total (integrated) cross-section for ionisation in each inner shell is required. These
cross-sections have been calculated using an optical-data model in which the required information on
the target is obtained from the partial photoelectric cross-section of the considered shell [3]. This
model is essentially equivalent to the plane-wave (first) Born approximation and is also closely related
to the Weizsäcker-Williams method of virtual quanta. Files with electron and positron ionisation
cross-sections of the K- and L-shells for all the elements (Z ≤ 92) have been included in the
PENELOPE database.

148

It is worth mentioning that the plane-wave Born approximation is applicable only to projectiles
with kinetic energies much higher than the ionisation energy of the active electron shell. Recently an
elaborate code for calculating ionisation cross-sections using the distorted-wave Born approximation
has been developed. This approach accounts for the distortion of the projectile wave functions by the
field of the target and also allows a consistent description of electron exchange effects. These effects
are important only when the projectile energy is comparable to the ionisation energy of the active
electron shell. Figure 1 compares theoretical cross-sections for ionisation of the K-shell of iron atoms
obtained from the plane-wave and distorted-wave Born approximations with results from absolute
measurements by Llovet, et al. [4]. The distorted-wave cross-section is seen to be in excellent agreement
with the experiment, while the cross-section obtained from the plane-wave Born approximation
departs systematically (both in magnitude and “shape”) from the measured data. The simulations of
X-ray spectra described below were performed by using ionisation cross-sections calculated by the
distorted-wave method.
Figure 1. K-shell ionisation cross-sections for Fe by electron impact
The continuous and dashed curves represent results from calculations with the distorted-wave and the plane-wave
Born approximations, respectively. The symbols are measured absolute ionisation cross-sections from Ref. [4].

Bremsstrahlung emission by electrons and positrons
This energy-loss mechanism is described by means of the scaled (energy-loss) DCSs tabulated by
Seltzer and Berger [5]. These DCSs are used both to obtain the total cross-section for bremsstrahlung
emission and to sample the energy of the photons. For projectiles with energies below 500 keV, the
angular distribution of emitted quanta is described by means of an analytical distribution [6] that
closely reproduces the partial-wave shape functions calculated by Kissel, et al. [7] (see Figure 2).
Thus, correlations between photon energy and direction of emission are fully accounted for. At higher
energies, for which partial-wave shape functions are not available, the initial photon direction is
generated from the boosted dipole distribution.
Incoherent scattering of photons
The simulation of photon Compton scattering is based on DCSs obtained from the impulse
approximation [1]. These DCSs consistently account for the fact that target electrons are bound as well
as for Doppler broadening (i.e. the broadening of the energy spectrum of photons scattered into a
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Figure 2. Shape functions (angular distributions) for bremsstrahlung
emission by 500 keV electrons in the fields of Al and Au atoms
Dashed curves are partial-wave shape functions of Kissel, et al. [7]. Continuous curves represent the analytical fits
adopted in PENELOPE. For visual aid, curves have been shifted upwards in the amounts indicated in parentheses.

given direction that results from the motion of the target electrons). In Figure 3 we compare Compton
DCSs, differential in the energy E′ of the scattered photon, obtained from the impulse approximation
and from the familiar Klein-Nishina formula, which assumes that the target electrons are free and at
rest. The effect of binding causes a reduction of the DCS at large E′ (the energy transfer must be larger
than the ionisation energy of the target electron); due to Doppler broadening, the scattered photon may
have energies substantially lower than the Klein-Nishina cut-off value. With the aid of a simple
parameterisation of the Compton profiles of the different atomic electron shells, the random sampling
of Compton events is performed analytically.
Electron transport mechanics
The most characteristic feature of PENELOPE is the use of mixed (Class II) simulation for
electrons and positrons. Here, as well as in the more conventional Class I schemes, the key ingredient
is the transport mechanics, i.e. the strategy followed to determine the global displacement and energy
loss of an electron after a given path length s (measured along its trajectory). PENELOPE implements
the so-called “random hinge” method, which is known to provide a faithful description of the
combined effect of the multiple soft interactions that occur between a pair of consecutive hard
interactions [1,8]. Since the latter are described individually from the corresponding DCSs, the
influence of the transport mechanics on the simulation results is weaker than for Class I simulations.
The simulation is controlled by a few parameters which determine the cut-off angular deflection
and energy loss that separate hard and soft interactions. In the case of elastic scattering, the cut-off
deflection is defined dynamically as a function of the energy of the projectile. At low energies, the
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Figure 3. Energy DCSs for Compton scattering of 50 and 500 keV photons by Al and Au atoms
The continuous curves represent the DCS obtained from the impulse
approximation; the dashed curves are calculated from the Klein-Nishina formula

cut-off deflection tends to zero and the simulation of elastic events becomes purely detailed. This feature
implies that PENELOPE benefits from the advantages of Class II simulation at high energies (where
the cut-off value is relatively large and very few hard elastic collisions occur) and retains the accuracy
of detailed simulation at low energies (where it is needed to describe the intense effect of elastic
deflections).
Recently, refinements have been introduced aimed to account for the effect of the energy variation
along a step on the transport parameters [1]. These energy-loss corrections lead to better accuracy and
stability of the code and allow a certain relaxation of the simulation parameters. That is, the simulation
can be made somewhat faster without sacrificing accuracy. It is worth mentioning here that to ensure
the reliability of the results the number of steps (or soft events) along each electron history must be
“statistically sufficient” (i.e. larger than ~ 10).
An important modification of the code logic has been introduced in version 2001 of PENELOPE
to allow the user to limit the length of each step. The method consists in introducing “delta interactions”
(i.e. virtual interactions that do not affect the state of the projectile), which occur whenever an electron
exceeds the pre-selected maximum allowed step length. This gives direct control on the evolution of
tracks and allows the user to perform more refined simulation in “thin” regions, where the use of large
step lengths could impair the accuracy of the results.
Dosimetry of beta sources
Monte Carlo simulation has become a valuable tool for beta-source dosimetry, where measurements
are difficult due to the short range of the beta particles and the associated large dose gradients. As an
example, we consider the characterisation of two beta sources (90Sr-90Y and 32P) which are commonly
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used in intravascular brachytherapy (IVBT) treatments. The conventional description of the dose
distributions from linear brachytherapy sources is based on the so-called radial dose function g(r),
which is proportional to the radial dose multiplied by the square of the radial distance r and is
normalised to unity at r = 2 mm. This function describes the effects of absorption and scatter along the
transverse axis of the source, thus suppressing the influence of the inverse square law.
PENELOPE has been used to simulate dose distributions from a high-dose-rate 90Sr-90Y source
by Asenjo, et al. [9]. The source is a 30-mm-long train consisting of twelve seeds of 2.5 mm each.
Figure 4 shows the radial dose function for a single 90Sr-90Y seed in water calculated with different
Monte Carlo codes: ITS3 [10], EGS4 [11] and also PENELOPE and MCNP4C [9]. The overall
agreement between g(r) functions obtained with the four codes is seen to be reasonable, although some
differences show up at intermediate distances which are relevant to IVBT. In particular, the MCNP4C
radial dose function is slightly higher than the one obtained using ITS3, and both curves are somewhat
higher than the g(r) function from PENELOPE. On the other hand, EGS4 yields the lowest g(r)
function. The differences between the simulated radial dose functions should be ascribed to the physical
modelling implemented in the various Monte Carlo codes, as well as the different multiple scattering
theories used.
Figure 4. Radial dose function g(r) for a high-dose-rate 90Sr-90Y seed in water [9]

Figure 5 displays the radial dose from a 27-mm-long linear 32P source at the “mid-plane” (i.e. the
plane perpendicular to the source axis that crosses the source at half its height). Simulation results
from PENELOPE and EGS4 [12] are compared with experimental data of Mourtada, et al. [13]. Both
Monte Carlo curves are in reasonable agreement and reproduce quite well the experimental values
obtained with plastic scintillators, whereas the radiochromic film data depart at intermediate and large
depths. It is worth mentioning that the results from the scintillator are expected to be more accurate
than those using film, since the latter were measured in an A-150 phantom and had to be re-scaled to
yield the dose in water [13].
X-ray and bremsstrahlung emission
PENELOPE has been used intensively for the simulation of X-ray generation by keV electron
beams. This kind of calculation is intrinsically very inefficient due to the fact that production events
(i.e. inner-shell ionisation, bremsstrahlung emission) occur very seldom. To obtain results with low
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Figure 5. Radial dose at the midplane of a 27-mm-long linear 32P source wire in water
The continuous and dashed curves are simulation results using PENELOPE and EGS4 [12], respectively

statistical uncertainties with reasonable computation times, variance-reduction techniques have to be
applied. It suffices to apply interaction forcing [14], i.e. the probabilities of occurrence of the interesting
processes are artificially increased and, to keep the simulation unbiased, radiations resulting from the
forced interaction are assigned a weight less than unity. The result is a large gain in efficiency, i.e. a
substantial reduction of the statistical uncertainty for a given calculation time.
In our studies we use X-ray spectra measured on a Cameca SX-50 electron microprobe, with a
Si(Li) energy dispersive X-ray spectrometer. The electron beam impinges normally on the surface of
the specimen and the detector covers a small solid angle about a direction corresponding to a take-off
angle of 40 degrees. The recorded spectra are transformed into absolute units (i.e. probability of emission
of a photon per unit energy, unit solid angle and incident electron) using the procedure described by
Acosta, et al. [14]. The estimated overall uncertainties of the absolute spectra are about 4-8%.
Figure 6 compares results from PENELOPE simulations for 20 keV electron beams impinging
normally on bulk samples of nickel and tungsten with absolute spectra measured under the same
conditions. Results from the Monte Carlo simulations were convolved with a Gaussian distribution,
with an empirical energy-dependent width, to account for the response of the detector. Notice that the
simulated spectra are properly normalised (i.e. in absolute units). The experimental spectra were found
to differ systematically from the simulations by a constant factor, slightly larger than unity and that
increases with the atomic number of the material. The “measured” spectra plotted in Figure 6 for
nickel and tungsten are the absolute spectra multiplied by 1.06 and 1.10, respectively. It should also
be mentioned that PENELOPE does not simulate characteristic M lines, which are visible in the
low-energy part of the measured spectrum of tungsten.
In the energy interval from ~ 3 keV to ~ 15 keV, where the intrinsic efficiency of the Si(Li)
detector is nearly constant with energy, the results of the simulation are found to be in close agreement
with measured absolute spectra. Outside this intermediate energy range simulation and experiment are
seen to differ in a systematic way. At low energies, E < 3 keV, the observed discrepancies are mainly
due to the loss of efficiency caused by absorption in the detector window and passive layers, which
has not been accounted for.
153

Figure 6. Measured (dots) and simulated (solid lines) X-ray spectra from bulk
samples of Ni and W generated by 20 keV electron beams at normal incidence

This kind of comparison is very useful to check the reliability of the physical models adopted in
the simulation. Thus, the small differences found between the characteristic peak intensities of measured
and simulated spectra indicate slight inconsistencies in the ionisation cross-sections and relaxation
data adopted in the simulation. These differences could be minimised by empirically adjusting the
transition rates.
Photon and electron beam dosimetry
Simulations of electron accelerators stimulated the development of several parts of PENELOPE.
The first application of the code to this field was the work of Mazurier, et al. [15] on the dosimetry of
photon beams from a Saturne 43 accelerator. They found almost perfect agreement between simulation
results and their experimental data.
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Dose distributions in water produced by electron beams from a Siemens Mevatron KDS linac,
located at the Hospital Clínic de Barcelona, were measured and compared with simulation results [16].
The measurements were performed using an ion chamber and a silicon detector. The Monte Carlo
simulations, on the other hand, were carried out by splitting the problem into two parts. First, the
transport of radiation through the accelerator head was considered in detail and the state variables of
all particles exiting the system were stored in the so-called phase space file (PSF). This first simulation
step characterises the radiation “source”. In a second stage, these particle states were read from the
PSF and the simulation was continued through air (and possible filtering materials) and a semi-infinite
water phantom, thus modelling the complete experimental set-up. This two-step technique permits a
substantial reduction in the calculation time because it allows re-using the PSF for different
downstream geometries without having to recalculate the source characteristics.
Measurements and simulations were performed for electron beams with different nominal
energies. In Figure 7, the energy deposited per unit depth in water by a 6 MeV electron beam is
represented as a function of depth in water. Since the absolute value of the deposited energy per
incident electron is usually not known experimentally, it is common to normalise depth doses to their
maximum. In a second series of experiments, the accelerator beam was partially blocked up by a
3.1-mm-thick Cu slab, thus causing a strongly varying flux gradient across the radiation field. This
obstruction produced interesting lateral dose profiles in the water phantom, as shown in Figure 8.
Besides simulation convenience, another advantage of splitting the simulation into two steps is
that some relevant features of the beam can be readily obtained from the PSF. In Figure 9, the
spectrum of contaminating photons, mainly produced by bremsstrahlung emission in the metallic
bodies that limit the beam inside the accelerator head, is displayed. In this case, PENELOPE is
compared with the well-known Monte Carlo code EGS4/PRESTA.
Figure 7. Measured (dots) and simulated (solid line) relative depth-dose
of a 6 MeV electron beam from the Siemens Mevatron KDS linac in water
The dashed line corresponds to the difference between PENELOPE results and the experimental data
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Figure 8. Measured (symbols) and simulated (solid lines) lateral dose profiles of a
10 × 10 cm2, 12 MeV electron beam from the Siemens Mevatron KDS linac at different
depths in water. The right half of the beam was blocked up by a 3.1-mm-thick Cu slab.

Figure 9. Spectrum of photons in the PSF of an 18 MeV electron beam
Solid and dashed curves are results from simulations with PENELOPE and
EGS4/PRESTA, respectively. The two spectra were normalised to unity.
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TRACK STRUCTURE SIMULATION: A BASIC TOOL FOR
MOLECULAR RADIATION BIOLOGY AND NANODOSIMETRY
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Physikalisch-Technische Bundesanstalt, Germany

Abstract
As is well known from radiation chemistry, the kinetics of radiation-induced systems strongly depends
on the distribution of atomic or molecular species produced by primary interactions of ionising radiation
in matter or, and this is the same, on the particle track structure. Far-reaching consequences can also
be expected, therefore, if biological systems are exposed to ionising radiation, the more so as the
radiation-sensitive parts of such systems are located inside highly structured cells. In consequence, the
knowledge of track structure is one of the prerequisites for a deeper understanding of radiation-induced
effects in radiation chemistry and radiation biology.
After a short overview of basic physical aspects of the track structure of electrons, photons and light
ions (protons, α-particles, carbon ions) in liquid water, a few consequences of their radiation interaction
in nanometric volumes are discussed, which can be related to radiation damage within segments of the
DNA molecule and to bio-effect cross-sections of mammalian cells for ionising particles. Here, special
emphasis is laid on the stochastic nature of ionisation cluster-size formation in liquid water and on its
potential application in nanodosimetric measurements.
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Introduction
Inspecting the commonly applied procedures for simulating the penetration of electrons through
matter (as, for instance, in MCNP or EGS4), it should be stated that none of them is suited for track
structure calculations. This is because they are based, more or less exclusively, on condensed-history
models (see the overview by Grosswendt [1]). These models treat the whole set of low-energy transfer
interactions within the framework of the continuous-slowing-down approximation which assumes
continuous energy losses along straight path segments and is not able to distinguish interaction points
of low energy transfers. Since such models are focused simply on energy transfer, they are also not
usable for treating the yield of different kinds of target species produced by electron interactions
(ionised atoms or molecules, atoms or molecules at specified excitation states, dissociation products).
In consequence, condensed-history models cannot be employed to solve problems which are sensitive,
for instance, to the distance distribution of target species produced by a series of successive electron
interactions representing the structure of an electron track segment. Examples of such problems are the
damage to sub-cellular structures in radiation biology and the dynamics of chemical reaction chains in
radiation chemistry, which strongly depend on the spatial distribution of radiation-induced target
species. Here, it is commonly accepted that the track structure of ionising particles represents the
starting point for the induction of many radio-biological or radio-chemical effects.
To support this hypothesis, let us first assume a narrow beam of monoenergetic 100 keV photons
penetrating the front face of a water cylinder, 20 cm in diameter and height, along the cylinder’s main
axis. If one were able to follow by eye the path each photon takes within the phantom after having
penetrated its front face, a picture like that shown in Figure 1 would be seen: the photons are scattered
elastically by Rayleigh scattering or inelastically by Compton scattering, transferring part of their
initial energy to secondary electrons, or they are absorbed by the photoelectric effect and leave the
greater part of their energy to photoelectrons. In consequence, a great number of secondary electrons
is set in motion during photon slow-down whose starting points, due to the large mean free interaction
length of photons and due to their strong angular scattering ability, are distributed over the whole
volume of the water cylinder. If one were also able to track the paths of secondary electrons through
the phantom, a picture like that presented in Figure 2 would be seen: the electron paths appear only as
more or less extended small spots, showing that the ranges of secondary electrons are generally much
smaller than the mean free path lengths of photons. To demonstrate this fact quantitatively, Figure 3
shows the mean free interaction length λtot(T) of photons and the continuous-slowing-down range
Figure 1. Movement of 100 keV photons in a water cylinder in
the case of perpendicular incidence along the phantom’s main axis

162

Figure 2. Tracks of secondary electrons liberated in water by the 100 keV photons of Figure 1

Figure 3. Mean free interaction length λtot of photons at energy T in water, in comparison
with the continuous-slowing-down range Rcsda of electrons at the same energy

Rcsda(T) of electrons in liquid water, as a function of the primary particle energy T. The great difference
between Rcsda(T) and λtot(T) is obvious from the figure. At the same initial energy the mean free photon
interaction length is greater than the electron range by a factor of up to 103. Due to the large number of
interactions an electron suffers upon its complete slow-down. An electron path, however, is highly
structured. To give an example, Figure 4 shows the projection of the spatial distribution of ionisation
events of three electrons at 2.72 keV in liquid water, on a nanometre scale. The entity of all ionisation
events caused by each electron upon its complete degradation looks like a string of beads and is quite
different from a homogeneous distribution which is implicitly assumed if radiation quality is defined
on the basis of macroscopic-quantities-like absorbed dose.
Bearing these facts in mind, let us now repeat the radio-chemical experiment of Robinson and
Freeman [2] who irradiated a dilute solution of nitrous oxide in liquid ethane with an absorbed dose of
765 Gy of 60Co-γ-radiation and measured the yield of molecular nitrogen as a function of the nitrous
oxide concentration. Due to photon interactions in the liquid, ionised ethane molecules are formed
which are accompanied by secondary electrons. These electrons are degraded in ethane by excitation
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Figure 4. Projection of the spatial distribution of ionisation
events of three 2.72 keV electrons in liquid water

or ionisation processes forming additional pairs of ionised ethane molecules and electrons at lower
energies. At thermal energies, the electrons interact with the ionised ethane molecules forming various
neutral products or they interact with the nitrous oxide molecules to form molecular nitrogen.
Molecular nitrogen is thus produced according to the following chemical reaction chain:
γ + C2H6 → C2H6+ + e–
e– + C2H6+ → various neutral products
e– + N2O → N2 + O–
The result of the measurements is presented in Figure 5. It shows the mean number G(N2) of
nitrogen molecules formed per 100 eV absorbed energy in the nitrous-oxide/ethane solution, as a
function of the mole fraction NN2O of nitrous oxide. Whereas the symbols represent the results of the
measurement, the unbroken curve shows the yield of molecular nitrogen if one assumes that thermalised
electrons, ethane ions and nitrous oxide molecules are homogeneously distributed over the irradiated
sample [3]. Common to both data sets is that, with increasing nitrous oxide concentration, the yield of
Figure 5. Mean number G(N2) of N2 molecules formed per 100 eV absorbed
energy in a C2H6-N2O solution, as a function of the mole fraction of N2O
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molecular nitrogen first increases and reaches a limiting value afterwards. The inset of the measured
increase of the nitrogen yield as compared with that expected for a homogeneous distribution of reaction
species is, however, markedly shifted to higher values of the nitrous oxide concentration. This can be
explained by the fact that, in consequence of the track structure of electrons, the dilute solution of
nitrous oxide in liquid ethane is transformed from a homogeneous system into a system with a
non-homogeneous distribution of ethane ions and thermalised electrons. As compared with the
homogeneous system, the number of ions in the neighbourhood of a thermalised electron is increased
in the non-homogeneous system. Hence, the probability of electron-ion recombination in such a
system is always greater than that of electron interactions with nitrous oxide molecules. To get the
same nitrogen yield as in the homogeneous system, therefore, the nitrous oxide concentration must be
markedly increased.
The role of track structure in radiation biology
The interpretation of the radio-chemical experiment of Robinson and Freeman can be generalised
to any other irradiated system. By inelastic interactions of primary particles (photons, electrons, light
ions) or by interactions of secondary electrons with the atoms or molecules of irradiated matter, a
non-random distribution of ionised or excited species is produced and, in general, also a distribution of
neutral, ionised or excited fragments. All of these irradiation products can interact with each other,
with thermalised electrons or with neutral constituents in their neighbourhood with a probability which
depends on the distance between the different potential reactants. In consequence, the development of
the irradiated system with time strongly depends on the species occurring and on the spatial distributions
of their number density produced by radiation interaction.
The importance of the spatial distribution of interaction events is even more obvious if one
considers, instead of the irradiation of a homogeneous system, the irradiation of an initially
non-homogeneous system consisting of micro-heterogeneities embedded in a homogenous medium.
Examples of such systems are cell nuclei or the DNA molecule which can be assumed, in a living cell,
to be surrounded by liquid water. Segments of the DNA are commonly accepted to represent the most
important radiation-sensitive targets of biological systems, and the induction of double-strand breaks
within the DNA to represent the most critical radiation damage. To give an impression of its
microstructure, Figure 6 shows a schematic view of the double helix of DNA, consisting of a
sugar-phosphate backbone and a long series of successive base pairs at a distance of 0.34 nm.
The double helix has a diameter of about 2 nm, and one helical turn covers a distance of about 3.4 nm.
Figure 6. Schematic view of the double helix of DNA
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A rough sketch of the structure of a chromosome fibre is presented in Figure 7. Here, the DNA is
wrapped around a nucleosome core (about 7 nm in diameter and composed of eight histone proteins)
and forms a cylindrical structure, about 11 nm in diameter. The nucleosomes are packed together
forming the chromosome fibre, which has a diameter of about 30 nm. For details on the geometrical
structure of DNA and of higher order structures of chromosomes (nucleosome, chromosome fibre)
see, for instance, the overview by Friedland, et al. [4]. If such complicated systems are irradiated by
ionising radiation, irradiation products may occur by radiation interaction with the constituents of the
micro-heterogeneities or by interaction of the latter with radiation-induced products of the surrounding
water as, for instance, OH radicals. Since the probability of such interactions strongly increases with
decreasing distance of the interacting species, radiation damage to the heterogeneities also depends
strongly on the number density of the reactants. Hence, it appears, at least, questionable to base the
effects of ionising radiation exclusively on the spatial distribution of absorbed dose, as is common
practice in the fields of protection against ionising radiation and of dosimetry for therapy purposes.
Because of its definition as the mean specific energy in a vanishing but still macroscopic volume of
specified mass [5], the quantity absorbed dose applies without any restriction only to homogeneous
systems and does not take into account microscopic geometrical structures or the track structure of
ionising particles. It is therefore really doubtful, as pointed out by Paretzke [6], whether quantities
exclusively based on absorbed dose actually provide a physical measure to correlate with actual or
potential radiation-induced effects because their induction and time development may strongly depend
on the track structure of ionising radiation. From the point of view of numerical radiation biology,
therefore, a track-structure-simulation procedure is needed which also takes into account the
micro-heterogenic structure of an irradiated medium.
Figure 7. Schematic view of the structure of the chromosome fibre

A reasonable approach for this purpose is the idea that the greater part of radiation damage to
biological systems is induced by the overlay of the track structure of ionising radiation and of the
geometrical structure of DNA. To give an impression of this procedure, Figure 8 shows an overlay of
a segment of DNA and of a track segment of one 60 MeV carbon ion in liquid water. Here, the
particle’s track structure is represented by the ensemble of interaction points due to ionising interactions
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Figure 8. Overlay of a 10 nm track segment of one
60 MeV carbon ion in liquid water and a segment of DNA

of the carbon ions along a travelling length of 10 nm or due to ionising interactions of the accompanying
secondary electrons. Ionisation damage to the DNA can be studied by randomly positioning the DNA
segment within a volume covering the particle’s track segment and by counting the number of
ionisations directly occurring within the DNA segment. For details of this procedure and of more
sophisticated methods which also take into account the atomic structure of DNA, see the overviews on
the computational modelling of radiation-induced DNA damage by Nikjoo, et al. [7,8] and for the time
development of track structure, in particular, the publication by Pomplun and Terrissol [9].
The simplest model used in the past for the investigation of radiation damage to sub-cellular
structures is their approximation by homogeneous cylinders. This model has been used, for instance,
by Goodhead and Nikjoo [10] to determine the frequencies of energy deposition in DNA segments,
nucleosomes, and segments of the chromosome fibre by low-energy X-rays, 100 keV electrons,
0.5 MeV protons and 3 MeV α-particles. Figure 9 shows their results for the frequency f(T ≥ T′) of
energy deposition T greater than or equal to T′ in a single cylinder, 2 nm in diameter and height,
randomly positioned in water, which is irradiated by six different radiation qualities at an absorbed
dose of 1 Gy. Common to all radiation qualities, the frequency of energy deposition in the DNA-sized
target strongly decreases with increasing T′. If one analyses, however, the gradient of the frequency
curves, a dependence on radiation quality is obvious. The decrease of the frequency with increasing
limit T′ of energy deposition is greatest for the 100 keV electrons and smallest for the 3 MeV
α-particles. In the case of an energy deposition T of greater than or equal to 100 eV, for instance, the
deposition frequency is highest for the 3 MeV α-particles; in order of its amount, this frequency is
followed by that for carbon X-rays, 0.5 MeV protons, aluminium X-rays, titanium X-rays and finally
by that for the 100 keV electrons. As pointed out by Goodhead and Nikjoo [10], this order of energy
deposition frequencies resembles the general sequence of the radio-biological effectiveness of the
investigated radiation qualities in producing double-strand breaks, cell killing and other cellular
effects. Here, the comparably high effectiveness of low-energy electrons (represented by the carbon
X-rays) is of particular interest.
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Figure 9. Frequency f (T ≥ T′) of energy deposition T greater than or equal to T′
in a single cylinder, 2 nm in diameter and height, randomly positioned in water
(───) 3 MeV α-particles, (• • •) carbon X-rays, (- - -) 0.5 MeV protons,
(——) aluminium X-rays, (− · · −) titanium X-rays, (−•−) 100 keV electrons

But, as regards radiation damage to biological systems, there is the still unanswered question of
which type of interaction effect is the most important one and can be made responsible for the greater
part of the effectiveness of ionising radiation. There are, however, some hints that impact ionisation is
the most critical effect. As was shown, for instance, by Brenner and Ward [11], the yields of clusters
of multiple ionisations produced by ionising radiation of different quality within sites 2-3 nm in size
correlate well with observed yields of double-strand breaks. Through the analysis of ionisation
clusters, it was concluded that two ionisations are required for the induction of one double-strand
break of DNA. Similarly, by modelling DNA damage induced by Auger electrons of incorporated 125I,
Nikjoo, et al. [12] it was found that two ionisations are necessary to induce one single-strand break
and four ionisations to induce one double-strand break. We can, therefore, assume that the ionisation
process is the most important interaction effect as regards radiation damage to DNA. This assumption
is also suggested by the dependence of bio-effect cross-sections σB on the mean free path length λion of
different radiation qualities with respect to primary ionisation in liquid water, as discussed in detail by
Simmons and Watt [13]. They found out that the cross-sections of some types of mammalian cells (see
Figure 10) scale much better with λion than with linear-energy transfer, which is usually applied in
microdosimetry. The saturation for λion < 2 nm and the strong decrease of σB with increasing λion
implies that, to explain σB, at least two ionisations must be produced within a length of 2 nm, which
nicely corresponds with the diameter of DNA.
The simulation of track structure of photons, electrons and light ions
As discussed, one indispensable prerequisite for a detailed understanding of radiation-induced
effects in matter is the knowledge of the spatial distribution of target species, which are initially
produced by single ionising particles during their penetration through matter. One of the most
important tasks of applied radiation research is, therefore, the simulation of the track structure of
ionising radiation. Here, the track is defined as the totality of interaction points of a particle in matter
supplemented by the types of accompanying interactions or by the generated kinds of target species
(ionised or excited molecules, dissociation products).
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Figure 10. Bio-effect cross-section σB [13] of some types of mammalian cells as a
function of the mean free ionisation path length λion of ionising particles in liquid water

Photons
The track-structure simulation for photons is based, in a first step, on macroscopic interaction
cross-sections (the so-called linear attenuation coefficients) and performed by following the path,
which each photon actually travels through matter, from one interaction point to the other. In a second
step, the energy transport by secondary particles is simulated. In this connection, the setting-in-motion
of secondary particles and the scattering of photons at each interaction point are taken into account
using theoretical models which more or less nicely agree with experimental data. It can, therefore, be
assumed that the spatial distribution of photon interactions and the energies and directions of secondary
particles liberated at each interaction point are reasonably well sampled when the usual procedures are
followed. Due to the fact that the mean photon interaction length is generally much longer than the
range of liberated secondary electrons (see Figure 3), a photon track can be assumed to be a collection
of single electron tracks the starting points of which are distributed over comparably long distances.
The key problem of photon-track-structure simulation is, therefore, the simulation of the structure of
electron tracks.
Electrons
As stated in the introduction, condensed-history models which are commonly employed for
simulating the penetration of electrons through matter are not suited for track-structure calculations
because they treat the whole set of low-energy transfer interactions within the framework of the
continuous-slowing-down approximation which assumes continuous energy losses along straight path
segments and bundles together all energy transfers smaller than a predefined energy limit. This cut-off
energy is, as a rule, at least of the order of a few keV and covers the major part of all electron
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interactions occurring. It is, therefore, the contribution of low-energy electrons that prevents the use of
the commonly applied Monte Carlo procedures to also calculate the track structure of electrons and
photons. This contribution is, however, of particular importance since:
•

Low-energy electrons are produced in an enormous number during the slow-down of any kind
of ionising radiation.

•

Their stopping power is comparable to that of heavy charged particles.

•

Their range is of the same order or even markedly smaller than the sizes of sub-cellular
structures.

As a result, any pair of succeeding interaction points of low-energy electrons is separated by small
distances and may decisively influence the time development of radiation-induced non-homogeneous
systems (see discussion above) and, in consequence, also potential chemical reaction yields or the
creation of radiation damage.
To calculate the track structure of electrons, the electron degradation in matter must be simulated
from one interaction point to the other, taking into account elastic electron scattering, impact
excitation and impact ionisation. At each point of interaction, the electron’s flight direction in the case
of elastic scattering or its energy loss and flight direction in the case of inelastic scattering is to be
calculated, including the kind of target species produced. These data must be supplemented by the
energies and flight directions of secondary particles set in motion by the scattering process. The main
steps necessary to follow the histories of electrons are, therefore:
•

The determination of the distance to the subsequent point of interaction.

•

The determination of the type of interaction the electron suffers at this point.

•

The sampling of the energy loss and the new flight direction caused by the selected interaction
process, possibly supplemented by the energies and flight directions of secondary particles.

If we suppose that the target molecules can be treated as independent points homogeneously
distributed in space, the travelling length of an electron at energy T between two successive interaction
points is governed by an exponential probability density characterised by the mean free path length
concerning electron scattering. This mean free path length is given by the reciprocal macroscopic total
scattering cross-section which is equal to the sum of the macroscopic cross-sections with respect
to elastic scattering, of the significant excitation processes and of impact ionisation. If external
electromagnetic fields are not taken into account, it can be assumed that the electrons travel along
straight lines which connect successive interaction points.
The type of event an electron suffers at each interaction point is sampled from the discrete
probabilities of interaction effects taken into account in the calculation. These probabilities are given
by the ratios of cross-sections with respect to a specified interaction process to that of total electron
scattering. In the case of elastic interaction, the polar angle of the electron’s flight direction after
scattering relative to its initial direction is determined on the basis of the differential elastic
cross-section, assuming in addition that the azimuthal scattering angle is uniformly distributed
between 0 and 2π. If excitation to a particular state has been selected, the initial electron energy must
be reduced by the excitation energy required for the process, assuming, however, that the electron
direction remains unchanged. In the case of impact ionisation (only single ionisation is commonly
taken into account), a secondary electron is liberated which may be able to contribute to the energy
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transport and which must, therefore, be treated in the same way as the primary electron. For this
purpose, not only the energy loss and the direction of the initial electron after impact ionisation must
be determined but also the energy and direction of the secondaries.
The complete history of a primary electron is simulated as long as its energy has been degraded to
a value smaller than the lowest threshold energy of inelastic interaction processes which might be of
importance for the problem studied. If, for instance, the ionisation process is assumed to be the
decisive interaction effect, the cut-off energy is equal to the ionisation threshold. The degradation of
secondary electrons is treated like that of the primaries if their initial energy is greater than the
pre-defined energy threshold; otherwise it is assumed that they come to rest directly at their source
point. This latter assumption is also made in the case of photons emitted after excitation events, apart
from the excitation of Rydberg states which may lead to auto-ionisation. For details of the treatment of
electron interactions see, for instance, the publications by Paretzke [6], Terrissol [14], Grosswendt and
Waibel [15], Zaider, et al. [16], Lappa, et al. [17], Uehara, et al. [18], Pimblott, et al. [19] Nikjoo,
et al. [20], Bigildeev and Michalik [21], Grosswendt and Pszona [22], and De Nardo, et al. [23].
Light ions (protons, α-particles, bare carbon ions)
Apart from special applications, the main interest in the track structure of protons, α-particles and
carbon ions is that of projectiles at reduced energies of higher than 1 MeV/u. The range of these
particles is greater than 25 µm and thus much longer than the diameter of cell nuclei. In view of such
long ranges and of the fact that the diameter of a segment of DNA is about 2 nm, and the diameter of a
nucleosome or of a chromosome-fibre segment about 11 nm or 30 nm, it is necessary to perform
track-structure simulations only for track segments about 100 nm in length, at least, for the most part.
In consequence of the projectiles’ collision stopping power and of their detour factor [24], it can be
assumed that along such short segments the influence of elastic scattering on the particles’ energy and
flight direction, and the change of the primary particles’ energy due to impact ionisation or excitation
can be neglected. In addition, it follows from the minor influence which charge changing processes of
higher-energy protons exert on their W-value [25] that it is unnecessary to take them into account.
In view of these facts and if only the ionisation component of track structure is taken into
account, the structure of α-particle track segments at an energy of a few MeV is almost exclusively
based on their ionisation cross-section, on the spectral and angular distribution of secondary electrons
produced by impact ionisation and on the properties of secondary electron degradation. The main steps
of the simulation of their track segments are therefore:
•

The determination of the distance to the successive point of ionisation impact interaction.

•

The determination of the energy and direction of the secondary electron set in motion.

•

The simulation of electron transport.

As in the case of electrons, the travelling distance between two successive interaction points of
α-particles can be calculated in the conventional way using an exponential probability density. In the
framework of the present model, this probability density is completely determined by the mean free
path length concerning impact ionisation. The appropriate ionisation cross-sections of a variety of
gases can be determined, for instance, from the semi-empirical model of Rudd, et al. [26] for protons,
or they can be derived from the Hansen-Kocbach-Stolterfoht (HKS) model published by ICRU [27].
If the Rudd model is applied, the cross-sections for α-particles or bare carbon ions at energy TION can
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be calculated from the proton data at energy TP = (mP/mION) × TION by multiplication with the square of
the effective charge of the projectile (mP or mION is the proton mass or the mass of an α-particle or a
carbon ion). To simulate the secondary electron distribution produced by impact ionisation of the light
ions, the semi-empirical model of Rudd, et al. [28] for protons can be applied, or again the HKS model
which gives not only the single-differential but also the double-differential cross-section with respect
to the energy and emission angle of secondary electrons. After determination of the secondary electron
energy, the polar angle of the electron’s flight direction relative to that of the primary light ion can be
sampled using the latter double-differential cross-section of the HKS model. The azimuthal angle of
the electron direction can be assumed to be uniformly distributed between 0 and 2π. For the details of
the simulation of track structure of heavy ions see, for instance, the publications by Zaider, et al. [16],
Grosswendt and Pszona [22], De Nardo, et al. [23], Krämer and Kraft [29], and Wilson and Nikjoo [30].
The application of the simulation of track structure in nanodosimetry
As mentioned above, the simplest simulation procedure applied in the past for the investigation of
radiation damage to sub-cellular structures (DNA, nucleosome, choromosome strand) is the
approximation of their geometrical properties by homogeneous cylinders. The special appeal of this
procedure is that it can be realised experimentally, at least in an approximate way (nanodosimetry),
and used for studying the stochastic nature of radiation interaction in nanometre-sized volumes.
To define a “nanometric” target in nanodosimetry, a gas-filled interaction chamber is employed, which
is operated at low gas pressure and includes a well-specified cylindrical volume. The investigation of
the stochastics of radiation interaction is performed with a measuring device which is able to count
single ions or single low-energy electrons produced within the cylindrical volume by ionising radiation
either due to primary particle interactions or due to interactions of secondary electrons. Figure 11
presents a schematic view of the measuring principle which is applicable for determining the probability
distribution P(ν,T) of ionisation cluster-size formation by single ionising particles at energy T. Here,
the ionisation cluster size is defined as exactly the number ν of ionisations which are produced by
single particles within a well-defined volume. This kind of measuring method was applied, for
instance, by Garty, et al. [31] for studying the formation of ionisation clusters by protons, α-particles
and carbon ions in nanometric volumes of propane at a density of 2.1 µg/cm3. To simulate a target of
nanometre size, a counting volume was used which had a mean diameter of about 3.7 mm. At the
applied propane density, the mass per area of this diameter was equal to 0.78 µg/cm2, which is
Figure 11. Schematic view of the measuring principle applied in
nanodosimetry to investigate the stochastics of radiation interaction
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equivalent to about 8 nm if a density of 1.0 g/cm3 is assumed. The latter procedure of simulating
nanometric biological targets by specified volumes, a few mm in diameter, of a low-pressure gas was
justified by Grosswendt [32] for propane-based tissue-equivalent gas, using liquid water as a substitute
to biological material. For detailed descriptions of other nanodosimetric measuring devices which
were applied to α-particles or electrons, see the publications by Grosswendt and Pszona [22] and
De Nardo, et al. [23].
To estimate what happens if an ionising particle traverses a cylindrical target at half its height
along a diameter, let us assume that inelastic interactions of secondary electrons within the target
volume can be neglected. In this case, the mean ionisation cluster size is equal to the ratio of the target
diameter to the mean free path length λion of primary particles as regards ionisation [32]. In view of
this fact, it is natural for purposes of radiation protection or radiation therapy to compare the mean
ionisation lengths λion of different radiation qualities in liquid water. Such data are plotted in Figure 12
for photons, electrons, protons, α-particles and bare carbon ions on a nanometre scale, as a function of
their initial energy. Here, the energy TION of light ions is expressed by the energy T of electrons at the
same velocity: T = (m/mION) × TION (m represents the electron mass and mION the mass of an ion).
For photons, the mean ionisation length λion at energy T was set equal to the mean free interaction
length λtot of photon scattering in water (see Figure 3). If we compare the photon data with those of
electrons, completely different interaction properties in matter become obvious. The path lengths
of photons are much longer than those of electrons, at least down to 100 eV, which proves again that
photon tracks can be interpreted as a collection of single electron tracks. As far as the interaction
properties of protons are concerned, it can be emphasised that at energies T greater than about 500 eV
(corresponding to a proton energy of about 0.92 MeV) their ionisation path lengths are almost the
same as those of electrons. As compared with the ionisation lengths of the other light ions at energies
T greater than 500 eV (corresponding to an α-particle energy of about 3.7 MeV and to an energy of
Figure 12. Mean free path length λion with respect to ionisation of
photons, electrons and light ions in liquid water as a function of energy T
◊ – photons, □ – electrons, ○ – protons, ∆ – α-particles, ∇ – bare carbon ions
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bare carbon ions of about 11 MeV), the values of λion of electrons or protons are greater than those of
the α-particles by almost a factor of four and greater than those of bare carbon ions by a factor of
about 36. In consequence, the mean distance between successive ionisation events due to carbon ions
should be smaller than that due to α-particles at the same velocity by a factor of about 9 and smaller
than that due to protons or electrons by a factor of about 36. Nevertheless, the strong ionisation
capability of low-energy electrons is obvious as their mean free ionisation path lengths at energies
around 150 eV are comparable with those of α-particles at T = 1.7 keV (see Figure 12) which
corresponds to an α-particle energy of about 12.5 MeV.
To give an impression of characteristic differences in the track structure of the four different
kinds of primary particles at the same velocity, Figure 13 shows examples of the ionisation component
of track segments, 100 nm in length at a density of 1.0 g/cm³, of a 2.72 keV electron, a 5 MeV proton,
a 20 MeV α-particle, and a bare 60 MeV carbon ion in propane. The similarity of the track segments
of electrons and protons is obvious, as is the increasing ionisation density within the track segments of
the α-particle and of the bare carbon ion with increasing ion charge. The dependence of the mean
ionisation cluster size in nanometric targets on radiation quality can be assumed to behave in a similar
manner. Hence, at the same velocity, the probability of large clusters should be much higher in the
case of an irradiation with bare carbon ions than with α-particles; and the probability of the formation
of larger clusters in the case of an irradiation with α-particles higher than with electrons or protons.
To demonstrate this fact, Figure 14 presents the probability distribution P(ν,T) of cluster size ν in a
cylindrical volume of propane, 2 nm in diameter and height at a density of 1.0 g/cm3, determined by
Monte Carlo simulation of the track structure of the three different types of light ions in question
(the results for 2.72 keV electrons are omitted because they are very similar to those of 5 MeV protons).
Figure 13. Track segment, 100 nm in length at a density of 1.0 g/cm³, of one 2.72 keV electron,
one 5 MeV proton, one 20 MeV α-particle and one 60 MeV bare carbon ion in propane
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Figure 14. Probability distribution P(ν,T) of the formation of ionisation cluster size ν by
light ions in a propane cylinder, 2 nm in diameter and height at a density of 1.0 g/cm³
● – 5 MeV protons, ■ – 20 MeV α-particles, ▲ – 60 MeV bare carbon ions

The probability distribution concerning the cluster-size formation by 5 MeV protons shows a very high
probability of zero cluster size followed by a very steep monotonous decrease of P(ν,T) with increasing
cluster size ν. As compared with protons, the probability distribution for 20 MeV α-particles looks
quite similar apart from a reduced probability of zero events and a less pronounced gradient. For bare
60 MeV carbon ions, however, a completely different probability distribution is obvious, with a very
low probability of cluster size zero and a marked maximum at cluster size 13. This very different
behaviour of P(ν,T) for light ions at the same velocity can be easily explained by the strong decrease
of the mean free ionisation path length of the particles with increasing ion charge.
Bearing in mind that the yields of clusters of multiple ionisation in sites, 2-3 nm in size, correlate
well with observed yields of double strand breaks of DNA [11], the probability of the formation of
ionisation clusters of size ν ≥ 2 in volumes, a few nm in diameter, should correlate with the cross-section
of radiation-induced biological effects. To check this assumption, the cumulative distribution function
F2(T) = Σ P(ν,T) for ν ≥ 2 was calculated for electrons, and plotted as a function of their mean free
path length λion with respect to ionisation in liquid water. Figure 15 shows the results for primary
electrons at energies between 20 eV and 100 keV in a cylinder, 2 nm in diameter and height [33].
The distribution function F2(T) versus λion looks like an arrow showing its top at λion = 1.41 nm which
corresponds to an electron energy of 150 eV (see Figure 12). The right-hand side of the arrow
represents the probability F2(T) of multiple ionisation as a function of λion at energies between 150 eV
and 100 keV, whereas the left-hand side represents F2(T) at lower energies. In order to correlate the
probability of cluster-size formation with radio-biological effects, F2(T) was scaled at an electron
energy of 200 eV to the bio-effect cross-sections σB of Simmons and Watt [13] for electrons or
X-rays, which are presented by the lower curve of Figure 10, as a function of the mean free ionisation
path length of electrons in liquid water. The scaled values of F2(T) are plotted in Figure 16 in
comparison with the bio-effect cross-sections given by Simmons and Watt, as a function of energy T.
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Figure 15. Cumulative distribution function F2(T) of electrons in a liquid water cylinder, 2 nm in
diameter and height, as a function of their mean free path length λion with respect to ionisation

Figure 16. Bio-effect cross section σB of electrons as a function of energy T
○ – cross-section σB for electrons and X-rays according to Simmons and Watt [13], ● – scaled distribution function F2(T)

At first glance, it can be seen that the energy dependence of the cross-section and of that of the scaled
distribution function is quite similar. The quantity F2(T) for nanometric volumes could, therefore, be
used as a physical measure which is strongly correlated to observed radio-biological effects. For further
details and a few aspects of the scaled distribution function for α-particles and photons, see the
publication by Grosswendt [33].
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Conclusion
To come to an end of the present overview, it can be stated that the simulation of track structure
of ionising particles is an indispensable tool for molecular radiation biology and nanodosimetry.
It allows the calculation of the initial distribution of interaction products in matter or of the initial
damage to sub-cellular structures which represent the starting points of the development of any
radiation-induced radio-chemical or radio-biological effect. In addition, it can be applied in radiation
metrology to study physical quantities which are measurable and directly correlate with the induction
of radiation damage to DNA. Here, one of the most promising topics, at present, is the investigation of
ionisation cluster-size formation in nanometric volumes which is based on the track structure of ionising
radiation and might be used in the future for a redefinition of radiation quality in terms of bio-effect
cross-sections.
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Abstract
The physics foundations of hadronic interactions as implemented in most Monte Carlo codes are
presented along with a few practical examples. The description of the relevant physics is schematically
split into the major steps in order to stress the different approaches required for a full understanding of
nuclear reactions at intermediate and high energies. Due to the complexity of the problem, only a few
semi-qualitative arguments are developed in this paper. The description will be forcibly schematic and
somewhat incomplete, but will hopefully be useful for a first introduction to this topic. Practical
examples taken from the FLUKA code are used throughout the paper in order to supplement the
theoretical description.
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Introduction
A very first question concerning the modelling of nuclear interactions could be, why Monte Carlo
and not different approaches? Actually, the Monte Carlo approach to nuclear reactions has several
advantages when used in full transport radiation codes. While several successful non-Monte-Carlo
models exist for low-medium energies (up to the pion production threshold), the description of nuclear
interactions when particle production is open becomes more and more complex and difficult to
accommodate within numerical models other than Monte Carlo.
Main steps of h-A interactions
The approach to hadronic interaction modelling presented here is the one adopted by most
state-of-the-art codes. In this “microscopic” approach, each step has a sound physical basis. Performances
are optimised comparing with particle production data at single interaction level. Absolutely no tuning
on “integral” data, like calorimeter resolutions, thick target yields, etc., is performed. Therefore, final
predictions are obtained with minimal free parameters, fixed for all energies and target/projectile
combinations. Results in complex cases as well as scaling laws and properties come out naturally from
the underlying physical models and the basic conservation laws are fulfilled a priori. All the
examples/results presented in the following have been obtained with FLUKA [1,2,3] and should be
typical of codes adopting similar approaches. High-energy hadron-nucleus (h-A) interactions can be
schematically described as a sequence of the following steps:
•

Glauber-Gribov cascade and high-energy collisions.

•

(Generalised) IntraNuclear cascade.

•

Pre-equilibrium emission.

•

Evaporation/fragmentation/fission and final de-excitations.

Individual aspects of the interaction simulation can be of particular relevance for some applications
rather than for others; for example, those critical for calorimetry applications are discussed in [4].
However the overall coherence of a successful model is based on its ability to describe very different
problems within the same, self-consistent, physics approach. Before briefly discussing each individual
step, a few words about the modelling of hadron-nucleon collisions are required in order to understand
more complex hadron-nucleus or nucleus-nucleus collisions.
Hadron-nucleon interaction models
A comprehensive understanding of hadron-nucleon interactions over a large energy range is of
course a basic ingredient for a sound description of hadron-nucleus interactions. Elastic, charge exchange
and strangeness exchange reactions, are described as far as possible by phase-shift analysis and/or fits
of experimental differential data. Standard eikonal approximations are often used at high energies.
At the low-energy end (below 100 MeV) the p-p and p-n cross-sections rapidly increase with
decreasing energy. There is a factor three at the lowest energies between the n-p and the p-p
cross-sections, as expected on the basis of symmetry and isospin considerations, while at high energies
they tend to be equal.
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The total cross-section for the two isospin components present in the nucleon-nucleon amplitude
is given by:
σ1T = σ pp
σ T0 = 2σ Tnp − σ Tpp

The same decomposition can be shown to apply for the elastic and reaction cross-sections as well.
The cross-section for pion-nucleon scattering is dominated by the existence of several direct
resonances, the most prominent one being the ∆(1232). Given the pion isotopic spin (T = 1), the three
π charge states correspond to the three values of Tz. Thus, in the pion-nucleon system two values of
T are allowed: T = 12 and T = 32 , and two independent scattering amplitudes, A and A , enter in the
1
2

3
2

cross-sections. Using Clebsh-Gordan coefficients all differential cross-sections can be derived from
the three measured ones: σ(π+p → π+p), σ(π–p → π–p), σ(π–p → π0n).
As soon as particle production (inelastic hadron-nucleon interactions) are concerned, the
description becomes immediately more complex. Two families of models are adopted, depending on
the projectile energy, those based on individual resonance production and decays, which cover the
energy range up to 3-5 GeV, and those based on quark/parton string models, which can provide
reliable results up to several tens of TeV.
h-N interactions at intermediate energies
The lowest threshold inelastic channel, single pion production, opens already around 290 MeV in
nucleon-nucleon interactions, and becomes important above 700 MeV. In pion-nucleon interactions
the production threshold is as low as 170 MeV. Both reactions are normally described in the
framework of the isobar model: all reactions proceed through an intermediate state containing at least
one resonance. There are two main classes of reactions, those which form a resonant intermediate state
(possible in π-nucleon reactions) and those which contain two particles in the intermediate state.
The former exhibit bumps in the cross-sections corresponding to the energy of the formed resonance.
Examples are reported below:
N 1 + N 2 → N 1′ + ∆(1232) → N 1′ + N 2′ + π
π + N → ∆ (1600 ) → π′ + ∆ (1232 ) → π′ + π′′ + N ′
N 1 + N 2 → ∆ 1 (1232) + ∆ 2 (1232) → N 1′ + π1 + N 2′ + π 2

Partial cross-sections can be obtained from one-boson exchange theories and/or folding of
Breit-Wigner with matrix elements fixed by N-N scattering or experimental data. Resonance energies,
widths, cross-sections, branching ratios are extracted from data and conservation laws, whenever
possible, making explicit use of spin and isospin relations. They can also be inferred from inclusive
cross-sections when needed.
For a discussion of resonance production, see for example [5,6,7].
Inelastic h-N interactions at high energies (DPM, QGSM, ...)
As soon as the projectile energy exceeds a few GeVs, the description in terms of resonance
production and decay becomes more and more difficult. The number of resonances which should be
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considered grows exponentially and their properties are often poorly known. Furthermore, the
assumption of one or two resonance creation is unable to reproduce the experimental finding that most
of the particle production at high energies occurs neither in the projectile nor the target fragmentation
region, but rather in the central region, for small values of Feynmann X variable. Different models,
based directly on quark degrees of freedom, must be introduced.
The features of “soft” interactions (low pT interactions) cannot be derived from the QCD
Lagrangian, because the large value taken by the running coupling constant prevents the use of
perturbation theory. Models based on interacting strings emerged as a powerful tool in understanding
QCD at the soft hadronic scale, that is in the non-perturbative regime. An interacting string theory
naturally leads to a topological expansion. In QCD, gluons are coloured, thus strongly self-interacting.
Suppose quarks are held together by colour lines of force, the gluon-gluon interaction will pull them
together into the form of a tube or a string. Since quarks are confined, the energy required to “stretch”
such a string is increasingly large until it suffices to materialise a quark/anti-quark couple from the
vacuum and the string breaks into two shorter ones, with still quarks at both ends. Hence because of
quark confinement, theories based on interacting strings are powerful tools in understanding QCD at
the soft hadronic scale, that is in the non-perturbative regime. An interacting string theory naturally
leads to a topological expansion. At high energies, such an expansion had already been developed
before the establishment of QCD: the Reggeon-Pomeron calculus in the framework of perturbative
Reggeon Field Theory. The Dual Parton Model [8] is one of these models (another very similar
example is the Quark-Gluon-String-Model [9,10]) and it is built introducing partonic ideas into a
topological expansion which explicitly incorporates the constraints of duality and unitarity, typical of
Regge’s theory. In DPM hadrons are considered as open strings with quarks, anti-quarks or di-quarks
sitting at the ends; mesons (colourless combination of a quark and an anti-quark qq ) are strings with
their valence quark and anti-quark at the ends. At sufficiently high energies the leading term in the
interactions corresponds to a Pomeron (IP) exchange (a closed string exchange), which has a cylinder
topology. When an unitarity cut is applied to the cylindrical Pomeron two hadronic chains are left as
the sources of particle production. While the partons out of which chains are stretched carry a net
colour, the chains themselves are built in such a way as to carry no net colour, or to be more exact to
constitute colour singlets like all naturally occurring hadrons. As a consequence of colour exchange in
the interaction, each colliding hadron splits into two coloured systems, one carrying colour charge c
and the other c . The system with colour charge c ( c ) of one hadron combines with the system of
complementary colour of the other hadron, to form two colour-neutral chains. These chains appear as
two back-to-back jets in their own centre-of-mass systems.
The exact way of building up these chains depends on the nature of the projectile-target
combination (baryon-baryon, meson-baryon, anti-baryon-baryon, meson-meson); examples are shown
in Figures 1 and 2, and further details can be found in the original DPM references [8,3].
The chains produced in an interaction are then hadronised. DPM gives no prescriptions on this
stage of the reaction. All the available chain hadronisation models, however, rely on the same basic
assumptions, the most important one being chain universality; that is, chain hadronisation does not
depend on the particular process which originated the chain, and that until the chain energy is much
larger than the mass of the hadrons to be produced, the fragmentation functions (which describe the
momentum fraction carried by each hadron) are the same. As a consequence, fragmentation functions
can in principle be derived from hard processes and e+e– data and the same functions and (few)
parameters should be valid for all reactions and energies; actually mass and threshold effects are
non-negligible at the typical chain energies involved in hadron-nucleus reactions. Transverse
momentum is usually added according to uncertainty considerations. The examples in Figures 3 and 4
show the ability of the FLUKA, DPM-based model to reproduce the features of particle production;
further examples can be found in [1,3].
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Figure 1. Leading two-chain diagram in DPM for p-p scattering. The colour
(r – red, b – blue, g – green, r – anti-red, b – anti-blue and g – anti-green) and
quark combination shown in the figure is just one of the allowed possibilities.

Figure 2. One of leading two-chain diagrams in DPM for π+p scattering. The colour
and quark combination shown in each figure is just one of the allowed possibilities.
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Figure 3. Feynman x F∗ spectra of positive and negative particles from (π+,p) at 250 GeV/c
Exp. data (symbols) from [11].

Figure 4. Transverse momentum (pT) spectra of positive
and negative particles from (π+,p) at 250 GeV/c
Exp. data (symbols) from [11].
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(Generalised) IntraNuclear Cascade basic assumptions
At energies high enough to consider coherent effects as corrections, a hadron-nucleus (h-A)
reaction can be described as a cascade of two-body interactions, concerning the projectile and the
reaction products. This is the mechanism called IntraNuclear Cascade (INC). INC models were
developed at the infancy of the computer era with great success in describing the basic features of
nuclear interactions in the 0.2-2 GeV range. Modern INC models had to incorporate many more ideas
and effects in order to describe in reasonable way reactions at higher and lower energies. Despite
particle trajectories being described classically, many quantistic effects have to be incorporated in
these (Generalised)INC models, such as Pauli blocking, formation time, coherence length, nucleon
anti-symmetrisation and hard core nucleon correlations. A thorough description of the (G)INC model
used in FLUKA can be found in [1,3]. The basic assumptions are:
•

Primary and secondary particles moving in the nuclear medium.

•

Interaction probability from σfree + Fermi motion × ρ(r) + exceptions (ex. π).

•

Glauber cascade at high energies.

•

Classical trajectories (+) nuclear mean potential (resonant for πs!!).

•

Curvature from nuclear potential → refraction and reflection.

•

Interactions are incoherent and uncorrelated.

•

Interactions in projectile-target nucleon CMS → Lorentz boosts.

•

Multi-body absorption for π, µ–, K–.

•

Quantum effects (Pauli, formation zone, correlations...).

•

Exact conservation of energy, momenta and all additive quantum numbers, including nuclear
recoil.

h-A at high energies: the Glauber-Gribov cascade
The Glauber [12,13] formalism provides a powerful and elegant method to derive elastic,
quasi-elastic and absorption h-A cross-sections from the free hadron-nucleon cross-section and the
nuclear ground state only. Inelastic interactions are equivalent to multiple interactions of the projectile
with ν target nucleons. The number of such “primary” interactions follows a binomial distribution (at a
given impact parameter, b):
A− ν
Pr ν (b ) ≡ §¨ A ·¸ Prν (b )[1 − Pr (b )]
ν
© ¹

where Pr(b) ≡ σhN rTr(b), and Tr(b) is the profile function (folding of nuclear density and scattering
profiles along the path). On average:
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< ν >=

Zσ hp r + Nσ hn r
σ hA abs


A
σ hA abs (s ) = d 2 b 1 − (1 − σ hN r (s )Tr (b ))

³

[

]

The Glauber-Gribov [14-16] model represents the diagram interpretation of the Glauber cascade.
The ν interactions of the projectile originate 2ν chains, out of which two chains (valence-valence
chains) struck between the projectile and target valence (di)quarks, 2(ν – 1) chains (sea-valence
chains) between projectile sea q – q and target valence (di)quarks.
A pictorial example of the chain building process is depicted in Figure 5 for p-A: similar
diagrams apply to π-A and p -A respectively.
Figure 5. Leading two-chain diagrams in DPM for p-A Glauber scattering with four collisions.
The colour and quark combinations shown in the figure are just one of the allowed possibilities.

The distribution of the projectile energy among many chains naturally softens the energy
distributions of reaction products and boosts the multiplicity with respect to hadron-hadron
interactions (see Figure 6). The building up of the multiplicity distribution from the multiple collisions
can be appreciated from Figure 7, where the multiplicity distribution for Al and Au targets at
250 GeV/c are presented together. In this way, the model accounts for the major A-dependent features
without any degree of freedom, except in the treatment of mass effects at low energies.
The Fermi motion of the target nucleons must be included to obtain the correct kinematics, in
particular the smearing of pT distributions. All nuclear effects on the secondaries are accounted for by
the subsequent (G)INC.
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Figure 6. Rapidity distribution of charged particles produced in 200 GeV
proton collisions on hydrogen, argon and xenon target, data from [17]

Figure 7. Multiplicity distribution of negative shower particles for
250 GeV/c K+ on aluminium and gold targets (right), data from [18]
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Formation Zone
The Formation Zone concept is essential to understand the observed reduction of the re-interaction
probability with respect of the naive free cross-section assumption. It can be understood as a
“materialisation” time. A qualitative estimate can be given as follows: in the frame where p = 0, the
time necessary for materialisation t is:
t = ∆t ≈


=
ET


pT2 + M 2

Going to lab system:
t lab =

Elab
E
t = 2 lab 2
ET
pT + M

The condition for possible re-interaction inside a nucleus is:
υ ⋅ t lab ≤ R A ≈ r0 A

1
3

At high energies, the “fast” (from the emulsion language) particles produced in the Glauber
cascade have a high probability to materialise already outside the nucleus without triggering a
secondary cascade. Only a small fraction of the projectile energy is thus left available for the INC and
the evaporation (see Figure 9 and the section entitled h-A at high energies: The invariance of the
target fragmentation region).
Coherence length
Another critical issue is the “coherence” length after elastic, or quasi-elastic reactions. In analogy
with the formation zone concept, such interactions cannot be localised better than the position
uncertainty connected with the four-momentum transfer of the collision. Re-interactions occurring at
distances shorter than the coherence length would undergo interference and cannot be treated as
independent interactions on other nucleons. The coherence length concept has been applied to the
secondaries in elastic, quasi-elastic or more generally quasi-two-body interactions, with the following
recipe: given a two-body interaction with four-momentum transfer q = p1i – p1f , between a particle
1i and a nucleon 2i with final particles (which could be resonances) 1f and 2f the energy transfer seen
in a frame where the particle 2 is at rest is given by:
∆E 2 = ν 2 =

q ⋅ p 2i
m2

(1)

From the uncertainty principle this ∆E corresponds to an indetermination in proper time given by
∆τ ⋅ ∆E2 = , that boosted to the lab frame gives a coherence length:
∆xlab =

p 2 lab
p

⋅ ∆τ = 2lab
m2
m2 ν 2
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(2)

Intermediate energy pions in nuclei
An accurate description of pion production and interactions is essential in many problems
involving hadronic showers, for instance in the evaluation of doses, radiation damage and single-event
upset rates in mixed field generated by high energy beams, both at accelerators and at aircraft altitudes
and in open space due to galactic cosmic rays and solar particle events. A proper description of pion
interactions on nuclei in the sub-GeV energy range should take into account:
•

The resonant nature of the π-N interaction, mostly dominated by the ∆(1232).

•

The effect of the nuclear medium on the π-N interaction.

•

The possibility of absorption (both s-wave and p-wave) on two or more nucleons.

•

The resonant nature of the pion-nucleus potential, which varies rapidly with the pion energy.

In particular, the importance of multi-nucleon pion absorption can be easily estimated from the
values in Figure 8, where available experimental data are compared with FLUKA predictions. Further
details are outside the scope of the present paper; a more detailed description can be found in
Refs. [3,19].
Figure 8. Computed and experimental [20,21] pion absorption cross-section
on aluminium (left) and on gold or bismuth (right) as a function of energy

Pre-equilibrium
At energies lower than the π production threshold a variety of pre-equilibrium models have been
developed [22] following two leading approaches: the quantum-mechanical multi-step model and the
exciton model. The former has very good theoretical background but is quite complex, while the latter
relies on statistical assumptions, and it is simple and fast. Exciton-based models are often used in
Monte Carlo codes to join the INC stage of the reaction to the equilibrium one.
As an example the main lines of the FLUKA implementation are outlined in the following. The INC
step goes on until all nucleons are below a smooth threshold around 50 MeV, and all particles but
nucleons (typically pions) have been emitted or absorbed. At the end of the INC stage a few particles
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may have been emitted and the input configuration for the pre-equilibrium stage is characterised by the
total number of protons and neutrons, by the number of particle-like excitons (nucleons excited above
the Fermi level), and of hole-like excitons (holes created in the Fermi sea by the INC interactions), by
the “compound” nucleus excitation energy (actually the nucleus is not yet at all in a equilibrated state
and the term “compound” is somewhat incorrect), and by the “compound” nucleus momentum. All the
above quantities can be derived by proper counting of what occurred during the INC stage. The exciton
formalism of FLUKA follows that of M. Blann and co-workers [23-26], with some modifications:
•

Inverse cross-sections from systematics.

•

Correlation/formation zone/hardcore effects on re-interactions: the escape probability for an
exciton in the continuum is calculated as sum of the probabilities in three zones. The first is the
largest between the hardcore and the formation ones, the second extends up to the correlation
radius (here re-interactions are allowed only on the non-correlated nucleon specie), the third
is the remaining nuclear volume.

•

Constrained exciton state densities for the configurations 1p-1h, 2p-1h, 1p-2h, 2p-2h, 3p-1h
and 3p-2h.

•

Energy-dependent form for the single particle density gx [27].

•

Position dependent parameters = point-like values:

− First step – nh holes generated in the INC step at positions xi :


ρ(x )
¦
=
nh

ρ

loc
nh

i =1

i

nh

; E

loc
F nh

¦
=


E
F ( xi )
i =1
nh

(3)

nh

− When looking at re-interaction – consider neighbourhood:
ρ nei
nh =

ave
nh E Flocnh + EFave
nh ρloc
nh + ρ
; E Fneinh =
nh + 1
nh + 1

(4)

− Subsequent steps – go towards average quantities:
nei
ρloc
; E Flocnh +1 = E Fneinh
nh +1 = ρ nh

•

(5)

Angular distributions of emitted particles in the fast particle approximation.

For further details see Ref. [3].
Evaporation, fission and nuclear break-up
At the end of the reaction chain, the nucleus is a thermally equilibrated system, characterised by
its excitation energy. This system can “evaporate” nucleons, or fragments, or γ rays, or even fission, to
dissipate the residual excitation. The evaporation and fission probability for a particle of type j, mass
mj, spin Sj ⋅  and kinetic energy E are given by [28]:
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Pj =
PF =

(2S j + 1)m j
π
2

3

1
1
2π ρ i (U i )

U i −Q j − ∆ f

³

Vj

³

(U − BF )

0

σ inv

ρ f (U f )
EdE
ρ i (U i )

ρ F (U − B F − E )dE

where ρ is the nuclear level density, Ui and Uf are the excitation energy of the initial and final nuclei,
BF is the fission barrier, Qj the reaction Q for emitting a particle of type j, and σinv is the cross-section
for the inverse process, which takes into account a possible Coulomb barrier. Under standard
approximations, the evaporation spectrum has a Maxwellian shape:
Pj (E )dE ≈ K Ee − TE dE

(

)

where T T ≈ U − ∆ a is the nuclear temperature, usually in the MeV range (a is level density
parameter ≈ A/8 MeV , and ∆ is the pairing energy).
–1

Neutron emission is favoured over charged particle emission, due to the Coulomb barrier,
especially for medium-heavy nuclei. Moreover, the excitation energy is higher in heavier nuclei due to
the larger cascading chances and larger number of primary collision in the Glauber cascade at high
energies, and a is smaller, thus the average neutron energy is smaller. Therefore, the neutron multiplicity
is higher for heavy nuclei than for light ones. For light residual nuclei, where the excitation energy
may overwhelm the total binding energy, a statistical fragmentation (Fermi Break-up) model is more
appropriate (see [1,3,29] for the FLUKA implementation).
The evaporation/fission/break-up processes represent the last stage of a nuclear interaction and
are responsible for the exact nature of the residuals left after the interactions. However, for a coherent
self-consistent model, the mass spectrum of residuals is highly constrained by the excitation energy
distribution found in the slow stages, which in turn is directly related to the amount of primary
collisions and following cascading which took place in the fast stages.
h-A at high energies: The invariance of the target fragmentation region
The description of nuclear interactions as a sequence of well-defined physics processes, each one
governed by its own laws, is very useful in understanding the complex dynamics of these collisions,
and leads also to a natural Monte Carlo implementation, in which each stage begins at the final state of
the previous one. The power of this approach will be demonstrated in the following, where the most
basic properties of hadron-nuclear collisions in the multi-GeV range are explained by means of the
concepts introduced in the previous sections.
The Glauber cascade and the formation zone act together in reaching a regime where the “slow”
part of the interaction is almost independent of the particle energy. This can easily be verified looking
at charged particle average multiplicities and multiplicity distributions as a function of energy (Figure 9).
“Fast” (or “shower”) tracks (charged particles with β = vc > 0.7 ), coming from the projectile primary
interactions, show the typical ≈ logarithmic increase observed for h-N interactions. As previously
shown in Figures 6 and 7, the average multiplicity and its variance are directly related to the
distribution of primary collisions as predicted by the Glauber approach. Due to the very slow variation
of hadron-nucleon cross-section from a few GeV up to a few TeVs, the Glauber cascade is almost
energy independent and the rise in the multiplicity of “fast” particles is related only to the increased
multiplicity of the elementary h-N interactions.
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Figure 9. Shower, grey and black tracks multiplicities for π– (left) and protons
(right) on emulsion, as a function of the projectile momentum. Open symbols
are experimental data from various sources, full symbols are FLUKA results.

Due to the onset of formation zone effects, most of the hadrons produced in the primary collisions
escape the nucleus without further re-interactions. Further cascading only involves the slow fragments
produced in the target fragmentation region of each primary interaction, and therefore it tends to
quickly saturate with energy as the Glauber cascade reaches its asymptotic regime. This trend is well
reflected in the average multiplicity (and multiplicity distribution) of “grey” tracks (charged particles
with 0.3 < β < 0.7), which are mostly protons produced in secondary collisions during the intranuclear
cascade and pre-equilibrium phases.
At the end of the cascading process, the residual excitation energy is directly related to the
number of primary and secondary collisions that took place. Each collision indeed leaves a “hole” in
the Fermi sea which carries an excitation energy related to its depth in the Fermi sea. According to the
considerations outlined previously, evaporation products as well as residual excitation functions should
reach an almost constant condition as soon as the Glauber mechanism and the formation zone are fully
developed. This can be verified looking at the production of “black” tracks (charged particles with
β < 0.3), which are mostly evaporation products. The data reported in Figure 9 demonstrate how they
saturate as well, and how this property is nicely reproduced by models based on the assumptions
outlined in this paper.
The ultimate nature of the residual left after an interaction also depends on complicated details of
nuclear structure which are often difficult to include in a Monte Carlo approach. In particular, spinand parity-dependent calculations are unmanageable due to their complexity, and in any case would be
fairly useless due to the impossibility of accounting for these quantum numbers during the fast stages
of the reactions. Nevertheless the general features of isotope production are reasonably reproduced;
Figure 10 shows the computed and measured mass distributions of residuals after 300 GeV proton
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Figure 10. Residual nuclei mass distribution.
Experimental data are from [30] for silver and [31] for gold.

interactions on silver and 800 GeV protons on gold. The agreement is fairly good in the spallation
region close to the target mass, and still reasonable down to very light masses where the observed
discrepancy is due more to the lack of a fragmentation model in the calculation than to deficiencies in
the physics of the fast stages.
Recent examples of successful applications to complex problems of models like those described
in this paper can be found in [32-34].
Examples of (G)INC calculations
In the previous sections, a brief description of the processes occurring during hadronic inelastic
interactions in the energy range of interest was given. In the present section, a few representative
comparisons between model results and experimental data on particle production in the energy range
of interest are discussed. All the presented results were obtained using the FLUKA code, and most of
them rely on the model used for the intermediate energy range, known as PEANUT (PreEquilibrium
Approach to NUclear Thermalization). This model combines both an INC part and a pre-equilibrium
part. Nuclear potential effects (refraction and reflection) are modelled into the code, as well as quantistic
effects, like Pauli blocking, nucleon-nucleon correlations, fermion anti-symmetrisation, coherence
length and formation zone. For pion-induced interactions, the approach of PEANUT is very different
from all other available (G)INC codes, none of which includes a complex optical potential or absorption
effects computed according to modern approaches.
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From plain INC to more complex models
Weaknesses of traditional INC codes have been described in the literature for quite some time.
Some examples are given here in an attempt to illustrate the sources of such deficiencies. In order to
demonstrate the effect of the various ingredients, the same projectile-target combination, 80.5 MeV
protons on 90Zr, has been computed under different assumptions and the results compared with
experimental data [35,36]. Four different trials were performed, always using PEANUT with all or
only a few of the ingredients at work. The results of the exercise are presented in Figures 11-14 for
(p,xn) and in Figures 15-18 for (p,xp). In all these figures as well as in following ones, experimental
data are plotted as full symbols joined by a line, while model results are given either by symbols with
error bars or by histograms with shaded areas representing the statistical error.
Figure 11. 90Zr(p,xn) at 80.5 MeV, plain INC (see text) calculation

Figure 12. 90Zr(p,xn) at 80.5 MeV, plain INC plus pre-equilibrium (see text) calculation
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Figure 13. 90Zr(p,xn) at 80.5 MeV, PEANUT (see text)
calculation with no quantum effect, but Pauli blocking

Figure 14. 90Zr(p,xn) at 80.5 MeV, full PEANUT (see text) calculation
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Figure 15. 90Zr(p,xp) at 80.5 MeV, plain INC (see text) calculation

Figure 16. 90Zr(p,xp) at 80.5 MeV, plain INC plus pre-equilibrium (see text) calculation
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Figure 17. 90Zr(p,xp) at 80.5 MeV, PEANUT (see text)
calculation with no quantum effect, but Pauli blocking

Figure 18. 90Zr(p,xp) at 80.5 MeV, full PEANUT (see text) calculation
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The first attempt (Figures 11,15) was performed using a plain INC approach with no pre-equilibrium
stage, no refraction and reflection and only Pauli blocking activated among the quantistic effects.
The transport threshold for secondary nucleons was set equal to the average binding energy. As can
be easily seen, results are very poor, with an overestimation of the forward peak and a strong
underestimation of backward angle emission. These results were obtained with assumptions which are
quite consistent with those used by the “classical” INC models but, as usual in PEANUT, the binding
energy has been correctly set at each emission stage to match the actual reaction Q-value.
The second trial does not yet use refraction and reflection but the pre-equilibrium stage is there.
There is a clear improvement in the results, particularly at backward angles, but large discrepancies
still exist.
The third trial was performed switching on all the refraction and reflection machinery, but still
limiting the quantistic effects to Pauli blocking alone. There is a great improvement, with a reasonable
description of backward angles, though discrepancies still exist at the forward ones. The reason for
these last deficiencies is related to the effect of particle curvature in the nucleus which both increases
the particle track length and hence the re-interaction probability, and at the same time “pushes”
particles towards the nucleus centre, again increasing the interaction probability.
The fourth and last trial was performed with all quantistic effects on, that is with coherence
length, nucleon correlation and fermion anti-symmetrisation effects on. Clearly they are effective in
increasing particle mean free paths in the nuclear medium resulting in a quite reasonable description of
the whole spectrum at all angles.
The effect of particle curvature on interaction rates is typical of INC codes which include
refraction and reflection [37,38]. The reason for the good results, at least for angle-integrated spectra,
of INC models based on straight trajectories (like the old Bertini INC) probably lies in the compensating
effect of the lack both of mechanisms able to lengthen particle mean free paths, and of the curvature
effect which operates in the opposite direction. The price is a poor description of angular distributions,
at least for energies not much larger than typical potential energies.
Two examples of charged pion production (and possibly re-interaction) along the lines described
earlier (see h-N interactions at intermediate energies and Intermediate energy pions in nuclei) at
intermediate energies can be found in Figure 19, compared with available experimental data. Many
more examples can be found in Refs. [1-3].
Coalescence
Composite particles, ranging from deuterons to alphas and even larger fragments, can obviously
be emitted during the interaction “slow” stages (evaporation, fission, fragmentation, see Evaporation,
fission and nuclear break-up). However, higher-energy, lower-intensity composite fragments can also
be emitted through non-equilibrium processes. In particular mechanisms based on coalescence of
energetic individual nucleons or light fragments into larger fragments when close in phase space were
proposed many years ago as a natural explanation of high-energy composite particle production [40].
These ions, even though relatively rare, can have a substantial dosimetric impact and should not be
neglected. An example of triton production by means of the coalescence model embedded into
FLUKA is shown in Figure 20 compared with available experimental data [41].
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Figure 19. Double-differential distributions of charged pions
produced by neutrons of <En> = 383 (left) and 542 MeV (right)
Experimental data from [39]

Figure 20. Double-differential distributions of tritons produced by neutrons of <En> = 38
Experimental data from [41]
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Nucleus-nucleus collisions
The topic of ion-ion nuclear interactions is very wide and cannot be treated in an exhaustive way
in an introductory paper like the present one.
Only a few hints will be given in the following for a proper generalisation of intranuclear cascade
approach to nucleus-nucleus collisions.
The approach to nucleus-nucleus cascading
In the intermediate-energy range (≈ 100 MeV/n to few GeV/n), as well for the cascade part of
high-energy reactions, three main classes of microscopic models are suitable for Monte Carlo
applications. These are all microscopic kinetic models including the propagation and mutual
interactions of pion and nucleon resonances. Similar two-body collision terms, mostly based on free
scattering, are used for individual hadron-hadron collisions in strict analogy with the hadron-nucleus
case. The three approaches differ mostly in their treatment of the nuclear field and the corresponding
propagation of particles in the nuclear medium.
•

•

•

(Generalised) IntraNuclear Cascade models:
–

Nucleon mean field.

–

Semi-classical trajectories.

Quantum Molecular Dynamics models [45,46]:
–

Gaussian packet wave functions for nucleons.

–

Nucleon mean field as the sum of two-body potentials.

BUU (Boltzmann-Uehling-Uhlenbeck) equation-based models [47-50]:
–

Time evolution equation of the nucleon (pions...) one-body phase-space distribution.

–

Test particle method (semi-classical trajectories in a self-consistent mean field).

(G)INC and QMD models have been successfully implemented into Monte Carlo generators and
sometimes extended up to very high energies (see for example [46,51-57]) and to the treatment of all
hadrons by means of the Glauber approach extended to AA collisions and of string models (like DPM).
FLUKA has been successfully extended [58] to cover nucleus-nucleus collisions, using the
DPMJET [51-54] code at high (> 5 GeV/n) energies, and an extensively modified version of the
RQMD-2.4 code[55-57]. Examples of the performances of FLUKA when running with the modified
RQMD-2.4 model are presented in Figure 21 compared with experimental data for fragment
production at 1.05 GeV/n.
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Figure 21. Fragment charge cross-sections for 1.05 GeV/n Fe ions on Al (left) and Cu (right)
♠ – FLUKA, ❍ – Zeitlin, et al. [60], ❏ – (1.5 GeV/n) Cummings, et al. [62], ∆ – (1.88 GeV/n) Westfall, et al. [61]

The Glauber formulation for A-A collisions
The extension of the Glauber approach to nucleus-nucleus collisions is a classical approach and
the details can be easily found in the literature (i.e. [42-44]).
When extended to nucleus-nucleus collisions, the Glauber quantum mechanical approach leads to
(B and A nucleons for the projectile/target respectively):
σ BA

abs
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where, as usual, σBA abs(s) is the absorption (particle production) cross-section as a function of the
centre of mass energy, σBA T(s) is the total one, σBA el(s) the (coherent) elastic one and σBA qe(s) the
quasi-elastic (incoherent elastic) cross-section. All of them can be computed out of the Glauber
formalism.
The string interpretation for the Glauber cascade in nucleus-nucleus collision is similar to the one
of hadron-nucleus reactions. In addition to valence-valence and sea-valence chains, sea-sea chains are
also possible when both the projectile and target nucleon of a specific term in the Glauber expansion
suffer more than one primary collision.
Once the primary collision configuration is selected according to this formalism, the description
proceeds pretty much in the same way as in the hadron-nucleus case. Chains are stretched and
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hadronised, the formation zone is taken into account and possible cascading in both the projectile and
target nucleus is performed. At the end of the fast stages, spectator nucleons and nucleons which have
not escaped the system are grouped into projectile- and target-like residuals each one with the excitation
energy resulting from the previous events. Evaporation/fission/fragmentation is then performed for
both the projectile and target residuals. An example of an implementation along these ideas can be
found in [59].
Conclusions
Hadron interaction modelling is advanced enough to provide reliable estimates of particle
production and propagation under most circumstances. Most of the basic features of nuclear interactions
can be understood in terms of a general scheme where the fast, cascade, pre-equilibrium and equilibrium
(“slow”) stages can be naturally concatenated, each one explaining for some of the experimental
observables, and linked together in a coherent and self-consistent picture. This approach can be
naturally exploited in Monte Carlo models which become very powerful tools in predicting interaction
properties over a wide energy range and for a variety of applications, ranging from basic research to
applied physics.
These features make them ideal tools for dosimetry calculations, where all particle species must
be correctly described over a wide energy range, which spans from sub-MeV heavy recoils up to
several tens or hundreds of GeV (or GeV/n) for commercial and space mission dosimetry.
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MODELLING CHARGED-PARTICLE ENERGY-LOSS STRAGGLING
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Abstract
We present the current forms of the algorithms used to model collisional energy-loss straggling for
electrons and for heavy charged particles in MCNP5 and MCNPX. We also describe a recent
improvement in the logic for applying the straggling models for heavy charged particles, and show
illustrative results for the improved logic.
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Introduction
Monte Carlo simulation of charged-particle transport is a difficult matter. In contrast to neutral
particles, whose transport can be regarded as a series of free flights between isolated, localised
interactions, charged particles in matter experience very large numbers of small, long-range Coulomb
interactions with atomic electrons and with the screened charges of nuclei. This circumstance makes
the cost of a direct Monte Carlo simulation of charged-particle transport prohibitive for most situations
of practical interest, even with present-day computers. In order to achieve a manageable Monte Carlo
capability, it has been necessary to rely on a variety of analytic and semi-analytic multiple scattering
theories which attempt to use the fundamental cross-sections and the statistical nature of the transport
process to predict probability distributions for significant quantities, such as energy loss and angular
deflection. These theories are limited by a variety of approximations and constraints; in particular they
are generally invalid unless the energy loss of the charged particle is small compared to its starting
energy. Therefore multiple scattering theories must be applied for sufficiently short paths along the
charged particle’s trajectory. The technique of dividing the charged particle’s trajectory into segments
that are large compared to the microscopic mean free path, but small enough for the application of
multiple scattering theories is called the “condensed history” method. This approach to Monte Carlo
for charged particles was essentially invented by Martin J. Berger, whose 1963 paper [1] described the
techniques that have guided Monte Carlo code development ever since. Based on the methods of that
work, Berger and Stephen M. Seltzer developed the ETRAN series of electron/photon transport
codes [2]. These codes have been maintained and enhanced for many years at the National Institute of
Standards and Technology, and are the basis for the Integrated TIGER Series (ITS) [3,4], a system of
general-purpose, application-oriented electron/photon transport codes developed by John A. Halbleib,
Ronald P. Kensek, and others at Sandia National Laboratories. The electron transport physics of
the MCNP code [5] is largely based on that of the Integrated TIGER Series. In this paper we will
concentrate on two of the multiple scattering theories important to MCNP and to its high-energy
version MCNPX [6]. These are the Landau [7] theory for energy-loss straggling of electrons and the
Vavilov [8] theory applicable to heavy charged particles. We will also discuss a recent improvement in
the detailed logic of heavy charged particle transport relevant to the application of the Vavilov model.
Landau theory for electron energy-loss straggling
For the mean collisional energy loss of electrons, MCNP uses an analytic representation given by
Berger [1] based on a combination of the Bethe-Bloch stopping power [9-11] and the Møller [12]
cross-section for electron-electron scattering. Because an electron step represents the cumulative effect
of many individual random collisions, fluctuations in the energy loss rate will occur. Thus the energy
loss will not simply be the mean collisional energy loss ∆ ; rather there will be a probability distribution
f(s,∆)d∆ from which the energy loss ∆ for the step of length s can be sampled. Landau [7] studied this
situation under the simplifying assumptions that the mean energy loss for a step is small compared
with the electron’s energy, that the energy parameter ξ defined below is large compared with the mean
excitation energy of the medium, that the distribution of energy losses ε from individual collisions can
be adequately represented (above some minimum related to the mean ionisation energy) by:
w(ε ) =

ξ
sε 2

(1)

based on the Rutherford [13] cross-section, and that the formal upper limit of the individual energy
losses ε can be extended to infinity. With these simplifications, Landau found that the energy loss
distribution can be expressed as:
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f (s , ∆ )d∆ = φ(λ )dλ

in terms of fφ(λ), a universal function of a single scaled variable:
λ=

ª 2ξmv 2 º
∆
+ δ + β2 −1 + C
− log «
2
2 »
(
)
I
−
β
ξ
1
¬
¼

(2)

Here m and v are the mass and speed of the electron, δ is the density effect correction, β is v/c, I is the
mean excitation energy of the medium, and C is Euler’s constant (C = 0.5772157...). The parameter ξ
is defined by:
2πe 4 NZz 2
s
mv 2

ξ=

where e is the charge of the electron, NZ is the number density of atomic electrons, and z is the charge
of the projectile (z = -1 for electrons). The universal function is:
φλ =

1
2πi

³

x + i∞

x − i∞

e µlogµ + λµ dµ

(3)

where x is a positive real number specifying the line of integration.
For purposes of sampling, φ(λ) is negligible for λ < -4, so this range is ignored. Börsch-Supan [14]
originally tabulated φ(λ) in the range -4 ≤ λ ≤ 100, and derived for the range λ > 100 the asymptotic
form:
φ(λ ) ≈

1
w + π2

(4)

2

in terms of the auxiliary variable w, where λ = w + logw + C – 3/2. The developers of the ITS code
have extended Börsch-Supan’s tabulation, keeping the same range, but increasing the resolution.
Sampling from this tabular distribution accounts for approximately 98.96% of the cumulative
probability for φ(λ). For the remaining large-λ tail of the distribution, ITS uses the approximate form
φ(λ) ≈ w–2, which is easier to sample than Eq. (4), but is still quite accurate for λ > 100. Currently,
MCNP follows the same procedures as ITS for the sampling of straggling.
Blunck and Leisegang [15] have extended Landau’s result to include the second moment of the
expansion of the cross-section. Their result can be expressed as a convolution of Landau’s distribution
with a Gaussian distribution:
f * (s , ∆ ) =

1
2 πσ

³

∞

−∞

ª (∆ − ∆ ′)2 º
f (s , ∆ ′)exp «−
» d∆ ′
2σ 2 ¼
¬

Blunck and Westphal [16] provided a simple form for the variance of this Gaussian:
σ 2BW = 10 eV ⋅ Z 4 3 ∆
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Subsequently, Chechin and Ermilova [17] investigated the Landau/Blunck-Leisegang theory, and
derived an estimate for the relative error:
ε CE

3
ª10ξ §
ξ · º
≈«
¨1 +
¸ »
«¬ I © 10 I ¹ »¼

−1 2

due to the neglect of higher-order moments. Based on this work, Seltzer [18] describes and recommends
a correction to the Blunck-Westphal variance:
σ=

σ BW
1 + 3ε CE

This completes the purely theoretical description of the Landau straggling model as it is used in
ITS and essentially identically in MCNP and MCNPX. However, examination of Eq. (2) and Eq. (4)
shows that unrestricted sampling of λ will not result in a finite mean energy loss. Therefore, a final
ad hoc adjustment to the sampling algorithm must be made. In the initialisation phase of the codes, a
material- and energy-dependent cut-off λc is computed subject to the condition that the integral of the
energy-loss distribution up to λc gives the correct mean energy loss. During the transport phase, this
cut-off is imposed as an upper limit on the sampled value of λ. In this way, the correct mean energy
loss is preserved.
Vavilov theory for heavy charged-particle straggling
For heavier charged particles losing energy through collisions with atomic electrons, a more
realistic theory is needed. In particular the assumption of unlimited energy losses from individual
collisions is no longer valid, and a maximum possible individual energy loss εmax must be introduced.
For an unrestricted theory (typical of Class I condensed history models in the sense of Berger), this
maximum is known from relativistic kinematics:
ε max =

2mc 2 β 2 γ 2
2
1 + 2 γ (m M ) + (m M )

where β = v/c and γ = (1 – β 2)–1/2 are the usual relativistic parameters for the projectile, and M and m
are the rest masses of the projectile and the electron, respectively. In terms of εmax the single-collision
energy-loss cross-section of Eq. (1) now becomes [19]:
w(ε ) =

ξ
sε 2

§
εβ 2
¨¨1 −
© ε max

·
¸¸ ,
¹

ε ≤ εmax;

w(ε) = 0,

ε > εmax

Working from these assumptions, Vavilov [8] developed a more general theory of energy
straggling. In terms of previously defined quantities and the new dimensionless parameter:
κ=

ξ
ε max
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Vavilov defines a new form for the scaled energy-loss variable:
λv =

∆−∆
− κ(1 + β 2 − C )
ε max

Now the probability distribution for energy loss becomes:
f (s , ∆ )d∆ =

1
φ v (λ v , κ ,β 2 )dλ v
ξ

where the new function to be sampled for the energy-loss variable is:
φ v (λ v , κ ,β 2 ) =

κ κ (1+β C )
e
π
2

³

∞

0

e κf ( y )cos( yλ v + κf 2 ( y ))dy
1

(5)

written in terms of two auxiliary functions:
f1 ( y ) = β2 {log y + Ci( y )} − cos y − ySi( y )
f 2 ( y ) = y{log y + Ci( y )} + sin y + β 2Si( y )

which are themselves written in terms of auxiliary special functions, the sine integral Si(y), and the
cosine integral Ci(y).
This analytic representation is obviously a difficult one, consisting of combinations and integrals
of quite complicated functions. However, from a theoretical point of view, its real difficulty lies in the
fact that the distribution to be sampled, Eq. (5), depends explicitly on the projectile energy (through
the factor β2) and on the energy- and material-dependent parameter κ. By contrast the distribution
function in Eq. (3) can be sampled without regard to the energy of the projectile or the characteristics
of the medium; those quantities appear only in the translation from the scaled variable λ to the actual
energy loss ∆ by Eq. (2). The additional complexity of Eq. (5) makes the practical application of the
Vavilov theory in Monte Carlo a challenging problem. This situation has been addressed by a variety
of investigators (see Refs. [20-25] for an introductory sample). In MCNP5 and MCNPX, we currently
use a version of an algorithm described by Rotondi and Montagna [26], and we are evaluating several
other methods as well. This topic is an active area of investigation in recent new MCNP development.
An improvement in condensed-history logic
Guided by earlier success in the simulation of electrons by the modified Class I algorithms of the
Integrated Tiger Series, the initial versions of MCNPX exploited a similar distinction between “energy
steps” and smaller “angular substeps”, and relied on similar logic for associating the sampling of
energy-loss straggling with the energy steps. For heavy charged particles, this system often works
well, but has been found wanting in some cases, especially in the calculation of straggled energy
spectra when thin regions are important. In this section we will briefly describe the old and new
versions of the condensed-history transport logic for heavy charged particles, and show some
computational tests to illustrate improvements from the new logic.
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In earlier versions of MCNPX, the transport logic was essentially as shown in the following
somewhat simplified pseudocode:
For charged particle with energy E, find initial energy interval J, with EJ > E ≥ E J+1.
Begin CELL LOOP.
Get N = preset number of substeps per energy step (N > 1).
Begin ENERGY LOOP.
Sample straggled energy deviation ∆ for step size p = (EJ – EJ+1)/qJ, where qJ is
the mean stopping power in energy interval J.
(*)
Define an effective stopping power QJ = qJ + ∆/p for substeps within interval J.
Set default substep size = p/N.
Begin SUBSTEP LOOP n = 1, N.
(*)
Find distances to time and energy cutoffs
Find distances to possible interaction, and to surface crossing.
Select d = the minimum of all of these and the default substep.
Advance the particle by d and scatter the direction based on d and E.
(*)
Set E = E – QJd (adjust J if necessary).
Select appropriate case:
Process energy or time cutoff (terminate track).
Process inelastic interaction (make secondaries and terminate track).
Process elastic interaction (decrease E and adjust J if necessary).
Process surface crossing. Cycle CELL LOOP.
Process uneventful end of substep.
If (energy group has changed) cycle ENERGY LOOP.
End SUBSTEP LOOP.
End ENERGY LOOP.
End CELL LOOP.
The three steps marked with an asterisk (*) above involve unnecessary approximation. The second
of these (concerning cut-offs) is not particularly damaging, since it affects only the very end of the
particle track. However, the first and last represent a more severe approximation. The problem is that
the sampling of the straggling is done for a step (p) that is always longer than the actual step to be
taken by the particle. Since the straggling theory is not linear in step size, this interpolated sampling is
generally not accurate. The situation is exacerbated when there are many small zones or thin foils in
the problem.
Furthermore, the straggling sample is always related to the energy interval containing the beginning
of the step, even if the particle falls into a lower energy interval by the end of the step. This produces a
small, but systematic error. Finally, this logic is unnecessarily complex, since the SUBSTEP loop can
be ended either by its normal count, or be the energy group having changed. This is the well-known
MCNP vs. ITS step-counting issue, which has been studied and discussed [27] in the context of
electron transport.
In recent versions of MCNPX and in the developmental version of MCNP5, we have replaced
this transport logic with a more straightforward approach that largely avoids these approximations.
The new logic is essentially represented by the following pseudocode:
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For charged particle with energy E, find initial energy interval J, with EJ > E ≥ EJ+1.
Begin CELL LOOP.
Get N = preset number of substeps per energy step (N > 1).
Begin ENERGY LOOP.
Set default substep size = p/N, as before.
Begin SUBSTEP LOOP.
Find distances to possible interaction, and to surface crossing.
Select d = the minimum of these and the default substep.
Sample straggled energy change δEd for actual substep size d.
Set E = E – δEd (adjust J if necessary).
Check for energy cutoff (adjust endpoint and terminate track).
Check for time cutoff (adjust endpoint and terminate track).
Select appropriate case:
Process inelastic interaction (make secondaries and terminate track).
Process elastic interaction (decrease E and adjust J if necessary).
Process surface crossing. Cycle CELL LOOP.
Process uneventful end of substep.
If (energy group has changed) cycle ENERGY LOOP.
End SUBSTEP LOOP.
End ENERGY LOOP.
End CELL LOOP.
These seemingly minor changes in logic can make a significant difference for situations in which
the shortcomings of the previous approach were important. The principal improvement with the new
logic is that the sampling of straggling is now almost always done based on the step size that is
actually traversed by the particle. The only exception is the last sub-step of a track that is terminated
(and adjusted after the straggling sample) by time or energy cut-off. This generally represents a
negligible fraction of the total sub-steps in the problem, and is not certain to occur at all. A secondary
benefit is that the treatment of the energy and time cut-offs is handled more naturally and more
accurately.
In order to illustrate the considerable difference that the new logic can make, we have compared
the two algorithms for the case of a mono-energetic, mono-directional beam of 157.2 MeV protons on
a uniform water target. (This problem is based on a user’s application whose strange results motivated
us to re-examine the straggling logic [28].) The average energy deposition as a function of depth and
the energy spectrum of the proton flux at a specific depth (15 cm) were calculated using the old and
the new condensed-history algorithm. The problem was simulated twice. In the first case, the target
was divided into slabs 1 mm thick, so that a large number of interruptions of the natural sub-step were
encountered. In the second case, only the region deeper than 15 cm was divided into 1 mm slabs; the
first 15 cm were divided into three 5 cm thick slabs. This allowed us to test the sensitivity of the two
algorithms to differences in the geometry specification. Figure 1 shows details of the energy-deposition
peak for both simulations. Results from the simulation with uniform 1 mm slabs are marked as
“1 mm regions” in this figure, while those from the mixed 5 cm/1 mm simulation are marked as
“5 cm regions”. The old algorithm exhibits an un-physical sensitivity to the details of the geometry
specification, as well as a noticeable artefact at the peak for the coarsely-resolved 5 cm case. In contrast,
the new method produces a smoother profile for the peak, and shows essentially no sensitivity to the
details of the representation of the geometry. Figure 2 shows the energy spectrum of the proton flux at
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a depth of 15 cm in the water target, calculated with the old and new algorithms and for the same two
physically equivalent representations of the geometry. With the old logic, the severe sensitivity to the
geometry model and the presence of strange artefacts are even more apparent in these results. The new
logic again shows a more realistic profile and a satisfactory insensitivity to the geometric representation.
Although we do not show the results here, we have also compared the new calculations with LAHET
results and have found good agreement. We conclude that the new transport logic for heavy charged
particles is an unambiguous improvement, and we have implemented this treatment as the default
model in recent versions of MCNPX and in the new developmental version of MCNP5.
Figure 1. Energy deposition as a function of depth
for 157.2 MeV protons normally incident on water

Figure 2. Proton energy spectrum at 15 cm depth
for 157.2 MeV protons normally incident on water
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Abstract
A deterministic transport methodology has been used to analyse two criticality accidents – JCO fuel
processing in Tokai-mura, Japan and the Sarov experiment in Russia – in an effort to calculate both
the neutron and gamma-ray exposure rates, and neutron-induced activities received by the personnel.
The methodology, implemented in the coupled radiation-hydrodynamics code FETCH, is based on the
finite element-spherical harmonics solution of the neutron and gamma-ray transport equation.
The exposure rates at the workers’ positions were obtained using a ray-tracing technique followed by
neutron-induced activation calculations based on the code FISPACT (European Activation Code
System), which is linked to the neutron spectra and fluences calculated by FETCH. Results from our
calculations are presented and compared against other published work incorporating measurements
and calculations using other transport methods. This enables us to highlight similarities and differences
in the framework of dosimetry data and methods used.
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Introduction
Encouraging consistency between worker dosimetry and doses inferred from FETCH modelling [1]
in association with ICRU fluence-to-dose data [2] has been obtained for the Tokai-mura criticality
accident. The purpose of the present paper is to compare and extend our previous findings to those
obtained after examination of the Sarov accident [3]. Both neutron and gamma-ray dosimetry were
calculated for the two criticality accidents together with neutron-induced post-accident activations.
The latter was performed using the FISPACT [4] code and the neutron spectra obtained from FETCH
representing various parts of the body.
The JCO criticality accident occurred in 1999 in Tokai-mura, Japan, and the Sarov incident in
Russia in 1997. Both of these accidents were due to violations of safety precautions by workers.
The latter incident took place in a fuel processing plant; the former at an experimental facility. These
particular criticality accidents were selected because they represent critical configurations of completely
different neutron spectra:
•

The JCO accident, representing a situation in which criticality was achieved in a well-moderated
(thermalised) system [5-7].

•

The Sarov accident, representing a situation in which criticality occurs in a fast system where
high-energy neutrons dominate the neutron spectrum [3].

Both accidents were modelled with the finite element transient transport theory code FETCH and
calculations were carried out to determine both neutron and gamma-ray doses when accidents took
place. In addition, post-accident dosimetry calculations were performed using the FISPACT code to
determine activations inside the workers’ bodies due to neutron-induced reactions. The calculated
activations are 24Na in blood and 32P in urine. Gold and indium activations arising from (n,γ) reactions
were also calculated. The results were compared to those measured, and were calculated using other
methods.
Two particular “measures” are proposed for investigation, namely the neutron/gamma-ray ratio in
any resulting radiation field (and the relevance of this to, say, dose thresholds), and the impact of such
a ratio on post-accident dosimetry (in particular the sensitivity of the 24Na whole-body average
activation to the neutron/gamma ratio – with corresponding yields from criticality accidents). These
measures have been investigated with the aid of the two criticality accidents, which can be used as
benchmarks.
Fluence and dose calculation methods
The following steps outline the work performed to determine the doses to various organs as a
result of criticality accidents:
•

Determine neutron fluxes by solving time-dependent transport equation for the two over-critical
systems representing the criticality accidents over a time interval.

•

Determine gamma-ray fluxes arising from prompt gamma rays (fission gammas) and the
secondary gamma rays by performing gamma-ray transport calculations using a fixed source
in the system. The latter (secondary gamma rays) is due to (n,γ) reactions occurring in the
system.
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•

Use ray-tracing technique to determine neutron and gamma ray fluxes at the pixels representing
the various organs in the body.

•

Convert the energy-integrated fluxes to neutron and gamma-ray doses at these points using
the appropriate flux-to-dose conversion factors.

Theoretical background
The numerical methods used to model the criticality accidents are based on the EVENT [8]
module of the FETCH code, which solves the coupled neutron and gamma-ray radiation transport
problem using finite-element formulation. An introduction to the methodology implemented is
presented in this section.
Calculation of neutron fluxes
The time-dependent Boltzmann transport equation for neutron angular flux φ(r,Ω,E,t) is
determined from the following equation:
1 ∂φ(r , Ω , E ,t )
+ Ω ⋅ ∇φ(r ,Ω , E ,t ) + Hφ(r , Ω , E ,t ) = S (r ,Ω , E ,t )
v
∂t

(1)

where v is the particle speed, S(r,Ω,E,t) a distributed source, the form of which depends on the type of
problem that is being solved (constant source or eigenvalue – Keff), and H is the collision operator
defined in terms of the total cross-section and differential cross-section by:
Hφ(r, Ω, E, t ) ≡ σ t (r, E, t )φ(r, Ω, E, t ) −

³

4π

dΩ′σ s (r; Ω′, E ′ → Ω′, E, t )φ(r, Ω′, E ′, t )

(2)

In calculating doses at the time of the criticality event, steady-state neutron sources are used in
the coupled formulation, which can be defined when Keff is equal to unity and the neutron flux is
time-independent as given by the following equation:
S(r, Ω, E, t ) =

χ(E )
4πK eff

³ dE ′ ³

4π

dΩ ′ψ (r, Ω ′, E ′, t )ν(E ′)σ f (r, E ′, t )

(3)

where S(r,Ω,E,t) = s(r,Ω,E), Keff is equal to unity, the number of neutrons emitted per fission is given
by ν(E) and χ(E) is the neutron fission spectrum. In the case of gamma rays the χ(E) is replaced by the
empirical formula presented below.
Solution of the transport equation is achieved via a multi-group variational finite-element
spherical-harmonics procedure [8]. This procedure provides a fast and geometrically flexible
methodology for radiation transport and dosimetry modelling.
Calculation of gamma-ray fluxes
The BUGLE-96 [9] multi-group cross-section library has been used to model the neutron and
gamma-ray interactions. The library contains 47 neutron and 20 gamma-ray energy groups for a range
of nuclides, and was originally developed for LWR (mainly PWRs) and related applications.
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Gamma-ray fluxes are calculated using the same formulation presented above but replacing
neutron interactions with those of gamma rays. The sources used are due to prompt gamma rays and
secondary gamma rays. The former are those which are emitted simultaneously during the fission
process and have been extensively studied for uranium systems. For the purposes of this study, an
empirical formula for the spectrum of the prompt gamma rays has been taken from [10]. The midpoint
of the energy bounds for the gamma-ray cross-sections (taken from the BUGLE-96 library) was used
to calculate the prompt gamma spectrum. The energy-dependent empirical formula is given by:
6.6 gammas/fission-MeV
2.0exp(-1.78E)
7.2exp(-1.09E)

0.1 < E < 0.6 MeV
0.6 < E < 1.5 MeV
1.5 < E < 10.5 MeV

Contributions from secondary gamma rays are included by introducing an additional source term
to take into account sources arising from (n,γ) reactions. With this source term, gamma-ray transport
equations for each energy group form a coupled system of equations, which are solved using the
FETCH code to determine fluxes at each finite element mesh point.
Dose calculations using the ray-tracing method
The neutron and gamma-ray fluences (time-integrated fluxes) were calculated from an eigenvalue
calculation representing an over-critical system, followed by a fixed-source gamma-ray calculation.
In the fixed-source calculation, contributions from the secondary gamma rays are included, which
provide the framework for the coupled neutron/gamma-ray calculations. A $2 excess reactivity is used
to model the criticality accidents.
To calculate doses around the models (at workers positions), a ray-tracing method [11] was used.
It is applied from the dose points to the surface of the models by making appropriate changes to fluxes
along the rays. In the figures, we show the position of dose points, which represent the position of
various organs in relation to models. The points were placed using the information regarding the
height of workers, and from sketches showing their positions at the time of accidents [12-13]. The six
points shown are hands, head, upper body, lower body, upper legs and lower legs.
The scalar flux values throughout the finite-element mesh were calculated; the ray-tracing
technique was then applied in the void surrounding the assemblies to determine the mean group flux
values at each of the dose points. The flux values were divided by the total fission rate at each
position. This provided calibration of the results to match the fission rate F(t) of the accident. Thus
scalar fluxes at position r and at a given time t into the transient are given by:
φ(r, t ) = F(t )

φ′(r )
F′(t )

(4)

where:
F′ = dE dVσ f φ′(r ) = dV

³ ³
E

V

G

³ ¦ σ (r )φ (r )
V
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In this way, the time variation of neutron fluxes at each dose position during the incident can be
calculated. The flux values are finally integrated over time to calculate the fluence (total number of
neutrons or gamma rays per unit area) at each during the complete transient. The fluence at the start of
accident up to time T is thus calculated from:
T

φ(r ) = φ(r, t )dt

³

(6)

0

This method of calibrating the time-dependent fluxes is widely used as described in Hetrick [14].
Conversion factors CF were then used to calculate the physical dose D in grays (= J/kg) to various
organs in the region of the pixels from the fluence at these points, using:

³

D = C F φdE
E

The above equation is used to calculate doses for gammas and neutrons using the appropriate
flux-to-dose conversion factors as shown in Figure 8, which are based on ICRU 57 [2].
Results
In this section we present the important results obtained from performing transient criticality
calculations to show the neutron and gamma-ray doses determined, which are followed by the
activation calculations obtained for neutron-induced reactions. First, we present the calculated spectra
at two locations (hands and lower torso) to show the physics differences in the models, which
significantly affect doses and activations.
It is important to point out that dose predictions were made using a burst of 4.0 × 1016 fissions for
Tokai-mura and 2.0 × 1016 fissions for Sarov, which lasted 2 seconds.
The neutron and gamma-ray spectra
The spectra at the two pixel positions are presented in Figures 3 and 4 for neutrons and gamma
rays, respectively, for the two accidents. The neutron spectra for the Tokai-mura accident are
thermalised (a “soft spectrum”) in contrast to the Sarov, which is dominated by fast neutrons (a “hard
spectrum”). This property of the neutron spectra is very important, as it significantly affects the doses
and activations arising from the two accidents.
The gamma-ray spectra presented in Figure 4 show some differences between the two incidents.
Tokai-mura gives more high-energy photons compared to Sarov.
In the Tokai-mura incident neutrons are moderated due to the presence of the water in the jacket
of the tank and in the uranyl nitrate solution itself. It can be seen from Figure 2 that neutrons seen in
the lower torso are of lower energies than those seen in the hands. This is due to the presence of the
water jacket. This neutron spectrum is similar to that listed in [12,13], which was calculated on the
tank’s perimeter. The spectrum for gamma rays is also similar to our results shown in Figure 4.
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It can be clearly seen (Figure 3) that the neutrons are highly energetic in the Sarov incident,
which shows a typical “hard” neutron spectrum generated in metal uranium systems.
Neutron and gamma-ray dose predictions
The dose predictions were performed for the six pixels; namely, hands, head, upper body, lower
body, upper legs and lower legs. Tables 1 and 2 give neutron and gamma-ray doses, in grays
calculated at various positions representing the organs in the body. Table 1 gives results for Tokai-mura
and Table 2 for Sarov. In the case of Tokai-mura neutron doses are an order of magnitude smaller than
those calculated for Sarov. This is due to spectral differences presented previously. In Tokai-mura less
biological damage can be observed because of the thermal-dominated spectrum. The Sarov incident
has caused more biological damage, as the neutron spectrum is dominated by fast neutrons. The fact
that hands are nearer to the uranium sphere for the Sarov accident explains why the neutron fluence is
larger for all but the lower-energy groups compared to the lower torso.
The presence of the water in the tank and the water jacket of the Tokai-mura incident results in
the release of gamma-rays from neutron capture, increasing the ratio of gamma-to-neutron doses.
The doses listed in Tables 1 and 2 are those for incident neutrons and gamma rays. Neutrons incident
in the body will result in the production inside the body of secondary gamma rays from neutron
capture. Thus a large percentage of doses for incident neutrons are actually from the gamma rays
produced in the body. The larger the part of the body the greater the production of gamma rays, as
each neutron is more likely to be scattered and have its energy reduced so that it reaches thermal
energies from which it is more likely to be captured and produce secondary gamma rays.
For the Tokai-mura incident the overall worker “A” dose in terms of Gy Eq (Gray equivalent in
gamma-rays) was estimated as being 16 and 20 Gy Eq. The dose in grays can be converted to Gy Eq
by multiplying the relative biological effectiveness (RBE) factor, which has been estimated to be a
factor of 1.7. The RBE depends on the tissue, the neutron spectrum and is therefore case-dependent.
The overall dose estimate of 16-20 Gy Eq is consistent with the neutron doses presented in Table 2.
Estimation of doses requires a convolution of the conversion coefficients for each tissue type
representing the biological target with the energy-dependence fluence. The conversion coefficients
were obtained by interpolating in energy the factors listed in RBF57 [2]. Figures 5 and 6 present skin
doses for neutrons and gamma rays respectively for both incidents, which are shown at various
positions relative to the centre position of the workers. The neutron and gamma-ray dose profiles for
the Sarov incident are expected to peak nearest the uranium sphere at the upper torso and decay
(decrease) roughly with the square of the distance from the sphere centre (as the fissile region is
relatively small). However, doses from Tokai-mura incident show they are highest in the head region,
as this position is not shielded from the high-energy neutrons by the water jacket.
In Figure 7, fluence-to-dose conversion factors used to calculate doses are presented for neutrons
and gamma rays, which are taken from ICRU 57 [2].
We have generated flux contours from FETCH calculations and presented them in Figures 8 and
9 for neutrons and gamma rays respectively. Figure 8 shows relative group fluxes for the fast,
intermediate and thermal energy groups, corresponding to Group 1, (17.3-14.2 MeV), Group 24
(368.8-297.2 keV) and Group 47 (0.1-0.00001 eV).
Figure 9 shows the gamma-ray contours for Group 1 (16-14 MeV), Group 10 (1.5-1.0 MeV) and
Group 20 (20.0-10.0 keV). All were normalised to total fission rate of 4.0E+16.
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Activation calculations
Neutron-induced activations are accurate methods of determining doses to organs, which can only be
carried after the accident, once irradiation has taken place. In order to calculate activations arising in a
body, sophisticated computer codes should be used. One such code is FISPACT [4], which is available
from the UKAEA Culham as part of their fusion research programme. FISPACT can be used to determine
activities in materials (in this case various organs in the body) that are subject to neutron irradiation over a
period of time. The decay of radioactive isotopes over a “decay time” can be calculated following this
irradiation period. The decay data is based on the ENDF/B-V and VI internationally accepted nuclear data
libraries and are included in FISPACT to allow activity calculations over specified activation and decay
periods. The code uses a software called EASY (European Activation System), which incorporates all the
data libraries to be used in a user-friendly format. The code has access to a number of up-to-date
cross-section libraries (WIMS, VITAMIN-J, GAM-II, XMAS and TRIPOLI), which cover a wide range
of application areas ranging from fission to fusion reactors.
FISPACT calculations were performed to calculate neutron-induced activities such as the 24Na
activity in blood and the 32P activity in urine. These activities are being used to estimate the neutron
exposure levels to which the workers were subject during the accident [16]. Table 3 gives Bq/Gy for
23
Na(n,γ)24Na reaction. The mass of tissue which was assumed to be irradiated was 1 kg in Table 3.
32

P is generated by the thermal neutron activation of 31P in the 31P(n,γ)32P reaction and also by fast
neutron activation of 32S in the 32S(n,p)32P reaction in urine. An attempt has been made to calculate 32P
by irradiating P only using FISPACT. Results from these calculations together with 197Au(n,γ)198Au
and 115In(n,γ)116In reaction rates are represented in Table 4. The half-life of 32P, 198Au and 116In are
14.3 days, 2.7 days and 14.2 seconds respectively. It should be noted that 116In has the shortest half life
of all the thermal neutron-induced reactions considered.
Comparisons against measurements and uncertainties
In this section, an attempt is made to identify major uncertainties associated in our calculations
with the prediction of exposure rates. It is not intended to assess the full set of uncertainties in calculations
or measurements; therefore we compare our results against those available in published works.
The dominating uncertainties are due to the exact positions of the workers (bodies) with respect to
the critical assemblies and the total fissions (the initial burst) that occurred during accidents (or source
terms). It is important to point out that there are uncertainties in the measured values which will not be
discussed here as they are beyond the scope of this report. The calculated exposure rates predicted are
very sensitive to these two effects. This is seen in the case of the Sarov accident, for which the hand
neutron dose rates are well below the measured value (calculated 40 GyEq and measured 1 700 GyEq),
indicating that the positioning of hands should be closer to the experiment than what has been
modelled. The average neutron dose to the upper part of the body for Sarov was calculated as 30 GyEq,
which compares well with the measured value of 40 GyWEq. The gamma-ray dose, however, does not
compare in that accuracy, 2.5 GyEq was measured and 0.45 GyEq was calculated. This discrepancy
may arise from gamma-ray source term uncertainties (total source strength and spectrum). It should be
noted that we have modelled the prompt gamma-ray spectrum and not included the fission product
gamma rays.
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For the Tokai-mura accident the measured dose for the worker “A” is 5.7 GyEq for neutrons and
8.9 GyEq for gamma rays. FETCH predictions are in the range of 1-9 GyEq depending on the part of
the body for neutrons and 1-2 GyEq for gamma rays. Again, a large discrepancy in the gamma-ray
doses are observed as was seen in the Sarov case.
Conclusions
In this paper, we have developed and applied a deterministic method, embraced in the transient
criticality finite element code FETCH, to recent criticality incidents, namely Tokai-mura in Japan and
Sarov in Russia. The interested reader can refer to Ref. [17] to obtain information about other
criticality accidents that have occurred up to the present date.
To estimate exposures to workers arising from neutrons and gamma rays we have developed a
numerical technique based on a “ray-tracing method”. By applying this method, we were able to
estimate doses to various organs of the workers, which are presented in this report. It has been found
that due to contrast of the spectral characteristics of neutrons in the two accidents the ratio of neutron
to gamma-ray doses differs significantly, and hence the amount of biological damage that the workers
have experienced.
In order to estimate activation levels inside the body as a result of neutron and gamma-ray
irradiation, we obtained and mounted the FISPACT code and performed a number of activation
calculations to determine 24Na levels in blood and 32P in urine.
Initial results from these calculations are presented.
As a result of this study we have demonstrated that the FETCH methodology could provide an
independent method to assess doses and activations received by workers in cases such as criticality
accidents.
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Table 1. Neutron and gamma-ray calculated doses (Eq) using FETCH
for the Tokai-mura criticality accident giving doses to various organs
Pixel
Hands
Head
Upper body
Upper body
Lower body
Lower body
Lower body
Lower body
Upper legs
Lower legs

Organ
represented
Skin
Skin
Skin
Lungs
Stomach
Colon
Liver
Skin
Skin
skin

Neutron dose
(Gy)
7.49
9.07
5.91
4.91
6.47
4.51
5.28
5.23
3.09
0.73
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Gamma dose
(Gy)
2.11
2.52
1.70
1.78
2.02
1.84
1.83
1.69
0.95
0.24

Dose ratio
3.5
4.0
3.5
2.7
3.2
2.7
2.9
3.1
3.2
3.2

Table 2. Neutron and gamma-ray doses (Eq) for the
Sarov criticality accident giving doses to various organs
Pixel
Hands
Head
Upper body
Upper body
Lower body
Lower body
Lower body
Lower body
Upper legs
Lower legs

Organ
represented
Skin
Skin
Skin
Lungs
Stomach
Colon
Liver
Skin
Skin
Skin

Neutron dose
(Gy)
40.2
16.7
30.9
23.4
22.4
14.5
18.0
21.6
14.7
3.6

Gamma dose
(Gy)
0.6
0.3
0.5
0.5
0.4
0.3
0.3
0.3
0.2
0.1

Dose ratio
67
56
62
47
56
48
60
72
74
36

Table 3. Ration of induced activity of 24Na to lung dose (grays in tissue). The activity in
Bq is the number of 24Na disintegrations per second just after the workers irradiated.
Activity
Na in blood
24
Na in blood
24

(Bq/Gy)
Neutron + gamma rays
Neutron

SAROV
8.2E+5
1.7E+5

JCO
1.6E+7
1.6E+7

Table 4. A comparison of measured (from Refs. [16,17]) and calculated (present work using the
FETCH/FISPACT route) 24Na activities in blood and 32P activity in urine for the Tokai-mura
incident. Note that calculated 32P activity is from 31P(n,γ)32P reaction at the time of the incident.

Case study

Measurements
[Bq24Na/g 23Na]

Calculations
[Bq24Na/g 23Na]

Worker A
Worker B
Worker C

8.24E+04
4.34E+04
1.23E+04

1.62E+04
–
–

Measurements
32
P in urine
(Bq/ml)
20.2
12.2
3.3

Table 5. Thermal neutron-induced activities calculated
using FISPACT immediately after the accidents
Neutron-induced
reactions
31
P(n,γ)32P
197
Al(n,γ)198Au
115
In(n,γ)116In

Sarov
(Bq/kg)
1.1E+05
9.0E+06
1.3E+10
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JCO
(Bq/kg)
1.2E+06
3.3E+09
8.7E+12

Calculations
32
P in urine
(Bq/ml)
4.2
–
–

Figure 1. Schematic of the Sarov (FKBN-2M) experimental assembly and
corresponding RZ geometry finite element (FETCH) model shown on the right

Figure 2. Schematic of the JCO precipitation vessel and corresponding
RZ geometry model. The central axis of the tank is on the left.
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Figure 3. The neutron spectra for the Tokai-mura (left)
and Sarov (right) at the “hands” and “lower torso”

Figure 4. The gamma-ray spectra for the Tokai-mura (left)
and Sarov (right) at the “hands” and “lower torso”

Figure 5. A comparison of the neutron skin doses for the criticality incidents using
4.0E+16 fissions for Tokai-mura and 2.0E+16 fissions for Sarov for the initial burst
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Figure 6. A comparison of the gamma skin doses for the criticality incidents using
4.0E+16 fissions for Tokai-mura and 2.0E+16 fissions for Sarov for the initial burst

Figure 7. Conversion factors for skin obtained from ICRU 57
used in the calculations for neutrons and gamma-rays
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Figure 8. Neutron flux contours normalised to total source strength (Groups 1, 24 and 47)
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Figure 9. Gamma-ray flux contours normalised to total source strength (Groups 1, 10, 20)
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Figure 10. Dose points relative to the geometrical models
of the Tokai-mura (left) and Sarov (right) assemblies
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Abstract
The Los Alamos National Laboratory Monte Carlo N-Particle, eXtended-energy radiation transport
code MCNPX [1] is rapidly becoming an international standard for a wide spectrum of high-energy
radiation transport applications. One such application includes the study of gamma rays produced by
cosmic-ray interactions within a planetary surface. Such studies can be used to determine surface
elemental composition. This paper presents various MCNPX enhancements that make these gamma
ray spectroscopy (GRS) simulations possible, gives elemental spectra results for a specific lunar
material, provides a comparison between various high-energy physics models and shows results of an
elemental least squares analysis using Lunar Prospector measurements.
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Background
Gamma rays are produced in planetary surfaces by cosmic-ray interactions and by the decay of
radioisotopes. For planetary bodies with thin atmospheres, such as the Earth’s moon, the gamma-ray
spectrum measured from orbit contains information on the abundance of major elements, including O,
Si, Ti, Al, Fe, Mg and Ca, and radioactive elements, including Th, U and K. The Lunar Prospector
mission acquired gamma-ray and neutron spectra at two altitudes (30 and 100 km) over the entire
moon. We have binned these spectra on equal area squares to produce data sets from which maps of
elemental abundance can be determined.
Lunar gamma-ray pulse-height spectra can be decomposed into components corresponding to
gamma rays produced by radioactive decay, non-elastic reactions with energetic particles and thermal
neutron capture. The shape of the spectral components can be assumed to be independent of composition.
Their magnitude varies in proportion to the weight fraction of the element or radionuclide. For gamma
rays produced by nuclear reactions, the magnitude of spectral components also varies in proportion to
the number density of particles that induce reactions. The number density of thermal neutrons can be
determined from thermal and epithermal neutron count rates measured by Lunar Prospector [2].
We assume that the number density of energetic particles (fast neutrons and energetic protons) is
proportional to the effective atomic mass <A> of the surface material, which can be determined from
fast neutron measurements. Maps of <A> have been developed by Gasnault [3].
The elemental components of the gamma-ray spectrum can be determined by simulating the
galactic cosmic-ray shower, the transport of gamma rays produced by the shower through the surface
to the spacecraft and their detection by the gamma-ray spectrometer. Simulations of the cosmic-ray
shower were carried out using the general-purpose Monte Carlo radiation transport code MCNPX,
which has been adapted with special tally features for planetary science applications. MCNPX extends
the transport code MCNP [4] to include tracking of all particles at nearly all energies. As discussed
below (see sub-section entitled GRS analysis), the elemental spectra calculated by MCNPX are fed
into a detector transport code to generate elemental responses.
The Lunar Prospector gamma-ray spectrometer consisted of a BGO scintillation detector with a
plastic-scintillator anti-coincidence shield. The pulse-height resolution of the spectrometer was ~13%
full-width-at-half-maximum at 662 keV. At this resolution, most spectral features included contributions
from multiple elements. Maps of Th have been made using the well-resolved 2.61 MeV gamma ray [5].
Maps of Fe have been made by analysing net count rates in the region above 7.5 MeV [2]. Contributions
from Al to this region were ignored, which may influence the accuracy of Fe abundance in regions
with low Fe. Maps of Fe and Ti have been made by deconvolution of the spectrum above 5.5 MeV [6].
We have extended the deconvolution method to 700 keV, using an elemental least-squares technique
to determine the abundance of all major- and radioactive-elements [7].
Approach

MCNPX offers a variety of capabilities to aid a scientist in performing analyses of particle transport
applications. Examples include mesh tallies for viewing source and secondary particle production,
multiple physics packages for validation comparisons, and code hooks to facilitate user-supplied
enhancements.
Details of the MCNPX input used in this lunar GRS analysis, including source, geometry, physics
and tally options, are provided in the following four sub-sections. In the last sub-section, details of the
GRS elemental least-squares analysis are provided.
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Cosmic-ray source
The cosmic-ray source was modelled as an energy-dependent proton source. While a more
realistic cosmic-ray source includes a somewhat significant fraction of alpha particles (~4%) and a less
significant fraction of heavy ions, normalisation on a per nucleon (i.e. proton) basis provides an
adequate representation (and most high-energy codes do not provide heavy ion transport). Figure 1
shows the isotropic proton spectrum used as a source in MCNPX. This distribution has an average
energy of about 1 GeV with a peak value at about .5 GeV.
Figure 1. Proton spectrum used in MCNPX
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Lunar material
Lunar material varies significantly over the surface of the moon. For example, Th is concentrated
on the near side of the Moon in and around Procellarum basin. The presence of radioactive materials
may have played a significant role in the formation of the basaltic plains (or mare) that are visible
from Earth. The lunar composition used in this analysis is the average composition of soil samples
collected by Apollo 11 (see Table 1), which landed in south-western Tranquillitatis and sampled
Ti-rich lunar maria [8]. For simplicity, the moon was modelled in MCNPX as an infinite slab.
The density of the soil was arbitrarily selected to be 1 g/cm3.
Physics options
The following paragraphs provide an overview of the physics options exercised in MCNPX to
perform the planetary GRS analysis. Physics details implemented within MCNPX for the various
particles and energy regimes can be found in the MCNPX manual [1] and its associated references.
A high-energy source (> 1 GeV protons) producing a low-energy secondary particle tally
(0-10 MeV gammas) requires the use of very accurate physics models and data. To this end, nine
particle types were included on the MCNPX MODE card: protons, neutrons, photons, neutral pions,
charged pions, deuterons, tritons, 3He and alphas. Neutral pions are important because they contribute
to the gamma background. Charged pions can cause nuclear interactions similar to protons and
neutrons, and the light ion transport can generate a significant bremsstrahlung background.
MCNPX provides one model for very high energies (FLUKA [9]), three models for intermediate
energies (Bertini [10], ISABEL [11], CEM [12]), and tables or libraries for low-energy transport.
Particles above 5 GeV are handled by the FLUKA interaction physics. Below this, one of the
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Table 1. Lunar material (ρ = 1.0 g/cc)
Element
Oxygen
Magnesium
Aluminium
Silicon
Calcium
Titanium
Iron

Gadolinium

Isotope
8016
Elemental
13027
Elemental
Elemental
Elemental
26054
26056
26057
26058
64154
64155
64156
64157
64158
64160

Wt. fraction
0.42520
0.04782
0.06658
0.19630
0.08391
0.04759
0.00772
0.11676
0.00265
0.00034
9.863E-07
6.653E-06
9.143E-06
6.945E-06
1.095E-05
9.519E-06

intranuclear cascade (INC) models is invoked. Differences between the INC models include the
nucleon density profile, nucleon cross-sections and energy cut-offs between stages. Default values
were taken for these high-energy physics options, unless stated otherwise. For neutrons below 20 MeV,
library transport was used.
Due to the fact that some of the nuclei of interest (Mg, Ti, Gd) are not included in the 150 MeV
MCNPX libraries (LA150 [13]), this analysis was performed with the 20 MeV ENDF/B-VI neutron
library (ENDF60 [14]). Use of the ENDF60 library means that below 20 MeV no protons or light ions
were generated from neutron interactions. This also means that above 20 MeV models were used to
sample the interactions. For the same reason, the LA150 proton library was not used. In this case, the
physics models are used to sample the interactions and, although low-energy protons will produce
light ions within these models, use of the models below 100 MeV is questionable. Photon cross-sections
were taken from the MCPLIB02 library for all energies.
Gamma production enhancements
The simulation of neutron-induced gammas has always suffered from a lack of adequate precision
in the gamma spectral data contained within the neutron cross-section library [15]. Some of these
deficiencies have been addressed in the recent release of ENDF/B-VI libraries; however serious
problems still exist. For example, Figure 2 presents the (n,γ) spectrum currently available in the
ENDF/B-VI library for natural Ti (blue line). In contrast, Figure 1 also shows the gamma lines from a
more complete compilation [6] (red line). Clearly the former spectrum is useless for a GRS analysis.
A new physics option was added to MCNPX to alleviate this problem. When this option is set,
gamma production data for any nuclide and any reaction can be read from an auxiliary file. This data
is properly normalised and used in place of the library data when gammas are produced from a neutron
collision. For the results given in this paper, all capture gamma spectra were represented in this
manner using data compiled by Reedy [16].
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Figure 2. Gamma lines for Ti
Blue line is ENDF60 data and red is Reedy data.
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Tally enhancements
Planetary GRS is always complicated by the fact that gamma production can result from
numerous mechanisms, including intranuclear reactions, residual nuclei de-excitation, neutron inelastic
reactions, bremsstrahlung, radioactive decay, etc. To deconvolve measured spectra into material
composition requires the ability to separate simulated spectra into its various components, based on
collisions (i.e. collided versus un-collided), source nuclei, reaction, etc. As mentioned earlier, MCNPX
provides a convenient way to alter tallies in this manner. A special tally feature was developed that
subdivides a tally into user-supplied bins, which enables the separation of spectra into various
components based on the gamma-creation mechanism. Collided gammas can retain their creation
information or be placed in a separate bin.
GRS analysis
A Monte Carlo detector gamma-ray transport code (McOGX) was used to convert MCNPX
surface gamma-ray energy-angle distributions (for Apollo 11 soil) to elemental response functions.
McOGX models the coincidence response of the Lunar Prospector gamma-ray spectrometer, which
consists of a BGO scintillation detector surrounded by a plastic anti-coincidence shield. To produce a
library of response functions, the components of the accepted spectrum were divided by weight
fraction, the average atomic number in the case of high-energy reactions and the thermal neutron
number density in the case of thermal neutron capture. A separate simulation was carried out to
generate spectral components for the radioactive elements.
The abundance of all major and radioactive elements was determined by fitting the gamma-ray
spectrum in the 700 keV to 9 000 keV region using library least-squares. The major element
abundances were constrained to sum to one and Al was determined by correlation to Fe. The spectrum
acquired during cruise (i.e. space flight) was used to represent the background from galactic gamma
rays and activation of the BGO. Analysis of residuals for highland materials was used to adjust the
cruise spectrum for additional build-up of radioactivity. Highland residuals were also used to modify
the oxygen component to account for minor inconsistencies between the model and data at high
energy, which may be due to errors in gamma-ray production data.
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Results
MCNPX has the ability to output a plethora of simulation results. Its mesh tallies, general tallies,
and history tape (HTAPE) capabilities have proven invaluable to understanding the underlying physics
of many applications. Due to space limitations, only a subset of this output is presented in the
following sub-sections.
Neutron and gamma production
The spatial production of secondary particles can be analysed most readily by using a mesh tally.
In MCNPX this is accomplished by adding a few lines that describe the mesh in the input file.
Rectangular, cylindrical or spherical meshes are available for a variety of output quantities, including
track-based data (e.g. number of tracks, flux, dose, etc.), source data, energy deposition (i.e. ionisation,
nuclear, recoil, etc.) and detector/DXTRAN tracks. For this application a 2 m cube, just below the
incident proton source, was subdivided into 1 cm zones in two dimensions. A utility called
GRIDCONV is provided with MCNPX to read the mesh data and convert it for viewing in various
plotting packages. Figures 3 and 4 give the spatial dependence of the neutron and photon production
within the lunar surface. The de-excitation gammas and bremsstrahlung photons generated along the
path of an incident proton are quite evident in Figure 4.
Gamma spectra
With the tally enhancements discussed earlier, it is possible to tally gammas emerging from the
lunar surface based on the interaction nuclei. Figures 5 and 6 give the un-collided capture gamma
spectrum for Ti and Fe. Use of the Reedy (n,γ) production data is evident, especially for Ti.
It is also possible to obtain a separate tally bin for de-excitation gammas produced by spallation
residual nuclei. Figure 7 shows the gamma spectra resulting from the Bertini break-up of oxygen into
C and N (gammas from Li, Be and B also occur but are omitted for clarity). Figure 8 gives the collided
and total photon spectra from all interactions.
Figure 3. Neutron production within a 2 m cube

Z-axis

Red arrow indicates proton source. Legend units are neutrons per incident proton.

X-axis
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Figure 4. Photon/gamma production within a 2 m cube

Z-axis

Red arrow indicates proton source. Legend units are photons per incident proton.

X-axis

Gammas/MeV/source proton

Figure 5. Un-collided (n,γ) spectrum for Ti

Energy (MeV)
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Figure 6. Un-collided (n,γ) spectrum for Fe

Energy (MeV)
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Gammas/MeV/source proton

Figure 7. De-excitation gamma spectra from the break-up of
oxygen into 12C (black), 13C (blue), 14N (red) and 15N (green)

Energy (MeV)

Gammas/MeV/source proton

Figure 8. Total (black) and collided (blue) photon spectra

Energy (MeV)

Impact of physics models
Spectral differences resulting from the Bertini and CEM INC models are clearly visible in
Figure 9. The Bertini and ISABEL models gave nearly identical gamma spectra and resulted in the
best comparison to lunar GRS measurements, while the CEM model had obvious discrepancies.
Lunar prospector analysis
The GRS detector response for the MCNPX gamma spectrum from the Apollo 11 material is
compared to Lunar Prospector GRS measurements in Figure 10. The pulse height spectrum measured
during the cruise phase of the mission was added to the modelled spectrum to account for background
sources unrelated to lunar surface emissions. Note that the modelled spectrum does not include gamma
rays from radioactive elements.
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Gammas/MeV/source proton

Figure 9. Total gamma spectra for the Bertini (black) and CEM (blue) INC models

Energy (MeV)

Figure 10. Comparison between MCNPX/MCOGX model of the Lunar Prospector gamma-ray
spectrometer with lunar spectra measured over western Procellarum and the highlands
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Least-squares fits to measured spectra acquired at high altitude and binned on 5° squares are
shown in Figures 11-13 for the highlands, western Procellarum and Tranquillitatis. Major element
abundances along with the thermal neutron number density (nT) and average atomic number <A> used
to modify the spectral components are given in the figure captions. Note that some spectral components,
including the background spectrum measured during the cruise phase of the mission, were adjusted
based on an analysis of residuals to account for activation of detector materials and prompt gamma-ray
production in the detector by neutrons emitted from the surface.
Maps of all major elements have been constructed. SiO2 and Al2O3 have maximum abundance in
the highlands. TiO2 and FeO maps are consistent with those previously published. The abundance of
MgO is lowest in the highlands and highest in western Procellarum. Relatively high concentrations of
MgO can be found in the South Pole Aitken basin.
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Figure 11. Highlands: 0° latitude, -96.75° east longitude, <A> = 21.8, nT = 2.02 × 10–9 cm–2. Major
element composition: SiO2 44.5%, TiO2 0.3%, Al2O3 30.2%, FeO 2.3%, MgO 0.0%, CaO 22.8%.
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Figure 12. Western Procellarum: 0° latitude, -42.75° east longitude,
<A> = 23.6, nT = 7.85 × 10–9 cm–2. Major element composition:
SiO2 50%, TiO2 8.1%, Al2O3 3.4%, FeO 22%, MgO 10%, CaO 6.3%.
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Figure 13. Tranquillitatis: 10° latitude, 22.5° east longitude,
<A> = 23.6, nT = 8.25 × 10–9 cm–2. Major element composition:
SiO2 44.5%, TiO2 8.6%, Al2O3 16%, FeO 12.8%, MgO 16%, CaO 1.2%.
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Future work
The lunar GRS analysis will continue for other regions of the moon, yielding perhaps a finer
resolution of composition maps, an analysis of errors and an improvement in the accuracy of nuclide
components and detector background signals. A similar analysis is planned for Mars GRS
measurements currently underway. Furthermore, additional MCNPX features are under development
to enhance its usefulness for performing such analyses:
•

Coincidence tally enhancement. This special tally feature will enable MCNPX to model
the response of spectrometers with anti-coincidence shields, such as the Lunar Prospector
gamma-ray spectrometer. Implementation of a coincidence tally in MCNPX will enable
detailed characterisation of background sources (e.g. energetic electrons and protons) that
interfere with measurements of gamma rays from the planetary surface. The tally will also aid
in the design of future planetary spectroscopy systems, which may produce a correlated signal
from a large number of detector elements.

•

Non-analogue pulse-height tallies. This tally enhancement will allow the use of variance
reduction techniques with pulse-height tallies. The current implementation requires analogue
transport, which greatly increases the computational time required for detector simulations.

•

New INC CEM physics module. Numerous speed and physics improvements have been made
to the new INC CEM 2000 module which will be integrated into MCNPX in the near future.

•

Multi-processing. Work is underway to extend the low-energy parallel processing capabilities
within MCNPX to the high-energy physics modules. Preliminary implementations will
include distributed-memory multi-processing with PVM.

Conclusions
The analysis documented here demonstrates the usefulness of MCNPX in planetary gamma-ray
spectroscopy. Furthermore, new MCNPX features developed over the course of this analysis will
prove extremely useful for other applications as well. Comparisons of MCNPX results to lunar GRS
measurements are better than expected and have lead to the identification of spectral features
previously unknown. Through a library least-squares analysis, these simulation spectra have resulted
in detailed maps of lunar composition.
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Questionnaire on the quality of OECD publications
We would like to ensure that our publications meet your requirements in terms of presentation and
editorial content. We would welcome your feedback and any comments you may have for improvement.
Please take a few minutes to complete the following questionnaire. Answers should be given on a scale
of 1 to 5 (1 = poor, 5 = excellent).
Fax or post your answer before 31 December 2004, and you will automatically be entered into the
prize draw to win a year’s subscription to OECD’s Observer magazine.*

A. Presentation and layout
1. What do you think about the presentation and layout in terms of the following:
Poor
Adequate
Excellent
Readability (font, typeface)
1
2
3
4
Organisation of the book
1
2
3
4
Statistical tables
1
2
3
4
Graphs
1
2
3
4

5
5
5
5

B. Printing and binding
2. What do you think about the quality of the printed edition in terms of the following:
Quality of the printing
1
2
3
4
Quality of the paper
1
2
3
4
Type of binding
1
2
3
4
Not relevant, I am using the e-book
❏
3. Which delivery format do you prefer for publications in general?
Print ❏
CD ❏
E-book (PDF) via Internet ❏

5
5
5

Combination of formats

❏

C. Content
4. How accurate and up to date do you consider the content of this publication to be?
1
2
3
4

5

5. Are the chapter titles, headings and subheadings…
No ❏
Clear
Yes ❏
Meaningful
Yes ❏
No ❏
6. How do you rate the written style of the publication (e.g. language, syntax, grammar)?
1
2
3
4
5

D. General
7. Do you have any additional comments you would like to add about the publication?
..................................................................................................................................................................
..................................................................................................................................................................
..................................................................................................................................................................

Tell us who you are:
Name: .......................................................................................... E-mail: ..............................................
Fax: ..........................................................................................................................................................
Which of the following describes you?
IGO ❏
NGO ❏
Academic ❏
Government official

❏

Self-employed
Politician

❏
❏

Thank you for completing the questionnaire. Please fax your answers to:
(33-1) 49 10 42 81 or mail it to the following address:
Questionnaire qualité PAC/PROD, Division des publications de l'OCDE
23, rue du Dôme – 92100 Boulogne Billancourt – France.

Title: Computing Radiation Dosimetry - CRD
ISBN: 92-64-01671-6

OECD Code (printed version): 66 2004 11 1 P

* Please note: This offer is not open to OECD staff.

Student
Private sector

❏
❏
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toute autre documentation sur laquelle s’exerce la protection par le droit d’auteur.
Les demandes sont à adresser au :
Chef du Service des Publications,
Service des Publications de l’OCDE,
2, rue André-Pascal,
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