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Foreword

After a first book dealing with applied physics of external radiation exposure, the
authors review the state-of-the-art in terms of dosimetric and radiation protection
calculations through exercises related to practical applications in the covered fields.

For each problem, the book provides resolutions by means of analytical and
semi-empirical formulas derived from nuclear physics theory and the latest research
contributions. For some applications (cavity theory, absorbed dose calculation for
protons, quantities and dimensioning calculations in the surroundings of X-ray
generators…) the most recent data and calculation methods are among the tools
used.

Moreover, in most of the applications/problems discussed, an inter-comparison
with the numerical results obtained with a Monte-Carlo code is presented. Indeed,
computational codes based on this approach are widely used in the radiation
exposure field, given the reliability of the physical and dosimetric quantities’ esti-
mation they offer. Furthermore, the recent increase in performance and the
democratization of computing means allow a practical use of these codes requiring
significant computing resources. The MCNP code developed by the Los Alamos
National Laboratory (LANL) has been considered for several years, as a reference in
the field of numerical calculations for nuclear physics. It has been chosen in this book
to provide “actual” values in order to test the accuracy of analytical or
semi-empirical results. For each case study, the input file is fully provided, and their
structure is detailed. Some of the complex geometries involved in the modeled
radiological scenes are described, as well as the features used to generate, transport
and track particles. On another note, emphasis is placed on the raw MCNP result
normalization and on variance reduction techniques used to improve or allow the
convergence of statistical estimators toward the end result. Although the aim of this
book is not to replace the MCNP user’s manual, it provides the necessary elements
for the modeling, the simulation and the calculation of the desired quantities within
the topics discussed. All MCNP simulations were performed by means of the
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MCNP6 version 1.0. Note that the input files shown in this book are generally
compatible with previous release of the MCNPX and MCNP5 code. The MCNP
code is distributed by the RSICC (Radiation Safety Information Computational
Center) and its use requires a personal license distributed by this center.

The interest of a dual resolution, analytical or semi-empirical and numerical, is
diverse and meets the rigorousness required to carry out physical calculations.
Firstly, the theoretical knowledge and the analytical approach which result from it
allow to corroborate the numerical results obtained during the simulation. They can
avoid using the calculation code as a “black box”, i.e., without any real control over
the physics options implemented. They also prevent the user from obtaining the
desired result without having a tangible element to compare it to. Even if the
analytical or semi-empirical result only provides, in some cases, a rough estimate of
the quantities, it is still a gauge of the numerical value obtained or, at the very least,
provides the orders of magnitude necessary to validate the chosen numerical
method. In contrast, in the context of the radiological dimensioning of facilities, for
example, the numerical simulation can make a contribution by refining the thick-
nesses of biological protection previously calculated with an analytical or
semi-empirical model. It should also be added that, depending on the objective of
the dosimetric or radiation protection calculation, and the accuracy of the result
sought, the choice of an analytical or semi-empirical method may turn out to be
sufficient. As a result, the subsequent cost of the engineering study will be limited
compared with the study involving numerical simulations. Finally, it should be
mentioned that in some cases, only one of the two approaches can be successful: the
evaluation of the build-up factor is a relevant illustration of this case since it can
only be achieved rigorously with a numerical simulation.

Three main topics, grouped in three chapters, are discussed in this book:

– Chapter 1: Calculation of radiometric and dosimetric quantities (fluence, kerma,
dose and ambient dose equivalent).

– Chapter 2: Detection principles, detector response to reference physical quanti-
ties and operational dosimetric quantities.

– Chapter 3: Shielding and activation calculations for several types of facilities or
devices (radioactive sources, X-ray generators, accelerators…).

An introduction to MCNP introduces basic notions and concepts to model a
radiological scene with the MCNP (Monte-Carlo N-Particle) transport code. The
block structure of a typical input file are discussed.

The first chapter starts with fluence calculations for simple and more complex
geometries. Then, elementary dose equivalent calculations are carried out. These
appear as simple applications of the MCNP code and enable the reader to become
familiar with usual and classic functionalities of the code. The calculations of
in-depth absorbed dose for β particles and protons are also proposed with a double
resolution. Similarly, a study of dose and kerma profiles is undertaken for successive
materials exposed to a photon field. Finally, a first collision kerma calculation for a
neutron field is developed using both approaches, and a microdosimetric spectrum is
drawn from the numerical simulation of a tissue-equivalent proportional counter.
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The second chapter deals with detection principles, detector responses and
calibration for applications related to radiation protection and ionizing radiation
metrology. The detection and measurement of physical and dosimetric quantities for
photons, neutrons, electrons, β particles and protons are addressed. The study of
different types of reference detectors and absolute dosimeters are the subject of the
applications discussed: ionization chamber, proportional counter, thermolumines-
cent dosimeters (LiF), extrapolation chamber, proton recoil telescope, time-of-flight
measurement device, Bonner spheres spectrometer and calorimeter. In this chapter,
special attention is paid to the evaluation of correction factors, which are of par-
ticular importance in the field of metrological measurements (e.g., attenuation and
scattering in a detector wall).

The last chapter is devoted to radiological shielding and activation. Different
radiation source facilities (photons, neutrons or X-ray generators) are studied. In
addition to analytical calculations, the convergence issues of the Monte-Carlo code,
typical of radiation protection problems, are addressed and solved with variance
reduction techniques. Finally, a complete application dedicated to an electron
accelerator facility is proposed. It depicts the successive steps leading to the eval-
uation of the source term (Bremsstrahlung, photonuclear reactions), the shielding
calculation process (primary and secondary barrier, skyshine), the air activation and
accordingly the ozone concentration.

The book is intended to be didactic and each problem is treated independently.
The reader can therefore study the applications of interest in the desired order.
Nevertheless, it is recommended that the introduction and the first chapter be
studied first, in order to understand and assimilate methods and techniques used for
analytical and Monte-Carlo calculations of physical and dosimetric quantities.
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Abstract

An Introduction to MCNP

This part introduces basic notions and concepts to model a radiological scene with
the MCNP (Monte-Carlo N-Particle) transport code. The block structure of a
typical input file are discussed. The elementary surfaces and geometries enabling the
construction of cells are described and applied in simple examples. The other fea-
tures such as particle characteristic (type, energy, flux,…), evaluated quantities,
physics parameters and biasing, will be specifically addressed in applications
developed throughout this book. Two case studies will be used to illustrate the
different points addressed, as the explanations to create an MCNP input file will be
detailed.

Chapter 1: Calculation of Radiometric and Dosimetric
Quantities (Fluence, Kerma, Dose and Ambient Dose
Equivalent)

1.I Basic Calculations of the Fluence Rate for Sources
of Different Geometric Shapes

We propose here to calculate the fluence rate for basic sources: point isotropic
source, parallel beam, line source and disk-shaped source. For all of the cases, results
of the analytical and numerical solutions will be compared.



Objectives:

– Application of the analytical formalism for fluence calculations.
– Fluence calculation for a point source (analytical and MCNP code).
– Fluence calculation for a parallel beam (analytical and MCNP code).
– Fluence calculation for a line (analytical and MCNP code).
– Fluence calculation for a disk (analytical and MCNP code).

1.II Basic Calculations of Ambient Dose Equivalent

Basic ambient dose equivalent rates for isotropic point sources are calculated for
different radionuclides. For each case study, the analytical and numerical approaches
are presented.

Objectives:

– Ambient dose equivalent rate calculations for isotropic point-sources.
– Application of the inverse-square law.
– Use of the ICRP “conversion coefficient for the ambient dose equivalent”.
– Numerical calculation of dose equivalent.
– Normalization of the MCNP results for multi-source problems.
– Definition of multiple sources in a MCNP file.

1.III Dose and Kerma Calculation for Photons
in a Medium Composed of Interfaces

In this problem, dose and kerma curves, as a function of depth, are performed in a
set of media.

Objectives:

– Analytical calculation of the kerma and the depth dose for photons.
– Calculation of kerma and dose at the interface between different materials.
– Numerical simulation of kerma and dose.
– Calculation of the Build-up factor in soft tissue.

1.IV Calculation of the Ambient Dose Equivalent Rate
in a Uniformly Contaminated Pipe

For this application, the ambient dose equivalent rate within a pipe of which the
inner wall is uniformly contaminated by several radionuclides is calculated. The
close-form solution of this classic problem of external exposure is discussed below
and compared to the numerical result.
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Objectives:

– Application of the analytical form for the fluence and ambient dose equivalent.
– Analytical and numerical calculations of the ambient dose equivalent rate for a

surface contamination.

1.V Calculation of the In-Depth Absorbed Dose
for β Spectra

We propose to calculate the in-depth absorbed dose for β spectra in a water
phantom, seen as tissue-equivalent. In a first section, semi-empirical and numerical
models are detailed for calculation with a 90Y point-source in contact with the inlet
face of the phantom. In a second part are detailed the results of the first section
which lead to obtaining the dose equivalent to extremities H 0(0.07) for this
point-source. In the last section, calculations are achieved for a 50 cm2 surface
contamination for the same radionuclide.

Objectives:

– Semi-empirical calculation of the in-depth absorbed dose for β particles relying
on two different models: a fairly simple one that approximates about a part of the
maximum range of β particles and a complex accurate one that assesses the
actual range.

– Numerical calculation of the absorbed in-depth dose for β spectra.
– Calculation of the absorbed dose with a 3D-mesh in MCNP.
– Semi-empirical and numerical calculations of a dose equivalent to extremities for

a β point source.

1.VI Calculation of the Absorbed Dose Profile to Water
for 170 MeV Protons

In this section, a calculation of the absorbed dose profile to water for 170 MeV
protons is undertaken. The first part draws upon the 1997 work of Bortfield, to
suggest an analytical formulation of the absorbed dose as a function of depth and to
determine the resulting profile. The second part aims to describe the numerical
simulation of the absorbed dose to water and compare the results with those
obtained in the first part. The absorbed dose and then the directional dose equiv-
alent under 70 µm at a zero angle of incidence are determined analytically and
numerically in the third part.

Objectives:

– Analytical calculation of the absorbed dose to water as a function of the depth for
protons.

– Tracking of the different particles set in motion throughout nuclear interactions
using MCNP.

– Creation of a mesh for the absorbed dose with MCNP.
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– Determination of the mass stopping power at any point of a light ion range by
means of the MCNP card “ft let”.

– Representation of a microdosimetric spectrum using the MCNP card “ft let”.
– Calculation of the operational quantity: directional dose equivalent under 70 µm

for light ions.

1.VII Neutron Kerma Calculation and Microdosimetric
Spectrum Reconstruction with a Tissue Equivalent
Proportional Counter

In this problem, the “fluence – first collision kerma” factor for 13.9 MeV neutron is
calculated for a low-pressure Tissue Equivalent Proportional Counter (TEPC). The
value found is compared to the theoretical value. This factor is then compared to
different values of the “fluence –mean organ dose” factor from ICRU (1998a), for the
purpose of assessing its ability to estimate these macroscopic dosimetric quantities.
The ability to assess the ambient dose equivalent, H � 10ð Þ, from the neutron kerma is
studied as well. Furthermore, a challenge of this problem is the reconstruction of
microdosimetric spectra based on MCNP results. In a last step, the characteristic
dosimetric quantities drawn from the MCNP spectra are compared to the reference
values to judge the reliability of the proposed method.

Objectives:

– Analytical calculation of the first collision kerma for monoenergetic neutron.
– Study of microdosimetric spectrum and first collision kerma measurement

technique with the standard spherical TEPC, i.e., Rossi-type detector.
– Comparison of the first collision kerma with mean organ doses and evaluation of

the ambient dose equivalent.
– Microdosimetric spectrum calculation with MCNP simulation using the “anti-

coincidence pulse-height” card.
– Neutron mean quality factor calculation from a microdosimetric spectrum.

Chapter 2: Detection Principles, Detector Response
to Reference Physical Quantities and Operational
Dosimetric Quantities

2.I Gas-Filled Detector Operating in Ionization Chamber
Mode for Photons and in Proportional Counter Mode
for Neutrons

A gas-filled detector is successively operated in current mode (ionization chamber)
for a photon field and in pulse mode (proportional counter) for a neutron field. This
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application is aimed at evaluating separately dosimetric quantities with both
operating modes. This problem highlights the possibility of determining different
dosimetric quantities depending on the particle type and the operating mode.

Objectives:

– Establish if the chamber wall is tissue-equivalent.
– Determination of the cavity type according to the cavity theory.
– Calculation of the current in a small cavity.
– Evaluation of an operational quantity from a physical quantity measured by the

ionization chamber in a photon field.
– Understand the associated electronic counting system, from the radiation

interaction in the detector to the pulse counted and recorded, for a proportional
counter exposed to a neutron field.

– Assessment of a protection dosimetric quantity from the fluence.
– Calculation of the neutron kerma in the detector wall.
– Numerical simulation of the energy response of a chamber.

2.II Calibration of an Ionization Chamber
with a 60Co Source

In this application, the calibration in terms of ambient dose equivalent, H � 10ð Þ, for a
radiation survey meter (ionizing chamber type) with a 60Co source is studied. This
calibration operation is processed in a secondary laboratory and requires a device for
perfect measurement of air kerma. The first part is focused on the evaluation of the
air kerma with a reference air-equivalent chamber (Sp01 type) in a metrology pri-
mary laboratory. In the second part, the calibration in terms of ambient dose
equivalent is performed in a secondary laboratory. The third part is devoted to the
study of the survey meter response to 241Am gamma-rays. The main objective of this
last part is to check if the deviation between measured and actual values of the
operational quantity is within the limit recommended by standards.

Objectives:

– Understand the calibration process of a radiation protection device, from the
primary laboratory to the operational use.

– Calculate the theoretical expression of the air kerma with an ionization chamber.
– Determine the energy response of a survey meter with MCNP.
– Assess a wall-scattering factor with MCNP.
– Assess the relevance of the calibration carried out, depending on the energy

measured in a real situation.

2.III Calculation of a Dose Rate in a LiF Pellet

In the past few years, Haider et al. (1997) have improved Burlin intermediate cavity
theory (association of a small cavity and a large cavity) mostly by taking into

Abstract XV



account the electrons backscattered in the rear face of the chamber. In the first part,
the new cavity theory is applied to evaluate the mean absorbed dose in a LiF pellet
surrounded by aluminum (“buffer layer”). In this theory, this mean dose can be
determined from the absorbed dose at a point under the aluminum inlet face of the
detector with an analytical expression. In the second part, the analytical result is
verified with MCNP simulations.

Objectives:

– Application of the new cavity theory.
– Calculation of the mean absorbed dose in a sensitive volume from the absorbed

dose at a point under the aluminum inlet face of the detector.
– Dose calculation at an interface.
– Correction for photon scattering calculated with MCNP.

2.IV Measurement of the Operational Quantity H0 0:07; 0�ð Þ
for a β Spectrum with an Extrapolation Chamber

In a first part, the directional dose equivalent at a zero angle of incidence,
H 0 0:07; 0�ð Þ, is evaluated for a reference 90Sr/90Y source, using an extrapolation
chamber, model 23392 PTW. This device is recommended by the ISO 6980 standard
for the measurement of absorbed dose under 70 µm of tissue, Dt 0:07ð Þ for β radia-
tion. For this chamber model, a micrometer screw on a piston enables to adjust the
depth of the sensitive volume of the chamber. This feature allows to determine the
slope of the ionization current versus the depth of the chamber. A check of the slope
value with a numerical simulation is performed in a second part.

Objectives:

– Calculation of the dose at the entrance window for an extrapolation chamber.
– Calculation of the theoretical current generated in the sensitive volume using the

energy deposition tally.

2.V Fast Monoenergetic Neutron Energy and Fluence
Measurements with a Proton Recoil Telescope

This application is aimed at evaluating energy and fluence of monoenergetic neu-
trons with a proton recoil telescope. These neutrons emerge from a 3H target
impinged by a deuteron beam (150 keV) according to the reaction 3H(d,n)4He. This
method is highly recommended to carry out a reference measurement of the fluence
and the energy of a fast neutron field for an external dosimetry purpose. In a next
step, the ambient dose equivalent rate at the point at which the neutron beam
interacts with the telescope radiator is inferred. A comparison between results drawn
from theoretical and numerical methods is performed.
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Objectives:

– Theoretical calculation of the energy of fast neutrons undergoing elastic scat-
tering in an organic radiator and evaluation of the associated uncertainty.

– MCNP simulation of a proton recoil telescope.
– Calculation of a detector efficiency.
– Calculation of the energy resolution.

2.VI Fast Monoenergetic Neutron Time of Flight Energy
Measurement

In this problem, the time of flight (ToF) technique is used to measure the energy of
monoenergetic neutrons originating from the 3H(p,n)3He reaction. In the first part,
an analytical calculation of the ToF is detailed for the experimental data. In the
second part, this calculation is done for a d-d neutron spectrum simulated with
MCNP.

Objectives:

– Theoretical calculation of the time-of-flight (ToF) and matching neutron energy.
– ToF technique with a coincident secondary particle.
– ToF uncertainty and energy resolution calculations.
– Calculation of the mean ToF with MCNP using a fusion spectrum.

2.VII Measurement of a Realistic Neutron Spectrum
Using Bonner Spheres

In this application, we propose to determine the neutron fluence- and ambient dose
equivalent- rates for three energy regions (thermal – epithermal – fast) by employing
three Bonner spheres spectrometer (BSS). In the first part, the response of each
Bonner sphere is simulated with MCNP for the three energy regions. In the second
part, the neutron fluence is calculated for each energy range through the least
squares method. Note that the multi Bonner spheres method is a reference to assess
the overall fluence and the spectrum.

Objectives:

– Solving of an equation system through the least squares method.
– Study the principle of an unfolding algorithm to derive a spectrum from the

signal provided by several detectors.
– Calculation of the matrix response of a BSS with MCNP.
– Study the principle of Bonner spheres to evaluate a reference neutron spectrum.
– Calculation of a mean “physical quantity-to-dosimetric quantity” conversion

coefficient for an energy spectrum.
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2.VIII Absorbed Dose Measurement in a Water
Calorimeter for a 170 MeV Proton Beam
Used in Proton Therapy

This application is aiming at measuring the absorbed dose deposited by a proton
beam of 170 MeV maximum energy, for proton therapy. An proton box, corre-
sponding to the Bragg curve plateau region in water, is scanned with an hermetic
calorimeter. In the first part, the absorbed dose to water is evaluated from the
thermistors temperature change. A subsidiary challenge will be to assess the fluence
rate at the water phantom entrance face required for the proton beam to induce such
a dose. In the second part, we will evaluate the charge measured by an Exradin T1
ionization chamber located at the reference measurement point for the same proton
beam. Finally, in an independent third part, we will point out the difference in the
holding time for the temperature variation, owing to the deposited dose, for both a
graphite and a water calorimeter exposed to a 60Co radiation field.

Objectives:

– Calculation of the absorbed dose from the temperature rise in a water
calorimeter.

– Determination of the proton beam fluence as a function of the absorbed dose in
depth.

– Study of the calibration process of an ionization chamber in air for the assess-
ment of the proton dose to water.

– Evaluation of the holding time of the temperature variation in the calorimeter.

2.IX Calibration of a Neutron Survey Meter
with a 252Cf Source

This application is aimed at describing the calibration of a neutron survey meter. In
the first section, the device is calibrated in terms of µSv.h−1/c.s−1 with a 252Cf source
using the shadow cone method described in the ISO standard 8529-2 (ISO, 2000). The
device is a spherical 3He-filled proportional counter surrounded by a polyethylene
layer, identical to the 8″ Bonner sphere studied in the application 2.VII.

In the second section, the survey meter is used to measure a typical workplace
neutron field, emitted by a PuF4 solution considered as a point-like source. At the
end, the reliability of the 252Cf calibration is checked with respect to the deviation
between the readout of the calibrated survey meter and the actual dose equivalent
rate of the PuF4 solution.

Objectives:

– Application of the shadow cone method described in the ISO 8529-2 standard.
– Calculation of the efficiency and energy response of a Bonner sphere using

MCNP.
– Evaluation of a calibration coefficient for a proportional counter.
– Check of the calibration reliability depending on the characteristics of the

workplace radiation field.
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Chapter 3: Shielding and Activation Calculations
for Several Types of Facilities or Devices (Radioactive
Sources, X-ray Generators, Accelerators…)

3.I Shielding Calculation for an AmBe Neutron Source

In this application, the thickness of a polyethylene shielding is determined to ensure
a dose equivalent of 2 µSv/h at 1 m of a 60 GBq Am-Be source. The calculated
thickness derives from a semi-empirical model, checked by a numerical simulation.

Objectives:

– Semi-empirical and numerical calculations of a shielding for a neutron source.
– Use of neutron transmission coefficient.
– Neutron spectrum implementation in MCNP.
– Numerical calculation of dose equivalents for a mixed particle field composed of

neutrons and photons.

3.II Calculation of a 60Co Photon Source Ambient Dose
Equivalent Rate Behind a 4 m Water Shielding

In this problem, the ambient dose equivalent rate of a 60Co photon source of 20 TBq
is assessed behind a 4 m water shielding. The distance between the source and the
calculation point is 4.2 m.

Objectives:

– Semi-empirical calculation of a Shielding thickness for a 60Co source.
– Use of the build-up factor for photons.
– Numerical calculation of a very thick shielding.
– Use of a variance reduction technique for numerical calculations.

3.III Radiological Shielding for an X-ray Generator

The design of a radiological shielding for an X-ray generator is discussed in this
problem. In the first part, a semi-empirical method is applied, and results are
compared to a numerical approach in the second part.

Objectives:

– Semi-empirical calculation of a radiological shielding for an X-ray generator.
– Use of the transmission factor for an X-ray spectrum.
– Numerical simulation of an X-ray spectrum as a primary photon source.
– Application of a biasing technique to shielding calculations.
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3.IV Evaluation of Ambient Dose Equivalent
from Neutron Activation

The irradiation of a 59Co sample with a monoenergetic neutron beam, resulting in
the formation of 60Co by activation is studied in this application. In a first part, the
60Co activity is calculated analytically, as well as the resulting fluence and ambient
dose equivalent rate at 1 m from the sample. In a second part, the same quantities
are numerically evaluated and compared to that of the first part. The third part
points out the possibility to assess fluence and dose equivalent rates for different
irradiation scenarios and cooling steps, and therefore to perform the time profile of
the external exposure.

Objectives:

– Analytical calculation of sample activation by neutrons, resulting fluence and
ambient dose equivalent rates.

– Same as above with MCNP.
– MCNP calculations with the “act” card.
– Setting of an irradiation time profile with MCNP.
– Calculation of a prompt and delayed photon spectrum with MCNP during a

continuous irradiation.
– Achievement of the time profile of the fluence rate for successive irradiation and

cooling steps.

3.V Calculation of the Scattered Ambient Equivalent
Dose Rate for an X-ray Generator Beam
on a Water Phantom

In this application, the ambient dose equivalent rate resulting from the scattering of
an X-ray generator beam on a water phantom is evaluated.

Objectives:

– The ambient equivalent dose rate for an X-ray scattering field.
– MCNP and semi-empirical models of the scattered radiation and its related

ambient dose equivalent.
– Variance reduction techniques with use of the pseudo-particle and of the

DXTRAN sphere.
– Single-step calculation of dosimetric quantities related to the bremsstrahlung

radiation with MCNP.
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3.VI Calculation of Radiological Shielding for a 20 MeV
Electron Accelerator with an X-ray Conversion
Target

This application presents recommendations and technical information related to the
design of radiological shielding for a 20 MeV electron accelerator. The electron beam
is fully stopped in a target of high-Z material (tungsten). Related issues of radio-
logical exposure as air activation, skyshine and ozone production are also addressed.

Objectives:

– Complete study of source-terms for the irradiation facility (analytical and
MCNP).

– Calculation of the ambient equivalent dose rate due to bremsstrahlung produced
by the interaction of electrons in tungsten.

– Assessment of the photoneutron energy.
– Calculation of the ambient equivalent dose rate due to neutrons produced by

photonuclear reactions.
– Calculation of the shielding around an electron accelerator with high-Z target.
– Calculation of the external exposure component due to skyshine.
– Numerical calculation of the saturation activity in the air accelerator room.
– Air activity evolution as a function of time with an air change rate.
– Calculation of ozone concentration arising from photon interaction with air

molecules.
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An Introduction to MCNP

This part introduces basic notions and concepts to model a radiological scene with
the MCNP (Monte-Carlo N-Particle) transport code. The block structure of a
typical input file is discussed. The elementary surfaces and geometries enabling the
construction of cells are described and applied in simple examples. The other fea-
tures, such as particle characteristics (type, energy, flux, etc.), evaluated quantities,
physics parameters and biasing, will be specifically addressed in applications
developed throughout this book.

Two case studies will be used to illustrate different points addressed, as expla-
nations to create an MCNP input file will be detailed.

The first case is an isotropic point-like source of 60Co located at positions
x ¼ 51 cm, y ¼ 2 cm and z ¼ 3 cm. We aim to assess the fluence in a water cube
located in the air, 50 cm away from the source. The cube of 4 cm edge length is
centered in the location x ¼ 1 cm, y ¼ 2 cm and z ¼ 3 cm. In the second case, the
configuration is inverted: the water cube becomes a 60Co volumetric source and we
intend to evaluate the fluence at the location of the source in the first case.

We must point out that this introduction offers only an elementary vision of the
MCNP code formalism. It can be supplemented by the MCNP User’s Manual
(Pelowitz, 2013) completeness as well as the numerous specific documents provided by
LANL: https://laws.lanl.gov/vhosts/mcnp.lanl.gov/references.shtml#mcnp6_refs.

(a) MCNP input file structure

The MCNP input file is written in ASCII format (text format, prepared for
example with the “notepad” application for a Windows OS). The file is composed of
three parts referred to as blocks, separated by a blank line. The first block encom-
passes the definition of the objects modeled in space, denoted as cells (3D geometry,
materials and apparent densities). The second block contains the surfaces enabling
to form the cells described in the first block. The third block states all the
instructions necessary to generate, transport and track particles: the source, the
type of particles, the physics parameters, the spatial and energy biasing, the cal-
culation time, and the quantities to evaluate, so-called “tallies”. Note that the length
of a line in the input file cannot exceed 80 characters, spaces included. If this
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limitation is exceeded, adding a “&” character at the end of the line enables to link
up with the next line.

(b) Units used in MCNP

For basic parameters, the units used are the length in cm, the energy in MeV, the
time in shakes (10−8 s), the atom density in atoms.b−1.cm−1 (1024 atoms.cm−3), the
mass density in g.cm−3, and the cross sections in barns.

(c) Block 2: Geometry specification

The volume of cells described in the 1st block is characterized by the intersection
of elementary geometric objects. The latter are defined by elementary surfaces listed
in table 1.

In the example illustrated in figure 1, the plan normal to x-axis, located at
x ¼ 5 cm, is a surface described by the instruction “px 5”. This surface is identified
by a number at the beginning of the line, “10” in the case described below.

10 PX 5

A cylinder of radius 5 cm, of axis meeting x ¼ 2 cm and y ¼ �1 cm, parallel to
the z-axis, indicated by the number 15, is also represented in figure 1. It is described
by the following instruction:

15 C/Z 2 -1 5

Note that the cylinder is infinite along z-axis.
Since the release of MCNPX and MCNP5, closed surfaces, referred to as “mac-

robodies”, are available. These pre-defined surfaces are, for instance, rectangular
parallelepiped, spheres and finite cylinders. The macrobodies implemented in
MCNP are described in table 2. It is possible to combine macrobodies with ele-
mentary surfaces presented in table 1.

Therefore, the cube used in both presented cases (cube centered at the position
x = 1, y = 2 and z = 3 of 4 cm edge length) is defined by “rpp −1 3 0 4 1 5”, but it
can also be described with the instruction “box −1 0 1 4 0 0 0 4 0 0 0 4”. This cube
is displayed in figure 1 (in the xy plane). Generally, we will find out throughout this
book that it is more convenient to use macrobodies instead of elementary surface. In
most cases, macrobodies help avoid the description of a great number of surfaces
necessary for cell definition.

A 45° inclined cylinder (in the xy plane) of 5 cm height and 1 cm radius whose
lower base center is located at (−2 2 0) is defined by the instruction “rcc −2 2 0
3.5355 3.5355 0 1”. The coordinates of the steering vector in the xy-plane stem from
the hypotenuse projection, i.e., 5=

ffiffiffi
2

p ¼ 3:5355.

(d) Block 1: Cell definition

The cells are described in the 1st block. To each of them are attached a cell
number “n”, a material number “m” (defined in the 3rd block), a density “ρ” and a
geometry “si” composed of surfaces listed in the 2nd block. A comment preceded by
the character “$” can be added at the end of each line.

n m ρ s1 s2 … sn $ cell N
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TAB. 1 – Elementary surfaces, available in the MCNP User’s Manual (Pelowitz, 2013).

Mnemonic Type Description Equation Card entries

P

Plane

General ax þ byþ cz � d ¼ 0 a b c d
PX Normal to x-axis x � d ¼ 0 d
PY Normal to y-axis y � d ¼ 0 d
PZ Normal to z-axis z � d ¼ 0 d

SO

Sphere

Centered at the
origin xð Þ2 þ yð Þ2 þ zð Þ2 � R2 ¼ 0 R

S General x � að Þ2 þ y � bð Þ2 þ z � cð Þ2 � R2 ¼ 0 a b c R

SX Centered to x-axis x � að Þ2 þ yð Þ2 þ zð Þ2 � R2 ¼ 0 a R

SY Centered to y-axis xð Þ2 þ y � bð Þ2 þ zð Þ2 � R2 ¼ 0 b R

SZ Centered to z-axis xð Þ2 þ yð Þ2 þ z � cð Þ2 � R2 ¼ 0 c R

C/X

Cylinder

Parallel to x-axis y � bð Þ2 þ z � cð Þ2 � R2 ¼ 0 b c R

C/Y Parallel to y-axis x � að Þ2 þ z � cð Þ2 � R2 ¼ 0 a c R

C/Z Parallel to z-axis x � að Þ2 þ y � bð Þ2 � R2 ¼ 0 a b R

CX On x-axis yð Þ2 þ zð Þ2 � R2 ¼ 0 R

CY On y-axis xð Þ2 þ zð Þ2 � R2 ¼ 0 R

CZ On z-axis xð Þ2 þ yð Þ2 � R2 ¼ 0 R

K/X

Cone

Centered to x-axis
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y � bð Þ2 þ z � cð Þ2

q
� t x � að Þ ¼ 0

a b c t2 ± 1

K/Y Centered to y-axis
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x � að Þ2 þ z � cð Þ2

q
� t y � bð Þ ¼ 0

a b c t2 ± 1

K/Z Centered to z-axis
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x � að Þ2 þ y � bð Þ2

q
� t z � cð Þ ¼ 0

a b c t2 ± 1

KX On x-axis
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
yð Þ2 þ zð Þ2

q
� t x � að Þ ¼ 0

a t2 ± 1

KY On y-axis
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xð Þ2 þ zð Þ2

q
� t y � bð Þ ¼ 0

b t2 ± 1

KZ On z-axis
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xð Þ2 þ yð Þ2

q
� t z � cð Þ ¼ 0

c t2 ± 1

�1 used only for 1-sheet cone
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TAB. 1 – (continued).

Mnemonic Type Description Equation Card entries

SQ Ellipsoid Hyperboloid
paraboloid

Axis parallel to x-, y-
Or z-axis

E x � að Þ2 þF y � bð Þ2 þG z � cð Þ2 þ 2H x � að Þ
þ 2I y � bð Þþ 2J z � cð ÞþK ¼ 0

E F G H I J
K a b c

GQ Cylinder, cone ellipsoid
paraboloid hyperboloid

Axis are not parallel
to x-, y-
Or z-axis

E xð Þ2 þF yð Þ2 þG zð Þ2 þHxy
þ Iyzþ Jzx þKx þLyþMzþN ¼ 0

E F G H I J K
L M N

TX

Ellipsoid or circular torus.
Axis is parallel to

x-, y-, z axis

x � að Þ2=E2 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y � bð Þ2 þ z � cð Þ2

q
�D

� �2.
F2 � 1 ¼ 0

a b c D E F

TY
y � bð Þ2=E2 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x � að Þ2 þ z � cð Þ2

q
�D

� �2.
F2 � 1 ¼ 0

a b c D E F

TZ z � cð Þ2=E2 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y � bð Þ2 þ x � að Þ2

q
�D

� �2.
F2 � 1 ¼ 0

a b c D E F

X
X
V
I
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Special care has to be taken with the density: if q is negative, the density is
expressed in g:cm�3. Else, if q is positive, the unit is ðatomsÞ:b�1:cm�1.

A 3D geometry is designed with a mix of intersection and union of surfaces. To
define spatial regions bounded by these surfaces, it is necessary to couple them with
a sign. A “+” sign for a closed surface points the “region outside the surface” and a
“−” sign indicates the “region inside the surface”. As to unclosed surfaces, every
point where f (x, y, z) > 0 is located positively (+) with regard to the surface, and
every point where f (x, y, z) < 0 is positioned negatively (−). Let us take the example
of the flat surface “15”, normal to the x-axis and located at x ¼ 10, i.e., the plane
defined by “15 px 10”. The region where x > 10 is denoted as “+”, and that
where x < 10 corresponds to the “−” region. The shaded areas of figure 2 illustrate
the spatial regions defined by the instructions “−15” or “+15”. By default, the
absence of sign before a surface is interpreted as a “+” sign. The intersection and/or
union operators are applied to several surfaces to define a volume.

Surface intersections are stated with the logical ‘AND’ operator and unions with
the ‘OR’ operator. In the code, these operators are, respectively, written as a blank
space and a colon. For instance, the instruction “5 15” defines the region which is at
the same time in the region “5” AND in the region “15”. On the other hand, “5:15” is
used to point the region which is in the region “5” OR in the region “15”. To
illustrate this concept, we consider two planes “15 px 10” and “5 py − 10”. The
shaded area of figure 3a represents the region defined by the instruction “5 −15” and
that of figure 3b that provided with “5:−15”.

Let us summarize this approach with the example of the 4 cm edge length cube
centered at (1 2 3) used in both case studies. We intend to define the regions,

-8 -6 -4 -2 0 2 4 6 8
-6

-4

-2

0

2

4

6

"RPP -1 3 0 4 1 5" or "BOX -1 0 1 4 0 0 0 4 0 0 0 4"
cube centered on (1,2,3) with edge=4 cm

"C/Z 2 -1 5" cylinder parallel
to Oz centered in x=2, y=-1

"PX 5" plan normal to Ox for x=5 (in xy plan)

z

O

y

x

FIG. 1 – Examples of elementary surfaces (xy view).
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TAB. 2 – Definitions and input parameters for macrobodies.

Description Mnemonic and sketch Definition of entry

Arbitrarily
oriented

orthogonal
box

BOX vx vy vz ax ay az bx by bz cx cy cz

(vx vy vz) The x, y, z coordinates of a corner of a
box

ax ay az Vector of 1
st
side from the specified

corner coordinates
bx by bz Vector of 2

nd
side from the specified

corner coordinates
cx cy cz Vector of 3

rd
side from the specified

corner coordinates

Rectangular
parallelepiped

RPP xmin xmax ymin ymax zmin zmax

xmin xmax Termini of box sides normal to the x-axis
ymin ymax Termini of box sides normal to the y-axis
zmin zmax Termini of box sides normal to the z-axis

X
X
V
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TAB. 2 – (continued).

Sphere

SPH vx vy vz R

(vx vy vz) The x, y, z coordinates of the center of
the sphere

R Radius of the sphere

Right circular
cylinder

RCC vx vy vz hx hy hz R

(vx vy vz) The x, y, z coordinates at the center of
the base for the RCC

hx hy hz Right circular cylinder axis vector, which
provides both the orientation and the

height of the cylinder
R Radius of the RCC
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TAB. 2 – (continued).

Description Mnemonic and sketch Definition of entry

Truncated
right-angle

cone

TRC vx vy vz hx hy hz r1 r2

vx vy vz The x, y, z coordinates of the cone
bottom

hx hy hz Axis height vector
r1 Radius of the lower cone base
r2 Radius of the upper cone base, where

r1 < r2

X
X
X
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respectively, inside and outside this cube. Basically, the cube is defined by its six
faces. Inside block 2, these faces correspond to the following planes:

5 PX -1
10 PX 3
15 PY 0
20 PY 4
25 PZ 1
30 PZ 5

The inner region of the cube can be written as “5 −10 15 −20 25 −30” and the
outer region as “−5:10:−15:20:−25:30”.

A more straightforward way to define the cube is from a RPP rectangular par-
allelepiped macrobody:

10 RPP -1 3 0 4 1 5

In this case, the inner region of the cube is written as “−10” and the outer region
as “10”. Finally, a third way to define the same cube is to use the BOX macrobody:

FIG. 2 – Illustration of the spatial region (shaded area) depending on the sign of the sign used
with the flat surface. (a) “ − ” sign and (b) “ + ” sign.

FIG. 3 – Regions from (a) the intersection of surfaces “5 −15”, (b) the union of surfaces
“5:−15”.
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10 BOX -1 0 1 4 0 0 0 4 0 0 0 4

The inside is described by the instruction “−10” and the outside by “10”.

(e) Block 3: Materials’ definition

The aim now is to assign a material and a density to the cell. The material has to
be defined in the 3rd block beforehand. Each element composing the material is
written as “ZZAAA.lib”, where Z is the atomic number and A is the mass number.
The “.lib” extension refers to a particular cross section library (one can refer to
J.L. Conlin (2017) for further explanation on the different libraries and their fea-
tures). The part “.lib” can be omitted and by default, the code will work with the
first library listed in the “xsdir” file of MCNP. For instance, the term “8016” defines
oxygen-16 with its default library. When adding the extension “8016.80c”, the
oxygen-16 is treated with the neutron cross sections available in the ENDF/B-VII.1
library, taken at T = 293.6 K. The extension “60c” in the term “8016.60c” would
refer to neutron cross sections from a former library, ENDF/B-VI.0, at
T = 293.6 K. If the simulation only carries out photon or electron transport, stable
oxygen can be defined as “8000”, without adding an extension. It is important to
note that for neutron transport, this format is not accepted and it is necessary
to mention the atomic masses (AAA) to refer to a cross section library dedicated to
neutrons.

A material is described by a succession of chemical elements, each associated with
a weighting factor k: “Z1Z1A1A1A1 k1 Z2Z2A2A2A2 k2 … ZnZnAnAnAn kn” where ZnZn

is the atomic number of the element n, AnAnAn is its mass number and kn is its mass
fraction (if kn is negative) or its atom fraction (if kn is positive). In the case studies, if
we consider material 8 to be water, it is defined through the instruction m8 and can
be described by both of the following forms:

The text following the “c” characters is considered as a comment and is therefore
not interpreted by the code. Note that lots of MCNP material definitions are pro-
vided in the reference McConn et al. (2011).

(f) Block 3: Particle transport definition

The types of particles transported in the simulation have to be specified in the 3rd

block, within the “mode” card. The list of particles used in this book is provided in
table 3.
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For instance, setting the instruction “mode p” allows the transport of photons
only, whereas the instruction “mode p n” enables the mixed transport of photons
and neutrons.

(g) Block 3: Source definition

The particle source (type, energy, flux, emission geometry,…) is defined in the
third block. The source is defined by entering the “sdef” card whose parameters are
listed in table 4. The “default” column provides the default value or characteristics
of parameters when the latter are not specified. For instance, when setting the
“mode n”, the “sdef” card used alone would indicate a point-like source, located at
the origin, isotropically emitting 14 MeV neutrons.

For example, an isotropic point-like source of 1 MeV photons at the location
x = 51, y = 2 and z = 3 is stated as “sdef par = p erg = 1 pos = 51 2 3”. If a “sdef”
parameter contains several inputs, one has to provide a distribution number (pre-
ceded by “d”). In this way, the source parameter can take several values sampled
from the “si” distribution (source information), followed by a “sp” card (source
probability), enabling to assign a probability to each of the source parameters. This
can be illustrated with the energy definition of the 60Co source considered in the two
case studies proposed in this introduction. This radionuclide emits two photons of
1.17 MeV and 1.33 MeV, which will be listed in a “si” card. The 100% emission
probability for each of these gamma rays will be specified in an associated “sp” card.
The source of the first case is fully defined as follows:

SDEF par=p erg=d4 pos=51 2 3
si4 L 1.17 1.33
sp4 1 1

The parameter list of the “si” and “sp” cards are always correlated and written in
an orderly manner. Particular attention has to be paid to match each of the “si” card
input with its probability in the “sp” card. For the second case, the source is cubic

TAB. 3 – Particle types and associated symbols in MCNP.

IPT Type of particles Symbol

1 Neutron N
2 Photon P
3 Electron E
8 Positron F
9 Proton H
31 Deuteron D
32 Triton T
33 Helion (He-3) S
34 Alpha (He-4) A
37 Heavy ion* #

*The “#” represents all possible heavy-ion types – in other words, any ion that is not one of
the four light ions available in MCNP6.
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TAB. 4 – List of parameters for the “sdef” source definition card.

Variable Meaning Default
CEL Cell Determined from XXX, YYY, ZZZ and

possibly UUU, VVV, WWW

SUR Surface 0 (means cell source)

ERG Energy 14 MeV

DIR μ, the cosine of the angle between VEC and UUU, VVV,
WWW

The azimuthal angle is always sampled uniformly in
[0, 2π]

Volume case: μ is sampled uniformly in
[−1.1] (isotropic). Surface case:
p(μ) = 2μ for μ [0, 1] (cosine

distribution)

VEC Reference vector for VEC Volume case: required unless isotropic.
Surface case: vector normal to the

surface with sign determined by NRM

NRM Sign of the surface normal 1

POS Reference point for positioning sampling 0, 0, 0

RAD Radial distance of the position from POS or AXS 0

EXT Cell case: distance from POS along AXS Surface case:
cosine of angle from AXS 0

AXS Reference vector for EXT and RAD Reference vector for EXT and RAD

X X-coordinate of position No X

Y Y-coordinate of position No Y

Z Z-coordinate of position No Z

CCC Cookie-cutter cell No cookie-cutter cell

ARA Area of surface (required only for direct contributions to
point detectors from a plane surface source)

None

WGT Particle weight 1

EFF Reference efficiency criterion for position sampling 0.01

PAR Type of particle the source emits Neutron if MODE N or N P or N P E;
photon if MODE P;
electron if MODE E

X
X
X
IV
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(4 cm edge length cube centered at (1, 2, 3)). If the cell “5” stands for the cube, the
source can be written as:

SDEF cell=5 x=d1 y=d2 z=d3 erg=d4 par=p
si1 -1 3 $ x-range limits for source volume
sp1 0 1 $ uniform probability over y-range
si2 0 4 $ y-range limits for source volume
sp2 0 1 $ uniform probability over y-range
si3 1 5 $ x-range limits for source volume
sp3 0 1 $ uniform probability over x-range
si4 L 1.17 1.33 $ energy of each Co-60 photons
sp4 1 1 $ intensity of each Co-60 photons

(h) Block 3: Tally definition

Within the 3rd block, the assessed quantities are specified with statistical esti-
mators called “tallies” in the MCNP code. These tallies are listed in table 5. Many of
these are used in the applications of this book. For the second case, we are seeking
the photon fluence at a point located 50 cm away from the cube center, i.e., at the
position (51 2 3). The tally is then defined by the instruction “F5:p 51 2 3 1”. For
the first case, we want to evaluate the “mean” photon fluence in the cube, due to the
point-like 60Co source. If the cell 5 stands for the cube, the tally can be written as
“F4:p 5”.

At this point, we have presented all the elements enabling to build the full input
files necessary for the simulation of the two case studies presented.

TAB. 5 – Tally designators in MCNP.

Mnemonic Tally type Fn units *Fn units

F1:pl Current integrated over a surface Particles MeV
F2:pl Fluence averaged over a surface particles/cm2 MeV/cm2

F4:pl Fluence averaged over a cell particles/cm2 MeV/cm2

F5a:pl Fluence at a point or ring detector particles/cm2 MeV/cm2

F6:pl Energy deposition averaged over a cell MeV/g jerks‡/g
+F6 Collision heating MeV/g n/a
F7:pl Fission energy deposition in a cell MeV/g jerks/g
F8:pl Energy distribution of pulses created in a

detector by radiation
Pulses MeV

+F8:pl Charge deposition Charges n/a
‡1 jerks = 109 J. 1 jerks/g = 1012 Gy.
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(i) Input file for the first case

The first case is a 60Co isotropic point-like source located at the position (51 2 3).
We want to evaluate the photon fluence at 50 cm from the source, in a 4 cm side
water cube centered in (1 2 3).

Case 1

c block 1 cells
5 8 -1 5 -10 15 -20 25 -30 $ inside cube material 8 d=1 g/cm3
10 2 -1.3e-3 -40 (-5:10:-15:20:-25:30) $ air mat 2 d=1.3e-3 g/cm3 around the cube

999 0 40 $ outside void

c block 2 geometry
5 PX -1
10 PX 3
15 PY 0
20 PY 4
25 PZ 1
30 PZ 5
40 SO 100 $ sphere centered on (0,0,0) R=100 cm

c block 3 the rest
SDEF par=p erg=d4 pos 51 2 3
si4 L 1.17 1.33
sp4 1 1
m2 6000 -.000124 7000 -.755258 8000 -.23 18000 -.0128 $ air
m8 1000 2 8000 1 $ water
mode p
imp:p 1 1 0 $ transport in cell 5 and cell 10 no transport in cell 999
ctme 10 $ time of the calculation
F4:p 5 $ fluence in the cube – cell 5

Generally, the first line of an input file contains the title. It is the only case when
it is not mandatory to add “c” as a first line character to indicate a comment.

Note that an infinite cell made of vacuum, where the particle transport is not
enabled, has been defined beyond the sphere. Without this cell providing a
matter-vacuum boundary, the particles would be continuously transported. This
would cause an infinite routine and a calculation break in the code. Vacuum is
indicated by setting the instruction 0 instead of the material number and density
(refer to cell 999).

(j) Input file for the second case

The second case is about a cubic 60Co source filled with water. The cube has the
same dimensions as in the first case. We want to estimate the fluence at a point
located at 50 cm from this source.
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Case 2
c block 1 cells
5 8 -1 5 -10 15 -20 25 -30 $ inside cube material 8 d=1 g/cm3
10 2 -1.3e-3 -40 # 5 $ air d=1.3e-3 g/cm3 around the cube
999 0 40 $ outside void

c block 2 geometry
5 PX -1
10 PX 3
15 PY 0
20 PY 4
25 PZ 1
30 PZ 5
40 SO 100 $ sphere centered on (0,0,0) R=100 cm

c block 3 the rest
SDEF cell=5 x=d1 y=d2 z=d3 erg=d4 par=p
si1 -1 3 $ x-range limits for source volume
sp1 0 1 $ uniform probability over y-range
si2 0 4 $ y-range limits for source volume
sp2 0 1 $ uniform probability over y-range
si3 1 5 $ x-range limits for source volume
sp3 0 1 $ uniform probability over x-range
si4 L 1.17 1.33 $ energy of each Co-60 photons
sp4 1 1 $ intensity of each Co-60 photons
m2 6000 -.000124 7000 -.755258 8000 -.23 18000 -.0128 $ air
m8 1000 2 8000 1 $ water
mode p
imp:p 1 1 0 $ transport in cell 5 and cell 10 no transport in cell 999
ctme 10 $ time of the calculation
F5:p 51 2 3 .1 $ fluence at 50 cm of the center of the cube (in x-axis)

In cell 10 parameters, the instruction “#5” provokes the cell 5 exclusion. Thus,
writing −40 #5 enables to define the inside of the sphere 40 while excluding the
geometry defined in the cell 5, i.e., the cube.

Note that, in this case, “10 2 −1.3e −3 −40 # 5” is equivalent to
“10 2 −1.3e −3 −40 (−5:10:−15:20:−25:30)”.

The Vised software can be used to visualize the files in a two dimension frame.
This software is provided in the MCNP package. For Windows OS, the free software
“Xming” (https://sourceforge.net/projects/xming/) can also be employed.

These simple cases allow understanding the general structure of MCNP input
files. More complex cases, as well as output file analysis and result normalization will
be discussed throughout this book.

An Introduction to MCNP XXXVII
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Chapter 1

Calculation of Radiometric
and Dosimetric Quantities
(Fluence, Kerma, Dose
and Ambient Dose Equivalent)

1.I Basic Calculations of the Fluence Rate for Sources
of Different Geometric Shapes

Abstract:
We propose here to calculate the fluence rate for basic sources: point isotropic
source, parallel beam, line source and disk-shaped source. Each source emits a same
flux of 106 particles per second. For all of the cases investigated here, the results of
the analytical and numerical solutions will be compared.

Objectives:
– Application of the analytical formalism for fluence calculations.
– Fluence calculation for a point source (analytical and MCNP code).
– Fluence calculation for a parallel beam (analytical and MCNP code).
– Fluence calculation for a line (analytical and MCNP code).
– Fluence calculation for a disk (analytical and MCNP code).

These trivial and classic applications of external radiation are covered with the
aim of getting acquainted with the MCNP result normalization in the convenient
units.

(a) Fluence calculation within one meter of an isotropic source

The fluence rate within a distance d of one meter of an isotropic source
emitting a flux _N ¼ 106 ðparticlesÞ:s�1 is obtained with the following form:

DOI: 10.1051/978-2-7598-2461-8.c001
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_U ¼
_N

4pd2 ¼
106

4p� 1002
¼ 7:96 s�1cm�2

Concerning the MCNP simulation, an ASCII format input file has to be built,
the latter will be interpreted by the code. This file is composed of three parts
referred to as blocks throughout this book. Two blocks are separated by a blank line.
Block 1 contains the cell definition. A cell is defined by a volume resulting in a
composition of surfaces specified in Block 2, plus a density and a material. As the
case study is simple, the particle transport will be conducted into the vacuum. Thus,
there is no need to define a material or a density. This assumption is set out inside
the input file 1.I.1 below, using the instruction “10 0 −15” composed of:

– the cell number, “10”, in which the particle transport takes place,
– a zero-material, “0”, to specify a vacuum region (no interaction in this case),
– the “−15” parameter, with a minus sign to indicate that the transport will occur

within the surface “15” defined in Block 2.

Block 2 is a list of the surfaces enabling the cell definition in Block 1. Generally
speaking, the region of space for the radiation transport is defined by a sphere
surrounding the simulated case. Particles reaching the sphere boundary are “killed”
and their “history” is interrupted. Without this feature, particles would be trans-
ported ad libitum, causing an infinite tracking of their “history” which will end up in
a “fatal error” after ten infinite tracks (“10 particles got lost” in the output file). In
order to model this radiation transport sphere, the instruction “15 so 200” stands
for:

– the surface number, “15” enabling to model the cell number “10” of Block 1,
– the surface type, “so”, corresponding to an origin centered sphere,
– the “200” cm radius of the sphere.

It is necessary to refer to the chapter “an introduction to MCNP” to get an
overview of surfaces for use in the code.

Finally, Block 3 defines the type of particles generated and transported. For the
studied case, the “mode p” instruction indicates a photon transport. This block is
also used to describe the radiation source. The instruction “sdef par = p erg = 1
pos = 0 0 0” defines a 1 MeV (“erg = 1”) photon source (“par = p”) emitted at the
origin of the coordinate system (“pos = 0 0 0”). The calculation features are spec-
ified using the tallies. In this case, the “f 5” card refers to a type 5 tally for the fluence
at a point. For this estimator, a small sphere of exclusion is required with the radius
set in the 4th entry of the tally. The radius is 0.1 cm in the example below. This
parameter avoids a singularity risk in the fluence calculation (cf. Antoni and
Bourgois, 2017a). In our case, the instruction “f5:p 0 0 100 0.1” estimates the photon
fluence at the point “0,0,100”. It is also worth mentioning that in Block 3, the
physics options are set for generating and transporting particles. These options are
mainly handled by the “phys” card, to which we shall refer in some of the following
applications. The entire input file is given below:
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Fluence calculation for a point source
c block 1 cells definition
10 0 -15 $ cell 10, inside the sphere 15: transport
20 0 15 $ cell 20, outside the sphere 15: no transport

C block 2 geometry definition
15 SO 200 $ sphere “15” radius 200 cm at the origin point(0,0,0)

C block 3 source definition, physics parameters, results, material
imp:p 1 0 $ transport in cell 10 no transport in cell 20
mode p $ only photons are transported
sdef par=p erg=1 pos= 0 0 0 $ photons isotropic source of 1 MeV
f5:p 0 0 100 .1 $ fluence calculation at the point (0,0,100)
stop F5 .000001 $ calculation stops when tally f5 error is equal to .000001

File 1.I.1

The result obtained for f5 tally is given in the output file as below:

tally 5
nps mean error vov slope fom

1000 7.9577E-06 0.0000 0.0000 10.0 1.0E+30

This result provides the fluence per photon emitted by the virtual source; this
value is

U=N ¼ 7:96� 10�6 cm�2 cð Þ�1. For a flux of _N ðcÞ:s�1, the resulting fluence rate
is:

_U ¼ U
N

� �
_N ¼ 7:96� 10�6 � 106 ¼ 7:96 s�1:cm�2

We infer that the fluence rates obtained with both methods are identical.
Although the studied case is fairly simple, it points out from the outset the need for
an ad-hoc normalization of the estimator raw results to obtain the latter in the
convenient units.

(b) Fluence calculation for a parallel beam

For a beam of circular cross-section of radius 5 cm, with a flux _N ¼ 106 ðcÞ:s�1,
the fluence rate is:

_U ¼
_N
S
¼ 106

p� 52
¼ 1:27� 104 s�1:cm�2
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When using the MCNP code with this type of source, the fluence per source
particle can be simulated by means of the fluence averaged over a cell, which cor-
responds to a type 4 tally. The type 5 tally previously used is not appropriate in this
case of a parallel beam. Inside the input file presented hereinafter, the fluence is
calculated within a spherical void cell of 0.1 cm radius, located in the beam. As for
the source definition through the “sdef” card, the “vec” card indicates the particle
beam direction along z axis, i.e., “vec 0 0 1”. The “dir” card sets the beam width
around the direction-vector “vec” according to “dir cos(θ)”. Thus, by setting “dir 1”,
the beam is parallel since θ = 0. The “rad” card indicates the beam cross section
radius described in “si1” and the “axs” card sets the direction of the emission surface.
If the cards “vec”, “dir” and “axs” are omitted, the default emission is isotropic as in
the file 1.I.1. of the previous application. Figure 1.I.1 exhibits the different direc-
tions. The MCNP file for the parallel beam is the following:

Fluence calculation for a parallel beam
10 0 -10 15 $ region for transport
15 0 -15 $ scoring calculation cell
20 0 10 $ outside the transport region

10 SO 200
15 SZ 100 .1 $ calculation sphere (centered on z-axis) for z=100 and r=0.1

imp:p 1 1 0 $ transport in cells 10 15, no transport in cell 20
mode p
c sdef for a // beal in oz radius 5 cm
sdef par=P pos 0 0 -10 axs 0 0 1 ext 0 rad=d1 vec 0 0 1 dir 1 erg 1
Si1 0 5
sp1 -21 1
f4:p 15 $ means of the average fluence inside cell 15
stop F4 .003

File 1.I.2

FIG. 1.I.1 – Definition of the “sdef” parameters for an anisotropic source.
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Tally 4 result of the output file is:

tally 4
nps mean error vov slope fom
313560279 1.2731E-02 0.0030 0.0000 10.0 12889

This result corresponds to the mean fluence per photon emitted by the virtual
source; this value is �U=N ¼ 1:27� 10�2 cm�2 cð Þ�1. For a 106 (γ).s−1 flux, the fluence
rate is:

_U ¼
�U
N

� �
_N ¼ 1:27� 10�2 � 106 ¼ 1:27� 104 s

�1
cm�2

Here also the results obtained with both methods are identical.

(c) Fluence calculation for a line

A linear source of length L emitting a total flux _N homogeneously is considered.
Figure 1.I.2 represents the geometry as well as the variables used for the calculation.

First of all, the flux per unit length nL shall be defined:

nL ¼
_N
L

By dividing the linear source into infinitesimal elements of length dl, each of
these elements can be considered as point-like source from the observer. The flux
emitted by each one of these subsequent elements is equal to nLdl and the differential
fluence at a distance q takes the form:

dU ¼ nL

4 pq2
dl ð1Þ

FIG. 1.I.2 – Geometry used for calculating the fluence of a line.
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then distance q is expressed as a function of distance h and angle h shown in
figure 1.I.2:

h tanh ¼ l ()
by deriving

h
dh

cos2h
¼ dl and q ¼ h

cosh

q and dl are replaced in equation (1) by expressions found just above:

dU ¼
nL

h
cos2h

� �

4p
h

cosh

� �2 dh ¼ nL

4ph
dh

Afterwards, the differential fluence is integrated over the line:

_U ¼
Z
L
d _U ¼ nL

4ph

Z h2

�h1

dh ¼
_N

4pLh
arctan

L1

h

� �
þ arctan

L� L1

h

� �� �

With dimensions given in figure 1.I.2, the calculated fluence rate at the observer
(point O) is:

_U ¼ 106

4p� 10� 3
arctan

1
3

� �
þ arctan

9
3

� �� �
¼ 4:17� 103 s�1cm�2

Note that the arc tangent function angles must be expressed in radians (SI unit).
Concerning the numerical simulation, the fluence is estimated using type 5 tally
located at the observer. In file 1.I.3. below, the linear source is set up with “sdef”
parameters, like a cylinder along z axis, with a zero radius, i.e. “rad = 0”, and with a
height set in the “ext” parameter.

fluence calculation for a line source
10 0 -10
20 0 10

10 SO 30

imp:p 1 0
mode p
SDEF par=p pos=0 0 0 axs=0 0 1 ext=d1 rad=0 erg=1
SI1 -9 1 $ line from z=-9 to z=1
SP1 -21 0
f5:p 3 0 0 .1
stop F5 .0001

File 1.I.3
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The output file provides the following result:

tally 5
nps mean error vov slope fom

49152000 4.1665E-03 0.0000 0.0000 10.0 1.0E+30

As a result, the fluence per photon emitted by the virtual source is
U=N ¼ 4:17� 10�3 cm�2 cð Þ�1. For a flux of 106 (γ).s−1 the corresponding fluence rate
is:

_U ¼ U
N

� �
_N ¼ 4:17� 10�3 � 106 ¼ 4:17� 103 s

�1
cm�2

Once again both results are identical.

(d) Fluence calculation for a disk

This application gives the fluence at distance D from a disk of radius R, with a
uniform contamination, emitting a flux of _N particles per second in the whole space.
Figure 1.I.3 shows the details of the considered geometry.

In the first place, a surface flux ns is defined as follows:

ns ¼
_N
S
¼

_N

pR2

When dividing the disk into infinitesimal elements of surface dS, each of them
can be considered as point-like source to the observer. The flux emitted by each of
these elements is equal to nsdS . Therefore, for a point source emitting a total flux
nsdS , the differential fluence at distance q is equal to:

d/ ¼ ns

4pq2
dS

FIG. 1.I.3 – Geometry used for calculating the fluence of a disk.
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The total fluence of the disk is achieved by integrating the differential fluence
over the whole surface of the source:

_/ ¼
ZZ
S

ns
4pq2

dS ð2Þ

The three following equations are derived from the geometry and the variables
presented in figure 1.I.3:

dS ¼ rdrda ð3Þ

q ¼ D
cosh

ð4Þ

D tanh ¼ r ð5Þ
Differential form of equation (5) is written as:

D
cos2h

dh ¼ dr ð6Þ

Substituting expressions (3), (4) and (6) in integral (2) leads to:

_U ¼ n
4p

ZZ
s

r
D

cos h

� ��2

dadr ¼ n
4p

ZZ
S

D tan h
D

cos2h

� �� �
D

cosh

� ��2

dadh

() _U ¼ n
4p

Z 2p

0
da�

Z atan R
Dð Þ

0
tanh dh ¼ n

2
�ln coshj j½ �arctan

R
Dð Þ

0

Finally:

_U ¼ N

2pR2 �ln cos arctan
R
D

� �� �����
����

� �

The following trigonometrical relationship simplifies the above expression:

arctan h ¼ arccos
1ffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ h2
p

 !

Thus, a closed-form solution of the fluence rate at the observer is:

_U ¼
_N

2pR2 �ln
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ R
D

� 	2q
0
B@

1
CA

2
64

3
75 ¼

_N

4pR2 ln 1þ R
D

� �2
�����

�����
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By setting R ¼ 5 cm and D = 3 cm for the numerical application, we get:

_U ¼
_N

4pR2 ln 1þ R
D

� �2
�����

����� ¼
1� 106

4p52
ln 1þ 5

3

� �2
�����

����� ¼ 4231 cm�2s�1

As for the numerical simulation, the fluence is estimated by type 5 tally. In the
following file, the disc-shaped source is defined by means of the “rad” parameter in
the “sdef” card:

Fluence calculation for a disk
10 0 -10
20 0 10

10 SO 30

imp:p 1 0
mode p
SDEF POS=0 0 0 AXS=0 0 1 EXT=0 RAD=d1 PAR=p ERG=1
SI1 0 5 $ disk radius between 0 and 5 cm
SP1 -21 1 $ radial sampling weighting: r^1 for disk source
f5:p 0 0 3 .1
stop F5 .0001

File 1.I.4

The result is given below:

tally 5
nps mean error vov slope fom
16384000 4.2314E-03 0.0000 0.0000 10.0 1.0E+30

Tally 5 result provides the value of the fluence per photon emitted by the source;
this value is U=N ¼ 4:23� 10�3 cm�2 cð Þ�1. For a flux of 106 cð Þ:s�1 the fluence
rate is:

_U ¼ U
N

� �
_N ¼ 4:23� 10�3 � 106 ¼ 4:23� 103 s

�1
cm�2

Both results are also the same.
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1.II Basic Calculations of Ambient Dose Equivalent

Abstract:
Basic ambient dose equivalent rates for isotropic point sources are calculated for
different radionuclides. For each case study, the analytical and numerical approaches
are presented.

Objectives:
– Ambient dose equivalent rate calculations for isotropic point-sources.
– Application of the inverse-square law.
– Use of the ICRP “conversion coefficient for the ambient dose equivalent”.
– Numerical calculation of dose equivalent.
– Normalization of the MCNP results for multi-source problems.
– Definition of multiple sources in a MCNP file.

The approaches detailed hereunder, enabling to evaluate operational quantities
for external exposure in a given radiological context, constitute a basic knowledge in
radiation protection calculations.

Part 1: Ambient Dose Equivalent rate at 1 m and 30 cm
from a 10 GBq 22Na Point-Source
(a) Analytical calculation

The ambient dose equivalent rate at any point of space can be obtained by
multiplying the fluence rate _U and the “fluence-to-ambient dose equivalent” con-
version coefficient hU:

_H ¼ hU _U

The fluence rate is given in cm−2.s−1 and the conversion coefficient, hU; in Sv.cm2.
For an isotropic source of activity A emitting particles with different probabilities CE

associated with their energy, the ambient dose equivalent rate at a distance q (in cm)
is formally expressed as:

_H ¼
X
E

hU;E _UE ¼
X
E

hU;E
_NE

4pq2

� �
¼
X
E

hU;E
ACE

4pq2

� �
¼ A

4pq2
X
E

hU;ECE ð1Þ

22Na radioactive decay emits two photons with energies and emission intensities:
511 keV at 180% and 1274 keV at 99:94%. The photon emission spectrum of this
radionuclide is drawn from the web link “http://www.nucleide.org/Laraweb/”. The
“fluence-to-ambient dose equivalent” conversion coefficients, h�U 10ð Þ, are taken from
the ICRP (1996) publication (see figure 1.II.1).

The values of this coefficient are obtained for both energies from figure 1.II.1. We
get h�U 10ð Þ511 ¼ 3 pSv.cm2 and h�U 10ð Þ1274 ¼ 6.2 pSv.cm2. Therefore, for a 10 GBq
point-source at 1 m:
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_H � 10ð Þ1m ¼ _H � 10ð Þ511 þ _H � 10ð Þ1274 ¼
A

4pd2 C511h�U 10ð Þ511 þC1274h�U 10ð Þ1274
� 	

Thus:

_H � 10ð Þ1m ¼ 10� 109

4p�1002
1:8� 3� 10�12 þ 0:9994� 6:2� 10�12� 	 ¼ 9:2:10�7 Sv:s�1

The result given in a usual unit (mSv:h�1Þ is:
_H � 10ð Þ1m ¼ 3600� 1000� 9:2:10�7 ¼ 3:3mSv:h�1

For an isotropic point-source responsible for ambient dose equivalent rate _H 1 at
distance d1, the ambient dose equivalent rate _H 2 at distance d2 obeys the
inverse-square law:

_H 2

_H 1
¼ d1

d2

� �2

Note that both distances d1 and d2 must be expressed with the same unit. At
30 cm, it becomes:

_H � 10ð Þ30 cm ¼ _H � 10ð Þ1m
d1m

d30 cm

� �2

¼ 3:3� 1
0:3

� �2

¼ 36:7mSv:h�1

FIG. 1.II.1 – ICRP (1996) “fluence-to-ambient dose equivalent” conversion coefficient.
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It is recalled that the inverse-square law holds only for point-sources or point-like
objects. An object can be considered as a point-source when its distance to the
observer is roughly equal to 5 times its largest dimension.

(b) Numerical calculation

The ambient dose equivalent is calculated with the point detector tally (F5). In
order to convert the calculated fluence into an ambient dose equivalent, one needs to
multiply the tally result by “fluence-to-ambient dose equivalent” conversion coeffi-
cients, in accordance with formula (1). This can be done by implementing dose
energy “de” and dose function “df” cards in the MCNP input file. The “de” card
contains discrete energies and the “df” card provides the values of the conversion
factors h�U 10ð Þ for each energy of the “de” card. The “df” values are written in the file
with the same unit as that of ICRP (1996), in pSv.cm2. The weighted result
obtained is an ambient equivalent dose per photon emitted by the virtual source,
H � 10ð Þ=N . The F5 and F15 estimators below give, respectively, the equivalent dose
at 1 m and at 30 cm from the source.

Since the particles are transported in the air, the parameters “1 5 −0.00129
−100” represent a cell “1”, filled with air. Air is characterized by material “5”
described in Block 3 by the “m5” card and by the density 0.00129 g/cm3 noted
“−0.00129”. The minus sign of the latter indicates a unit in g.cm−3; whereas a
positive sign would stand for “(atoms)/barn-cm”. The last entry, “−100”, points the
inside of surface “100”.

In Block 3, the source is specified by the instruction “sdef pos = 0 0 0 par = p
erg = d1” in which the parameter “erg = d1” refers to the photon energies of dis-
tribution 1. This distribution described by “si1 l 0.511 1.274”, simulates, with
parameter “l ”, a discrete source of photons of 0.511 and 1.274 MeV. The “sp1” card
coupled with “si1” holds for the intensity of photons at each energy, namely 1.8 and
0.9994.

**** Calculation for a Na-22 point source ****
C block 1
c cell block
1 5 -0.00129 -100 $ transport area cell; material 1 (air) density 0.00129
10 0 100 $ vacuum

C block 2
c geometry block
100 SO 200 $ 200 cm radius sphere defining the scoring zone

C block 3
c source, materials and results definition block
imp:p 1 0 $ transport in cell 1, no transport in cell 10
mode p
sdef pos=0 0 0 par=p erg=d1
SI1 L .511 1.274 $ Na-22 energies
SP1 1.8 .9994 $ Na-22 emission intensities
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ctme 1 $ 1 min calculation time
F5:p 0 100 0 .1 $ fluence at 1 meter
F15:p 0 0 30 .1 $ fluence at 30 cm
c Energies (MeV) for H*(10)/phi coefficients
DE5 .01 .015 .02 .03 .04 .05 .06 .08 .1 .15 .2 .3 .4 .5 .6 &
.8 1 1.5 2 3 4 5 6 8 10
c H*(10)/phi pSv.cm2 photons coefficients, ICRP 1996
DF5 0.061 .83 1.05 .81 .64 .55 .51 .53 .61 .89 1.2 1.8 2.38 2.93 3.44 &
4.38 5.2 6.9 8.6 11.1 13.4 15.5 17.6 21.6 25.6
DE15 .01 .015 .02 .03 .04 .05 .06 .08 .1 .15 .2 .3 .4 .5 .6 &
.8 1 1.5 2 3 4 5 6 8 10
DF15 0.061 .83 1.05 .81 .64 .55 .51 .53 .61 .89 1.2 1.8 2.38 2.93 3.44 &
4.38 5.2 6.9 8.6 11.1 13.4 15.5 17.6 21.6 25.6
M5 1000 -1.0 7000 -78.0 8000 -21.0 $ air

File 1.II.1

The tally results in the output file are:

tally 5 tally 15
nps mean error vov slope fom mean error vov slope fom

14262217 3.2728E-05 0.0002 0.0561 2.6 3.4E+07 3.6408E-04 0.0001 0.0010 3.0 8.5E+07

The values at 1 m and 30 cm are, respectively: 3:27� 10�5 pSv: cð Þ�1 and
3:64� 10�4 pSv: cð Þ�1. The normalization operated to format the results differs from
the analytical approach. In this case, a total flux of particles is considered, by
summing up the emission intensity of each energy.

_H � 10ð Þ ¼ H � 10ð Þ
N

� �
_N ¼ H � 10ð Þ

N

� �
A
X
E

CE

H � 10ð Þ=N is the value computed by MCNP given in pSv: cð Þ�1. For a 10 GBq
activity of 22Na, the total flux obtained is:

_N ¼ A
X
E

CE ¼ 10� 109 � 1:8þ 0:9994ð Þ ¼ 2:8� 1010 ðcÞ:s�1

Ambient dose equivalent rates, given in mSv.h−1, at 30 cm and 1 m are:

_H � 10ð Þ1m ¼ 3:27� 10�5 � 2:8� 1010 � 10�12 � 3600� 1000 ¼ 3:3mSv:h�1

_H � 10ð Þ30 cm ¼ 3:64� 10�4 � 2:8� 1010 � 10�12 � 3600� 1000 ¼ 36:7mSv:h�1
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The factor 10�12 � 3600� 1000 converts the results from pSv:s�1 to mSv:h�1.
We infer that analytical and numerical results are similar.

Part 2: Ambient Dose Equivalent Rate for Two Point-Sources:
10 GBq of 22Na at 1 m and 1 GBq of 60Co at 30 cm

(a) Analytical calculation

In part 1, a 22Na point-source of 10 GBq gave an ambient dose equivalent rate of
3.3 mSv.h−1 at one meter. For usual sources, simple equations allow direct access to
the operational quantity at a given distance, as a function of the source activity. For
instance, Antoni and Bourgois (2017a) give 0.351 mSv:h�1 at one meter from a 60Co
point source of 1 GBq. At 30 cm, it follows:

_H � 10ð Þ30 cm ¼ _H � 10ð Þ1m
d1m

d30 cm

� �2

¼ 0:351� 1
0:3

� �2

¼ 3:9mSv:h�1

Also, the ambient dose equivalent for two point-sources located at different dis-
tances from the observer is:

_H
�
10ð Þ ¼ 3:3þ 3:9 ¼ 7:2mSv:h�1

(b) Numerical calculation

The different locations of the point-sources need a specific source definition in the
“sdef” card. The location is identified depending on the energy of the source by
means of the parameter “pos = ferg”. Furthermore, the multi-source case requires a
specific parametrization for the launching probability of a given energy. This
probability is handled by associating the “si1” and “sp1” cards in the file suggested
below. It is necessary to associate to each energy a probability corresponding to the
ratio of the number of particles emitted to the total flux. Generally, for k point
sources, the total flux can be formally expressed as follows:

_N ¼
X
k

_Nk ¼
X
k

Ak

X
E

Ck;E

 !

with Ak the respective activity of each source and CE;k the emission intensity of each
source for energy E. The total flux for this application is:

_N ¼ ANa � C0:51 þC1:27ð ÞþACo � C1:17 þC1:33ð Þ
With values, we get:

_N ¼ 10� 109 � 1:8þ 0:9994ð Þþ 109 � 1þ 1ð Þ ¼ 3� 1010 cð Þ:s�1
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Then, ratio rE of the number of photons emitted to the total flux is built for each
energy E. The number of photons emitted is calculated by multiplying the activity
by the emission intensity of energy line E. The ratio is given by:

rk;E ¼ Nk;E

_N
¼ AkCk;E

_N

For instance, the ratio for the 511 keV line of 22Na is:

rNa;0:51 ¼ NNa;0:51

_N
¼ 10� 109 � 1:8

3� 1010
¼ 0:6

In similar fashion, ratios for other energies are: rNa;1:27 ¼ 0:333; rCo;1:17
¼ 0:033 and rCo;1:33 ¼ 0:033. These ratios appear in the set of parameters of the
“sp1” card in the following file:

Dose rate for 2 point sources; Na-22 at 1 m and Co-60 at 30 cm
C block 1
1 1 -0.00129 -100 $ transport area cell
10 0 100 $ outside vacuum

C block 2
100 SO 200

C block 3
imp:p 1 0
mode p
sdef pos=ferg d2 par=p erg=d1
SI1 L .511 1.274 1.17 1.33 $ Na-22 et Co-60 emission lines
SP1 .6 .333333333 .033333333 .033333333 $ flux ratio for each energy
DS2 S 3 3 6 6 $ position number; function of energy
SI3 L 0 0 0 $ position of both Na-22 energies
SP3 1
SI6 L 0 0 70 $ position of both Co-60 energies
SP6 1
ctme 10
F5:p 0 0 100 .1 $ fluence at 1 meter
c energies (MeV) for H*(10)/phi coefficients
DE5 .01 .015 .02 .03 .04 .05 .06 .08 .1 .15 .2 .3 .4 .5 .6 &
.8 1 1.5 2 3 4 5 6 8 10
c H*(10)/phi pSv.cm2 ICRP 74 coefficients for photons
DF5 0.061 .83 1.05 .81 .64 .55 .51 .53 .61 .89 1.2 1.8 2.38 2.93 3.44 &
4.38 5.2 6.9 8.6 11.1 13.4 15.5 17.6 21.6 25.6
M1 1000 -1.0 7000 -78.0 8000 -21.0 $ air

File 1.II.2
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The output results are:

tally 5
nps mean error vov slope fom

35832630 6.6302E-05 0.0003 0.0002 2.9 945146

Tally 5 result is an ambient dose equivalent per photon emitted by the two
virtual sources: H � 10ð Þ=N ¼ 6:63� 10�5 pSv cð Þ�1. Finally, the numerical ambient
dose equivalent rate is:

_H
�
10ð Þ ¼ H � 10ð Þ

N

� �
_N ¼ 6:63� 10�5 � 3� 1010 � 10�12 � 3600

¼ 7:2� 10�3 Sv:h�1ð7:2mSv:h�1Þ

Once again, analytical and numerical results are the same.

1.III Dose and Kerma Calculation for Photons
in a Medium Composed of Interfaces

Abstract:
In this problem, dose and kerma curves, as a function of depth, are performed in a set
of media. We assume that a parallel beam of 2 MeV photons with a 2 cm section
radius irradiates a solid cylinder of the same section radius. This cylinder is succes-
sively filled with a 2 cm layer of soft tissue, 1 cm layer of titanium and 2 cm layer of
soft tissue. An overview of this multi-layer cylinder is displayed in figure 1.III.1.

FIG. 1.III.1 – Multi-layer cylinder for calculation.
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Objectives:
– Analytical calculation of the kerma and the depth dose for photons.
– Calculation of kerma and dose at the interface between different materials.
– Numerical simulation of kerma and dose.
– Calculation of the build-up factor in soft tissue.

Part 1: Semi-Empirical Calculation of the Dose Profile
Hereafter, steps to describe theoretically the kerma and the absorbed dose profiles in
successive materials are described.

(a) Kerma calculation at the cylinder entrance (x = 0)

For photons of energy Ei (MeV) with a fluence Ui (cm
−2), the collision kerma

(Gy) has the form:

K col ¼ 1:602� 10�10
X
i

len
q

� �
ii
UiEi

with len=qð Þi the mass absorption coefficient at a given energy, expressed in cm�2:g,
in material i. The coefficient 1:602� 10�10 converts MeV.g−1 into Gy. Assuming a
single energy, the kerma at the entrance of the cylinder is:

K col 0ð Þ ¼ 1:602� 10�10 len
q

� �
U 0ð ÞEc ð1Þ

The fluence in the parallel beam for 1 emitted photon, at the inlet face of the
cylinder is:

U 0ð Þ ¼ N
S

¼ 1

pR2 ¼
1

p� 22
¼ 7:96� 10�2 cð Þ:cm�2

The mass absorption coefficients len=qð Þ are available in several references. In the
present case, data are drawn from the website: “https://www.nist.gov/pml/x-ray-
mass-attenuation-coefficients”. For soft tissue and 2 MeV photons, this coefficient is
2:582� 10�2 cm2:g�1. Using the above equation (1), we get:

K col 0ð Þ ¼ 1:602� 10�10 � 2:582� 10�2 � 7:96� 10�2 � 2 ¼ 6:59� 10�13 Gy

(b) Kerma calculation in a 2 cm layer of soft tissue

At depth d inside the first slice of soft tissue, the incoming photon fluence is
attenuated and the collision kerma becomes:

K col dð Þ ¼ K col 0ð Þ exp � l
q

� �
soft tissue

qsoft tissue d
� �

ð2Þ
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The value of the mass attenuation coefficient l=qð Þtm at 2 MeV is
4:895� 10�2 g:cm�2. The kerma for a 2 cm thickness is:

K col 2ð Þ ¼ 6:59� 10�13 exp �4:895� 10�2 � 1� 2
� 	 ¼ 6� 10�13 Gy

Actually, equation (2) yields an approximate solution. For the considered energy,
photons mainly interact through Compton effect in matter, increasing the fluence as
the depth rises. A more accurate method entails including in the above expression a
“build-up” factor B lx;Eð Þ, taking into account this increase as opposed to the
attenuation phenomenon. Thus, expression (2) takes the form:

K col xð Þ ¼ B lx;Eð ÞK col 0ð Þ exp � l
q

� �
q x

� �
ð3Þ

The build-up factor B lx;Eð Þ depends on the number of mean free paths “µx”, on
the photon energy as well as on the considered geometry. There is no theoretical
formula providing this coefficient but only empirical expressions such as that of
Berger discussed in § 3.II. Its value can also be assessed more precisely by per-
forming a Monte Carlo simulation. However, for photons in soft tissues at the
considered energy, this coefficient is almost 1. That is why we assume this factor set
to 1 in the further analytical calculations.

(c) Kerma ratio at the interface

At the interface between the soft tissue and the titanium front entrance, the
kerma ratio equates to the ratio of the mass absorption coefficients at the considered
energy and we get:

K col
Ti 2ð Þ

K col
soft tissue 2ð Þ ¼

len
q

� �Ti

soft tissue
¼ 2:166� 10�2

2:582� 10�2 ¼ 0:839

An inverted ratio can be considered at the next interface, at 3 cm depth.

(d) Electronic equilibrium condition and dose calculation

Except for electronic equilibrium conditions, the dose calculation is complex and
there is no analytical approach to evaluate it. Only a Monte Carlo simulation allows
estimating the dose shape in the region between the beginning of a new medium and
the depth from which the electronic equilibrium holds. From this depth, the
absorbed dose is strictly equal to the collision kerma.

D xð Þ ¼ K col xð Þ
Electronic equilibrium conditions are verified for a depth at least equal to the

range of the most energetic electrons set in motion by photons, in the considered
material. At 2 MeV, Compton effect is prevailing. Thus, the range of the most
energetic Compton electrons must be determined; this maximum energy Tc max holds
the following equation:
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Tcmax �
4E2

c

4Ec þ 1
¼ 4� 22

4� 22 þ 1
¼ 1:78MeV

For 1.78 MeV, the CSDA (Continuous Slowing Down Approximation) range in
soft tissue is 0.8516 g.cm−2 (i.e. 0.8516 cm for 1 g.cm−3) and 1.15 g.cm−2 in titanium
(i.e. 0.255 cm). Data derived from the website “https://physics.nist.gov/
PhysRefData/Star/Text/ESTAR.html”. Therefore, for a depth x larger than
0.85 cm in soft tissue and larger than 0.255 cm in titanium, it can be assumed that
D xð Þ ¼ K col xð Þ.
(e) Dose ratio at the interface

As a first approximation, the mean energy of secondary electrons set in motion
inside a material can be determined based on primary photons according to:

�Te� ¼
ltr
q


 �
l
q


 � Ec

For this calculation, one can consider that the mass absorption coefficient is
almost equal to the mass transfer coefficient ltrð Þ ffi lenð Þ the mean energy trans-
ferred to secondary electrons is entirely locally imparted with no fraction converted
into bremsstrahlung. The mean energy in soft tissue and in titanium is respectively:

�Te�½ �tm ¼ 2:582� 10�2

4:893� 10�2 � 2 ¼ 1:05MeV

and �Te�½ �Ti ¼
2:166� 10�2

4:18� 10�2 � 2 ¼ 1:04MeV

The absorbed doses ratio at the interface is given by the ratio of the mean
stopping power in both materials. Stopping power values are chosen for the sec-
ondary electrons mean energy previously calculated:

DTið2Þ
Dtmð2Þ ¼

�S
q

� �Ti

tm
¼ 1:37

1:843
¼ 0:74

Although the theoretical approach is quite convenient, the numerical simulation
requires a special care concerning the understanding of algorithms and parameters
governing the electron transport in the Monte-Carlo code (Antoni and Bourgois,
2017b).

Part 2: Numerical Solving with MCNP
The MCNP simulation of the absorbed dose requires a mixed transportation of
photons and electrons throughout the same run, which implies a “mode e p”
instruction in the input file. The absorbed dose is calculated by means of a type 8
tally on electrons, i.e., “*F8:e”. The kerma evaluation is done using a type 6 tally on
photons, i.e., “*F6:p”. In order to obtain the depth distributions, the absorbed dose
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and kerma calculations are performed in successive cylindrical cells of low thickness
Dx ¼ 0:01 cmð Þ.

The electron processing in MCNP is highly depending on the transport algo-
rithm chosen and on the implemented parameters (see Antoni and Bourgois, 2017b).
Indeed, several path sampling algorithms are available for electrons. For the case
study, the default MCNP 6.1 algorithm “detailed electron energy – loss straggling
logic” is enabled. For earlier versions than MCNP 5, e.g., versions X and 4, it is
advisable to use the “ITS” algorithm trigged by the “dbcn” physics card, by setting
the 18th entry to 1. Furthermore, it is worth setting up the number of transportation
substeps, by means of the “estep” card, according to the following estimation:

ESTEP ¼ 10
Ls

q
hð Þ�1

where Ls stands for the step length corresponding to the default value of label
“estep” of table 85 in the output file for MCNP6 and that of label “drange” in the
previous MCNP versions. These values are, respectively, 8:51� 10�2 g:cm�2 and
1:103� 10�1 g:cm�2 for soft tissue and for titanium. As titanium density is 4.51, the
number of substeps to set up for each material is:

ESTEPst ¼ 10� 8:51� 10�2=1
� 	� 0:01ð Þ�1 ¼ 85

ESTEPTi ¼ 10� 1:103� 10�1=4:51
� 	� 0:01ð Þ�1 ¼ 22

The values obtained are implemented at the end of the lines dedicated to the
materials’ definition (refer to m1 and m2 in the provided file). The MCNP model
used is shown in figure 1.III.2. The full input file is provided at the end of the
problem solution.

FIG. 1.III.2 – Model used in MCNP for the kerma and absorbed dose profiles.
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The *F6 tally results correspond to a “mean kerma” in the cell of thickness Dx,
per source photon. They are denoted as �KDx in what follows. In the output file, mean
kerma unit is jerks.g−1 with 1 jerk = 109 J. In order to get Gy unit, the results have
to be weighted by a factor 1012:

K col xð Þ ¼ 1012 � �KDx 8x 2 Dx

The type *F8 tally results provide the total energy et;Dx, in MeV, imparted in the
cell of thickness Dx per source photon. Thus, for an absorbed dose in Gy for a
photon, in a cell of a given thickness Dx, we use the following normalization:

D xð ÞDx ¼ 1:602� 10�13 et;Dx
m


 �
8x 2 Dx

with m ¼ qV the mass of the cell expressed in kg. The titanium mass is:

mTi ¼ qV ¼ qpr2h
1000

¼ 4:51� p� 12 � 0:01
1000

¼ 1:41� 10�4 kg

In a similar fashion, for the soft tissue mass, the cell mass is 3:14� 10�5 kg.
A benchmark between theoretical calculations and numerical simulations is sum-
marized in table 1.III.1. All the results are given for 1 source photon.

Figure 1.III.3 exhibits simulated kerma and absorbed dose profiles as a function
of depth for the irradiated cylinder. In both layers of soft tissue, it is noteworthy that
the dose gradually increases until it reaches the kerma and then it is superimposed
on the decreasing curve of the kerma. The junction of kerma and dose profiles occurs
at the depth holding electronic equilibrium conditions. However, same conclusion
cannot be drawn for titanium because of the representation scale and the low depth
at which these conditions hold true.

Overall, this profile shape depicts the fact that the electronic equilibrium
depends on the type of material crossed by incident photons. Furthermore, it is
worth noting that the increase in the simulated absorbed dose is almost exponential
near the entrance face of titanium. This effect is not handled in the theoretical
approach and is owing to the backscattering of secondary electrons set in motion in
the previous layer of soft tissue. This finding is hugely significant when a high

TAB. 1.III.1 – Overview of the theoretical and numerical values for the absorbed dose and
kerma.

Theoretical Numerical

K col 0ð Þ 6:59� 10�13 Gy 6:66� 10�13 Gy
x for D ¼ K inside tissues x > 0.85 cm x > 0.80 cm
x for D ¼ K inside titanium x > 0.255 cm x > 0.220 cm

K col 2ð Þ 6:0� 10�13 Gy
without B lx;Eð Þ

6:4� 10�13 Gy
with B lx;Eð Þ

K col
Ti 2ð Þ=K col

tm 2ð Þ 0:84 0:85

DTið2Þ=Dtmð2Þ 0:74 0:83
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Z medium is located after a lower Z medium. This dose bump at the interface is
handled by the new cavity model (see § 2.III about the LiF). This phenomenon can
have a broad impact in radiotherapy, especially when human tissues of different
densities follow one another in the irradiated area. Finally, the build-up factor in
tissues can be calculated according to formula (3), by replacing the values found
with numerical simulation.

B ¼ K col 2ð Þ
K col 0ð Þ exp

l
q

� �
qx

� �
¼ 6:4� 10�13

6:66� 10�13 exp �4:895� 10�2 � 1� 2
� 	 ¼ 1:06

This factor is close to 1 and can be neglected for rough radioprotection calcu-
lations. However, for the metrology field of ionizing radiation, it has to be considered
to better match reference measurements (refer to § 2.II and § 2.III).

Full input file:

Dose - Kerma calculation
C cell block
10 1 -1 -10 $ tissues: material 1 density -1
15 1 -1 -15
20 1 -1 -20
25 1 -1 -25
30 1 -1 -30
40 1 -1 -40
50 1 -1 -50
60 1 -1 -60
70 1 -1 -70
80 1 -1 -80
90 1 -1 -90
95 1 -1 -95

FIG. 1.III.3 – Kerma and dose profiles inside the irradiated cylinder, as a function of depth.
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100 1 -1 -100
105 1 -1 -105
110 1 -1 -110
120 1 -1 -120
130 1 -1 -130
140 1 -1 -140
150 1 -1 -150
160 1 -1 -160
170 1 -1 -170
180 1 -1 -180
185 1 -1 -185
190 1 -1 -190
195 1 -1 -195
200 1 -1 -200
205 1 -1 -205 $ end for tissues
210 2 -4.51 -210 $ titanium: material 2 density 4.51
215 2 -4.51 -215
220 2 -4.51 -220
225 2 -4.51 -225
230 2 -4.51 -230
240 2 -4.51 -240
250 2 -4.51 -250
260 2 -4.51 -260
270 2 -4.51 -270
280 2 -4.51 -280
290 2 -4.51 -290
300 2 -4.51 -300
310 2 -4.51 -310 $ end for titanium
320 1 -1 -320 $ tissues
330 1 -1 -330
340 1 -1 -340
350 1 -1 -350
360 1 -1 -360
370 1 -1 -370
380 1 -1 -380
390 1 -1 -390
400 1 -1 -400
410 1 -1 -410
420 1 -1 -420
430 1 -1 -430
440 1 -1 -440
450 1 -1 -450
460 1 -1 -460
470 1 -1 -470
480 1 -1 -480
490 1 -1 -490
500 1 -1 -500
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510 1 -1 -510 $ end for tissues
520 1 -1 -520 10 15 20 25 30 40 50 60 70 80 90 100 110 &
95 105 120 130 140 150 160 170 180 185 190 195 200 205

535 2 -4.51 -535 210 215 220 225 230 240 250 &
260 270 280 290 300 310
530 1 -1 530 320 330 340 350 360 370 &
380 390 400 410 420 430 440 450 460 470 480 490 500 510 &
525 0 -525
550 0 520 530 535 525

C geometry block
10 RCC 0 0 0 0 0 0.01 1
15 RCC 0 0 .05 0 0 0.01 1
20 RCC 0 0 0.1 0 0 0.01 1
25 RCC 0 0 0.15 0 0 0.01 1
30 RCC 0 0 0.2 0 0 0.01 1
40 RCC 0 0 0.3 0 0 0.01 1
50 RCC 0 0 0.4 0 0 0.01 1
60 RCC 0 0 0.5 0 0 0.01 1
70 RCC 0 0 0.6 0 0 0.01 1
80 RCC 0 0 0.7 0 0 0.01 1
90 RCC 0 0 0.8 0 0 0.01 1
95 RCC 0 0 0.85 0 0 0.01 1
100 RCC 0 0 0.9 0 0 0.01 1
105 RCC 0 0 0.95 0 0 0.01 1
110 RCC 0 0 1 0 0 0.01 1
120 RCC 0 0 1.1 0 0 0.01 1
130 RCC 0 0 1.2 0 0 0.01 1
140 RCC 0 0 1.3 0 0 0.01 1
150 RCC 0 0 1.4 0 0 0.01 1
160 RCC 0 0 1.5 0 0 0.01 1
170 RCC 0 0 1.6 0 0 0.01 1
180 RCC 0 0 1.7 0 0 0.01 1
185 RCC 0 0 1.75 0 0 0.01 1
190 RCC 0 0 1.8 0 0 0.01 1
195 RCC 0 0 1.85 0 0 0.01 1
200 RCC 0 0 1.9 0 0 0.01 1
205 RCC 0 0 1.99 0 0 0.01 1
210 RCC 0 0 2 0 0 0.01 1
215 RCC 0 0 2.05 0 0 0.01 1
220 RCC 0 0 2.1 0 0 0.01 1
225 RCC 0 0 2.15 0 0 0.01 1
230 RCC 0 0 2.2 0 0 0.01 1
240 RCC 0 0 2.3 0 0 0.01 1
250 RCC 0 0 2.4 0 0 0.01 1
260 RCC 0 0 2.5 0 0 0.01 1
270 RCC 0 0 2.6 0 0 0.01 1
280 RCC 0 0 2.7 0 0 0.01 1
290 RCC 0 0 2.8 0 0 0.01 1
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300 RCC 0 0 2.9 0 0 0.01 1
310 RCC 0 0 2.99 0 0 0.01 1
320 RCC 0 0 3 0 0 0.01 1
330 RCC 0 0 3.2 0 0 0.01 1
340 RCC 0 0 3.3 0 0 0.01 1
350 RCC 0 0 3.4 0 0 0.01 1
360 RCC 0 0 3.5 0 0 0.01 1
370 RCC 0 0 3.6 0 0 0.01 1
380 RCC 0 0 3.7 0 0 0.01 1
390 RCC 0 0 3.8 0 0 0.01 1
400 RCC 0 0 3.9 0 0 0.01 1
410 RCC 0 0 4 0 0 0.01 1
420 RCC 0 0 4.1 0 0 0.01 1
430 RCC 0 0 4.2 0 0 0.01 1
440 RCC 0 0 4.3 0 0 0.01 1
450 RCC 0 0 4.4 0 0 0.01 1
460 RCC 0 0 4.5 0 0 0.01 1
470 RCC 0 0 4.6 0 0 0.01 1
480 RCC 0 0 4.7 0 0 0.01 1
490 RCC 0 0 4.8 0 0 0.01 1
500 RCC 0 0 4.9 0 0 0.01 1
510 RCC 0 0 5 0 0 0.01 1
520 RCC 0 0 0 0 0 2 2
530 RCC 0 0 3 0 0 2.1 2
535 RCC 0 0 2 0 0 1 2
525 RCC 0 0 -.1 0 0 .1 2

mode e p
imp:e,p 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 &
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0
sdef par=p pos 0 0 -.05 axs 0 0 1 ext 0 rad=d1 vec 0 0 1 dir 1 erg 2
Si1 0 2
sp1 -21 1
M1 1001 -10.1 6000 -11.1 7000 -2.6 8000 -76.2 estep 85 $ soft tissues
M2 22000 1 estep 22 $ titanium
C dose (*F8) and kerma (*F6) calculations in cells 15 to 510
c *F8 dose in all cells 10, 15, 20 ... 510
*F8:e 10 15 20 25 30 40 50 60 70 80 90 95 100 105 110 120 130 140 &
150 160 170 180 185 190 195 200 205 210 215 220 225 230 240 250 &
260 270 280 290 300 310 320 330 340 350 360 370 380 390 400 410 &
420 430 440 450 460 470 480 490 500 510
c *F16 kerma in all cells 10, 15, 20 ... 510
*F16:p 10 15 20 25 30 40 50 60 70 80 90 95 100 105 110 120 130 140 &
150 160 170 180 185 190 195 200 205 210 215 220 225 230 240 250 &
260 270 280 290 300 310 320 330 340 350 360 370 380 390 400 410 &
420 430 440 450 460 470 480 490 500 510
C DBCN for condensed history new straggling logic transportation
C for MCNPX or MCNP4 use DBCN 17j 1 3j
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DBCN 17j 2 3j
stop F8 .005
c print 85 for the estep value
print 85

File 1.III.1

1.IV Calculation of the Ambient Dose Equivalent Rate
in a Uniformly Contaminated Pipe

Abstract:
For this application, the ambient equivalent dose rate within a pipe of which the
inner wall is uniformly contaminated by several radionuclides is calculated. The
close-form solution of this classic problem of external exposure is discussed below
and compared to the numerical result.

Objectives:

– Application of the analytical form for the fluence and ambient equivalent dose.
– Analytical and numerical calculations of the ambient equivalent dose rate for a

surface contamination.

Characteristics:
The inner wall of the pipe is uniformly contaminated with 60Co (30% of the total
activity) and 137Cs (70% of the total activity). The total activity of the two con-
taminants is 1 GBq. Observer O is located along the axis of the cylinder at a
distance L1 = 5 m of one of its bases. The radius and the length of the cylinder are,
respectively, R = 1.5 m and H = 15 m (see figure 1.IV.1). In what follows, the
ambient equivalent dose rate at the observer is calculated.

The analytical and numerical solutions of this classical problem are highly based
on those detailed in § 1.I about the disk-shaped source.

Part 1: Analytical Calculation
The surface flux related to the internal contamination of the cylinder is the ratio
between the total flux and the surface of the cylinder:

ns ¼
_N c

S
¼

_N c

2pRH

By dividing the inner surface of the pipe into tiny units of area dS, each of them is
considered as a point-like object from the observer. The flux emitted by each
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subsequent element is nsdS . Therefore, for a point source emitting a flux nsdS , the
differential fluence at a distance q is:

d _U ¼ ns

4pq2
dS

The total fluence of the inner wall is obtained by solving the double integral of the
differential fluence over the whole surface of the source:

_U ¼
ZZ
s

ns
4pq2

dS ð1Þ

Considering R as a constant, the unit of area can be expressed as a function of an
infinitesimal variation of the variable h:

dS ¼ 2pRdh

The differential element dh and the distance q is expanding in terms of the
variables R and θ:

R tan h ¼ h by deriving
()

R
cos2h

dh ¼ dh ð2Þ

q ¼ R
cos h

ð3Þ

By substituting expressions (2) and (3) in form (1), it follows:

d _U ¼ ns2pR
4pq2

dh ¼ ns2pR

4p R
cos h

� 	2 R
cos2 h

dh
� �

¼ ns

2
dh

FIG. 1.IV.1 – Uniformly contaminated cylinder, with an observer located inside.
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The integral of dU over the whole pipe gives:

_U ¼ ns

2

Z hmax

hmin

dh ¼
_N c

4pRH
arctan

L2

R

� �
þ arctan

L1

R

� �� �

with the angular bounds:

hmin ¼ �arctan
L1

R

� �
and hmax ¼ arctan

L2

R

� �

60Co emits two photons of 1.17 and 1.33 MeV with 100% emission intensity for
each of the two. 137Cs emits a 662 keV photon of 85% intensity. For a 1 GBq activity
split into 30% of 60Co and 70% of 137Cs, the total flux is:

_Nt ¼ _NCo þ _NCs ¼ 1� 109 � 0:3� 2ð Þþ 0:7� 0:85ð Þð Þ ¼ 1:195� 109 cð Þ:s�1

The resulting total fluence rate at the observer within the pipe is:

_Ut ¼ 1:195� 109

4p� 150� 1500
arctan

10
1:5

� �
þ arctan

5
1:5

� �� �
¼ 1142 cð Þs�1cm�2

Note that the arctanh term is expressed in radians (SI unit). For this case study,
the ambient equivalent dose rate is expanded as follows:

_H
�
10ð Þ ¼ A

4pRH
arctan

L2

R

� �
þ arctan

L1

R

� �� �X
k

%ð Þk
X
E

Ck;Eh�U 10ð ÞE

where the term %ð Þk represents the part of the total activity from contaminant k and
Ck;E stands for the intensity of the emission line E: For the ambient equivalent dose
rate, it is necessary to determine prior the “fluence – ambient equivalent dose”
conversion factors at the energy of photons emitted by both contaminants, given by
the ICRP (1996) (see section 1.II). These factors are h�U 10ð Þ0:662 ¼ 3:75 pSv.cm2,
h�U 10ð Þ1:17 ¼ 5:9 pSv.cm2 and h�U 10ð Þ1:33 ¼ 6:35 pSv.cm2 and lead to the ambient
equivalent dose rate below:

_H
�
10ð Þ ¼1� 10�12 � 3600� 1� 109

4p� 150� 1500

� �
� arctan

10
1:5

� �
þ arctan

5
1:5

� �� �
�

0:7� 3:75� 0:85ð Þþ 0:3� 5:9� 1ð Þþ 0:3� 6:35� 1ð Þð Þ
_H
�
10ð Þ ¼2� 10�5 Sv:h�1ð20 lSv:h�1Þ

Part 2: Numerical Calculation
For this problem, the numerical modelling requires a non-trivial source definition.
A well-suited method consists in simulating an envelope of 0.1 mm thickness,
covering the surface of the pipe, for the internal contamination. In the input file
below, the line “si2 150 150.01” related to the “rad” card of the “sdef”, handles this
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surface definition. For the probability of the starting energy for the multi-lines
emission, ratio rE of the number of photons emitted to the total flux is drawn up, in
similar manner as in application 1.II. This ratio for contaminant k and energy E, is
the total activity A multiplied by terms %ð Þk and Ck;E :

rk;E ¼ Nk;E

_Nt
¼ A

%ð ÞkCk;E

_Nt

Therefore, for the 137Cs energy, this ratio is:

r0:662 ¼ N 0:662

_Nt
¼ 1� 109 � 0:7� 0:85

1:195� 109
¼ 0:497

For the 30% of 60Co and the two emission lines, ratios are:

r1:17 ¼ r1:33 ¼ N 1:17

_Nt
¼ 1� 109 � 0:3� 1

1:195� 109
¼ 0:251

These ratios are then set in the “sp1” card for the definition of the “erg” card,
related to the probability of the starting energy of photons. Tallies 5 and 15 provide,
respectively, the fluence per emitted photon U=N c

� 	
and the ambient equivalent

dose per emitted photon to the observer H � 10ð Þ=N c
� 	

.

Ambient equivalent dose rate in a uniformly contaminated pipe
c cell block
10 1 -1.3e-3 -10 $ inside pipe air
20 1 -1.3e-3 -15 10 $ source
30 0 15 $ outside pipe

10 RCC -500 0 0 1500 0 0 150 $ interior of the pipe
15 RCC -500 0 0 1500 0 0 150.01 $ pipe wall

imp:p 1 1 0
M1 7014 .781 8016 .212 7015 .007 $ air
mode p
SDEF pos 0 0 0 cel 20 par=p erg=d1 rad D2 ext D3 axs 1 0 0
SI1 L 1.17 1.33 .662 $ discrete energy (MeV) of Co-60 and Cs-137
SP1 .251 .251 .497 $ intensity per energy
SI2 150 150.01 $ source wall
SP2 -21 1
SI3 -500 1000 $ source in length from –L1 (500) to L2 (1000)
SP3 -21 0
F5:p 0 0 0 .1 $ photons fluence at O, see figure
F15:p 0 0 0 .1 $ photons equivalent dose at O
c fluence-to-equivalent dose conversion coefficient
c DE: energy
DE15 0.01 0.015 0.02 0.03 0.04 0.05 0.06 0.08 0.1 0.15 0.2 0.3 0.4 &
0.5 0.6 0.8 1 1.5 2 3 4 5 6 8 10
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c DF: H*(10)/phi pSv.cm2 from IRCP 74
DF15 7.2 3.19 1.81 0.9 0.62 0.5 0.47 0.49 0.58 0.85 1.15 1.8 2.38 &
2.93 3.44 4.38 5.2 6.9 8.6 11.1 13.4 15.5 17.6 21.6 25.6
stop F15 .002

File 1.IV.1

Below, the results after the computation are displayed:

tally 5 tally 15
nps mean error vov slope fom mean error vov slope fom

576000 9.5303E-07 0.0020 0.0615 2.6 4959383 4.6431E-06 0.0020 0.1094 2.5 5086648

Thus, the fluence rate derived from the photon flux analytically calculated in the
previous section is:

_U ¼ U
N c

� �
_N c ¼ 9:53� 10�7 � 1:19� 109 ¼ 1139 cð Þ:s�1:cm�2

The equivalent dose ambient rate is:

_H
�
10ð Þ ¼ H � 10ð Þ

N c

� �
_N c ¼ 4:64� 10�6 � 1� 10�12 � 1:19� 109 � 3600

¼ 2:10�5 Sv:h�1 20 lSv:h�1� 	

The results found for these quantities are consistent with those determined
analytically in the previous section.

1.V Calculation of the in-Depth Absorbed Dose
for β Spectra

Abstract:
This problem proposes to calculate the in-depth absorbed dose for β spectra in a
water phantom, seen as tissue-equivalent. In a first section, semi-empirical and
numerical models are detailed for calculation with a 90Y point-source in contact with
the inlet face of the phantom. In a second part are detailed the results of the first
section which lead to obtaining dose equivalent to extremities H 0(0.07) for this
point-source. In the last section, calculations are achieved for a 50 cm2 surface
contamination for the same radionuclide.
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Objectives:
– Semi-empirical calculation of the in-depth absorbed dose for β particles relying

on two different models: a fairly simple one that approximates about a part of the
maximum range of β particles and a complex accurate one that assesses the
actual range.

– Numerical calculation of the absorbed in-depth dose for β spectra.
– Calculation of the absorbed dose with a 3D-mesh in MCNP.
– Semi-empirical and numerical calculations of a dose equivalent to extremities for

a β point source.

The β-delivered in-depth absorbed dose calculation is commonly approximated
by a simple semi-empirical formula function of the particle fluence. The limited
assumptions of this approach only lead to a rough estimation of the absorbed dose
profile as a function of the thickness of material crossed through. In what follows, we
propose a semi-empirical approach from Cross (1997), which makes it possible to fit
well this profile for a point and disk-shaped source.

Part 1: Absorbed Dose Profile for a Point Source

(a) Simplified semi-empirical model

In most of literature devoted to external dosimetry, the simplified expression of
the absorbed dose at depth x related to a point source emitting a β spectrum is the
following:

Db xð Þ ¼
�S
q

� �
col
Ub xð Þ

with �S=q
� 	

the mass stopping power for the mean energy of the original β spectrum.
Although crossing the material changes the electron energy spectrum, this approach
implies a constant mean energy along the range, therefore constituting a bias on the
result reliability. Also, the absorbed dose calculated by the equation of this model
varies in depth only as a function of the β fluence. According to this simplified
model, the fluence undergoes attenuation described by a single decreasing
exponential on the whole range as written below:

Db xð Þ ¼
�S
q

� �
col
Ub xð Þ exp �txð Þ; for water t ¼ 18:6

bEmax � 0:036ð Þ1:37

with UbðxÞ the β fluence at depth x and t the attenuation coefficient of the β fluence.
Thus, for a point source in contact with the phantom, the absorbed dose per incident
b at depth x can be expressed as follows:

Db xð Þ ¼
�S
q

� �
col

1
4px2

exp �txð Þ

For 90Y, the maximum energy of the original spectrum is Ebmax ¼ 2:28 MeV
(data drawn from RADAR, The Radiation Dose Assessment Resource,
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http://www.doseinfo-radar.com/) and the attenuation coefficient t is equal to
(Loevinger et al., 1956):

t ¼ 18:6

2:28� 0:036ð Þ1:37 ¼ 6:15 cm2:g�1

The mean mass stopping power �S=q
� 	

for 90Y is about 2 MeVg−1cm2 (ESTAR
NIST tables). When weighting by the coefficient allowing the conversion from
MeV.Kg−1 to Gy, i.e., 1:602� 10�10 Gy:MeV�1:Kg; the simplified expression of the
dose, per b emitted by the source, under thickness x of water is equal to:

Db xð Þ ¼ 2:55� 10�11

x2
exp �6:15xð Þ ð1Þ

We recall that the absorbed dose profile described by this standard model is
approximate, owing to both simplifying assumptionsmentioned above (see figure 1.V.2).

(b) Cross semi-empirical model

Cross (1997) suggested semi-empirical expressions corresponding to different
range intervals for a b point source in a semi-infinite medium. These expressions lead
to a well fit of the absorbed dose profile on the whole range. They are given here-
inafter, for three depth intervals.

Db xð Þ ¼
k
txð Þ2 c � tx exp 1� tx

c

� 	� 	þ tx exp 1� txð Þ � a
� 


if x � c
t

k
txð Þ2 tx exp 1� txð Þ � a½ � if c

t\x\Rp

0 if x[Rp

8><
>: ð2Þ

The attenuation coefficient m, given in cm2g−1, depends on the material crossed
through. For water, it can be expressed as a function of the maximum energy of the b
spectrum as follows:

t ¼ 17:24 Ebmax
� 	 f

with f ¼ �1:401þ 0:1186 ln Ebmax
� 	

The c parameter depends on the b maximum energy, the spectrum shape,
depending on whether it is a classic Maxwellian spectrum or a multi-component
spectrum, and finally on the particle type, i.e., electron or positron:

c ¼
1:349� 0:416 ln Ebmax

� 	
simple spectrum

1:637� 0:496 ln Ebmax
� 	

multi� component spectrum

1:135� 0:1086 ln Ebmax
� 	� 0:086 ln Ebmax

� 	� 	2
positrons

8<
:

The practical range Rp to describe the validity interval of expressions (2) derives
from the maximum range Rmax of β particles in the considered material according to:

R ¼ 0:74Rmax

The latter is used to write the a parameter of the two first expressions of (2):

a ¼ tRp exp 1� tRp
� 	
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The dose factor k, in Gy, is expressed as a function of the initial mean energy of
the β spectrum and an empirical parameter α by means of the following expression:

k ¼ 1:602� 10�10 t3 �Eb a
4pq

� �

The α parameter is obtained from the t, c and Rp parameters with the following
formula:

a ¼ 3c2 � c2 � 1
� 	

exp 1ð Þ � 1þ tRp þ t2R2
p


 �
exp 1� tRp
� 	h i�1

For 90Y, the mean energy is calculated from the histogram spectrum given in
figure 1.V.1 (data from RADAR) as the following weighted average:

�Eb ¼
P

i EiN Eið ÞP
i N Eið Þ ¼ 0:93MeV

Note that this mean energy is almost equal to the third of the maximum energy,
which corresponds to the theoretical and classic fraction for a Maxwellian spectrum.
For water, parameter c and attenuation coefficient t are:

c ¼ 1:349� 0:416 ln 2:28ð Þ ¼ 1:006

f ¼ �1:401þ 0:1186 ln 2:28ð Þ ¼ �1:303 ) t ¼ 17:24� 2:28ð Þ�1:303 ¼ 5:9 cm2:g�1

For the calculation of the maximum range of electrons, the empirical expressions
of Katz and Penfold (1952) can be used:

Rmax ¼ 0:412 Ebmax
� 	n

with n ¼ 1:265� 0:0954 ln Ebmax
� 	

FIG. 1.V.1 – β spectrum of 90Y (data from RADAR).
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Therefore, for 90Y it follows:

n ¼ 1:265� 0:0954 ln 2:28ð Þ ¼ 1:19 ) Rmax ¼ 0:412� 2:28ð Þ1:19 ¼ 1:094 g:cm�2

With water density, it corresponds to a depth of 1.094 cm.

The practical range Rp obtained with this maximum range is:

Rp ¼ 0:74� 1:094 ¼ 0:81 cm

Then, it becomes:

a ¼ 5:9� 0:87� exp 1� 5:9� 0:81ð Þð Þ ¼ 0:11

a ¼ 3� 1:006ð Þ2 � 1:006ð Þ2 � 1

 �

exp 1ð Þ � 1þ 5:9� 0:8ð Þð
h

þ 5:92�0:82
� 		

exp 1� 5:9� 0:8ð Þ
i�1

¼ 0:426

The dose factor k is equal to:

k ¼ 1:602� 10�10 5:93 � 0:93� 0:426
4p� 1

� �
¼ 1:04 nGy

Finally, the absorbed dose in nGy per source β of 90Y for each of the three depth
intervals is:

Db xð Þ ¼

1:04
5:9xð Þ2 1:006� 5:9x exp 1� 5:9x

1:006

� 	� 	�
þ 5:9x exp 1� 5:9 xð Þð Þ � 0:11� if x � 0:17

1:04
5:9xð Þ2 5:9x exp 1� 5:9xð Þð Þ � 0:11½ � if 0:17\x\0:8

0 if x[ 0:8

8>>><
>>>:

ð3Þ

These expressions lead to a dose profile, normalized per source b, displayed in
figure 1.V.2. In this figure, the profile from expression (1) of the simplified approach
is also plotted.

Figure 1.V.2 reveals a good agreement between the simplified and the cross
models roughly beyond 5% of the maximum range Rmax while a shift in curves occurs
above. At 80% of Rmax the Cross profile drops abruptly to reach the practical range
Rp while the simplified model curve decreases linearly to run into Rmax.

(c) Numerical calculation

In this section, we propose to assess the absorbed dose profile using a 3D mesh grid.
This calculation is developed with a rectangular mesh-tally as shown in figure 1.V.3.
The “cora” card handles the x coordinates, “corb” the y coordinates and “corc” the
z coordinates.

In each voxel, it is then possible to calculate the energy deposit using the “pedep”
card. The result of each voxel is provided in MeV.cm−3. In the problem, the absorbed
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dose is assessed in a sequence of 200 virtual cells of 50 µm by 50 µm, filling a 1.2 cm
long rectangular parallelepiped. The depth of 1.2 cm is substantially equal to the
maximum range of the b spectrum. The central axis of the mesh grid passes through
the point source and is perpendicular to the inlet face of the phantom. The 90Y
spectrum is described in the following file by the “si2” and “sp2” cards.

FIG. 1.V.3 – (left) Mesh size for the problem, (right) Sketch of general parameters for a
rectangular mesh-tally.

FIG. 1.V.2 – Absorbed dose profile for β of 90Y, from simplified and Cross models and
numerical calculation.
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beta dose
c cell block
10 1 -1 -10 $ water cube
30 0 -30 10 $ scoring cell
40 0 30

10 RPP -6 6 -6 6 -15 -12 $ water
30 RPP -20 20 -20 20 -20 20 $ outside water

imp:e 1 1 0
mode e
sdef par=e pos 0 0 -15 erg d2
c Y90 spectrum
# SI2 SP2
0 0
0.0571 4.26E-02
0.1713 5.18E-02
0.2855 5.94E-02
0.3997 6.49E-02
0.5139 6.86E-02
0.6281 7.08E-02
0.7423 7.17E-02
0.8565 7.15E-02
0.9707 7.04E-02
1.0849 6.85E-02
1.1991 6.57E-02
1.3133 6.19E-02
1.4275 5.69E-02
1.5417 5.07E-02
1.6559 4.30E-02
1.7701 3.42E-02
1.8843 2.46E-02
1.9985 1.50E-02
2.1127 6.43E-03
2.2269 1.13E-03
tmesh
RMESH1:e pedep
cora1 -.005 .005 $ one cell 50x50 µm in x
corb1 -.005 .005 $ one cell 50x50 µm in y
corc1 -15 200i -13.8 $ 200 cells in z
endmd
M1 1000 2 8000 1
ctme 200

File 1.V.1

The MeV.cm−3 unit corresponds to MeV.g−1 at the water density. The results
have to be weighted by the coefficient enabling the conversion from MeV.g−1 to Gy,
i.e., 1.602 × 10−10 Gy.MeV−1.g. The profiles defined from MCNP and drawn from
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the semi-empirical expressions (2) are plotted in figure 1.V.2b. One can note a
quasi-overlay of the two curves, confirming the accuracy of the Cross semi-empirical
model, 1997 (see figure 1.V.2).

Part 2: Calculation of the Dose Equivalent to the Extremities
H 0(0.07) for the Point-Source
The Cross semi-empirical model allows calculating the dose equivalent to the
extremities H 0 0:07ð Þ for a b point source in contact with the skin. We get this
quantity by multiplying the absorbed dose under 70 µm by the quality factor Q
equal to 1 for electron:

H 0 0:07ð Þ ¼ QDb 0:07ð Þ ¼ Db 0:07ð Þ
For this calculation, as x\c=t since 0:07\0:17, the first expression of (3) is used:

H 0 0:07ð Þ ¼ 1:04

5:9� 0:007ð Þ2
"
1:006� 5:9� 0:007ð Þexp 1� 5:9� 0:007

1:006

� �� �

þ 5:9� 0:007ð Þexp 1� 5:9� 0:007ð Þð Þ � 0:11

#

¼ 0:547 lSv: bð Þ�1

With MCNP, the calculation providing this result is done using the energy
deposit estimator “*F8” in a quasi-point sphere located at a depth of 70 µm after the
inlet face of the water phantom (refer to cell 20 in the following input file).

beta dose
c cell block
10 1 -1 -10 20 $ water cube
20 1 -1 -20 $ scoring cell
30 0 -30 10
40 0 30

10 RPP -6 6 -6 6 0 3
20 SZ 0.007 .001
30 RPP -6 6 -6 6 -.001 3.0001

imp:e 1 1 1 0
mode e
sdef par=e pos 0 0 0 erg d2
c Y90 spectrum
# SI2 SP2
0 0
0.0571 4.26E-02
0.1713 5.18E-02
0.2855 5.94E-02
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.

.
1.9985 1.50E-02
2.1127 6.43E-03
2.2269 1.13E-03
*F8:e 20
M1 1000 2 8000 1
stop F8 .001

File 1.V.2

The mean energy�e deposited in the sphere, per β is given by the tally result of the
output file:

*F8 = 1.412 × 10�5 MeV with a relative uncertainty of 0.1%. It is convenient to
divide it by the sphere mass, msph; in order to yield a mean absorbed dose in the
sphere:

H 0 0:07ð Þ ¼ Db 0:07ð Þ ¼ �e
msph

¼ �e
qV sph

¼ �e
q 4=3ð Þpr3

By multiplying the previous result by a factor 1:602� 10�13, the conversion of
MeV to J and the g to kg is made. The final normalized result is:

H 0 0:07ð Þ ¼ 1:602� 10�13 � 1:412� 10�5

1� 4=3ð Þ � p� 0:001ð Þ3 � 10�3
¼ 0:534 lSv: bð Þ�1

As a result, the semi-empirical model and MCNP are consistent and differ only
with a small deviation of 2.4%.

Part 3: Absorbed Dose Profile for a Surface Contamination
We propose in this third part to assess the absorbed dose profile inside the water
phantom for a skin surface contamination.

(a) Semi-empirical calculation (Bourgois, 2011)

We assume that the surface contamination of 50 cm2 is uniformly distributed
on the skin and can be simulated by a disk-shaped source of radius rd = 4 cm.
Figure 1.V.4 displays the calculation geometry with variables used.

With the Point-Kernel method, the absorbed dose at depth x is calculated with
the following dual integral:

Ds xð Þ ¼
ZZ
S

Db qð Þ dS ¼ 2p
Z Rmax

x
q Db qð Þ dq

where Db qð Þ corresponds to expression (2) of the absorbed dose for a point-source,
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the dual integral calculation provides the absorbed dose for the three range
intervals. For practical purposes, the result is expressed hereafter as Gy per b
emitted per cm2 of the source:

Ds xð Þ ¼

2pk
t2

�
c 1� exp 1� tx

c

� 	� ln tx
c

� 	� 	

þ exp 1� txð Þ � exp 1� tRð Þ � a ln R
x

� 	�
if x � c

t

2pk
t2 exp 1� txð Þ � exp 1� tRð Þ � a ln R

x

� 	� 

if c

t\x\R
0 if x[R

8>>>>>><
>>>>>>:

ð4Þ

The parameters and coefficients used in (4) are identical to those described in the
first section for 90Y.

(b) Numerical calculation

The absorbed dose profile is simulated in similar fashion as for the point-source
with a disk-shaped source. This source is defined with a uniform radial sampling
scheme from 0 to 4 cm, specified with the “si1” in Block 3.

Beta dose disk-shaped source
c cell block
10 1 -1 -10
30 0 -30 10
40 0 30

10 RPP -6 6 -6 6 -15 -12
30 RPP -20 20 -20 20 -20 20

imp:e 1 1 0
mode e
sdef par=e pos 0 0 -15 axs 0 0 1 ext 0 rad=d1 erg d2
Si1 0 4 $ S=50 cm2
sp1 -21 1
c Y90 spectrum
# SI2 SP2

FIG. 1.V.4 – Geometry used for the calculation of the depth dose due to a surface con-
tamination of the skin.
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0 0
0.0571 4.26E-02
0.1713 5.18E-02
0.2855 5.94E-02
.
.
1.9985 1.50E-02
2.1127 6.43E-03
2.2269 1.13E-03
tmesh
RMESH1:e pedep
cora1 -.5 .5
corb1 -.5 .5
corc1 -15 200i -13.9
endmd
M1 1000 2 8000 1
ctme 1000

File 1.V.3

As well as for the point source, it is convenient to multiply the results by
1.602 × 10−10 GyMeV−1Kg. Figure 1.V.5 shows the absorbed dose profiles as a
function of depth overall for the numerical calculation and semi-empirical expression
(4). As specified above, on this graph, the absorbed dose is normalized in Gy per b
emitted per cm2 of the source.

FIG. 1.V.5 – Absorbed dose profiles as a function of depth for the β surface contamination,
for the numerical simulation and the Cross semi-empirical expression.
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Up to half the b maximum range, a slight overestimation is observed with the
numerical calculation. Above, the Cross model exhibits a significantly inflected
profile compared to the MCNP calculation.

1.VI Calculation of the Absorbed Dose Profile to Water
for 170 MeV Protons

Abstract:
In this section, a calculation of the absorbed dose profile to water for 170 MeV
protons is undertaken. Such energy is typically used for treatments by proton
therapy. The first part draws upon the 1997 work of Bortfeld, to suggest an ana-
lytical formulation of the absorbed dose as a function of depth and to determine the
resulting profile.

The second part aims to describe the numerical simulation of the absorbed dose
to water and to compare the results with those obtained in the first part.

The absorbed dose and then the directional equivalent dose under 70 µm at a zero
angle of incidence are determined analytically and numerically in the third part.

Objectives:
– Analytical calculation of the absorbed dose to water as a function of the depth for

protons.
– Tracking of the different particles set in motion throughout nuclear interactions

using MCNP.
– Creation of a mesh for the absorbed dose with MCNP.
– Determination of the mass stopping power at any point of a light ion range by

means of the MCNP card “ft let”.
– Representation of a microdosimetric spectrum using the MCNP card “ft let”.
– Calculation of the operational quantity: directional equivalent dose under 70 µm

for light ions.

Part 1: Analytical Calculation of the Absorbed Dose to Water
as a Function of Depth
(a) Expression of the absorbed dose per unit fluence as a function of depth

Unlike for the electrons, a new dosimetric quantity must be defined when con-
sidering protons. It takes into account nuclear interactions of protons in the medium
as well as coulomb interactions. This quantity is referred to as the “terma” and
translates the total energy release per unit mass at depth z. It is expressed in terms
of Φ(z), the protons fluence at depth z and E(z), the proton energy at depth z, as:

T zð Þ ¼ � 1
q

U zð Þ dE zð Þ
dz

þ 1
q
dU zð Þ
dz

E zð Þ
� �
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The left term represents the energy loss by coulomb interaction. It is interesting
to note that this term can be compared with Φ(z)(S/ρ)z, where (S/ρ)z is the mass
stopping power of protons at z. The right term describes the released energy during
inelastic nuclear interactions of protons at the same point. It is necessarily expressed
as a function of the protons fluence decrease at depth z, given by dΦ(z)/dz. If we
consider γ to be the locally absorbed fraction of the released energy during these
nuclear interactions, then the absorbed dose at z can be estimated by:

bD zð Þ
��� ��� ¼ S

q

� �
z
U zð Þþ c

1
q
dU zð Þ
dz

E zð Þ ð1Þ

Typically, 60% of this energy is locally deposited (Berger, 1993). Also, for further
calculations we will assume that γ = 0.6. An empirical formula enables to determine
the proton range in water:

R0 ¼ aEp
0 ð2Þ

with α ≈ 2.2 × 10−3, p ≈ 1.77 (ICRU, 1993) and E0 expressed in MeV. It is possible to
write (S/ρ)z in expression (1) as a function of R0 and z from the expression of range
(2). This semi-empirical approach overcomes the fact that the integration of the
Bethe-Block formula is not solvable. Similarly, for the right term, Lee et al. (1993),
suggested a proportional relationship between Φ(z) and the quantities R0 and z.
However, it should be borne in mind that the energy absorbed in the medium at a
given depth z is not flat but obeys a gaussian distribution. This is even more
significant at the Bragg maximum, of which the widening explains the values cal-
culated with expression (2) beyond the range R0. To improve the dose evaluation,
one has to convolve the dose estimation given by (1) with a gaussian distribution
with a standard deviation σ:

D zð Þ ¼ 1ffiffiffiffiffiffi
2p

p
r

Z R0

�1
bD zð Þ exp � z ��zð Þ

2r2

� �
d�z ð3Þ

The solution for this integral is not trivial and it is only used in the depth interval
R0 � 10r� z �R0 þ 5r. Figure 1.VI.1 shows the change made by this convolution
for 150 MeV protons.

Below R0 � 10r, the effect of the convolution with the gaussian distribution is

tenuous and the development of the dose approximation bD zð Þ as a function of R0

and z is reasonable. Thus, the dose depending on the depth can be calculated as
following:

bD zð Þ for z\R0 � 10r
D zð Þ for R0 � 10r� z�R0 þ 5r

�

Expressions (4) and (5) below correspond to semi-empirical relations with several
constant terms (Bortfeld, 1997). Inside the two expressions in square brackets, the
left term stands for the fraction related to coulomb scattering and the right term
expresses the fraction associated with inelastic nuclear reactions.
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bD zð Þ ¼ U0

1þ 0:012R0
17:93 R0 � zð Þ�0:435 þ 0:444þ 31:7�

R0

� �
R0 � zð Þ0:565

� �
ð4Þ

D zð Þ ¼ U0
r0:565

1þ 0:012R0
exp � R0 � zð Þ2

4r2

 !
11:26
r

D�0:565 �R0 � z
r

� ��

þ 0:157þ 11:26�
R0

� �
D�1:565 �R0 � z

r

� �� ð5Þ

In these expressions, the parameter ε corresponds to the fraction of the initial
fluence which is not at the 170 MeV energy. Practically, protons beams cannot be
totally monoenergetic; there is a beam component at lower energies. This factor
takes into account this effect not exceeding ten percent. For the problem we study
herein, the beam is considered ideal. As a consequence, this factor will be set to zero
in further calculations. The standard deviation σ is estimated as a function of the
range R0 by:

r � 0:012R0:935
0

The terms Dn zð Þ represent the Weber–Hermite functions and make it possible to
perform the following series expansion (Lee, 1993):

Dn zð Þ ¼ exp � z2

4

� �
aoA0 þ za1A1½ � ð6Þ

FIG. 1.VI.1 – Bragg curves with and without a gaussian distribution for 150 MeV protons in
water. The dashed oblique line in the lower part of the graph represents the contribution to
the dose due to the fraction of protons undergoing interaction, according to Bortfeld (1997).
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with

ao ¼ 2
n
2

� 	 ffiffiffi
p

p
C 1

2 � n
2

� 	 ; a1 ¼ �2
nþ 1
2


 � ffiffiffi
p

p
C � n

2

� 	 ;

A0 ¼ 1þ
X1
k¼1

�1ð Þp n n � 2ð Þ. . . n � 2kþ 2ð Þ
2kð Þ! z2k ;

A1 ¼ 1þ
X1
k¼1

�1ð Þp n � 1ð Þ n � 3ð Þ. . . n � 2kþ 1ð Þ
2kþ 1ð Þ! z2k

The values of ao and a1 do not depend on z and are equal to ao ¼ 1:230 and
a1 ¼ �0:647 for D�0:565; and ao ¼ 1:145 and a1 ¼ �1:230 for D�1:565. This series
expansion is not trivial and converges toward the correct result with two decimal
places, when the expansion is made up to 10th order. Some software like LabVIEW
can compute the Weber–Hermite functions.

Calculation of the absorbed dose per unit fluence at the Bragg maximum and at
15 cm depth.

The calculation of the dose at the Bragg maximum in the case z = R0 is greatly
simplified since expression (6) becomes Dn(z) = [a0]n. Thus thanks to (5), D(R0) can
be written as follows:

D R0ð Þ ¼ U0
r0:565

1þ 0:012R0

11:26
r

a0½ ��0:565 þ 0:157 a0½ ��1:565

� �

When weighting by the factor 0.1602, the result is obtained in nGy and for an
absorbed dose per unit fluence (nGy.cm2) the above formula becomes:

D R0ð Þ
U0

¼ 0:1602� r0:565

1þ 0:012R0

11:26
r

a0½ ��0:565 þ 0:157 a0½ ��1:565

� �

The range in water for 170 MeV protons and the standard deviation of the
Gaussian distribution are given by:

R0 ¼ 2:2� 10�3� 170ð Þ1:77 ¼ 19:51 cm and r � 0:012� 19:51ð Þ0:935 ¼ 0:193 cm

Therefore, the two dose components at the Bragg maximum can be obtained.
The component related to coulomb scattering (c) and the one associated to nuclear
reactions (r) are, respectively:

D R0ð Þ
U0

� �
c
¼ 0:1602� 0:193ð Þ0:565

1þ 0:012� 19:51ð Þ �
11:26
0:193

� 1:230
� �

¼ 3:68 nGy:cm2

D R0ð Þ
U0

� �
r
¼ 0:1602� 0:193ð Þ0:565

1þ 0:012� 19:51ð Þ � 0:157� 1:145ð Þ ¼ 0:01 nGy:cm2

44 Radiation Problems: From Analytical to Monte-Carlo Solutions



Then the value of the total dose per unit fluence at the Bragg maximum is
(D(R0)/Φ0) = 3.69 nGy.cm2. It can be noted that the fraction related to nuclear
reactions at this depth is relatively low (0.27%). More generally, this component
keeps on fading as the proton energy decreases. This is due to nuclear reactions cross
sections and threshold levels of some of them (see figure 1.VI.1). The application of
formula (4) is easier; it can be used for z < R0 − 10σ, in other words up to 17.6 cm.

Hereinafter, it is proposed to calculate the dose per unit fluence at 15 cm depth.

bD 15ð Þ
U0

¼ 0:1602
1þ 0:012� 19:51

17:93� 19:51� 15ð Þ�0:435 þ 0:444ð Þ � 19:51� 15ð Þ0:565
h i

¼ 1:34 nGy:cm2

The dose profile obtained with this calculation using expressions (4) and (5) is
shown in figure 1.VI.3.

Part 2: Calculation of the Dose Profile Per Unit Fluence
Using MCNP
In this part, we intend to use MCNP to calculate the deposited dose in depth in a
water phantom measuring 30 × 30 × 30 cm3, by a parallel 170 MeV proton beam of
section radius equal to 5 cm. This calculation is done with a spatial mesh of the
absorbed dose using the “MESH tally” feature of MCNP (cf. 1.V part 2). For this
purpose, the proton beam is considered to be along the Oz axis and the water
phantom is divided into 200 cells to a depth of 25 cm. As for the x and z axes they
are cut into 2 cm bins. The 7th entry of the neutron physics card “phys:n” is set to 1
to enable the generation and the transport of recoil protons on hydrogen and of light
ions from nuclear reactions such as (n,p) or (n,α), caused by secondary neutrons.
The same setting is put on the proton physics card “phys:h” to enable the generation
and tracking of light ions from nuclear reactions like (p,d), (p,α), etc. The MCNP
input file is given below:

proton dose
c cell definition
10 1 -1 -10
30 0 -30 10
40 0 30

10 RPP -15 15 -15 15 -15 15
30 RPP -20 20 -20 20 -20 20

imp:n,h,d,t,s,a,# 1 1 0
c transport of: neutrons n, protons h, deutons, d, tritons t, helions s
c alpha a, heavy ions #
mode n h d t s a #
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sdef par=h pos 0 0 -16 axs 0 0 1 ext 0 rad=d1 vec 0 0 1 dir 1 erg 170
Si1 0 5
sp1 -21 1
c 7th entry (coilf) of PHYS set to 1:
c light-ion recoil turned on
PHYS:N 200 0 0 J J J 1 -1 J J J 0 0
phys:h 200 0 -1 J 0 J 1 J J J 0 0 j j
c cut enter 2 =0 to reduce the cut energy to 1e-3 MeV for d t s a a,d HI
c cut enter 3 and 4 =0 for analog capture
cut:n,h,d,t,s,a,# j 0 0 0 j
tmesh
c proton
RMESH1:h pedep
cora1 -1 1
corb1 -1 1
corc1 -15 200i 10
c alpha
RMESH11:a pedep
cora11 -1 1
corb11 -1 1
corc11 -15 200i 10
c neutron
RMESH21:n pedep
cora21 -1 1
corb21 -1 1
corc21 -15 200i 10
c heavy ion
RMESH31:# pedep
cora31 -1 1
corb31 -1 1
corc31 -15 200i 10
c deuton
RMESH41:d pedep
cora41 -1 1
corb41 -1 1
c triton
RMESH51:t pedep
cora51 -1 1
corb51 -1 1
c helion
RMESH61:s pedep
cora61 -1 1
corb61 -1 1
RMESH3
Cora3 -1 1
Corb3 -1 1
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Corc3 -15 200i 10
endmd
M1 1001 2 8016 1 $ water
ctme 1000

File 1.V1.1

The type 1 mesh (from “rmesh1” to “rmesh61”) related to the keyword “pedep”
makes it possible to estimate the deposited energy per unit volume, for different
types of primary and secondary charged particles. That is to say “rmesh1” for
protons, “rmesh11” for alpha particles, “rmesh21” for heavy ions, “rmesh31” for
neutrons, “rmesh41” for deuterons, “rmesh51” for tritons and “rmesh61” for helions.
The type 3 mesh (“rmesh3”) enables to calculate the total energy deposited per unit
volume.

When the input file is executed, a “mdata” file is created in addition to the
standard output file. It is a binary file that must be converted to an ASCII format
thanks to, for example, the “gridconv.exe” application supplied with the MNCP
package. The sequence of operations to be executed for the conversion is replicated
in the command prompt shown in figure 1.VI.2.

Then the file (here bragg_p) can be directly read or used by 3D visualization
post-processing applications such as VISED for instance. The results are given in
MeV.cm−3, which corresponds for water to MeV.g−1. Thus, it is convenient to
multiply the results by the factor 1:602� 10�19 � 106 � 103 to obtain the results in
Gy; next these are divided by the protons fluence for a standardization in Gy.cm2. In
our case, a beam of parallel protons, which of radius section is 5 cm, is considered.

Therefore, the fluence per incident proton is U ¼ 1= p 	 5ð Þ2
h i

cm�2.

FIG. 1.VI.2 – Conversion method of the MCNP output file “mdata” to ASCII format.
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The dose profiles per unit fluence for the total result and for each component of
heavy charged particles are presented in figure 1.VI.3a. It can be noted that beyond
the Bragg maximum, i.e., from 20 cm depth, a weak dose component remains due to
neutrons (approximately 4 decades smaller than the Bragg maximum). Those
neutrons come essentially from (p,xn) reactions on oxygen, nitrogen and carbon
nuclei. In turn, the neutrons are responsible for elastic scattering (n,n) essentially on
hydrogen with secondary protons set in motion and inelastic reactions (n,p), and
more marginally (n,α). These contributions can be seen on the curves “protons” and
“alpha” beyond the Bragg maximum.

Figure 1.VI.3b shows the total dose profiles per unit fluence obtained with the
semi-empirical expressions (4) and (5) and with the MCNP code. One can notice
that the two profiles are practically superimposed. The range calculated with
expression (2) is 19.5 cm and the one obtained with the spatial mesh for the
absorbed dose is between 19.2 cm and 19.4 cm. For calculated values of dose at
15 cm and at the range, the values obtained with the MCNP code are, respectively,
1.37 (0.085%) nGy.cm2 and 3.95 (0.0724%) nGy.cm2; the difference between the
values obtained with the semi-empirical method and with MCNP are, respectively,
−2.2% and −6.6%.

Part 3: Calculation of the Absorbed Dose and of the Directional
Equivalent Dose under 70 µm at a Zero Angle of Incidence
(a) Analytical calculation of the absorbed dose under 70 µm

If the depth is way smaller than the range ðz 
 R0Þ, the impact of z becomes
negligible compared to R0 and expression (4) of the absorbed dose can be summed
up as:

bD z 
 R0ð Þ ¼ U0

1þ 0:012R0
17:93 R0ð Þ�0:435 þ 0:444þ 31:7�

R0

� �
R0ð Þ0:565

� �
ð7Þ

FIG. 1.VI.3 – (a) Total absorbed dose profiles per unit fluence and components of heavy
charged particles, calculated with MCNP, (b) solid line: total dose profile per unit fluence
calculated with MCNP and in triangles the one calculated analytically with equations (3)
and (4).
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Thus, when considering an ideal (� ¼ 0Þ and parallel protons beam, the absorbed
dose to water under 70 µm, per unit fluence can be estimated as follows:

bD 70 lmð Þ
U0

¼ 0:1602
1þ 0:012� 19:51

17:93� 19:51ð Þ�0:435 þ 0:444ð Þ � 19:51ð Þ0:565
h i

¼ 0:95 nGy:cm2

(b) Numerical calculation of the absorbed dose under 70 µm

In MCNP, the calculation that allows to get the value of the dose under 70 µm
D0 0:07ð Þ; is provided using the energy deposition tally *F8. The deposited energy is
estimated inside a quasi-point cylinder of entrance surface 1 cm2 located at 65 µm
depth and 10 µm in regard to the entrance face of the water phantom, which results
in a mean depth of 70 µm (see cell 15 in the input file presented below). The section
radius of the modeled protons beam is 1.5 cm.

Proton dose
C cell block
10 1 -1 -10 15 $ water
15 1 -1 -15 $ calculation cell
520 1 -1 10 $ outside

C geometry block
10 RCC 0 0 -1e-10 0 0 30 2
15 RCC 0 0 6.5e-3 0 0 1e-3 .5642

mode h
imp:h 1 1 0
sdef par=h pos 0 0 0 axs 0 0 1 ext 0 rad=d1 vec 0 0 1 dir 1 erg 170
phys:h 200 0 -1 J 0 J 1 J J J 0 0 j j
Si1 0 1.5
sp1 -21 1
M1 1001 2 8016 1 $ water
*F8:h 15
ctme 1200

File 1.V1.2

The mean energy�� deposited in cell 15, per proton emitted by the source, is given
by the tally result *F8 = 8.12 × 10−4 MeV. It is convenient to divide this result by
the cylinder mass m in order to obtain the absorbed dose in this cell.

D0 0:07ð Þ ¼ 1:602� 10�13 �e
m

� �
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The factor 1:602� 10�13 stands for the J/MeV conversion. The mass of the cell
used for the calculation is given by:

m ¼ qV ¼ qSh ¼ 1� 1� 1�10�3 ¼ 1�10�3 g 1�10�6 kg
� 	

Moreover, the dose has to be standardized with respect to the protons fluence in
the beam, which leads to the following ratio:

D0 0:07ð Þ
U0

¼ D0 0:07ð Þ
1=pr2

¼ pr2 � 1:602� 10�13 �e
m

� �

¼ p�1:52 � 1:602� 10�13 8:12� 10�4

10�6

� �

¼ 9:2� 10�10 Gy:cm2ð0:92 nGy:cm2Þ

A shallow but significant discrepancy of 3% can be noted between the results
obtained with the two approaches, considering that the uncertainty on the result of
the MCNP estimation is about ±1.2%.

(c) Calculation of the directional equivalent dose under 0.07 mm at a zero angle of
incidence H 0(0.07, 0°)

The directional equivalent dose under 0.07 mm at a zero angle of incidence can
be obtained from the absorbed dose under 70 µm by weighting it by the mean
quality factor for protons under 70 µm.

H 0 0:07ð Þ ¼ �Q � D0 0:07ð Þ

The mean quality factor �Q depends on the mean Linear Energy Transfer (LET),
noted �L according to the following relationship:

�Q ¼
1 for �L\10 keV:lm�1

0:32�L� 2:2 for 10� �L� 100 keV:lm�1

300=
ffiffiffi
�L

p
for �L[ 100 keV:lm�1

8<
:

The mean LET in cell 15 can be evaluated thanks to the “FT LET” card of
MCNP. This feature allows to calculate the charged particle fluence as a function of
the LET, that is to say as a function of the energy absorbed in the cell per unit
distance covered. This function is associated with a F4 tally for protons in the
considered cell. For a LET spectrum to be established it is necessary to add an “E4”
card with an energy binning. LET are provided by MCNP with the common unit of
the linear stopping power: MeV:cm�1; one will keep in mind to multiply all the
results by 1/10 to obtain results in keV:lm�1. It can be noted that these spectra
divided into keV:lm�1 can also be regarded as linear energy spectrum or micro-
dosimetric spectrum (see the exercise with the Rossi proportional counter). For an
exhaustive calculation taking into account all moving charged particles, first it is
necessary to transport them all; this instruction is given using the “mode” card
which enables the tracking of neutrons “n”, protons “h”, deuterons “d”, tritons “t”,
helions “s”, alpha particles “a” and heavy ions “#” such as residual nuclei set in
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motion at the end of nuclear reactions. These residual ions are created, transported
and tracked by setting to “1” the 7th entry of the proton physics card “phys:h”.
Similarly, recoil protons originating from elastic scattering reactions of secondary
neutrons coming from ðp;xnÞ reactions can be tracked as long as the 7th entry of the
neutron physics card is set to “1”. Without the proper setting of these physics cards,
the reactions actually happen, causing the annihilation of the incident proton or a
decrease in the proton energy, but neither the secondary charged particles, nor the
residual nuclei would be tracked. As a result, the corresponding component in the
LET spectrum would be zero. Inside the following MCNP input file 1.V1.3, the “F4”
tally allows to obtain the complete LET spectrum; and the tally from “F14” to
“F34” enable to get the partial LET spectra for each of the component corre-
sponding to the different charged particles set in motion.

Spectrum in LET
C cell block
10 1 -1 -10 15 20 $ water
15 1 -1 -15 $ scoring cell calculation at 70 µm
520 1 -1 10 $ outside

C geometry block
10 RCC 0 0 -1e -10 0 0 30 2
15 RCC 0 0 6.5e-3 0 0 1e-3 .5642

imp:n,h,d,t,s,a,# 1 1 1 0
mode n h d t s a #
sdef par=h pos 0 0 0 axs 0 0 1 ext 0 rad=d1 vec 0 0 1 dir 1 erg 170
phys:h 10000 10000 -1 J 0 J 1 J J J 0 0 j j
PHYS:N 10000 10000 0 J J J 1 -1 J J J 0 0
cut:n,h,d,t,s,a,# j 0 0 0 j
Si1 0 1.5
sp1 -21 1
M1 1001 2 8016 1 $ water
FC4 all
F4:h,d,t,s,a,# 15
FT4 LET
FC14 H
F14:h 15
FT14 LET
FC24 a
F24:a 15
FT24 LET
FC34 HI
F34:# 15
FT34 LET

File 1.V1.3
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Hereinafter figure 1.VI.4 gives a representation of the fluence spectrum of
charged particles as a function of the LET in keV:lm�1; for protons going through
cell 15.

A peak for the weakest LET of the spectrum can be noticed, it is located around
0.5 keV.μm−1. There is also a continuum beyond this peak, for which the occurrences
are marginal, which extends up to 1000 keV.μm−1. The peak corresponds to
170 MeV protons, which, considering their energy, deposit very low energy in water,
explaining a low LET. Up to several tens of keV:lm�1, the continuum corresponds
essentially to protons undergoing elastic scattering on the nuclei constituting water
molecules (Rutherford scattering). In this LET range, the continuum is also sus-
tained by recoil protons originating from the elastic scattering of neutrons produced
by ðp;xnÞ reactions. Beyond 10 keV:lm�1; the continuum is mainly due to α par-
ticles from ðp;aÞ capture reactions and to residual heavy ions in motion. It can be
recalled that at the beginning of the track, approximately 20% of the energy
deposited in the medium is the result of nuclear reactions.

The mean LET under 70 µm of water can be obtained from the histogram
spectrum per LET bin according to the following weighted arithmetic mean:

�L 70 lmð Þ ¼
P

Li � UiP
Ui

¼ 0:53 keV:lm�1

Since �L 70 lmð Þ\10, we have �Q ¼ 1 which means a directional equivalent dose
equal to:

H 0 0:07ð Þ
U0

¼ D0 0:07ð Þ � �Q
U0

¼ 9:2� 10�10 Sv:cm2

FIG. 1.VI.4 – Fluence spectrum of charged particles as a function of the LET, calculated with
MCNP inside a micro-cylinder of water.
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It can be noted that a similar calculation at the Bragg maximum would have led
to a mean LET larger of approximately 5 keV:lm�1, due to the proton velocity
decrease at this length of the track. Moreover, this technique for the determination
of the mean LET can provide access to the linear stopping power or mass topping
power at any point of the track of a charged particle. This way, the usual formula of
the absorbed dose for charged particles (without Bremsstrahlung) can fairly be used:

�L zð ÞMCNP ) S
q

� �
z
) D zð Þ ¼ S

q

� �
z
U zð Þ

It is recalled that for the simplified application of this formula for the absorbed
dose, the mass stopping power is considered constant all over the range, which
constitutes a bias regarding the obtention of the true value.

1.VII Neutron Kerma Calculation and Microdosimetric
Spectrum Reconstruction with a Tissue
Equivalent Proportional Counter

Abstract:
In this problem, the “fluence – first collision kerma” factor for 13.9 MeV neutron is
calculated for a low-pressure Tissue Equivalent Proportional Counter (TEPC). The
value found is compared to the theoretical value. This factor is then compared to
different values of the “fluence –mean organ dose” factor from ICRU (1998a), for the
purpose of assessing its ability to estimate these macroscopic dosimetric quantities.
The ability to assess the ambient dose equivalent, H � 10ð Þ, from the neutron kerma is
studied as well. Furthermore, a challenge of this problem is the reconstruction of
microdosimetric spectra based on MCNP results. In a last step, the characteristic
dosimetric quantities drawn from the MCNP spectra are compared to the reference
values to judge the reliability of the proposed method.

Objectives:
– Analytical calculation of the first collision kerma for monoenergetic neutron.
– Study of microdosimetric spectrum and first collision kerma measurement

technique with the standard spherical TEPC, i.e., Rossi-type detector.
– Comparison of the first collision kerma with mean organ doses and evaluation of

the ambient dose equivalent.
– Microdosimetric spectrum calculation with MCNP simulation using the “anti-

coincidence pulse-height” card.
– Neutron mean quality factor calculation from a microdosimetric spectrum.

For this problem, the standard TEPC, i.e., Rossi-type detector is considered. It is
designed with a spherical Proportional Counter of 1.27 cm inner diameter for which
the outer shell is composed of A150 tissue-equivalent plastic mainly made of C
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(77.5% by weight), H (10.1%), O (5.2%), N (3.5%), with a wall thickness of
2.54 mm. Note that the wall is thick enough to maintain charged particle equilib-
rium during neutron irradiation. The inner cavity is filled with a low-pressure
propane-based tissue-equivalent gas mixture (Pm = 7.4 kPa) of density
qm ¼ 1:064� 10�3 gcm�3TPN. Therefore, with these parameters, it becomes a mass
thickness of:

ms ¼ dqm
Pm

Patm

� �
¼ 1:27� 1:064� 10�3 � 7:4� 10�2

1:013

� �

¼ 9:87� 10�5 g:cm�2 ffi 1� 10�4 g:cm�2

A 10–4 g.cm–2 mass thickness corresponds to a tissue-equivalent thickness of
1 µm for 1 g.cm–3 tissue density that corresponds to the order of magnitude of the
cell size and enables the microdosimetric spectrum measurement.

Experimentally, the 13.9 MeV neutron field is obtained with a Van de Graff
accelerator via the 3H(d,n)4He reaction. The counter is located at 30 cm from the
conversion target and its calibration is done with an Am-Be a source. The set of
parameters needed to calculate the “fluence – first collision kerma” conversion
coefficient are the following:

– The ratio of the alpha energy imparted on the mean chord of the sphere �l ¼ 2
3 d

� 	
is 1

q Dea=�l
� 	 ¼ 1277MeVg�1cm2 ICRU (1983).

– The mass stopping power ratio for secondary charged particles, between the
counter wall and the gas, set in motion by neutrons in the wall is equal to
�S=q
� 	w

g ¼ 1.

– The average ionization energy of Am-Be alpha particles is W a ¼ 28 eV (Thomas
and Burke, 1985).

– The ratio of mean ionizing energy in propane gas for neutron by α from AmBe is
Wn=W a ¼ 1.

– The neutron fluence, per unit charge of the accelerator beam, is U=qð Þ ¼
1:33� 104 cm�2lC�1 at 30 cm from the target; the accelerator operates at an
intensity I ¼ 10 lA (Menzel et al., 1984).

– The current measured in the chamber during the pulse is i ¼ 2:75� 10�2 pA.

Part 1: Calculation of the “Fluence – First Collision Kerma”
Conversion Coefficient and of the Measured Signal
For this issue, we considered the Bragg–Gray classic formula for narrow cavities,
which links the measured dose through wall thickness, Dt , and the total charge qt
created inside the cavity:

Dt ¼ qt
mg

� �
Wg

e

� � �S
q

� �W

g
ð1Þ
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This formula is going to be adapted to a proportional counter with an amplifi-
cation gain g. The total charge corresponds to the integral of the whole spectrum of
charge q, related to the counting of each single event that allows proportional
counter mode.

qt ¼
Z 1

0
q n qð Þdq

The collected charge q from ionizations is directly connected to the energy
imparted e for each single event. A broad lineal energy spectrum can then be drawn
up since the corresponding lineal energy for each single event is given by ratio of
energy imparted by the mean chord y ¼ e=�l. The mean chord is here given by �l ¼
2d=3 where d stands for the equivalent tissue diameter of 1 µm. By including the
integral of the collected charges spectrum, equation (1) becomes:

Dt ¼ 1
g

R1
0 qn qð Þdq

mg

� �
Wg

e

� � �S
q

� �W

g
ð2Þ

where n qð Þ is the charge distribution in the acquisition channels. The integral over
the whole charge provides the total charge. Then, there is a direct relationship
between the charge distribution and the microdosimetric spectrum n qð Þ / d yð Þ. At
this point, it is necessary to complete an energy calibration in order to match the

FIG. 1.VII.1 – Rossi-type TEPC for a neutron field microdosimetric spectrum measurement
(adapted from Oak Ridge Associated Universities).

Calculation of Radiometric and Dosimetric Quantities 55



collected charge q to the energy imparted transferred by secondary charged
particles. The energy calibration is realized by means of an Am-Be α source. Let Dea
be the energy transferred by an Am-Be α particle in the cavity. If the latter is
responsible for a qa charge ionization, it is then possible to express lineal energy y as
a function of these two parameters (we assume that the gain is identical regardless of
the charged particle):

y ¼ e
�l
¼ 1

g

� �
q Wg
� 	

n

e�l
and DEa ¼ 1

g

� �
qa Wg
� 	

a

e
) y ¼ q

qa

Wg
� 	

n

Wg
� 	

a

 !
Dea
�l

� �
ð3Þ

Expression (3) of y allows the completion of the microdosimetric spectrum drawn
in figure 1.VII.2 and commented hereafter. The absorbed dose can also be expressed
as a function of the mean value of the considered energy frequency distribution �ef
and of the mean lineal energy �yf :

D ¼ �ef N
m

¼ �ef N
qV

¼ �ef N

q 4
3 p

d
2

� 	3 ¼ �ef
2d
3

� 	 4N

qpd2 ¼
�ef
�l

� �
4N

qpd2 ¼ �yf
4N

qpd2 ð4Þ

N is the number of times the mean energy is imparted. Thus, with equations (3)
and (4), and by assuming the dose equal to the kerma since equilibrium conditions of
secondary charged particles in the detector wall are held, equation (2) becomes:

Kn ¼ 4

qpd2

R1
0 qn qð Þdq

qa

� �
Wg
� 	

n

Wg
� 	

a

�S
q

� �W

g

Dea
�l

� �
ð5Þ

This equation can be written in terms of kerma rate as a function of the measured
current. By matching the different units, equation (6) provides the first collision
kerma rate in lGy:s�1:

_Kn ¼ 6:38� 10�4 i

qpd2qa

Wg
� 	

n

Wg
� 	

a

�S
q

� �W

g

Dea
�l

� �
ð6Þ

All parameters of equation (6) are available except charge qa. To obtain this
quantity, the ratio of the energy imparted by alpha particles on the average chord of
the sphere is used to firstly evaluate the deposited energy Dea. We assume the
stopping power to be constant along the short distance covered, which allows to
consider a constant amount of charges created for such an energy deposit:

1
q

Dea
2
3 d

 !
¼ 1277MeVg�1cm2 () DEa ¼ 1277� 2

3
qd ¼ 1277� 2

3
� 10�4

¼ 85:13 keV

qa ¼
DEa

W a
e ¼ 85130

28
� 1:6� 10�19 ¼ 4:86� 10�16 C
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The first collision kerma rate is:

_Kn ¼ 6:38� 10�4 � 2:75� 10�14

p� ð1:27Þ2 � 4:86� 10�16
� 1� 1� 1277 ¼ 9:11 lGy:s�1 ð7Þ

To determine the conversion coefficient, the fluence rate at 30 cm from the target
is first evaluated:

_U ¼ U
q

� �
I ¼ 1:33� 104 � 10 ¼ 1:33� 105 nð Þ:cm�2:s�1

For the “fluence – first collision kerma” conversion coefficient, also denoted as
“kerma factor”, we get:

Kn

U

� �
13;9

¼ 9:11� 10�6

1:33� 105
¼ 6:84� 10�11 Gy:cm2 ¼ 68:4 pGy:cm2

Figure 1.VII.2 represents the microdosimetric spectrum as a function of lineal
energy, reconstructed after acquisition and processing of the signal measured in the
TEPC. The y-axis is expressed here in yd yð ÞKn=U with cm2ss unit. The integral of
yd yð Þ over the whole spectrum is normalized to 1 and the total area under the curve
provides the conversion factor Kn=U.

The main peak centered at 10 keV.µm−1 of lineal energy relates to recoil protons
from elastic scattering ðn;nÞ on hydrogen, and to a more marginal extent to protons
from ðn;pÞ reactions. It extends up to a lineal energy of about 150 keV.µm−1,

FIG. 1.VII.2 – Microdosimetric spectrum measured with a Rossi counter (from Menzel et al.,
1984).

Calculation of Radiometric and Dosimetric Quantities 57



described in the literature as “p-edge”. This value is reached for incident neutron
energies higher than 100 keV. In fact, from 100 keV, if the whole recoil proton
energy is transferred to the cavity gas, an event of lineal energy y = 100/
(2/3) = 150 keV.μm−1 will is counted. For incident energies higher than 100 keV,
this cut-off value of the lineal energy cannot be exceeded since the mean recoil
protons energy is higher, and the mean stopping power in the gas is lower. This leads
to an energy deposit less than or equal to 100 keV. From this observation, we can
explain that from 100 keV, for an increasing energy, the maximum lineal energy of
the proton peak decreases: it is equal to 10 keV.µm−1 for 13.9 MeV neutrons and
100 keV.µm−1 for 1 MeV neutrons. For the 13.9 MeV neutron spectrum measured,
the second peak observed at 380 keV.µm−1 relates to alpha particles from ðn;aÞ
reactions and from ðn;n03aÞ reaction on 12C. It is referred to as “α-edge”. The last
bump on the right of the spectrum concerns heavy recoil ions from elastic scattering
on carbon, oxygen and nitrogen. In order to obtain the measured signal _S in cð Þ:cm2,
an estimation of the TEPC efficiency as a function of the neutron energy is derived
from the empirical formula of Nunomiya et al. (2002):

ed ¼ 0:045 Enð Þ0:9 ¼ 0:045� 13:9ð Þ0:9 ¼ 0:48

This gives the following measured signal during irradiation:

_S ¼ ed _U ¼ 0:48� 1:33� 105 ¼ 6:4� 104 cð Þ:s�1

Part 2: Kerma Factor Theoretical Calculation and Comparison
with Operational and Protection Quantities
In this part, the first collision kerma factor will be calculated theoretically. Then, it
will be compared to that obtained “experimentally” in the previous part.

(a) Kerma factor theoretical calculation

The mass repartition of chemical constituents of tissue used for calculations is:
72.9% of oxygen, 12.3% of carbon, 10.2% of hydrogen and 3.5% of nitrogen.
Cross-sections and heats of reactions likely to occur in the energy transfer process for
the 4 chemical elements, for a 13.9 MeV neutron energy, are listed in table 1.VII.1
(from the website “http://www.nndc.bnl.gov/exfor/endf02.jsp”). It is worth to note
that the ðn;n03aÞ exotic inelastic reaction on 12C is responsible for half the partial
kerma related to carbon.

The general formula of the first collision kerma is defined for an interaction on a
depth lower or equal to the free path of neutrons in the crossed medium. Beyond this
path, scattering phenomena, opposed to neutron attenuation, can become signifi-
cant. This is the reason why the first collision kerma is the only dosimetric quantity
that can be calculated analytically for neutrons. Under the shallow depth where the
first collision kerma is calculated, we assume the secondary charged particles’
equilibrium is held and kerma is equivalent to dose. Its general, the expression for a
single chemical element is the following:
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Kn ¼ U
q
N
X
i

ri �etrð Þi

with N the atomic density in cm3 of the considered element, ri the cross-section of
reaction i on this element and �etrð Þi the mean energy transferred to secondary
charged particles following this reaction. For a mix of chemical elements with weight
fractions wc and with a kerma expressed in Gy, this equation becomes:

Kn ¼ 1:6� 10�10gAU
X
c

wc

Ac

X
i

rc;i �etrð Þc;i

with gA the Avogadro constant and Ac the molar mass of constituent c. Factor
1:6� 10�10 enables the conversion from MeV:g�1 to Gy. Thus, the kerma factor can
be written as:

Kn

U
¼ 9:63� 1013

X
c

wc

Ac

X
i

rc;i �etrð Þc;i ð8Þ

Kerma factors, in reference ICRU (2000), for energies between 25 and 150 MeV,
are calculated with this theoretical approach (ICRU, 2000). The calculations
resulting from equtions (8) are detailed for the kerma factor fraction related to

TAB. 1.VII.1 – Cross-sections and Q value for nuclear
reactions of 13.9 MeV neutrons with tissue components.

Oxygen
Reaction σ (barn) Q (MeV)

(n,n) 0.993 0
(n,p) 0.045 −9.638
(n,α) 0.138 −2.215
(n,n′) 0.306 −6.05

Nitrogen
Reaction σ (barn) Q (MeV)
(n,n) 0.932 0
(n,p) 0.054 0.625
(n,α) 0.062 −0.175

Carbon
Reaction σ (barn) Q (MeV)
(n,n) 0.803 0
(n,α) 0.064 −5.70

(n,n′3α) 0.300 −7.79

Hydrogen
Reaction σ (barn) Q
(n,n) 0.687 0
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oxygen (oxygen partial kerma). At the considered neutron energy, four reactions can
occur:

– (n,n) elastic scattering reaction

For this reaction, the mean transferred energy is the mean energy of the recoil
proton given by the following equation:

�etr ¼ 2A

Aþ 1ð Þ2 En

Thus, this reaction contribution to the kerma factor is:

Kn

U

� �O

ðn;nÞ
¼ 9:63� 1013 � 0:729

16
� 0:993� 10�24 � 2� 16

16þ 1ð Þ2 � 13:9

¼ 6:71� 10�12 Gy:cm2

– (n,p) reaction

The energy transferred to the secondary proton and to the recoil nucleus is the
sum of the neutron energy and the nuclear reaction Q-value:

�etr ¼ En þQ

Thus, this reaction contribution to the kerma factor is:

Kn

U

� �O

ðn;pÞ
¼ 9:63� 1013 � 0:729

16
� 0:045� 10�24 � 13:9� 9:6ð Þ

¼ 8:49� 10�13 Gy:cm2

– (n,α) reaction

Same principle as the previous reaction. Therefore, this reaction contribution to
the kerma factor is:

Kn

U

� �O

ðn;aÞ
¼ 9:63� 1013 � 0:729

16
� 0:138� 10�24 � 13:9� 2:2ð Þ

¼ 7:08� 10�12 Gy:cm2

– (n,n0) inelastic scattering reaction

The energy transferred to the recoil nucleus is given by the following expression
(Ritts et al., 1969):

�etr ¼ 2AEn

Aþ 1ð Þ2 1þ Qj j Aþ 1ð Þ
2AEn

� �
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This reaction contribution to the kerma factor is:

Kn

U

� �O

ðn;n0Þ
¼ 9:63� 1013 � 0:729

16
� 0:306� 10�24 � 2� 16� 13:9

16þ 1ð Þ2

� 1þ 6:05� 16þ 1ð Þ
2� 16� 13:9

� �

¼ 2:54� 10�12 Gy:cm2

Thus, the contribution to the first collision kerma of reactions occurring on
oxygen is:

Kn

U

� �O

¼
X
i

Kn

U

� �O

i
¼ 1:72� 10�11 Gy:cm2

Partial kerma for each chemical element as well as total kerma are summarized in
the table 1.VII.2.

Elastic scattering on hydrogen and oxygen as well as (n,α) reactions on oxygen
account for most of the transferred energy. The total result of 67.9 pGy.cm2 is
substantially equal to that found previously.

(b) Comparison of the kerma factor with the “fluence – mean organ dose” from
ICRU (1998a) and evaluation of the ambient dose equivalent

The quality factor, Q� 10ð Þ, for 13.9 MeV neutrons is 7:1 (Leuthold et al., 1992).
The latter is obtained via a quality factor average over all primary and secondary
particles, under 10 mm of ICRU sphere in tissue-equivalent. “Fluence – mean organ
dose” conversion coefficients (in pGy:cm2) for breasts and marrow, the “fluence –

effective dose” conversion coefficients (in pSv:cm2) for antero-posterior geometry
come from ICRP (2010); “fluence – ambient dose equivalent” conversion coefficients
come from ICRP (1996). They are listed in table 1.VII.3.

TAB. 1.VII.2 – Partial kerma of each chemical element and total kerma, calculated
theoretically.

H O C N Total
Kn
U

� 	
13:9

4:69� 10�11 1:72� 10�11 3:044� 10�12 7:81� 10�13 6:79� 10�11

TAB. 1.VII.3 – “Fluence – mean organ dose” conversion
coefficients for breasts and marrow, “fluence – effective dose”
and “fluence – ambient dose equivalent”.

DT
U

� 	
bre

DT
U

� 	
mar

E
U

� 	
H � 10ð Þ

U


 �
78:5 52:9 495 520
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Note that the kerma factor ranges between the mean dose to breasts and the
mean marrow dose at the considered energy. Breasts location, at the front of human
body, facilitates multiple scattering, therefore increasing the mean dose in contrast
with the neutron kerma. Conversely, marrow is located deep inside bones, therefore
easing the neutron attenuation and leading to an overestimation of the mean dose by
the neutron kerma.

The “fluence – ambient dose equivalent” conversion coefficient can be assessed
from the kerma factor. This assessment can be made with the assumption that the
kerma matches the absorbed dose at 10 mm deep within the ICRU sphere, D� 10ð Þ.
As shown in figure 1.VII.3, for 13.9 MeV, this assumption holds true since from
about 100 keV and for increasing energies, the kerma and D� 10ð Þ curves are
superimposed.

This assessment is accurate since it almost yields the “fluence – ambient dose
equivalent” conversion factor of table 1.VII.3:

bH �
10ð Þ
U

 !
¼ Kn

U

� �
Q� 10ð Þ ¼ 67:9� 7:1 ¼ 482 pSv:cm2 ffi H� 10ð Þ

U

� �

The relative deviation between assessed and actual values of H � 10ð Þ=U is −7%.

FIG. 1.VII.3 – Dosimetric quantities as a function of neutron energy (from Antoni and
Bourgois, 2017a).
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Part 3: Modeling the First Collision Kerma, the Ambient
Dose Equivalent and the Microdosimetric Spectrum
(Antoni and Bourgois, 2019)
In this section, we propose to determine the dose and the ambient dose equivalent in
the Rossi counter from the simulated microdosimetric spectrum. The numerical
model derives from that displayed in figure 1.VII.1. The counter is exposed to a
13.9 MeV parallel neutron beam of section 1 cm radius, i.e., a fluence
U ¼ 1=pr2 ¼ 1=p. Compositions of tissue equivalent A150 plastic and tissue
equivalent propane are presented in table 1.VII.4 (from McConn Jr. et al., 2011).
The density of tissue equivalent propane is 1:064� 10�3 g:cm�3 at 1:013� 105 Pa.
Thus, for a 7400 Pa pressure, it amounts 1:064� 10�3 � 7400=1:013� 105 ¼
7:77� 10�5 g:cm�3.

(a) Use of the “anticoincidence” card for the lineal energy spectrum of secondary
particles set in motion in the wall

The lineal energy distribution for each secondary heavy charged particle is esti-
mated using a F6 tally type for energy deposit coupled to a pulse height tally F8 for
each heavy charged particle specie (Fawaz, 2014). An anticoincidence pulse height
card, i.e., “ft8 phl”, is added to the F8 tally for counting single-event of energy
imparted in gas arising from specific nuclear reaction in the cavity wall. For example,
the following instructions are set to determine the occurrence number of the elastic
scattering reaction ðn;nÞ on hydrogen. It also accounts for the more marginal ðn;pÞ
reaction on other nuclei since the F6 tally followed by the “h” parameter, standing
for protons, records only interactions producing secondary protons. In addition, an
energy spectra card, i.e., “e8”, enables the energy distribution of lineal energy counts

TAB. 1.VII.4 – A150 plastic (density 1.127 g.cm−3) and
tissue equivalent propane (density 1.064 × 10−3 g.cm−3

TPN) compositions.

Component Mass fraction

A150 plastic
H 0.101327
C 0.775501
N 0.035057
O 0.052316
F 0.017422
Ca 0.018378

Propane
H 0.101869
C 0.456179
N 0.035172
O 0.406780
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in the gas. For setting up this card, 185 logarithmic lineal energy bins are defined to
ensure about 50 equal subdivisions per decade between 0.6 and 3030 keV.µm−1. In
the command lines hereafter, this card provides the lineal energy spectrum for
protons.

F6:H 10
F8:N 10
E8 0 13.9E-12 0.00040 183LOG 2.02
FT8 PHL 1 6 1 0

Setting all ions in the F6 tally yields the total energy spectrum for all secondary
charged particles produced. Tallies F66 and F68 of the full input file enable this
feature. Fi8 tallies providing energy spectra in the sensitive volume for each nuclear
reaction type occurring in the wall are given in table 1.VII.5.

(b) Characterization of the microdosimetric spectrum from MCNP results

MCNP results for each F8 tally are given in the output file in a column format
listing the “F8i” result for each energy bin ei. For example, the table below describes
how the results for the F68 reaction are set out in the output file, according to the
185 energy bins specified in the “e8” card.

E (MeV) F68 (pulses)

e1 F681
e2 F682
… …

ei F68i
… …

e185 F68185

As y ¼ e=�l with �l ¼ 2d=3 and d = 1 μm, the lineal energy is obtained with
MCNP, depending on the energy ei, in MeV, for each group, as follows:

TAB. 1.VII.5 – Reactions tracked in the MCNP
simulation and corresponding tallies.

Reaction Tally

(n,p) F8
(n,α) F28
(n,3He) F58
(n,d) F48
Heavy recoil ions F18
All reactions F68
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yi ¼
1000
2=3

� �
ei ¼ 1500 ei

The number of pulses in yi channel is equal to ni ¼ F68i and the total number of
all pulses is given by the sum of all ni. For each yi, the frequency distribution is
obtained via:

f yið Þ ¼ niP
ni

¼ F68iPi¼185
i¼1 F68i

The f yð Þ function integral is normalized to 1. Two microdosimetric quantities
can be drawn from the frequency distribution: the mean frequency energy �yf , and the
mean lineal energy �yD, in keV:lm�1. Quantitatively, the mean frequency energy
stands for the most frequent lineal energy measured by the TEPC, whereas the
mean lineal energy corresponds to the lineal energy contributing the most, in
average, to the absorbed dose delivered in the TEPC cavity by the radiation field.
This latter can be roughly regarded as the mean stopping power of secondary
particles set in motion.

�yf ¼
Z 1

0
yf yð Þdy �yD ¼

R1
0 y2f yð Þdy

�yf

For the value histogram of 185 bins, these theoretical expressions can be written
as follows:

�yf ¼
Xi¼n

i¼1

yif yið Þ ¼ 1500�
Pi¼185

i¼1 einiPi¼185
i¼1 ni

¼ 12:3 keV:lm�1

�yD ¼
Pi¼n

i¼1 y
2
i f yið ÞPi¼n

i¼1 yif yið Þ ¼ 1500�
Pi¼185

i¼1 e2i niPi¼185
i¼1 eini

¼ 111 keV:lm�1

The uncertainties associated to both quantities derive from the statistical
uncertainties ri of tally F8 result for the ith lineal energy according to:

r �yf
� 	 ¼ �yf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
i eirið Þ2

q
P

i eini

0
@

1
A

2

þ
ffiffiffiffiffiffiffiffiffiffiffiffiP

i r
2
i

p
P

i ni

 !2
2
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3
75
1=2

;

r �yDð Þ ¼ �yD
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To build the lineal energy spectrum, the total absorbed dose fraction per
occurrence in the bin y is defined according to equation (9).
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d yð Þ ¼ yf yð Þ
�yf

ð9Þ

It is convenient to plot this dose fraction in a semi-logarithmic scale (x-axis in log
scale). By assuming that the integral over the whole spectrum provides the dose:

d yð Þ ¼ dD
dy

) d yð Þ ¼ dD
d ln yð Þ () yd yð Þ ¼ dD

dy

Therefore, for the yd yð Þ plot, MCNP results are processed as follows:

yid yið Þ ¼ yi f yið ÞPi¼n
i¼1 yi f yið Þ

1
Dln yi

� �
() yid yið Þ ¼ einiP185

i¼1 eini

1
ln ei=ei�1ð Þ
� �

(c) Physics instructions in Block 3 and two-step calculation method with MCNP

The kerma factor calculation has to be carried out in two steps in order to
evaluate all secondary charged particles components of the microdosimetric spec-
trum. The first calculation refers to the evaluation of the partial kerma related to
protons and alpha particles, and the second refers to the partial kerma related to
heavy nuclei: O, C and N. In fact, at the considered energy, the alpha production
from capture reactions is only partially taken into account by the default physical
model of intranuclear cascade implemented in MCNP, namely CEM03.03. In a first
file, the intranuclear cascade model CEM03.03 is replaced by INCL4/ABLA models,
i.e., “LCA 8 J 2 1”, which leads to a more precise alpha particles production rate,
notably thanks to the compound nucleus evaporation process described by the
ABLA model. This first file also enables to determine the component attributed to
recoil protons and ðn;pÞ reaction. However, this replacement does not allow the
generation of heavy recoil nuclei during elastic scatterings. It is then necessary to
write a second file with the default model CEM03.03 to obtain this component.
Instructions to include in the two input files are the following:

TEPC Rossi chamber
10 1 -7.77E-05 -10 $ internal cavity
20 2 -1.127 -20 10 $ wall
30 0 -30 20
40 0 30

10 so 0.635
20 so 0.889
30 so 2

imp:n 1 1 1 0
imp:h,a 1 1 0 0
mode n h a
act fission=none nonfiss=a
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sdef par=n pos 0 0 -1.5 axs 0 0 1 ext 0 rad=d1 vec 0 0 1 dir 1 erg 13.9
Si1 0 1
sp1 -21 1
m1 1001 -.103 6000.00a -.569 7014.00a -.035 8016.00a -.293 HSTEP 30
mx1:h 1001.70h 6012.70H 7014.70h 8016.70h
mx1:n model model model model
M2 1001 -0.1011327 6000.00a -0.775501 7014.00a -0.035057 &
8016.00a -0.052316 9019.00a -0.017422 20000.00a -0.018378
mx2:h 1001.70h 6012.70h 7014.70h 8016.70h j 20040.70h
mx2:n model model model model model model
PHYS:N 20 20 0 J J J 1 -1 J J J 0 0 $ 7th entry set to 1
PHYS:H 20 20 -1 J 0 J 1 J J J 0 0 0 0.917
phys:a 20 3j 0 5j 0 0 0 .917
LCA 8J 2 1 $ ABLA model
cut:n j 0 0 0 j
cut:h,a j 1E-3 0 0 j
CTME 600
C ++++++++++++++++++++++++ PROTON Energy Deposition ++++++++++++++++++++++++++++

F6:H 10
F8:N 10
E8 0 1.39E-11 0.0004 183LOG 2.02
FT8 PHL 1 6 1 0
C ++++++++++++++++++++++++ ALPHA Energy Deposition +++++++++++++++++++++++++++++

F26:A 10
F28:N 10
E28 0 1.39E-11 0.0004 183LOG 2.02
FT28 PHL 1 26 1 0
C ++++++++++++++++++++++++ ALL NUCLEI Energy Deposition +++++++++++++++
c F66:h,a,# 10
F66:h,a 10
F68:N 10
E68 0 1.39E-11 0.0004 183LOG 2.02
FT68 PHL 1 66 1 0

The transport mode is set with neutrons “n”, protons “h” and alpha particles “a”,
i.e., “mode n h a”. The 7th parameter of the “phys:n” card and “phys:p” is set to 1 to
ensure the generation and transport of recoil and (n,p) protons as well as recoil
heavy ions. The second entry, “emcnf”, of the “phys:n” card is set to “20” and “wc1”
and “wc2” parameters to 0 in the energy card “cut” for neutrons, protons and alpha
particles, in order for the transport to be treated as “analog” below 20 MeV. For
neutron transport, models are used via the “model” card. Endf70prot (“0.70 h”) and
tendl17 libraries are invoked, respectively, for protons and alpha particle transport.
The second entry of the “cut: h,a” is set at 1 keV to transport all particles above this
energy. The intranuclear cascade model INCL4/ABLA implementation is done by
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adding the “lca” physics card with its 9th entry, i.e., “icem”, set to “2”. Eventually,
the “act” activation card is added with the instruction “act fission = none non-
fiss = a” for the delayed alpha particles emission. A particular attention has to be
drawn on the fact that the MCNP code carries out the charged particles transport
with a class I algorithm. The low inner diameter of the detector cavity imposes to set
an appropriate number of substeps for the transport, by means of the “hstep” card.
This card works like the “estep” card used for electron transport. The reader can
refer to § 1.III part 2 to understand the calculation method for the number of
substeps. For the alpha particle transport, the tendl library has been implemented
and used. Indeed, no α library is originally implemented in MCNP (a model is used).
To implement a library, such as tendl, one needs to download it from the website
https://tendl.web.psi.ch/tendl_2017/tendl2017.html, and copy it into the following
directory: \mcnp6\MCNP_DATA\xdata. Then, one has to add the lines in the
“xsdir_mcnp6.” file.

Parameters of the second file stay almost the same as previously, with this time a
transport mode implemented for neutrons “n” and heavy ions “#”, i.e., “mode n #”.
A “cut:#” card is added, with its first entry set to “1” and “wc1” and “wc2”
parameters fixed at 0, for an analog transport of heavy ions above 1 keV. The
command line of the “lca” card is removed to restore the default intranuclear cascade
model, CEM03.03., as well as the production and transport of heavy nuclei during
the code execution. The new or changing instruction lines enabling to evaluate the
heavy ion components are given below:
Change inside Block 3:

imp:h,# 1 1 0 0
mode n h #
phys:# 20 3j 1 5j 0 0 0 .917
c LCA 8J 2 1
cut:n j 0 0 0 j
cut:h,# j 1e-3 0 0 j
C ++++++++++++++++++++++++ HEAVY RECOIL NUCLEI Energy Deposition +++++++++++++++

F16:# 10
F18:N 10
E18 0 1.39E-11 0.0004 183LOG 2.02
FT18 PHL 1 16 1 0

(d) Microdosimetric spectrum and partial kerma of each component

The left graph of figure 1.VII.4 displays the microdosimetric spectrum yd yð Þ as a
function of lineal energy for 13.9 MeV neutrons, obtained with the two-steps
numerical calculation and with experimental measurement. The right graph of the
figure states the different components of the microdosimetric spectrum, protons,
alpha particles and heavy ions, obtained thanks to the Anticoincidence pulse-height
feature of the MCNP code.
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The partial kerma distribution, calculated with MCNP, for each type of charged
particle set in motion is: 79.5% for protons, 15.2% for alpha particles and 5.3% for
heavy recoil ions. The theoretical distribution, calculated by means of expression
(2), leads to: 78.9% for protons, 11.4% for alpha particles and 9.7% for heavy ions. It
is worth noticing that the principal component, related to secondary protons, is
roughly the same as that obtained theoretically. By contrast, the MCNP simulation
slightly overestimates the alpha contribution while underestimating a bit that of
heavy ions.

(e) Kerma factor calculation

In order to calculate the dose, and subsequently the first collision kerma in the

wall, both equal in gas since �S=q
� 	W

g ¼ 1, the following formatting is operated:

Kn

U
¼ 1:6� 10�13

�l
Umg

� �Xi¼n

i¼1

yini ¼ 1:6� 10�10

Umg

Xi¼185

i¼1

eini

The gas mass mg in the cavity is directly available in a specific section of the
MCNP output file. The uncertainty associated to this calculation is given by:

r
K
U

� �
¼ 1:6� 10�10

UqV

X
i

eirið Þ2
" #1=2

The overall calculation leads to a kerma factor 69.7 ± 0.2 pGy.cm2 for a com-
puting time of 1000 min. This value is very close to that obtained experimentally:
6.84 pGy.cm2 and that obtained by theoretical calculation: 67.9 pGy.cm2, which
validates the proposed numerical approach. The frequency mean lineal energy and
the dose mean lineal energy are respectively �yf ¼ 11:4� 0:1 keV:lm�1 and

FIG. 1.VII.4 – (left) Microdosimetric spectrum obtained by numerical simulation and
experimentally, for 13.9 MeV neutrons, (right) components of the simulated spectrum, i.e.
protons, alpha and heavy ions set in motion in the TEPC wall.
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�yD ¼ 87:7� 1:1 keV:lm�1; these values are consistent with those found in the
literature.

(f) Calculation of the mean quality factor from the microdosimetric spectrum

The mean quality factor can be assessed with the lineal energy distribution of the
absorbed dose d yð Þ for a given neutron energy:

�Q ¼
R1
0 Q yð Þd yð ÞdyR1

0 d yð Þdy

By substituting d yð Þ by expression (9), the mean quality factor can be expressed
as:

�Q ¼
R1
0 Q yð Þyf yð ÞdyR1

0 yf yð Þdy

From the MCNP results, this ratio is:

�Q ¼
Pi¼n

i¼1 Q yið Þyi f yið ÞPi¼n
i¼1 yi f yið Þ ¼

Pi¼185
i¼1 Q yið ÞeiniPi¼185

i¼1 eini

with, according to ICRU (1986), Q yið Þ expressed with the following formula:

Q yið Þ ¼ a
yi

1� exp �byi
2 � cyi

3� 	� 


with parameters:

a ¼ 5510 keV:lm�1

b ¼ 5� 10�5 keV�2:lm2

c ¼ 2� 10�7 keV�3:lm3

8<
:

By performing the overall calculation, we finally obtain a mean quality factor
�Q ¼ 8:8 that suffers a significant deviation of 24% with the reference value
Q� 10ð Þ ¼ 7:1. This deviation can be partially imputed to multiple scatterings
occurring 10 mm deep in the ICRU sphere, that cannot be taken into account in the
neutron measurement context with the TEPC. By assessing the “fluence – ambient
dose equivalent” conversion coefficient similarly as in the previous part, i.e., from the
first collision kerma and the quality factor, we get:

bH �
10ð Þ
U

 !
¼ Kn

U

� �
13:9

�Q ¼ 67:9� 8:8 ¼ 597 pSv:cm2

We infer a deviation of 15% with the reference value (520 pSv.cm2), mainly due
to the misevaluation of the Q� 10ð Þ quality factor.
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Chapter 2

Detection Principles, Detector
Response to Reference Physical
Quantities and Operational
Dosimetric Quantities

2.I Gas-Filled Detector Operating in Ionization
Chamber Mode for Photons and in Proportional
Counter Mode for Neutrons

Abstract:
A gas-filled detector is successively operated in current mode (ionization chamber)
for a photon field (figure 2.I.1) and in pulse mode (proportional counter) for a
neutron field (figure 2.I.1). This application is aimed at evaluating separately
dosimetric quantities with both operating modes. This problem highlights the
possibility of determining different dosimetric quantities depending on the particle
type and the operating mode.

Objectives:
– Establish if the chamber wall is tissue-equivalent.
– Determination of the cavity type according to the cavity theory.
– Calculation of the current in a small cavity.
– Evaluation of an operational quantity from a physical quantity measured by the

ionization chamber in a photon field.
– Understand the associated electronic counting system, from the radiation

interaction in the detector to the pulse counted and recorded, for a proportional
counter exposed to a neutron field.

– Assessment of a protection dosimetric quantity from the fluence.
– Calculation of the neutron kerma in the detector wall.
– Numerical simulation of the energy response of a chamber.

DOI: 10.1051/978-2-7598-2461-8.c002
© Science Press, EDP Sciences, 2021



Part 1: Ionization Chamber in a Photon Field
A chamber with a cylindrical gaseous cavity of 8 cm length and 4:5 cm radius (i.e., a
volume of 500 cm3) is considered. The filling gas is a tissue-equivalent
(q ¼ 5:2� 10�3 g:cm�3 and Wg ¼ 26 eV). The wall is composed of a mixture of
polyethylene (CH2)n and magnesium fluoride (MgF2) with a surface mass of
300mg:cm�2. This detector operating in current mode is exposed to the photon field
described below:

– 137Cs point-source encapsulated in 1mm of steel.
– A ¼ 3:7� 1010 Bq.
– Ec ¼ 662 keV.
– Cc ¼ 0:85.
– “Air kerma – ambient dose equivalent under 3 mm” conversion coefficient at

662 keV: H 0 3:0�ð Þ=Kað Þ ¼ 1:184 Sv:Gy�1 (from Behrens, 2017).

The source is placed in the air at 40 cm from the entrance face of the detector.
Data used in this problem at 662 keV are given in table 2.I.1 (drawn from the
website: https://www.nist.gov/pml/x-ray-mass-attenuation-coefficients).

FIG. 2.I.1 – Detector operating in ionization chamber- or proportional counter-mode
respectively for a photon or a neutron field.

TAB. 2.I.1 – Mass energy-absorption coefficients, mass attenuation coefficients, molar masses
and densities.

Element H C F Mg Soft tissue Steel Air

len
q

� �
ðcm2g�1Þ 0.0583 0.0294 0.0288 0.0291 0.0324 0.0294

Molar mass

ðg:mol�1Þ
1 12 19 24

l
q

� �
ðcm2g�1Þ 0.0853 0.0737 0.0774

ρ g:cm�3ð Þ 1 8 1.3 × 10−3
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(a) Calculation of the polyethylene mass fraction for a tissue-equivalent wall

At a given energy, the necessary condition for a wall to be considered as
tissue-equivalent is that the mass energy-absorption coefficient of its material (m) is
equal to that of tissue (t):

len
q

� �t

662
¼ len

q

� �m

662

The mass energy-absorption coefficients of CH2 and MgF2 are separately
deduced using the following additivity formula for the i elements composing the
material with weight fractions wi:

len
q

� �
¼
X
i

wi
len
q

� �i

The calculation for CH2 yields:

len
q

� �CH2

¼ 2
14

len
q

� �H

þ 12
14

len
q

� �C

¼ 2
14

� 0:0583þ 12
14

� 0:0294

¼ 0:0335 cm2:g�1

In a similar manner for MgF2, it becomes:

len
q

� �MgF2

¼ 0:0289 cm2:g�1

Finally, fractions by weight must be solutions of the system hereafter:

wCH2

len
q

� �CH2 þwMgF2

len
q

� �MgF2 ¼ len
q

� �t
wCH2 þwMgF2

¼ 100%

(

Solving the set of equations provides the following fractions: wCH2 ¼ 76:1% and
wMgF2

¼ 23:9%.

(b) Calculation of the collision kerma rate in air at the entrance surface of the
detector

The collision kerma rate in air as a function of the fluence rate _U at the calcu-
lation point is derived from the expression below. Note that a normalization factor
has been applied to get the result in mGy:h�1.

_K
col
a ¼ 5:76�10�4 len

q

� �a
_UEc
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This formula can be expressed against the source activity A and the various
transmissions of materials located between the source and the calculation point, i.e.,
steel and air:

_K
col
a ¼ 5:76� 10�4 len

q

� �a

Ec
ACc

4pd2 exp � l
q

� �s

qsxs

� �
exp � l

q

� �a

qaxa

� �
ð1Þ

The numerical application provides:

_K
col
a ¼ 5:76� 10�4 � 0:0294� 0:667� 3:7� 1010 � 0:85

4p� 402
� exp �0:0737� 8� 0:1ð Þ

� exp �0:0774� 1:3:10�3 � 39:9
� � ¼ 16:6mGy:h�1

(c) Calculation of the absorbed dose under the wall of mass surface 300mg:cm�2

Firstly, we have to check if the electronic equilibrium holds true in the cavity
wall, under a depth corresponding to the range of the most energetic secondary
electrons set in motion in the wall. For photons of 662 keV, Compton scattering
effect is prominent. The maximum energy of Compton electrons is given by the
following formula:

EC max ¼
4E2

c

4Ec þ 1
¼ 4� ð0:667Þ2

4� 0:667ð Þþ 1
¼ 0:48MeV

The range of electrons in the wall at this given energy is evaluated using the
formula of Katz and Penfold (1952):

R ¼ 412� 0:48ð Þn with n ¼ 1:265� 0:0954 ln 0:48ð Þ ð2Þ

¼[R ¼ 154:6mg:cm�2

This range is smaller than the 300mg:cm�2 mass surface of the wall. Therefore,
the electronic equilibrium can be assumed and the collision kerma rate is very close
to the dose rate at this point.

_Dt 3ð Þ ffi _K
col
t 3ð Þ ¼ _K

col
a

len
q

� �t

a
exp � l

q

� �t

qtxt

 !

_Dt 3ð Þ ¼ 16:6 � 0:0324
0:0294

� exp �0:0853� 300� 10�3� � ¼ 17:8mGy:h�1
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(d) Type of cavity at which the chamber operates

To determine the type of cavity at which the chamber operates (either large or
small), we have to evaluate the range of secondary electrons in the gas filling the
cavity, which are set in motion in the wall. Since the medium has a low Z and the
energy of secondary electrons is quite low, we can assume that ltrð Þt ffi lenð Þt . Thus,
the mean energy of secondary electrons is calculated as follows:

�Te� ¼
ltr
q

� �t
l
q

� �t Ec ¼ 0:0324
0:0853

� 662 ¼ 251:4 keV ð3Þ

Note that this mean energy can be seen as an upper limit. The mean energy of
electrons crossing the wall, indeed, is lower since they experience Coulomb scattering
in the cavity wall. Otherwise, Attix (2007) recommends choosing �Te�=2 whereas an
MCNP calculation shows that, for 60Co, the mean energy is rather close to 2�Te�=3.
In this application, we use the conservative assumption of the whole mean energy
�Te� . The range of electrons in the gas at this energy is derived from the Katz and
Penfold formula:

R ¼ 51:9mg:cm�2 ) R ¼ 51:9� 10�3

1:5� 10�3 ¼ 34:6 cm

This range is compared to the mean chord of the chamber provided by the
Cauchy theorem:

�l ¼ 4V
S

¼ 4pr2h
2prh

¼ 2r ¼ 9 cm

As a result, the range of electrons is 3:8 times longer than the mean chord of the
chamber. Moreover, we can assume that the fluence of primary photons and sec-
ondary electrons do not change when entering the gas cavity. Thus, this cavity fulfils
the required Bragg–Gray conditions to be considered of “small” type.

(e) Calculation of the current generated in the chamber

For a small cavity, the relationship between the current arising in the cavity gas
and the dose rate under the wall of mass surface 300mg:cm�2 is derived from the
following expression:

_Dt 3ð Þ ¼ 3:6� 109
�Wg

qg V g

�S
q

� �t

g
i

Since the gas is considered as tissue-equivalent, �S=q
� �t

g ¼ 1 and the chamber

current is:

i ¼ _Dt 3ð Þ qgV g

3:6� 109 �Wg

�S
q

� �g

t
¼ 17:8� 5:2� 10�3 � 500

3:6� 109 � 26
¼ 4:9� 10�10 A
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(f) Evaluation of the directional dose equivalent under 3 mm at 0° from the dose
under the wall of mass surface 300mg:cm�2; comparison with the value
obtained from the air kerma

We assume that the measurement of _Dt 3ð Þ with this chamber is quite close to the
dose measurement under 3mm of ICRU sphere. Then, the directional dose equiv-
alent under 3mm at 0� is assessed by weighting _Dt 3ð Þ with the quality factor
Q ¼ 1 Sv:Gy�1.

bH 0
3:0�ð Þ ¼ _Dt 3ð ÞQ ¼ 17:8mSv:h�1

The value of this operational quantity is drawn from the air kerma:

_H
0
3:0�ð Þ ¼ _K

col
a

H 0 3:0�ð Þ
Ka

� �
¼ 16:6 � 1:184 ¼ 19:6mSv:h�1

There is a deviation under 10% when comparing the assessed value with the
actual value obtained from the air kerma:

DH 0

H 0 ¼ 17:8� 19:6
19:6

� 100 ¼ �9:2%

Part 2: Proportional Counter in a Neutron Field
In this second part, we consider the same chamber as before, operating as a pro-
portional counter for pulse measurement (figure 2.I.2). The counter is exposed to the
neutron field described below:

– 252Cf point-source at 40 cm from the wall.
– Neutron yield: _N ¼ 7:2� 108 ðnÞ:s�1 in 4π sr.
– Mean energy: 2:4MeV.

FIG. 2.I.2 – Typical bloc diagram of the counting electronics associated with the proportional
counter in pulse mode.
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– “Fluence – ambient dose equivalent” conversion coefficient for 252Cf, H � 10ð Þ=U ¼
385 pSv:cm2 (Antoni and Bourgois, 2017a).

A charge-sensitive preamplifier of time constant RC small compared with the
charge collection time integrates the collected charge. This limits the amplitude of
the pulse and maintains higher count rates. Characteristics of the detector operated
in pulse mode are the following (Ravazzani et al., 2006):

Characteristics of the chamber:

– Anode radius: a ¼ 2:5� 10�3 cm.
– Cathode radius: b ¼ 1:22 cm.
– Gas pressure: p ¼ 4 atm.
– Detection efficiency: ed ¼ 0:1 cð Þ:cm2.

Operating mode and electronic properties of the gas:

– Bias high-voltage: V ¼ 1430V.
– Potential difference through which an electron moves between successive ionizing

events: dV ¼ 34:5V.
– Minimum value of the electric field below which multiplication cannot occur:

K ¼ E=pð Þmin ¼ 104 V:cm�1:atm�1.
– Fano factor: F ¼ 0:2.
– Polya distribution parameter: bp ¼ 0:7.
– Electron drift time: T el ¼ 1 ls.
– Positive ion drift time: T ion ¼ 1ms.

Characteristics of the counting electronics:

– Capacitance of the RC integrator: C ¼ 3:4 pF:
– Amplification factor: A ¼ 80:
– Discrimination threshold in total counting: V th ¼ 2V:

For the following calculations, the air neutron attenuation as well as the scat-
tered radiation are omitted. Moreover, we assume the fluence to be constant over all
the sensitive volume of the detector. Other useful data are given hereafter.

Dosimetric data are in tables 2.I.2 and 2.I.3.
Radiation weighting factors for neutron as a function of energy are drawn from

ICRP (2007).

WR ¼
2:5þ 18:2 exp � ln Enð Þð Þ2=6

h i
En\1MeV

5þ 17 exp � ln 2Enð Þð Þ2=6
h i

1MeV\En\50MeV

2:5þ 3:25 exp � ln 0:04Enð Þð Þ2=6
h i

En [ 50MeV

8>>><
>>>:

In this application, nuclear reactions are restricted to elastic scattering on the
hydrogen of the detector cavity wall.
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(a) Calculation of the first collision kerma rate

The general formula of the first collision kerma is defined for an interaction at a
depth smaller than or equal to the first mean free path of neutrons in the crossed
medium. It is the only dosimetric quantity that can be calculated analytically for
neutrons owing to the issue of assessing the fluence beyond the first mean free path.
Its expression for a single chemical element is the following:

Kn ¼ U
q
N
X
i

ri�etr;i

with N the atom density (in cm−3) of the chemical element, ri the cross section of
reaction i and �etrð Þi the mean energy transferred to secondary charged particles

TAB. 2.I.2 – “Fluence – mean dose to the organ”
conversion coefficients for anteroposterior geom-
etry, from ICRP (2010).

Tissue or organ �DT
U en pGy:cm2

Bladder 26.5
Bone marrow (red) 17.4
Bone surface 21.2
Breast 42.8
Colon 24.6
Gonads 34.7
Liver 20.2
Lung 23.5
Oesophagus 21.2
Remainder 21.1
Skin 26.8
Stomach 24.3
Thyroid 37.8
Brain 15.4
Salivary glands 23.6

TAB. 2.I.3 – Tissue weighing factors for several organs, taken from ICRP (2007).

Tissue or organ Weighting factor WT Tissue or organ Weighting factor WT

Gonads 0.08 Liver 0.04
Bone marrow (red) 0.12 Oesophagus 0.04
Colon 0.12 Thyroid 0.04
Lung 0.12 Skin 0.01
Stomach 0.12 Bone surface 0.01
Bladder 0.04 Salivary glands 0.01
Breast 0.12 Brain 0.01
Remainder 0.12
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originating from this reaction. For a mixture of various materials, denoted by m, of
mass fractions wm, the formula of the kerma, expressed in mGy:h�1, is written as:

_Kn ¼ 5:76� 10�4gA _U
X
m

wm

Am

X
c

nm;c

X
i

rm;c;i �etr;m;c;i

where gA is the Avogadro constant,Am is the molar mass of materialm and nm;c is the
number of atoms of a chemical element c composing the material. In this application,
only scattering on hydrogen of the CH2 compound accounts for kerma calculation.
Accordingly, �etrð Þ n;nð Þ ¼ En=2, and the expression presented above is reduced to:

_Kn ¼ 5:76� 10�4 gA
_N

4pd2

� �
wCH2

nH

ACH2

r n;nð Þ
En

2

The cross section of the elastic scattering on hydrogen is derived from the empirical
formula of Gammel (1973), expressed against the neutron energy (in MeV):

r n;nð Þ Enð Þ ¼ 5:063 p

1þ 7:412En þ 0:1105 Enð Þ2 þ 0:8652 p

1þ 0:2427En þ 0:0028 Enð Þ2

The cross section at 2:4MeV is:

r n;nð Þ 2:4ð Þ ¼ 5:063p

1þ 7:412 � 2:4ð Þþ 0:1105� 2:4ð Þ2 þ 0:8652p

1þ 0:2427� 2:4ð Þþ 0:0028� 2:4ð Þ2
¼ 2:52 barns

Thus, the first collision kerma rate in the cavity wall is:

_Kn ¼ 5:76� 10�4 � 6:02� 1023 � 7:2� 108

4p� 402
� 0:716� 2

14
� 2:52� 10�24 � 2:4

2
¼ 3:9mGy:h�1

(b) Assessment of the total charge collected for a pulse and its associated
uncertainty

For this calculation, wall effects are neglected and the assumption is made that all
the mean energy transferred in a collision with hydrogen is deposited within the cavity.
The charge resulting from the deposit of the entire energy of the recoil proton is:

q ¼ g
�etrð Þ n;nð Þ
�Wg

e ð4Þ

The gain value, when no space charge effect occurs, is derived from the formula of
Diethorn (1956):

lng ¼ V
ln a=bð Þ

ln 2
dV

ln
V

p a ln a=bð Þ
� �

� lnK
� 	
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In this case study, the gain is:

() g ¼ exp

"
1430

ln 1:22=2:5� 10�3
� �� ln 2

34:5

�
"
ln

1430

4 � 2:5� 10�3 � ln 1:22=2:5� 10�3
� �

 !
� ln 104

##
¼ 50

Thus, the maximum pulse height reaches:

q ¼ 50� 2:4� 106

2
� 1:6� 10�19

26
¼ 3:69� 10�13 C

The relative uncertainty of the charge is calculated from expression (4). Let
no ¼ �etrð Þ n;nð Þ= �Wg be the original number of ion pairs created. Then, the propagation
law allows to write:

rq
q

� �2

¼ rno

no

� �2

þ rg
g

� �2

It is shown that the relative uncertainty can be expressed as the ratio below
(Knoll, 1989):

rq
q

� �2

¼ F þ bp
� �

no
¼

�Wg F þ bp
� �
�etrð Þ n;nð Þ

Therefore, the relative uncertainty for the charge is:

rq
q

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
26� 0:2þ 0:5ð Þ

1:2� 106

r
ffi 4� 10�3

The charge with its uncertainty is finally: 3:69� 10�13 � 0:01� 10�13 C.

(c) Determination of the pulse height matching the maximum charge collected

Most of the collected charge is produced by positive secondary ions, created in
the zone where avalanches form, drifting toward the cathode within a time
T ion ¼ 1ms. T ion can be considered as the total charge collection time. Indeed, only
a small fraction of the collected charge is due to electrons drifting toward the anode
within a very short time T el ¼ 1 ls. However, in order to limit the pulse duration
and thus, to increase the count rate, a small time constant RC �10 lsð Þ is
chosen at the charge preamplifier. Accordingly, the pulse rise time stops at T el

(see figure 2.I.3).
The signal voltage is given by the following expression (Knoll, 1989):

V tð Þ ¼ q
C

1
2 ln b=að Þ ln a2 þ b2 � a2

� � t
T ion

� 	
� ln a2

� �� �

80 Radiation Problems: From Analytical to Monte-Carlo Solutions



When t ¼ T ion, the amplitude reaches a maximum:

Vm � rVm ¼ q
C

� rQ
Q

� �
q
C

¼ 3:69� 10�13

3:4� 10�12 � 7:38� 10�11

3:4� 10�12 � 4� 10�3

¼ 108:5� 0:4mV

(d) Determination of the pulse height for a time constant RC setting the pulse
height for a rise time equal to the electron drift time

With the RC integrator, the pulse rise time is limited to t ¼ T el. Accordingly, the
pulse is generated with the following voltage:

V T elð Þ ¼ 108:5� 1

2 ln 1:22=2:5� 10�3
� �

(
ln

"
2:5� 10�3� �2

þ 1:222 � 2:5� 10�3
� �2� � 10�6

10�3

#
� ln 2:5� 10�3

� �2� �)
¼ 48mV

Along with its uncertainty: V T elð Þ � rV T elð Þ ¼ 48 � 0:2mV.
Finally, with an amplification factor of 80 at the amplifier output, the height Va

of the pulse following a gaussian distribution is:

Va � rVa ¼ AV T elð Þ �A rV T elð Þ ¼ 80� 0:048 � 80� 2:10�3 ¼ 3:84 � 0:16V

This value can be processed in two ways, depending on the purpose:

– Spectroscopy: in a multichannel analyzer, a single-channel analyzer compares Va

to a higher level and to a lower level (discrimination process) and sends a logic
pulse (TTL type) in the matching channel. In this case, 3:84V would ideally
correspond to a pulse in the 1:2MeV preliminarily energy calibrated channel.

FIG. 2.I.3 – Proportional counter charge collection process.
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– Total counting: the pulse height Va is compared to a low amplitude threshold V th

in order to spur signal due to background noise, gamma radiation, etc. If the
value is higher than the threshold, a logic pulse is generated and counted.

(e) Evaluation of the energy resolution of the chamber and assessment of the count
rate

The energy calibration matches the 3:84V channel with a 1:2MeV energy. The
energy resolution corresponding to the full width at half maximum of the peak
following a gaussian distribution is:

FWHM ¼ 2:355
rVa

Va

� �
�etrð Þ n;nð Þ ¼ 11:3 keV

Practically, the resolution is determined by the electronic counting system and
particularly by the discrimination ability of the single-channel pulse height analyzer.
By assuming that all pulse heights are identical (i.e., energy transferred entirely in
the gas and absence of wall effect), as Va � rVa [V th, in total counting mode, the
measured signal corresponds to the efficiency multiplied by the initial neutron
fluence:

_S ¼ ed _U ¼ ed
_N

4pd2 ¼ 0:1� 7:2� 108

4p� 402
¼ 3:6� 103 cð Þ:s�1

(f) Evaluation and comparison of the effective dose rate and the ambient dose
equivalent at the detector location

The effective dose rate can be evaluated according to the expression below:

_E ¼
X
T

WT _HT ¼
X
T

WT

X
R

WR _U
�DT

U

� �

With the fluence rate:

_U ¼ 7:2� 108

4p� 402ð Þ ¼ 3:6� 104 nð Þ cm�2s�1

The radiation weighting factor for neutrons of 2:4MeV mean energy is:

WR ¼ 5þ 17 exp � ln 2� 2:4ð Þð Þ2=6
h i

¼ 16:2

Table 2.I.4 gives the details to achieve the final result.
Summing the right column components provides the effective dose rate:

_E ¼ 55:5mSv:h�1. Note that the first collision kerma rate evaluated previously at
3:9mGy:h�1 is close to all values of _DT stated in the first column of table 2.I.4. For
some organs, the kerma is higher than the values found (case of internal organs such
as the colon) and for others, the kerma is lower (case of external organs like breast).
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The first case highlights the neutron fluence attenuation and the second case brings
to the fore neutron scattering in tissues. The ambient dose equivalent rate is:

_H
�
10ð Þ ¼ H � 10ð Þ

U

� �
_U ¼ 385� 10�12 � 3:6� 104 ¼ 1:386� 10�5 Sv:s�1

_H
�
10ð Þ ¼ 1:386� 10�5 � 3600 ¼ 0:0499 Sv:h�1 	 50mSv:h�1

The protection quantity is smaller than the operational quantity: _H
�
10ð Þ\ _E.

We must point out that this observation goes against the feature of the opera-
tional quantity to slightly overestimate the protection quantity. However, in general,
for more realistic neutron fields of workplace, having for most a mean energy around
a hundred keV, the protection quantity is overestimated compared to the opera-
tional quantity.

2.II Calibration of an Ionization Chamber with a 60Co
Source

Abstract:
In this application, the calibration in term of ambient dose equivalent, H �(10), for a
radiation survey meter (ionization chamber type) with a 60Co source is studied. This
calibration operation is processed in a secondary laboratory and requires a device for
perfect measurement of air kerma.

TAB. 2.I.4 – Results of mean- and equivalent- doses to organs.

_DT mGy:h�1� �
_HT mSv:h�1� �

WT _HT mSv:h�1� �
Bladder 3.43 55.91 2.24

Bone marrow (red) 2.26 36.71 4.41
Bone surface 2.75 44.73 0.45

Breast 5.55 90.30 10.84
Colon 3.19 51.90 6.23
Gonads 4.50 73.21 5.86
Liver 2.62 42.62 1.70
Lung 3.05 49.58 5.95

Oesophagus 2.75 44.73 1.79
Remainder 2.73 44.52 5.34

Skin 3.47 56.54 0.57
Stomach 3.15 51.27 6.15
Thyroid 4.90 79.75 3.19
Brain 2.00 32.49 0.32
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The first part is focused on the evaluation of the air kerma with a reference
air-equivalent chamber (Sp01 type) in a metrology primary laboratory. In the
second part, the calibration in terms of ambient dose equivalent is performed in a
secondary laboratory. The third part is devoted to the study of the survey meter
response to 241Am gamma rays. The main objective of this last part is to check if the
deviation between measured and actual values of the operational quantity is within
the limit recommended by standards.

Objectives:
– Understand the calibration process of a radiation protection device, from the

primary laboratory to the operational use.
– Calculate the theoretical expression of the air kerma with an ionization chamber.
– Determine the energy response of a survey meter with MCNP.
– Assess a wall-scattering factor with MCNP.
– Assess the relevance of the calibration carried out, depending on the energy

measured in a real situation.

Characteristics:
The detector used as an absolute dosimeter for the air kerma measurement is a Sp01
type air-equivalent spherical ionization chamber with the following characteristics:

– Wall: 3mm of graphite (C) density qc ¼ 1:847 g:cm�3:
– Inner radius of the cavity: 1:2 cm:

– Effective volume: 7:215 cm3:

– Filling gas: dry air density qa ¼ 1:293� 10�3 g:cm�3:
– When the source is located at 1 m, the Sp01 chamber measures a current

i ¼ 2� 10�12 A:

This absolute dosimeter is only employed in the primary laboratory. For the
second part, the main characteristics of the cylindrical ionization chamber (Babyline
81 type) are:

– Dry air-filled cylinder of 10 cm length and 8 cm diameter.
– Entrance window surface mass: 1000mg:cm�2:
– Entrance window material: tissue equivalent (H 10%, C 61%, F 18% and Mg

11%) density qt ¼ 1:12 g:cm�3:
– Electronic equilibrium is established for 1:25MeV gamma rays.
– Calibration factor provided by the manufacturer: N 1 ¼ _Dt 10ð Þ=i ¼

2:08� 1011 mGy:h�1:A�1:
– For 60Co.
– Source-detector distance: 1m:

The other necessary data are:

– Mean fraction of the secondary electrons kinetic energy lost and released as
photon radiation in air (Allisy et al., 2006): �g ¼ 0:0032.

– Mean ionization energy of dry air: �W ¼ 33:97 eV.
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N.B.: all results are given with 3 digits after the decimal point, in accordance with
typical conditions of the metrological measurement.

Part 1: Calculation of the Kerma Rate in Air Measured in the Sp01
Chamber at 1 m from the Source
The first step of the calibration is processed in the primary laboratory and consists
in measuring with the reference chamber, i.e., an absolute dosimeter, the air kerma
at 1 m from a primary source of 60Co (figure 2.II.2).

(a) Air-equivalence property of the wall for 1.25 MeV gamma rays

Table 2.II.1 shows that mass energy-absorption coefficients of carbon and air are
identical for 1:25MeV photons. This implies that for both materials, the transfer of
a part of energy from incoming photons to secondary electrons is, in average, the
same for the air and for the chamber wall.

len
q

� �a

1:25
¼ len

q

� �c

1:25
ð1Þ

FIG. 2.II.1 – Calibration process of a radiation protection device: from the primary labo-
ratory to the field measurement.
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(b) Checking of electronic equilibrium condition in the wall and of Bragg–Gray
conditions in the chamber for source photons

Compton scattering is predominant at this energy. The maximum energy of
scattered electrons is:

EC max ¼
4E2

c

4Ec þ 1
¼ 4� ð1:25Þ2

4� 1:25ð Þþ 1
¼ 1:041MeV

Using the formula of Katz and Penfold (1952) enables to evaluate the range of
electrons in carbon at this energy, in surface mass units:

R ¼ 412� 1:041ð Þn with n ¼ 1:265� 0:0954 ln 1:041ð Þ ð2Þ

¼[R ¼ 433mg:cm�2

It corresponds to the following range:

R ¼ 433� 10�3g:cm�2

1:847 g:cm�3 ¼ 0:23 cm

TAB. 2.II.1 – Mass energy-absorption coefficients, mass attenuation coefficients and mass
stopping powers (from NIST).

len
q

� �a
l
q

� �c len
q

� �c
len
q

� �t
l
q

� �t �S
q

� �a �S
q

� �c
Ec ¼ 1:25MeV 0.0267 0.0569 0.0267 0.0293 0.0626
�Te� ¼ 586 keV 1.757 1.736

FIG. 2.II.2 – Sketch of the Sp01 reference chamber for the measurement of the air kerma.

86 Radiation Problems: From Analytical to Monte-Carlo Solutions



This value is smaller than the 3 mm wall thickness under which the measurement
dose is performed in the Sp01 chamber. Accordingly, the electronic equilibrium is
established at this depth for the given photon energy.

The first condition of the Bragg–Gray theory is that the photon fluence rate is
the same everywhere inside the chamber, which can be assumed in this case. The
second condition is that the secondary electron fluence rate is not modified by the
presence of the gaseous cavity. To check if this assumption holds true, we have to
assess the mean energy of secondary electrons set in motion by gamma rays in the
wall. For this calculation, we assume that the mass energy-absorption coefficient is
approximately equal to the mass energy-transfer coefficient for carbon composing
the wall, i.e., ltrð Þc ffi lenð Þc.

�Te� ¼
ltr
q

� �c

1:25

l
q

� �c

1:25

Ec ¼ 0:0267
0:0569

� 1:25 ¼ 0:586MeV ð3Þ

Applying the formula of Katz and Penfold for air and secondary electrons of the
energy calculated above leads to:

R ¼ 191� 10�3 g:cm�2

1:293� 10�3 g:cm�3
¼ 147 cm

This range is far beyond the 2:4 cm diameter of the chamber. This enables to
confirm that the chamber fulfils the conditions for operating in small cavity mode.

(c) Calculation of the air kerma rate using the expression of the dose in a small
cavity

The dose rate under the wall thickness for this small cavity is expressed as:

_DC 3ð Þ ¼ 3:6� 109
�W

qaVa

�S
q

� �c

a
i ð4Þ

Since the electronic equilibrium condition holds true in carbon, the dose rate
under the wall thickness is very close to the collision kerma rate at this point. Given
the assumption of a constant secondary electron fluence and because of the low
energy loss of secondary electrons in the gaseous cavity, we can infer that electronic
equilibrium is also held in the air filling the cavity. Accordingly, the dose rate in the

air of the cavity is equal to the collision kerma rate _K
col

� �
.

_Dc 3ð Þ ¼ _K
col
c 3ð Þ ¼ �len

q

� �c
_Wc and _Dair ¼ _K

col
a ¼ �len

q

� �a
_Wa
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where _W stands for the fluence rate of primary photons, i.e., the product _U� Ec.
This rate is considered as a constant in the wall and in the gas filling the cavity, so
_Wc ¼ _Wa. Then, by combining the above expressions, it becomes:

_K
col
a ¼ �len

q

� �a

c

_DC 3ð Þ ð5Þ

However, the total kerma is the sum of ð _K colÞ, the collision kerma and of ð _K radÞ,
the kerma due to different radiation emitting processes (bremsstrahlung, in-flight
annihilation and fluorescence for a small fraction). The fraction of the mean energy
transferred to secondary electrons and then released as photon radiation is given by

the factor �g ¼ _K
rad
a = _Ka. Accordingly, we can address the following expression:

_Ka ¼ _K
col
a þ _K

rad
a ) _K

col
a ¼ _Ka 1�

_K
rad
a
_Ka

 !
) _Ka ¼

_K
col
a

1� �gð Þ ð6Þ

Finally, with expressions (1), (2) and (3), comes formula (4) of the air kerma
inside the gaseous cavity of the chamber.

_Kair ¼ 3:6� 109 i
�W

qaV a

�S
q

� �c

a

�len
q

� �a

c

1
1� �g

� � Y
i

ki ð7Þ

The ki terms are corrective factors taking into account several phenomena:

– Attenuation and scattering in the wall.
– Charge recombination.
– The polarity of the high voltage.
– The correction of the capacitance of the capacitor related to the charge

measurement.
– The radial and axial non-uniformity of the fluence in the gaseous volume in

contrast to the kerma measurement at a given point.

In this case study, only the first correction, attenuation and scattering in the
wall, is addressed. Other correction factors differ from 1 starting from the 4th digit
after the decimal point.

Y
i

ki 	 kwall ¼ ksc exp
l
q

� �c

qcd
� �

The exponential term reflects the attenuation of photons through the carbon
wall. Factor ksc represents the build-up factor of the photon fluence, related to
scattering in the wall. The latter can only be obtained with a Monte-Carlo calcu-
lation. In order to evaluate the wall total correction factor kwall, a parallel beam of
1:25MeV photons directed toward a 3mm thick graphite cylinder is simulated with
MCNP. The scattering and attenuation components are separately assessed. To that
extent, the mean fluence and its energy distribution are calculated in an empty
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cylinder of same axis and radius as the graphite cylinder, placed just behind the
graphite wall (see figure 2.II.3).

Calculations are performed using the estimator of the mean fluence in a cell, i.e.,
a F4 tally. The fluence energy distribution is derived from the “e4” card coupled to
the tally. The corresponding input file 2.II.1 is presented below.

Build up calculation
c cell block
10 1 -1.847 -10 $ material 1: carbon; density 1.847
15 0 -15 $ scoring calculation cell
20 0 -20
30 0 20 10 15

10 RCC 0 0 0 0 0 .3 1.5 $ carbon
15 RCC 0 0 .3 0 0 .0001 1.5 $ scoring calculation cell
20 RCC 0 0 -.1 0 0 .1 1.5

mode p
imp:p 1 1 1 0
sdef par=p pos 0 0 -.05 axs 0 0 1 ext 0 rad=d1 vec 0 0 1 dir 1 erg 1.25
Si1 0 1.5
sp1 -21 1
M1 6000 1
F4:p 15
E4 0 100i 1.25
ctme 3000

File 2.II.1

FIG. 2.II.3 – Principle of the MCNP calculation to assess the attenuation and scattering
components of the kwall factor.

The total result of tally F4 is 0:1425 cm�2 and represents the total mean fluence in
the empty cylinder behind the wall �Utð Þ. The fluence related to the last energy bin of
the “e4” card is 0:1371 cm�2 and corresponds to the fluence of 1.25 MeV uncollided
photons, going straightaway in the empty cylinder �U1:25ð Þ. The wall coefficient kwall is
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calculated as the ratio of the fluence at the entrance face of the graphite cylinder ðUiÞ
and the total mean fluence in the empty cylinder. The fluence Ui is normalized per
source photon and is calculated as the inverse of the beam section area.

�Ui ¼ 1

p� 1:5ð Þ2 ¼ 0:1415 cm�2 ) kwall ¼
�Ui
�Ut

¼ 0:1415
0:1425

¼ 0:993

The ratio of the fluence at the entrance face of the graphite cylinder ðUiÞ and the
mean fluence of 1:25MeV photons in the empty cylinder (result of the F4 tally in the
last energy bin) provides the component related to attenuation (uncollided photon
flux).

�Ui
�U1:25

¼ 0:1415
0:1371

¼ 1:032 	 exp
l
q

� �c

qcd
� �

The exact calculation of the exponential term leads to a theoretical result of 1:032
for the attenuation. Finally, we can derive the scattering coefficient in the wall, ksc:

ksc ¼ kwall

exp l
q

� �c
qcd

� � ¼
�U1:25
�Ut

¼ 0:1371
0:1425

¼ 0:962

For the ratio of mass stopping powers, �S=q, of carbon and air, we take the values
related to the mean energy of secondary electrons set in motion in the wall:
�Te� ¼ 586 keV. This ratio is 0:988, very close to 1, which enables to verify an
additional condition required for the dosimeter to be considered as “absolute”.

Note that some authors, e.g., Attix, recommend to take the mass stopping power
values corresponding to �Te�=2. This recommendation relies on a better represen-
tation of the energy spectrum of the secondary electrons in the wall, the latter
undergoing collisions before entering the gas of the cavity. An MCNP simulation
indicates that the mean energy of the outgoing electrons of the wall is more around
2=3 �Te� ¼ 483 keV.

The mass energy-absorption coefficient values, in expression (7), have to be
taken at the mean energy of photons crossing the detector. However, very few initial
photons are scattered in the wall, and to a lesser extent in the gaseous cavity. Thus,
we can consider the mass energy-absorption coefficients at the energy of source
photons, i.e., 1:25MeV. The calculation provides:

_Ka ¼ 3:6� 109 � 2� 10�12 � 33:97
1:293�10�3�7:215

� 0:988� 1� 1
1�0:0032

� �� 0:992
_Ka ¼ 25:778mGy:h�1

Part 2: Calculation of the Babyline 81 Calibration Factor
with the 60Co Source
In this second part, the calibration factor of the ambient dose equivalent is assessed
for a cylindrical ionization chamber (Babyline 81 type). This calibration process is
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conducted in a secondary laboratory. The first step consists in replicating the pri-
mary laboratory conditions of the measurement with the reference chamber: the
Sp01 chamber is located at 1 m from a 60Co point source. The same source as that
used in the previous part is considered. This leads to an identical measurement of the
air kerma, i.e., _Ka ¼ 25:778mGy:h�1. The next step is a calibration operation to
associate an ambient dose equivalent rate with the air kerma rate at the same
location (see figure 2.II.1).

(a) Ambient dose equivalent rate evaluation at the measurement point

The ambient dose equivalent rate is the multiplication of the air kerma rate by
the “air kerma – ambient dose equivalent” conversion coefficient:

_H
�
10ð Þ ¼ _Ka

H �

Ka

� �
1:25

¼ 25:778� 1:16 ¼ 29:90mSv:h�1

The detector to calibrate is placed at the same position as the reference chamber,
i.e., at 1 m from the source. First of all, we have to assess the absorbed dose rate
under 10mm of tissue, which is the expected objective of this detector.

(b) Calculation of the absorbed dose rate under the depth of the detector wall

In the first place, we have to evaluate the photon fluence rate at 1 m from the
source. This value is derived from the theoretical expression of the collision kerma
rate at this point:

_Ka ¼ 5:76� 10�4 _U
len
q

� �a

1:25

1
1� �g

� �
Ec ) _U ¼

_Ka 1� �gð Þ
5:76� 10�4 Ec

len
q

� �a
1:25

_U ¼ 25:778� 1� 0:0032ð Þ
5:76� 10�4 � 1:25� 0:0267

¼ 1:336� 106 cð Þ: cm�2:s�1

Since the electronic equilibrium condition holds true under 10mm for 1:25MeV
gamma-rays, the dose rate under 10mm of tissue, i.e., under the 1000mg:cm�2

surface mass of the entrance window, is theoretically obtained as follows:

_Dt 10ð Þ ¼ _K
col
t 10ð Þ ¼ 5:76� 10�4

_U
kwall

Ec
len
q

� �t

1:25

where kwall is the product of the inverse of the transmission by the scattering
coefficient ksc in the tissue-equivalent wall.

kwall ¼ ksc exp
l
q

� �t

1:25
qtd

 !

A numerical simulation can only precisely evaluate the scattering coefficient.
A similar MCNP calculation to that accomplished for the Sp01 absolute dosimeter
provides ksc ¼ 0:926. The dose rate under the wall thickness is:
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_Dt 10ð Þ ¼ 5:76 � 10�4 � 1:336 � 106 � 0:0293� 1:25
0:926� exp 0:0626� 1:12� 1ð Þ ¼ 28:37mGy:h�1

This rate is very close from the ambient dose equivalent rate, accounting the
1 Sv:Gy�1 quality factor. Hence, we can deduce that:

_H
�
10ð Þ 	 _Dt 10ð ÞQ

This finding confirms the feature that, for gamma-rays in this energy range, this
type of chamber is well-suited to estimate the ambient dose equivalent, without
prior calibration.

(c) Calculation of the calibration coefficient specific to the detector

For an accurate _H
�
10ð Þ calibration of the device, we define a new calibration

coefficient N 0 ¼ N 1N 2 with

N 2 ¼
_H
�
10ð Þ

_Dt 10ð Þ ¼ 29:90
28:37

¼ 1:054 Sv:Gy�1

) N 0 ¼ N 1N 2 ¼ 2:08� 1011 � 1:054 ¼ 2:19� 1011 mSv:h�1:A�1

In what follows, we propose to evaluate the ambient dose equivalent rate with
this Babyline, calibrated with the N 0 coefficient, for a 241Am source.

Part 3: Calculation of the Babyline 81 Response for a 241Am Source
In this part, the source is defined with 60 keV photons of 100% intensity and the
same fluence at the entrance face of the detector than that calculated for the 60Co
source. Although the range of 60 keV photons in air is 0:8 cm, much less than the
chamber dimensions, the principle of large cavity or the Burlin intermediate cavity
theory cannot be used. The attenuation of 60 keV photons in 10 cm of air is, indeed,
too high and the assumption of a quasi-constant photon field in the sensitive volume
cannot hold. Accordingly, for this step, a Monte-Carlo simulation is mandatory to
evaluate, for the same fluence, the ratio of the absorbed dose in the gas for the 60Co
source and for the 241Am source.

For this simulation, the chamber of the previous part is modeled and same
conditions apply. The detector is described within a vacuum sphere and its entrance
face is exposed to a parallel beam of photons of cross section radius 15 cm. A cal-
culation with the statistical estimator of the total energy deposit, i.e., *F8 tally, is
performed to assess the energy imparted to the gas by photons, et , in order to deduce
the mean absorbed dose in the sensitive volume. The input file for the 1.25 MeV
photons of 60Co is shown below:
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Babyline 81
c cell block
10 1 -1.293e-3 -10
20 2 -1.12 -20 10
30 0 -30 20
40 0 30

10 RCC 0 -5 0 0 10 0 4
20 RCC 0 -5.893 0 0 11.786 0 4.893
30 SO 100

mode e p
imp:p 1 1 1 0
imp:e 1 1 0 0
sdef par=p pos 0 0 -5 axs 0 0 1 ext 0 rad=d1 vec 0 0 1 dir 1 erg 1.25
Si1 0 15
sp1 -21 1
*F8:e 10
c Air
M1 006000 -0.000124 $ C

007000 -0.755268 $ N
008000 -0.231781 $ O
018000 -0.012827 $ Ar

c tissue equivalent
M2 1000 -.1 6000 -.61 9000 -.18 12000 -.11
ctme 500

File 2.II.2

For the 241Am source, one has to replace the “erg 1.25” energy card of the source
definition by “erg 0.06”. The results for the energy deposit in the chamber per source
photon, et , are 28:1 eV for 60Co and 1:6 eV for 241Am. The “fluence – absorbed dose
in the gaseous volume” conversion coefficient derives as follows:

Dg

_U
¼ 1:602� 10�19 et

qairV air _U

� �

For a flux of 1 gamma per second, the fluence rate is _U ¼ 1= p� 152ð Þ ¼
1:415� 10�3 cð Þ:cm�2:s�1. Therefore, the conversion coefficients are:

Dg

_U

� �
Co

¼ 1:602� 10�19 � 28:1

0:65� 10�3 � 1:415� 10�3 ¼ 4:90�10�12 Gy:cm2

Dg

_U

� �
Am

¼ 1:6� 10�19 � 1:6

0:65� 10�3 � 1:415� 10�3 ¼ 0:28�10�12 Gy:cm2

8>>>>><
>>>>>:
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where qairV air is the air mass, in kg, inside the cavity. The factor 1:602� 10�19

enables the conversion from eV to J. The value of the absorbed dose in the gaseous
volume for each source is as follows:

Dg
� �

Co ¼
Dg
_U

� �
Co

_U ¼ 4:9�10�12 � 1:336� 106 � 3600 ¼ 23:56mGy:h�1

Dg
� �

Am ¼ Dg
_U

� �
Am

_U ¼ 0:28�10�12 � 1:336� 106 � 3600 ¼ 1:39mGy:h�1

8><
>:
Therefore, for a 241Am source responsible for the same fluence as the 60Co source,

the rate displayed by a detector calibrated with the coefficient N 0 would be:

mAm ¼ _H
�
10ð ÞCo

Dg
� �

Am

Dg
� �

Co

¼ 29:90 � 1:39
23:56

¼ 1:76mSv:h�1

However, with the “fluence – ambient dose equivalent” conversion coefficient
from the ICRP (1996), for 60 keV photons, we derive h�U 10ð Þ ¼ 0:51 pSv:cm2

(table 2.II.2). The actual value of the ambient dose equivalent rate should be:

_H
�
10ð ÞAm ¼ 3600 � h�U 10ð Þ � _U

¼ 3600 � 0:51� 10�12 � 1:336� 106 ¼ 2:45mSv:h�1

The deviation from the actual value is:

R Eð Þ ¼ mAm � _H
�
10ð ÞAm

_H
�
10ð ÞAm

" #
� 100 ¼ 1:76 � 2:45

2:45

� 	
� 100 ¼ �28:2%

Depending on requirements of standards related to the energy response of
radiation protection devices for ambient measurements, this underestimation, and
accordingly the use of this survey meter to measure such an energy would not
necessarily be tolerated. Note that the approach described in this application,
broadened to the whole energy spectrum, enables to give the detector energy
response to the operational quantity measured.

TAB. 2.II.2 – Physical quantity to protection- and operational- quantity conversion
coefficients.

E
Kair

� �
H �
K air

� �
h�U 10ð Þ

Ec ¼ 60 keV 0.51 pSv.cm2

Ec ¼ 1:25MeV 1:0002 Sv:Gy�1 1:16 Sv:Gy�1
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2.III Calculation of a Dose Rate in a LiF Pellet

Abstract:
In the past few years, Haider et al. (1997), have improved Burlin intermediate cavity
theory (association of a small cavity and a large cavity) mostly by taking into
account the electrons backscattered in the rear face of the chamber. In the first part,
the new cavity theory is applied to evaluate the mean absorbed dose in a LiF pellet
surrounded by aluminum (“buffer layer”). In this theory, this mean dose can be
determined from the absorbed dose at a point under the aluminum inlet face of the
detector with an analytical expression. In the second part, the analytical result is
verified with MCNP simulations.

Objectives:
– Application of the new cavity theory.
– Calculation of the mean absorbed dose in a sensitive volume from the absorbed

dose at a point under the aluminum inlet face of the detector.
– Dose calculation at an interface.
– Correction for photon scattering calculated with MCNP.

Main characteristics:
The pellet is composed of a 7LiF crystal of thickness t ¼ 2:7mm, surrounded by
aluminum of thickness d ¼ 3:7mm of 1000mg:cm�2 mass surface. This dosimeter is
exposed to a parallel field of 1.25 MeV photons, of fluence rate of 106 ðcÞ:cm�2:s�1.
For 1.25 MeV photons, the coefficients (NIST site) needed for the calculation are
(in cm2.g−1):

len
q

� �Al

¼ 0:025
l
q

� �Al

¼ 0:055
�len
q

� �LiF

Al
¼ 0:961

�S
q

� �LiF

Al
¼ 1:040

Densities of aluminum and LiF are, respectively, 2.698 and 2.635 g.cm−3. The
backscattering coefficient of secondary electrons in the aluminum wall is bm ¼ 0:26
(Frujinoiu, 2001).

Part 1: Calculation of the Mean dose in a LiF Pellet Using
the New Cavity Theory

(a) Calculation of the absorbed dose rate in aluminum at the Al/LiF interface

Firstly, let us check that electronic equilibrium condition holds true under the
aluminum thickness. For the photon energy of this application, Compton effect is
predominant. The maximum energy of electrons set in motion through this process is:

EC max ¼
4E2

c

4Ec þ 1
¼ 4� ð1:25Þ2

4� 1:25þ 1
¼ 1:041MeV
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The use of Katz and Penfold formula enables to yield the range of secondary
electrons set in motion in aluminum of mass surface 1000mg:cm�2.

R ¼ 412� 1:041ð Þn with n ¼ 1:265� 0:0954 ln 1:041ð Þ

¼[R ¼ 433mg:cm�2

As R\ d, the electronic equilibrium is held under the aluminum layer and the
absorbed dose rate is quite close to the collision kerma rate.

_DAl 10ð Þ ¼ _K
col
Al 10ð Þ ¼ 5:76� 10�4

_U
kwall

Ec
len
q

� �Al

with kwall defined as the product of the inverse of the transmission and of the
correction factor for photon scattering ksc in the aluminum wall:

kwall ¼ ksc exp
l
q

� �Al

qAld

 !

Although the term with the exponential can be calculated, the correction factor
can only be thoroughly obtained via numerical simulation. An MCNP calculation
provides ksc ¼ 0:926 (details in the next part). The dose rate under the aluminum
wall is:

_DAl 10ð Þ ¼ 5:76� 10�4 � 106 � 0:0256� 1:25
0:926� exp 0:0550� 1ð Þ ¼ 18:83mGy:h�1

(b) Calculation of the absorbed dose rate in the LiF pellet

In order to assess the absorbed dose rate in the LiF pellet, one has to determine
the ratio f of the mean absorbed dose in the LiF to the absorbed dose in aluminum
at the Al/LiF interface. According to Frujinoiu (2001), this ratio is obtained using
simplified formulas of Haider et al. (1997)’s intermediate cavity theory. This theory
is derived from Burlin’s theory by encompassing the backscattering phenomenon,
proportional to the material atomic number Z, through the introduction of a coef-
ficient bm: The f ratio is calculated with contributions from the small and large
cavities as follows:

f ¼ DLiF

DAl
¼ d1

�S
q

� �LiF

Al
þ 1� d1ð Þ �len

q

� �LiF

Al

with:

d1 ¼ 1� bm � 1� 2bmð Þ exp �bgð Þ � bm exp �2bgð Þ
bg
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The variable b corresponds to the mass attenuation coefficient for the secondary
electron flux in the LiF pellet. This variable is expressed as a function of electrons
energy, according to formulas of Paliwal and Almond (1976):

bLiF ¼ 14

T 1:09
max

for 0:23\Tmax\2:27MeV

bLiF ¼ 37:9

T 1:61
max

for 8\Tmax\20MeV

8>>><
>>>:

In this case, the maximum energy is 1.04 MeV, which leads to parameter b equal to:

b ¼ 14

1:04ð Þ1:09 ¼ 13:4 cm2g�1

The term g stands for the mean path length of secondary electrons crossing the
LiF cavity. This quantity is commonly estimated from the cavity volume V and
surface S with the formula 4V=S . However, a more accurate evaluation from the
angular differential scattering cross section of Compton electrons (Horowitz et al.,
1983) will be performed in this case.

g ¼
Z p=2

0

t
cosh

P hð Þdh ¼ 1:539 t

where P hð Þ is the Klein–Nishina angular distribution probability function for 1.25
MeV Compton scattered photons. For the LiF thickness of this application, the
mean path length in the LiF pellet is derived:

g ¼ 1:539� 0:267 ¼ 0:411 g:cm�2

Numerical application for parameter d1 provides the following result:

d1 ¼ 1� 0:26� 1� 2� 0:26ð Þð Þ exp �13:4� 0:411ð Þ � 0:26 exp �2� 13:4� 0:411ð Þ
13:4� 0:411

¼ 0:134

This finding allows to infer that the LiF pellet operates 13.4% as a small cavity
and 86.6% as a large cavity. Finally, f is equal to:

f ¼ 0:134� 1:040þ 0:866� 0:961 ¼ 0:971

The dose rate in the cavity is:

_DLiF ¼ f _DAl 10ð Þ ¼ 0:971� 18:83 ¼ 18:29mGy:h�1

Part 2: Numerical Simulation Checking
(a) Determination of factor f

The numerical model is based on the work of Ogunleye et al. (1980). The LiF
pellet is a cylinder of 1:7mm radius and 2:7mm thickness (with a density of
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2:635 g:cm�3). It is modeled inside an aluminum shell of 3:7mm thickness inlet face
(density 2:698 g:cm�3) and of 4:4 cm global thickness, i.e., equal to 12 times 0:37 cm.
A parallel beam of 6 cm section radius of 1.25 MeV photons irradiates the materials
(see figure 2.III.1).

In the proposed method, electron transport is only turned on below a 3:7mm
depth in the aluminum outlet face (see figure 2.III.2). Beyond this depth, electrons
are inhibited by MCNP. Accordingly, we can assume that backscattered electrons do
not affect the LiF dose. Only photons continue to be transported (instruction “imp:
e” in the input file). Furthermore, this method enables to drastically decrease the
calculation time compared to a simulation with an allowed transport of electrons in
the whole aluminum shell.

The MCNP input file 2.III.1 is used for the mean dose calculation in the LiF
pellet.

FIG. 2.III.1 – Layout of the LiF pellet inside its aluminum shell.

FIG. 2.III.2 – (left side) Calculation of the mean dose in the LiF pellet; (right side) calcu-

lation of the dose _DAl 10ð Þ at a point under the aluminum wall.
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LiF simulation
c cell block
10 1 -2.698 -10 15 $ aluminum
15 2 -2.635 -15 $ LiF
20 3 -2.698 -20 $ scattering Aluminum
25 0 -25 21 10
30 0 25

10 RCC 0 0 0 0 0 1.01 6
15 RCC 0 0 .37 0 0 .27 .17
20 RCC 0 0 1.01 0 0 3.39 6
21 RCC 0 0 0 0 0 4.44 6
25 RCC 0 0 -.1 0 0 4.5 6

mode p e
imp:p 1 1 1 1 0
imp:e 1 1 0 0 0
sdef par=p pos 0 0 -.05 axs 0 0 1 ext 0 rad=d1 vec 0 0 1 dir 1 erg 1.25
PHYS:E 2 0 0 0 0 1 1 1 1 0 0 J J 0.917 0.001
PHYS:P 2 0 0 0 0 J 0
Si1 0 6
sp1 -21 1
M1 13000 1 estep 50
M2 3000 1 9000 1 estep 50
M3 13000 1
*F28:e 15
stop F28 .006

File 2.III.1

The MCNP input file used for the kerma calculation at the aluminum maximum
depth is the following:

Kerma
c cell block
10 1 -2.698 -10 15 12 $ aluminum
12 1 -2.698 -12
15 2 -2.635 -15 $ LiF
20 3 -2.698 -20 $ scattering aluminum
25 0 -25 10 12 15 20
30 0 25

10 RCC 0 0 0 0 0 .64 6
12 RCC 0 0 .36 0 0 .01 .17
15 RCC 0 0 .37 0 0 .27 .17
20 RCC 0 0 .64 0 0 4.44 6
25 RCC 0 0 -.1 0 0 7 6
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mode p
imp:p 1 1 1 1 1 0
sdef par=p pos 0 0 -.05 axs 0 0 1 ext 0 rad=d1 vec 0 0 1 dir 1 erg 1.25
PHYS:P 2 0 0 0 0 J 0
Si1 0 6
sp1 -21 1
M1 13000 1 estep 50
M2 3000 1 9000 1 estep 50
M3 13000 1
*F6:p 12
stop F26 .0004

File 2.III.2

The mean deposited energy �e in the LiF is provided by the result of the tally
�F28 ¼ 1:857� 10�5 MeV with a 0:58% relative uncertainty. The dose per unit
fluence result is normalized as follows:

DLiF

U
¼ �e

UMCNP mLiF
¼ �e

10�3 1=pR2ð Þ p r2 z q

The coefficient 10�3 is used for the kg/g conversion. The normalized dose rate in
mGy:h�1 is:

_DLiF ¼ DLiF

U

� �
_U ¼ 3600� �e� 106

� �
1=pR2ð Þ p r2 z q� _U

_DLiF ¼ 3600� 106 � 1:857� 10�5 � 1:602� 10�19

8:842� 10�3 � 6:459� 10�5 � 1� 106

¼ 0:018747Gy:h�1 ð18:747mGy:h�1Þ

The coefficient 1:602� 10�19 stands for the Joule to eV conversion. With the
relative error of the MCNP result, the final value is: _DLiF � r _DLiF

¼ 18:747�
0:109mGy:h�1. The second MCNP file enables to assess the kerma K in aluminum.
This quantity derives from the result of the tally �F6 ¼ 4:767� 10�26 jerk:g�1 with a
0:04% relative error. Let us recall that 1 jerk = 1GJ and 1 jerk:g�1 ¼ 1GJ:g�1 ¼
1000GJ:kg�1 ¼ 1012 Gy. The MCNP calculation accuracy is improved for the kerma
result compared with the _DLiF calculation since only photons are transported,
leading to an improved statistical convergence.

K
U

¼ 4:767� 10�26 � 1� 1012

1=pR2 ¼ 4:767� 10�26 � 1� 1012

8:842� 10�3 ¼ 5:391 pGy:cm2
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For this geometry, the kerma rate calculation under the aluminum wall leads to:

_K ¼ _DAl 10ð Þ ¼ K
U

� �

 _U ¼ 5:391� 10�12 � 1� 106 � 1000� 3600 ¼ 19:408mGy�1

With the MCNP calculation relative error, the result is: _K � r _K ¼ 19:408�
0:008mGy:h�1. Finally, the f ratio along with its uncertainty obtained by uncer-
tainties propagation is:

f � rf ¼
_DLiF

_Dal 10ð Þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

@f

@ _DLiF

� �2

r2_DLiF
þ @f

@ _Dal

� �2

r2_DAl

s

¼
_DLiF

_Dal 10ð Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
_DAl

� �2

r2_DLiF
þ

_DLiF

D2
Al

� �2

r2_DAl

vuut

f � rf ¼ 18:747
19:408

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:1092

19:4082
þ 18:747

19:4082

� �2

� 0:008ð Þ2
s

¼ 0:966� 0:006

(b) Determination of the correction for photon scattering

As seen before, a correction factor for scattering photons ksc is needed to enhance
the accuracy of the model. Accordingly, another geometry is modeled, in which the
aluminum width is reduced to match the lateral dimensions of the LiF pellet for
minimizing the photon scattering (see figure 2.III.3).

The MCNP input file matching this configuration is:

Build up
c cell block
10 1 -2.698 -10
11 1 -2.698 -11
15 2 -2.635 -15
20 1 -2.698 -20
25 0 -25 20 10 15 11
30 0 25

10 RCC 0 0 0 0 0 .36 .17
11 RCC 0 0 .36 0 0 .01 .17
15 RCC 0 0 .37 0 0 .27 .17
20 RCC 0 0 .64 0 0 .37 .17
25 RCC 0 0 -.1 0 0 1.5 .17

mode p e
imp:p,e 1 1 1 1 1 0
sdef par=p pos 0 0 -.05 axs 0 0 1 ext 0 rad=d1 vec 0 0 1 dir 1 erg 1.25
Si1 0 .17
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sp1 -21 1
M1 13000 1 estep 50
M2 3000 1 9000 1 estep 50
*F6:p 11
ctme 3000

File 2.III.3

With this pattern and the formalism used above for K , the result is
_D
0
Al 10ð Þ ¼ 17:971mGy:h�1. Thus, the correction factor for photon scattering is:

ksc ¼
_D
0
Al 10ð Þ
_DAl 10ð Þ ¼

17:971
19:409

¼ 0:926

FIG. 2.III.3 – Geometry used for the calculation of ksc.
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2.IV Measurement of the Operational Quantity
H 0 0:07; 0�ð Þ for a β Spectrum with an
Extrapolation Chamber

Abstract:
In a first part, the directional dose equivalent at a zero angle of incidence,
H 0 0:07; 0�ð Þ, is evaluated for a reference 90Sr + 90Y source, using an extrapolation
chamber, model 23392 PTW. This device is recommended by the ISO 6980 standard
for the measurement of absorbed dose under 70 µm of tissue, Dt 0:07ð Þ for β radia-
tion. For this chamber model, a micrometer screw on a piston enables to adjust the
depth of the sensitive volume of the chamber. This feature allows to determine the
slope of the ionization current versus the depth of the chamber. A check of the slope
value with a numerical simulation is performed in a second part.

Objectives:

– Calculation of the dose at the entrance window for an extrapolation chamber.
– Calculation of the theoretical current generated in the sensitive volume using the

energy deposition tally.

Part 1: Determination of the Directional dose Equivalent at a Zero
Angle of Incidence: H 0 0:07; 0�ð Þ
A 90Sr/90Y β source is located at 30 cm from the entrance window of an extrapo-
lation chamber PTW model 23392 (see figure 2.IV.1). We propose, firstly, to assess
the absolute dose rate under 7mg:cm�2 of tissue as a function of the ionization
current and secondly, to evaluate the directional dose equivalent rate at a zero angle
of incidence.

FIG. 2.IV.1 – Layout of the extrapolation chamber and 90Sr/90Y source.
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The characteristics related to the 90Sr/90Y source are:

– Mean energy: 967 keV.
– Maximum energy: 2:28MeV.
– Half-life: 28:8 years.
– Nominal activity: 1:857GBq:

The characteristics related to the PTW 23392 chamber are:

– Cavity of adjustable depth filled with dry air (qa ¼ 1:293� 10�3g:cm�3;
�W ¼ 33:97 eV).

– Tissue-equivalent entrance window of thickness 7mg:cm�2.
– Electric field E ¼ 10V:mm�1 ð104 V:m�1Þ.
– Recommended cavity depth: 0:5\z\2mm.
– The charge measured using an electrometer placed on the collecting electrode is

DQ ¼ 6:393� 10�11C for a 2 mm cavity depth.
– Current measurements at depths z1 ¼ 0:5mm and z2 ¼ 2mm are, respectively,

i1 ¼ 1:22 pA and i2 ¼ 3:93 pA (Antonio et al., 2012).
– Vacuum permittivity eo ¼ 8:854 pF:m�1 and relative permittivity of air er 	 1.

–
�S
q

� �t
a
¼ 1:110 for the mean 90Sr/90Y β spectrum in the wall.

In contrast to the small cavity expression relating the dose rate under the
entrance window to the current intensity, in this case, the absorbed dose rate
depends on a variable sensitive volume whose expression is given below:

dVa ¼ Aeff dz

with Aeff the effective area of the collective electrode, to be calculated. This
approach enables to express the absorbed dose rate versus the derivative of the
current as a function of the cavity depth. The boundary condition for which z ¼ 0
(virtual cavity of zero depth) guarantees that Bragg–Gray conditions hold true for
all electrons of the β spectrum, particularly that of low energy. For this model, the
absorbed dose rate under 7mg:cm�2 of tissue as a function of current is given by the
following expression (Lecante and Bordy, 2006):

_Dt 0:07; 0�ð Þ ¼ 3:6� 109
�W

qaAeff

�S
q

� �t

a
k 0

d kið Þ
dz

� 	
z¼0

ð1Þ

Term k is the product of correction factors which are dependent on the chamber
depth, such as the correction of losses due to ion recombination, the correction due
to the divergence of the field in the collection volume, the correction due to the
electrostatic attraction field created by the entrance window of the chamber. Term
k 0 is the product of correction factors that are independent of the chamber depth:
the correction due to the field radial non-uniformity in the collection volume, the
correction of the effect of variations of the air humidity of the cavity on the ion-
ization (Lecante and Bordy, 2006).
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(a) Calculation of the current as a function of the cavity depth

The measured current varies linearly with the depth of the cavity. The slope of
the line represents the current as a function of the cavity depth.

d kið Þ
dz

� 	
z¼0

¼ Di
Dz

¼ 3:93� 1:22ð Þ�10�12

2� 0:5ð Þ � 10�3 ¼ 1:806� 10�9 A:m�1 1:806 pA:mm�1� �

Note that values of i1 and i2 take into account the product of correction factors k:

(b) Calculation of the effective area of the collecting electrode

In order to evaluate this area, the chamber electrode system is treated as a
capacitor of capacitance C.

C ¼ DQ
DV

¼ eo er
Aeff

z

By replacing DV by E z, we can write:

Aeff ¼ DQ
eo er E

¼ 6:393� 10�11

8:854� 10�12 � 1� 104
¼ 7:22� 10�4 m2

(c) Calculation of the dose rate under 70 µm, _Dt 0:07; 0�ð Þ
Finally, by converting the density in g:m�3 to unify units, and by neglecting the

correction terms k 0, the numerical application provides the result:

_Dt 0:07; 0�ð Þ ¼ 3:6� 109
33:97

1:293� 103 � 7:22� 10�4 � 1:110� 1:806� 10�9

¼ 262:6mGy:h�1

The calculated slope is dependent on the initial activity of the source. In order to
overcome this constraint, a calibration factor FD which defines the dose rate per
current slope unit for the 90Sr/90Y source is used:

FD ¼ _Dt 0:07; 0�ð Þ d kið Þ
dz

� 	�1

¼ 262:6
1:806

¼ 145:4mGy:h�1=pA:mm�1

Since the quality factor is equal to 1 for electrons, the reference measurement of
the directional dose equivalent at a zero angle is straightforward:

H 0ð0:07; 0�Þ ¼ QDt 0:07; 0�ð Þ ¼ Dt 0:07; 0�ð Þ in Sv ) H 0 0:07; 0�ð Þ ¼ 262:6mSv:h�1

Likewise, we can define a calibration factor describing the dose equivalent rate
per current slope unit: FH ¼ 145:4mSv:h�1=pA:mm�1.
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Part 2: Evaluation of the Current Slope as a Function
of the Chamber Depth with Numerical Simulation
In this part, the extrapolation chamber is modeled with the 90Sr/90Y source located
at 30 cm in order to numerically assess the current slope versus the chamber depth
(in pA:mm�1). The modeled chamber has a PMMA wall and a tissue-equivalent
entrance window of thickness 7mg:cm�2 and of 1:5 cm radius. The MCNP model of
the chamber is shown in the left side of figure 2.IV.2. The source β spectrum data
come from the RADAR website (http://www.doseinfo-radar.com/RADARHome.
html). As represented in the right side of figure 2.IV.2, the spectrum includes the
90Sr source component as well as the 90Y source component.

The source is located at 30 cm from the chamber and is considered as point-like.
No filter is interposed between the source and the chamber. The input file 2.IV.1 is
given as an example for z ¼ 1:5mm.

Extrapolation chamber
10 1 -1.293e-3 -10 $ chamber
20 2 -1.19 10 -20 $ PMMA
30 1 -1.293e-3 20 -30 $ air
35 0 30

10 RCC 0 0 0 0 0 0.15 1.5 $ cavity z=0.15 cm R=1.5 cm
20 RCC 0 0 -5.88e-3 0 0 .6 5
30 RCC 0 0 -31 0 0 31.9 5

imp:e,p 1 1 1 0
mode e p
c SDEF par=e pos 0 0 -20 erg d2

FIG. 2.IV.2 – (left side) Numerical model of the extrapolation chamber, (right side) β
spectrum of the 90Sr/90Y source, sampled and set in the input file.
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sdef par=e erg fpos d2 pos d1
si1 l 0 0 -30 0 0 -30 $ Sr and Y source position
sp1 d 1 1 $ same intensity for Sr-90 and Y-90
ds2 s 3 4
c Sr-90
# si3 sp3
0 0
0.0137 7.79E-02
0.0410 7.60E-02
0.0683 7.50E-02
0.0956 7.40E-02
0.1229 7.30E-02
0.1502 7.17E-02
0.1775 7.01E-02
0.2048 6.80E-02
0.2321 6.53E-02
0.2594 6.19E-02
0.2867 5.78E-02
0.3140 5.27E-02
0.3413 4.68E-02
0.3686 4.01E-02
0.3959 3.27E-02
0.4232 2.48E-02
0.4505 1.71E-02
0.4778 9.75E-03
0.5051 4.28E-03
0.5324 1.01E-03
c Y-90
# si4 sp4
0 0
0.0571 4.26E-02
0.1713 5.18E-02
0.2855 5.94E-02
0.3997 6.49E-02
0.5139 6.86E-02
0.6281 7.08E-02
0.7423 7.17E-02
0.8565 7.15E-02
0.9707 7.04E-02
1.0849 6.85E-02
1.1991 6.57E-02
1.3133 6.19E-02
1.4275 5.69E-02
1.5417 5.07E-02
1.6559 4.30E-02
1.7701 3.42E-02
1.8843 2.46E-02
1.9985 1.50E-02
2.1127 6.43E-03
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2.2269 1.13E-03
M1 6000 -0.000124 7000 -0.755268 8000 -0.231781 18000 -0.012827
M2 1000 -0.080538 6000 -0.599848 8000 -0.319614
*F28:e 10
stop F28 .01

File 2.IV.1

The MCNP calculation is performed with the *F8 tally providing a result in
MeV units, with a relative statistical error of 1%. This tally evaluates the total
energy deposition in the chamber gas, et . The current, in pA, is derived from the
below expression:

i ¼ 1018
et
�W

eA f e

where A is the activity (in Bq), �W is the mean energy to produce an ion pair in air
( �W ¼ 34 eV), f e is the emission factor taking into account the equilibrium between
yttrium and strontium (f e ¼ 2) and e is the electron charge. The term 1018 stems
from the multiplication of the conversion from MeV to eV by the conversion factor
from A to pA. Results are given in table 2.IV.1 for a 1:85GBq source activity for
different chamber depths.

The values of the current versus the chamber depth z listed in table 2.IV.1 are
represented in figure 2.IV.3.

Then, the slope is determined using the least-squares method.

a ¼ cov z; ið Þ
var zð Þ ¼

Pj¼n
j¼1 zj ��z
� �

ij ��ı
� �

Pj¼n
j¼1 zj ��z
� �2 ¼ 2:24 pA:mm�1

The slope standard deviation estimator is defined with n ¼ 4 in this case:

bra ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffi
n � 2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPj¼n

j¼1 ij ��ı
� �2

Pj¼n
j¼1 zj ��z
� �2

vuut ¼ 0:08

The slope calculated with the numerical method is a � bra ¼ 2:24 �
0:08 pA:mm�1; whereas that experimentally obtained is 1:81 pA:mm�1. This devi-
ation is partially due to the product of correction factors k in equation (1).

TAB. 2.IV.1 – MCNP calculation results of the theoretical
intensity versus the chamber depth.

z ðmmÞ et i pAð Þ
0.7 9.54E-08 1.66
1 1.33E-07 2.32
1.5 1.96E-07 3.42
2 2.63E-07 4.58
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2.V Fast Monoenergetic Neutron Energy and Fluence
Measurements with a Proton Recoil Telescope

Abstract:
This application is aimed at evaluating energy and fluence of monoenergetic neu-
trons with a proton recoil telescope. These neutrons emerge from a 3H target
impinged by a deuteron beam (150 keV) according to the reaction 3H(d,n)4He. This
method is highly recommended to carry out a reference measurement of the fluence
and the energy of a fast neutron field for an external dosimetry purpose. In a next
step, the ambient dose equivalent rate at the point at which the neutron beam
interacts with the telescope radiator is then inferred. A comparison between results
drawn from theoretical and numerical methods is performed.

Objectives:
– Theoretical calculation of the energy of fast neutrons undergoing elastic

scattering in an organic radiator and evaluation of the associated uncertainty.
– MCNP simulation of a proton recoil telescope.
– Calculation of a detector efficiency.
– Calculation of the energy resolution.

Main characteristics:
The experimental set-up is composed of a hydrogenous radiator (composed of CH2)
of thickness e ¼ 200 lm and density 0:91 g:cm�3, arranged on the collimated neutron
beam axis. The neutron beam is collimated and its cross section on the radiator is

FIG. 2.IV.3 – Plot of the values calculated with MCNP and given in table 2.IV.1.
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a ¼ 10 cm2. The neutron beam strikes the hydrogenous radiator, and the recoil
protons produced, with a cross section r n;nð Þ ¼ 0:691 barn at the considered energy,
pass through a silicon detector. The silicon detector, with a disk-shaped entrance
surface of 4 cm radius, is placed at a distance d ¼ 1m forming an angle of 40° with
the beam axis. Its energy resolution at the recoil protons energy is 3% at the given
neutron energy and at the considered angle (see figure 2.V.1). The recoil proton
energy measured with the detector is Ed

p ¼ 7:79� 0:23MeV. The detection effi-
ciency of the silicon detector is 100% and we assume that recoil protons lose, on
average, 5% of their initial energy in the radiator. The amplifier output of the Si
detector is processed by a multi-channel analyzer to record pulse height spectra of
energy deposits. For the channel matching 7:79� 0:23MeV, 10 000 counts are
recorded during the 10 min of the accelerator duty cycle.

(a) Calculation of neutron energy

In the case of elastic scattering, the relationship between the incoming neutron
energy and the energy of the recoil nucleus of number mass A is:

En ¼ 1þAð Þ2
4A

1
cos2h

� �
EA

where h is the scattering angle of the recoil nucleus.
If the target nucleus is the proton of hydrogen (A ¼ 1), this expression can be

reduced to:

En ¼ Ep

cos2h
ð1Þ

One has to take into consideration the uncertainty on the incident neutrons
energy owing to the Coulomb scattering in the radiator. The propagation of
uncertainty provides the following formula:

r2En
¼ @En

@Ep

� �2

r2Ep
þ @En

@h

� �2

r2h

FIG. 2.V.1 – Proton recoil telescope set-up for the reference measurement of neutron fluence
and energy.

110 Radiation Problems: From Analytical to Monte-Carlo Solutions



By partially deriving expression (1) of En, it becomes:

r2En
¼ 1

cos2h

� �2

r2Ep
þ Ep2 sinh

cos3h

� �2

r2h

Dividing by E2
n gives the following expression (2):

rEn

En

� �2

¼ rEp

Ep

� �2

þ 4tan2h r2h ð2Þ

The total uncertainty depends on the standard deviation of the recoil protons
scattering angle in the radiator but also on the measurement angle. The recoil
protons’ energy produced in the radiator is first calculated to evaluate the energy of
the scattered neutrons.

Ep ¼ Ed
p þEc

p ¼ Ed
p þ 0:05Ep ) Ep ¼

Ed
p

1� 0:05
¼ 7:79

0:95
¼ 8:20MeV ð3Þ

with Ed
p being the proton energy measured with the silicon detector and Ec

p the
proton energy lost in the radiator through Coulomb scattering. We derive from
expression (1):

En ¼ 8:20
cos2ð40�Þ ¼ 13:97MeV ð4Þ

The term rh (in rad) can be derived from the formula of Lynch and Dahl (1991).

rh ¼ 13:6
bpc

ffiffiffiffiffiffi
e
Xo

r
1þ 0:038 log

e
Xo

� �� 	

where e is the radiator thickness, b and pc are, respectively, the Lorentz factor and
the momentum of the recoil proton and Xo the radiation length (in cm) for a
material (Z, A) calculated as follows:

Xo ¼ 716:4 �A

q �Z �Z þ 1ð Þln 287ffiffi
�Z

p
� �

Firstly, the �A and �Z values of CH2 are determined:

�A ¼ 1� 12þ 2� 1
3

¼ 4:7 and �Z ¼ 1� 6þ 2� 1
3

¼ 2:7

This way:

Xo ¼ 716:4 � 4:7

0:91� 2:7� 2:7þ 1ð Þln 287ffiffiffiffiffi
2:7

p
� � ¼ 71:7 cm
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The Lorentz factor and the momentum are calculated according to the energy
found in expression (3) as follows:

b ¼ v
c
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� mpc2

Ep þmpc2

� �2
s

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 939:6

8:20þ 939:6

� �2
s

¼ 0:1

pc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ep Epþ 2mpc2
� �q

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8:20� 8:20þ 2� 939:6ð Þð Þ

p
¼ 124:4MeV

The standard deviation of the angle is:

rh ¼ 13:6
0:1� 124:4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
200� 10�4

71:7

s
1þ 0:038 log

200� 10�4

71:7

� �� 	
¼ 15:7mrad

Thus, given the total uncertainty on the neutron energy, the energy resolution is:

rEn

En
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:03ð Þ2 þ 4tan2 40�ð Þ � ð0:0157Þ2

q
¼ 0:04 ð5Þ

The neutron energy along with its associated uncertainty is
En � rEn ¼ 13:97� 0:56MeV, meaning that he neutron energy is given with a
resolution of 560 keV. The theoretical energy resolution corresponding to the full
width at half maximum (FWHM) of the peak following a Gaussian distribution is:

FWHM ¼ 2:355 rEn ¼ 1:32MeV

Technically, for the energy resolution, it is necessary to take into account the
quality of the Si detector and the accuracy of the energy discrimination of the
multi-channel analyzer composing the electronic acquisition system.

(b) Calculation of the neutron fluence

The rate of protons is given as a function of the number of neutrons per unit time
according to expression (6):

_Np ¼ _Nn 1� exp �NHrn;ne
� �� � ð6Þ

with rn;n the neutron total elastic scattering cross section at the energy calculated
previously (ffi 14MeV; r n;nð Þ ¼ 0:691 barnÞ and NH the number of atoms per cm3 in
the radiator. NH is expressed as a function of the hydrogen mass fraction WH,
Avogadro constant gA and the radiator density as follows:

NH ¼ WHgAq ¼ 2� 1
2� 1ð Þþ 12� 1ð Þ

� �
� 6:02� 1023 � 0:91

¼ 7:826� 1022 atomsð Þ:cm�3
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Thus, we deduce the elastic scattering mean free path:

kn;n ¼ 1
Rn;n

¼ 1
NH rn;n

¼ 1

7:826� 1022 � 0:691� 10�24 ¼ 18:5 cm

By assuming the radiator to be thin enough compared to the mean free path of
neutrons before elastic scattering, it is possible to achieve a Taylor expansion of the
exponential function. Then, equation (6) can be reduced as:

_Np 	 _NnNHrn;ne

By considering that all recoil protons created pass through the radiator, the

number of protons collected per unit time by the Si detector, _N
d
p ; can be expressed as

follows:

_N
d
p ¼ ed

Z Xd

0

_NnNH
drn;n
dX

� �
e dX

where drn;n=dX is the angular differential elastic cross section, Xd is the detection
solid angle covered by the Si diode and ed is the efficiency of the detector for the
detection of protons crossing its entrance surface. Solving this integral leads to an
expression involving the total elastic cross section:

_N
d
p ¼ ed _NnNHrn;neXd

cosH
p

kan

where kan is a term standing for the anisotropy of the elastic scattering cross section
in the laboratory frame (Bame et al., 1957):

kan ¼ 1þ En
90

� �2
cos22h

1þ 2
3

� � En
90

� �2
Accordingly, the efficiency corresponding to the number of protons detected per

incoming neutron in the radiator is:

en!p ¼
_N
d
p

_Nn
¼ edNHrn;neXd

cosH
p

kan

As defined in figure 2.V.1, the solid angle covered by the detector is:

Xd ¼ 2p 1� cosuð Þ ¼ 2p 1� dffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 þ r2

p
 !

¼ 2p 1� 100ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1002 þ 42

p
 !

¼ 0:005 sr

kan expression yields:

kan ¼ 1þ 14
90

� �2
cos2 2� 40ð Þ

1þ 2
3

� �� 14
90

� �2 ¼ 0:984
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Therefore, by assuming a 100% detection efficiency for the Si diode for the
incident protons, the detection efficiency for the recoil protons is:

en!p ¼ 1� 7:826� 1022 � 0:691� 10�24 � 0:005� 200� 10�4 � cos 40ð Þ
p

� �
� 0:984

¼ 1:30� 10�6

The 10 000 counts recorded over the 10 min of the accelerator duty cycle, in the

channel corresponding to 7:79� 0:23MeV, represent a count rate _N
d
p ¼ 16:7 cð Þ:s�1.

Finally, the fluence rate at the entrance of the radiator is:

_Un ¼
_Nn

a
¼

_N
d
p

en!pa
¼ 16:7

1:30� 10�6 � 10
¼ 1:28� 106 nð Þ:cm2s�1

Thus, at the radiator location, the accelerator yields a neutron fluence of 1:28�
106 nð Þ:cm2s�1 of which the energy is En � rEn ¼ 13:97� 0:56MeV: For a 14 MeV
energy, the “fluence – ambient dose equivalent” conversion coefficient, from ICRP
(1996), is h�U 10ð Þ ¼ 520 pSv:cm2. The ambient dose equivalent rate at the calcula-
tion point is:

_H
�
10ð Þ ¼ 3600� h�U 10ð Þ _Un ¼ 3600� 520� 10�12 � 1:28� 106 ¼ 2:4 Sv:h�1

(c) Telescope simulation with MCNP

We consider a parallel beam of 13:97MeV neutrons of section radius
r ¼ 1:784 cm, that is to say a cross section of 10 cm2, interacting with a polyethylene
cylinder of 1:784 cm radius and 200 lm thickness modeling the radiator. An empty
cylinder of 4 cm radius and 1 cm thickness is placed at 1 m and 40� from the radiator
generatrix in order to simulate the sensitive volume of the diode. The MCNP model
is shown in the top part of figure 2.V.2.

The distribution of the fluence of protons reaching the Si diode (represented by
cell 15 in the input file 2.V.1) is calculated by means of the mean fluence estimator,
i.e., a tally F4, coupled with an energy card “e4” binning the spectrum in 200
equidistant intervals between 5 and 10 MeV. We must point out that for this case,
the 7th entry of the “phys:n” card must be modified in order to turn on the light-ion
recoil. The MCNP input file of the telescope simulation is provided below:

Telescope simulation
c cell block
10 1 -.92 -10 $ radiator in (CH2)n
15 0 -15 $ detector
20 0 10 15 -20
30 0 20

114 Radiation Problems: From Analytical to Monte-Carlo Solutions



10 RCC 0 0 -1E-2 0 0 1E-2 1.784
15 RCC 0 64.278761 76.6 0 .64279 .766 4
20 SO 110

imp:n,h 1 1 1 0
VOL j 50.26 j j $ volume of cell 15 must be input
c phys 7th entry coilf=n.m=1.001
PHYS:N 20 0 0 J J J 1.001 -1 J J J 0 0
mode n h
sdef par=n pos 0 0 -.05 axs 0 0 1 ext 0 rad=d1 vec 0 0 1 dir 1 erg 13.97

FIG. 2.V.2 – (top) Geometry modeled in MCNP, (bottom) fluence energy distribution as a
function of protons energy.
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Si1 0 1.784
sp1 -21 1
ctme 3000
M1 1001 2 6012 1
F4:h 15
E4 5 200i 10

File 2.V.1

The resulting proton spectrum fitted with a Gaussian distribution is plotted in
the bottom part of figure 2.V.2. The mean energy of protons is Ep � rEp ¼ 7:87�
0:41MeV. The theoretical energy resolution defined by the full width at half max-
imum of the peak following a Gaussian distribution is:

FWHM ¼ 2:355 rEn ¼ 0:96MeV

In the MCNP output file, a population of 3253 protons is recorded, for 3:26� 109

source neutrons. It means that the simulated proton detection efficiency of the Si
diode for one neutron crossing the radiator is en!p ffi 10�6. This last result reveals a
good agreement between both approaches.

2.VI Fast Monoenergetic Neutron Time of Flight Energy
Measurement

Abstract:
In this problem, the Time of Flight (ToF) technique is used to measure the energy of
monoenergetic neutrons originating from the 3H(p,n)3He reaction. Protons are
produced with a 2 MV tendetron operated in pulse mode with a MHz frequency.
A BC501A liquid scintillator is placed at 2.5 m and 0° from the tritium target. In the
scintillator, elastic scattering on hydrogen composing the xylene organic solvent
leads to the emission of protons which excite the organic scintillator present as a
solute. The latter transmits a light, proportional to the energy deposit, towards the
photomultiplier. The resulting spectrum gathering several thousands of pulses is
shown in figure 2.VI.1. In the first part, an analytical calculation of the ToF is
detailed for the experimental data. In the second part, this calculation is done for a
d-d neutron spectrum simulated with MCNP.

Objectives:
– Theoretical calculation of the time-of-flight (ToF) and matching neutron energy.
– ToF technique with a coincident secondary particle.
– ToF uncertainty and energy resolution calculations.
– Calculation of the mean ToF with MCNP using a fusion spectrum.
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Main characteristics:
– Neutrons ToF (Cognet and Gressier, 2010): tn ¼ 214:10 ns.
– ToF of coincident photons (from Cognet and Gressier, 2010): tc ¼ 114:58 ns:
– Relative uncertainty in the distance: rd=d ¼ 0:075%:
– Relative uncertainty in the timing calibration factor for the channels:

rA=A ¼ 0:72%.
– Uncertainty in the determination of the detection time of the photons:

rtc ¼ 0:08 ns:
– Uncertainty in the neutron measurement time: rtn ¼ 0:4 ns:

Part 1: ToF Calculation and Matching Neutron Energy
In this problem, the ToF is determined for a neutron travelling distance d = 2.5 m
from the target to the detector.

FIG. 2.VI.1 – Time of flight spectrum measured at 2.5 m from the neutron production target
(from Cognet and Gressier, 2010).

FIG. 2.VI.2 – Principle of the ToF apparatus used to measure the neutron energy at 0°
incidence. The different time quantities used in the calculation are presented.
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In the above figure, tn represents the total time lapse between the proton emission,
occurring during the pulse, and the neutron detection in the scintillator
(see figure 2.VI.2). trep n is the scintillator time response to count the neutron. Let to
be the proton time between the source and the target. The neutron ToF is written
as:

ToF ¼ tn � trep n � to

In this experimental approach, time to is not known accurately. To overcome this
lack of information, a coincidence measurement of the photon emitted simultane-
ously with the neutron during the 3H(p,n)3He reaction is achieved. The scintillator
also detects the coincident photon and its time of flight is calculated as follows:

tc ¼ td þ trep c þ to with td ¼ d
c

where trep c is the scintillator photon time response. Photon and neutron time
responses are identical as regards the BC501A scintillator. Therefore, to can be
omitted for the ToF calculation:

ToF ¼ tn � tc þ d
c

ð1Þ

Figure 2.VI.2 provides tn ¼ 215:1 ns and tc ¼ 113:3 ns. Thus, the neutron ToF is:

ToF ¼ 214:10� 114:58þ 2:5

3� 108
� 10�9

� �
¼ 107:85 ns

The neutron energy is then calculated using expression (2):

En ¼ mnc2
1ffiffiffiffiffiffiffiffiffiffiffiffiffi

1� b2
p � 1

 !
¼ mnc2

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� d= cToFð Þð Þ2

q � 1

0
B@

1
CA ð2Þ

En ¼ 939:56� 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2:5= 3� 108 � 107:85� 10�9

� �� �2q � 1

0
B@

1
CA ¼ 2:82MeV

The major uncertainty on the energy is that concerning the ToF measurement.
Equation (1) can be expressed as a function of the time calibration coefficient A and
of the signal acquisition channels cn and cc respectively corresponding to the
detection time of neutrons and photons:

ToF ¼ A cn � cc
� �þ d

c

The overall uncertainty in the ToF derives from the law of propagation of
uncertainty:
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r2ToF ¼ rd
c

� �2
þ ToF � d

c

� �2 rA
A

� �2
þ r2tn þ r2tc

When expressing uncertainties in ns, the ToF uncertainty is:

rToF ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:075� 10�2 � 2:5

3� 108
� 109

� �2

þ 107:85� 2:5

3� 108
� 109

� �� �2

0:72� 10�2
� �2 þ 0:42 þ 0:082

s

rT ¼ 0:82 ns

Hence, the overall uncertainty in the neutron energy is as follows:

rEn

En
¼ 1� u

u 1� ffiffiffi
u

pð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rd
d

� �2
þ rToF

ToF

� �2r
with u ¼ 1

c2
¼ 1� d

cToF

� �2

) u ¼ 1� 2:5

3� 108 � 107:85� 10�9

� �2

¼ 0:994

) rEn

En
¼ 1� 0:994

0:994� 1� ffiffiffiffiffiffiffiffiffiffiffi
0:994

p� ��
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:075� 10�2
� �2 þ 0:82

107:85

� �2
s

¼ 0:0153

¼ 1:53%

Finally, the measured neutron energy is En � rEn ¼ 2:82 � 0:43MeV against
2.8 MeV evaluated at the target exit, corresponding to a benchmark monoenergetic
neutron field of the ISO 8529 standard. The theoretical energy resolution matching
the peak full width at half maximum (FWHM) fitted with a Gaussian distribution
is:

FWHM ¼ 2:355 rEn ¼ 0:10MeV

Part 2: Numerical Study of the Neutron time of Flight Spectrum
from a d-d Fusion Reaction
In this part, the ToF of neutrons arising from the d-d fusion reaction 2H(d,n)3He is
simulated. For this purpose, a particular source probability function is used
“sp2 −4 −0.01 −2” where “−4” parameter stands for a Gaussian fusion spec-
trum and “−0.01 −2” parameters state a d-d reaction at 10 keV. The entire input file
is provided below:

TOF calculation
c cell block
10 0 -10
20 0 10 -20
30 0 20
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10 RCC 0 0 -.5 0 0 1 4
20 RCC 0 0 -1 0 0 260 5

imp:p,n 1 1 0
mode p n
sdef par=n pos 0 0 0 erg D2
c Gaussian fusion spectrum at 10 keV (0.01 MeV)
SP2 -4 -.01 -2
ctme 15
F15:n 0 0 250 .1
T15 0 200i 50
F35:n 0 0 10 .1
E35 0 100i 10

File 2.VI.1

The neutron fluence as a function of time is calculated with tally 15 coupled with
the t5 tally time card. The fluence spectrum in terms of energy is derived from tally
35. It should be specified that the MCNP unit for time is the shake, equivalent to
1� 10�8 s. Thus, multiplying the results by a factor 10 enables to get the time in
current unit ns. The fluence distribution throughout the time is represented in
figure 2.VI.3a.

The neutron ToF for a distance of 2.5 m matches the maximum of the peak
displayed in figure 2.VI.3, that is to say 115 ns. According to expression (2), the
matching neutron energy is:

FIG. 2.VI.3 – (a) ToF spectrum simulated with MCNP for a d-d reaction, (b) same expressed
in terms of energy.
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En ¼ mnc2
1ffiffiffiffiffiffiffiffiffiffiffiffiffi

1� b2
p � 1

 !
¼ mnc2

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� d=cToFð Þ2

q � 1

0
B@

1
CA

En ¼ 939:56� 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2:5= 3� 108 � 115� 10�9

� �� �2q � 1

0
B@

1
CA ¼ 2:47MeV

This calculation for all time bins of figure 2.VI.3a provides the theoretical energy
resolution. The latter derives directly from tally 35, as shown in figure 2.VI.3b.

2.VII Measurement of a Realistic Neutron Spectrum
Using Bonner Spheres Spectrometer

Abstract:
In this application, we propose to determine the neutron fluence- and ambient dose
equivalent- rates for three energy regions (thermal – epithermal – fast) by employing
a Bonner Sphere Spectrometer (BSS) located at 50 cm from an outgoing neutron
flux produced by the CANEL/T400 facility (see figure 2.VII.1). In the first part, the
response of each Bonner sphere is simulated with MCNP for the three energy
regions. In the second part, the neutron fluence is calculated for each energy range
through the least squares method. Note that the multi-Bonner spheres method is a
reference to assess the overall fluence and the spectrum.

FIG. 2.VII.1 – (left side) Picture of the CANEL/T400 facility with a single Bonner sphere,
(right side) layout of the CANEL apparatus as modeled in MCNP (from Lacoste et al., 2011).
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Objectives:
– Solving of an equation system through the least squares method.
– Study the principle of an unfolding algorithm to derive a spectrum from the

signal provided by several detectors.
– Calculation of the matrix response of a BSS with MCNP.
– Study the principle of Bonner spheres to evaluate a reference neutron spectrum.
– Calculation of a mean “physical quantity-to-dosimetric quantity” conversion

coefficient for an energy spectrum.

Main characteristics:
The measurement is achieved by employing a Bonner Sphere Spectrometer (BSS).
BSS consists of a set of polyethylene spheres of different diameters. A thermal
neutron detector is located at the center of each sphere. Fast neutrons impinging on
a sphere are moderated during their transport in the polyethylene and arrive to the
sphere’s center as thermal neutrons where they are detected by the central counter.
For our case, we consider three polyethylene Bonner spheres of respective diameters
2, 4 and 8 in. The thermal neutron detector is a 3He-filled spherical detector of
diameter 3:2 cm located at the center of each of the polyethylene spheres. The 3He
gas pressure is 172 kPa. We provide in table 2.VII.1 the count rates _ms (counts per
second) measured by the BSS located at 50 cm from the water lens of the
CANEL/T400 device.

Part 1: Numerical Simulation of the Bonner Spheres Matrix
Response
In this first part, we propose to determine the response of these three spheres
through MCNP calculations, for the three regions of neutron energy described in the
introduction: thermal ðEn\0:5 eVÞ; epithermal ð0:5 eV\En\50 keVÞ and fast
ðEn [ 50 keVÞ. This energy splitting allows to separate the 3 distinctive parts of the
neutron spectrum produced by the CANEL/T400 facility, for a measurement made
at 50 cm away from the water lens. This spectrum is displayed in figure 2.VII.2.

The hereinafter detailed example refers to the simulated response of the 8″ Bonner
sphere, of 20:32 cm diameter, exposed to a parallel neutron beam of 10:16 cm radius
cross section. A similar method can be applied to the other spheres of 2″ and 4″
diameter.

The MCNP calculation, with the input file 2.VII.1, consists in evaluating the
number of ðn; pÞ reactions in the gaseous volume V of the 3He proportional counter

TAB. 2.VII.1 – BSS count rate at 50 cm away from the water lens of the CANEL/T400
device.

Sphere 2 in. 4 in. 8 in.

_ms 955.78 1183.63 483.18
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figure 2.VII.3). This calculation is achieved with a F4 tally in the cell modeling the
gas volume, coupled with a “fm” tally multiplier card according to the instruction:
“fm4 0.2364 1 103”. The parameter “0.2364” corresponds to the product of the 3He
atomic density, the gas volume and the beam cross section area as, that is to say the
factor nHeVas enabling to get a result per fluence unit. The atomic density of helium
at 273K is nHe ¼ 4:25� 1019 atomð Þ:cm�3 (Mares et al., 1991). However, this den-
sity has to be expressed in atomð Þ:cm�3 barn in the input file. Accordingly, the
atomic density is multiplied by a conversion factor equal to 10�24 to match the
desired units. Finally, this first parameter is obtained as follows:

asnHeV ¼ p� 10:16ð Þ2 � 4:25� 1019 � 10�24 � 4
3
�p� 1:6ð Þ3 ¼ 0:2364

FIG. 2.VII.2 – Neutron fluence distribution at the end of the CANEL/T400 facility (from
Lacoste et al., 2011).

FIG. 2.VII.3 – Principle of the numerical model used to evaluate the 8″ BSS response.
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The second parameter, “1”, corresponds to the material number of helium in the
MCNP input file. The parameter “103” stands for the ENDF/B reaction type ðn;pÞ
(see the MT column list from Colin, 2017). It is used to multiply the fluence by the
cross section of the ðn;pÞ reaction for each neutron entering the sensitive volume,
depending on the energy group it belongs. Thus, we can deduce the kth sphere
response to a neutron of energy En:

Rk Enð Þ ¼ as nHeV
Z En

0

dUk

dE

� �
r n;pð Þ Eð ÞdE ð1Þ

The input file 2.VII.1 is used to evaluate the 8 in. sphere response to
En ¼ 1MeV.

BSS simulation
c cell block
10 1 4.2497e-5 -10 $ He-3
20 2 -.95 -20 10 $ CH2
30 0 -30 20
40 0 30

10 SO 1.6
20 SO 10.16
30 SO 50

imp:n 1 1 1 0
mode n
sdef par=n pos 0 0 -11 axs 0 0 1 ext 0 rad=d1 vec 0 0 1 dir 1 erg 1
Si1 0 10.16
sp1 -21 1
F4:n 10
FM4 .2364 1 103
PHYS:N 20 20 0 J J J 1 -1 J J J 0 0
m1 2003 1
m2 1001 2 6000 1
c MT2 S(a,b) THERMAL NEUTRON SCATTERING in polyethylene
mt2 poly.20t
stop F4 .01

File 2.VII.1

The calculation has to be made for different neutron energies to cover the full
spectrum ranging from 0 to 10MeV. These successive energy values are set in the
“erg” parameter of the source definition card “sdef” of the MCNP input file 2.VII.1.
For the 8″ sphere (k ¼ 3Þ, the shape of the response derived from the MCNP sim-
ulation over the whole energy spectrum is presented in figure 2.VII.4. By fitting the
curve, one can obtain the detector response in the energy group i from the area
under the curve divided by the energy interval as follows:
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Rk;i ¼ 1
DEi

Z Eimax

Eimin

Rk Enð ÞdEn

The mean “fluence – ambient dose equivalent” conversion coefficient, �h�U 10ð Þ, is
calculated for each energy group DEi according to the following formula:

�h�U 10ð Þ
 �
DEi

¼ 1
U

Z
DEi

dU
dEn

� �
h�U 10ð Þ
 �

En
dEn

The responses Rk;i, in cm2, as well as the mean “fluence – ambient dose equiv-
alent” conversion coefficients, in pSv:cm2, for the three BSS in the energy groups are
listed in table 2.VII.2.

TAB. 2.VII.2 – Responses Rk;i (in cm2) calculated with MCNP and mean “fluence – ambient
dose equivalent” conversion coefficients (in pSv.cm2) for the three BSS in the three energy
groups.

Rk;i �h�U 10ð Þ
Energy interval 2 in. 4 in. 8 in.

En\0:5 eV 2.045 1.447 0.263 13.04
0:5 eV\En\50 keV 0.217 2.175 1.001 21.44

En [ 50 keV 0.003 0.227 0.953 495

FIG. 2.VII.4 – Response function of the 8″ BSS against the energy, simulated with MCNP.
The three energy groups used for the sampling of the spectrum of the CANEL/T400 facility
are superimposed for comparison.
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Part 2: Calculation of Each Energy Group Fluence
Using the Least Squares Method
The relationship between a count rate _mk for a sphere k and the fluence rate
_Ui ¼ _UE;i DEi in each interval is derived from the following sum:

_mk ¼
Xi¼n

i¼1

Rk;i _UE;i DEi ¼
Xi¼n

i¼1

Rk;i _Ui ð2Þ

For three energy groups, n ¼ 3 and the term Rk;i is the response of sphere k for
the energy interval DEi. By expressing formula (1) for each sphere, we get the
following matrix relationship:

_M ¼ R _U ð3Þ
The matrices presented below are filled according to the values from

tables 2.VII.1 and 2.VII.2.

_M ¼
955:78
1183:63
483:18

0
@

1
A R ¼

2:045 0:217 0:003
1:447 2:175 0:227
0:263 1:001 0:953

0
@

1
A _U ¼

_U1
_U2
_U3

0
@

1
A

The system can be solved using an inverse matrix:

_U ¼ R
�1 _M

This method allows obtaining a single result for the component of the vector _U
but does not exclude negative values, i.e., non-physical values. Therefore, we choose
to apply a more robust approach, the least squares method, also known as the
minimum v2 estimation. The latter consists in minimizing the v2 of fluence rates in
energy intervals. This method is of special interest when the number of spheres and
energy intervals is higher. This approach is advisable when the fluence does not
change significantly in adjacent energy intervals. We should keep in mind that this
approach, although tending to minimize the risk, does not exclude non-physical
solutions. Other even more robust methods, essentially iterative, such as that
implemented in the GRAVEL, MAXED and SANDII codes can be used (Matzke,
2002). In this case study, the v2 can be written with the following form:

v2 _U
� � ¼XN

k¼1

1
r2s

Xn
i¼1

Rk;i _Ui � _mk

 !2

where n ¼ N ¼ 3, since there are equal numbers of spheres and energy bins. We can
take advantage of the model linearity to express v2 Uð Þ in a matrix format. It is
shown that v2 Uð Þ can be written as follows:

v2 _U
� � ¼ _M �R _U

� �T
W _M �R _U
� � ð4Þ
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W being the weight matrix corresponding to the inverse of the covariance matrix
C related to the BSS measurements ms. It can be calculated as follows:

W ¼ C�1 ¼ 1
n � 1

RTR
� ��1

The term n in the denominator represents the vector dimension, which is equal to
3 in this example. By differentiating the above expression (4) with respect to each
_U DEið Þ, we get:

grad v2 _U
� � ¼ 2RTWR _U� 2RTW _M

The minimum _Umin is reached for grad v2 _U
� � ¼ 0, then, it becomes:

_Umin ¼ RTWR
� ��1

RTW _M

The covariance matrix C obtained from a calculation performed with Excel is
the following:

C ¼ 1
3� 1

� �
RTR ¼ 1

2

2:045 1:447 0:263
0:217 2:175 1:001
0:003 0:227 0:953

0
@

1
A 2:045 0:217 0:003

1:447 2:175 0:227
0:263 1:001 0:953

0
@

1
A

¼
3:174 1:930 0:293
1:930 2:891 0:724
0:293 0:724 0:480

0
@

1
A

Since its determinant is not equal to zero, the matrix is invertible. It can be
inverted according to the classical method involving the determinant Cj j and the
transpose of the cofactor matrix com Cð Þ:

W ¼ C�1 ¼
Tcom Cð Þ

Cj j ¼
0:566 �0:468 0:360
�0:468 0:943 �1:137
0:360 �1:137 3:579

0
@

1
A

The final calculation leads to:

_Umin ¼ RTWR
� ��1

RTW _M ¼
442
236
137

0
@

1
A

From these results, table 2.VII.3 indicates the fluence rate and the ambient dose
equivalent rate over the three energy groups.

The total ambient dose equivalent rate at 50 cm from the device is about
0:3mSv:h�1. We can point out the major contribution of the last energy group,
although it presents a lower fluence rate component than the others.
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Notes on the Bonner Spheres Spectrometer:
In practice, the BSS method is reliable for an evaluation of the total fluence on the
entire neutron spectrum, from thermal to fast. Nevertheless, there is a broad
uncertainty in the thermal part owing to the weak response of the BSS to low
energies (see figure 2.VII.4). Concerning the spectroscopy, the performances of this
method are necessarily constrained by the limited number of BSS (usually 12 BSS).
A multi-type detector system may be preferable for its energy spectrum resolution
quality, notably at fast energies. As an example, the ROSPEC system is composed of
several SP type proton recoil detectors (see table 2.VII.4). These detectors operate
in proportional counter mode and help assess the energy of protons originating from
elastic scattering of fast neutrons on the hydrogen of the filling gas. An unfolding
method, which can be similar to that described in the application, is applied to
convert the proton recoil spectrum into the neutron spectrum.

In addition to proton recoil detectors, the ROSPEC system comprises a 3He
gas-filled counter whose external wall is coated with 10B to cover epithermal neu-
trons (energy between 1 eV and 50 keV) and a 3He gas-filled counter sensitive to
thermal neutrons (energy ranging from 0:01 eV to 1 eV). For fast neutron spec-
troscopy, liquid scintillators, e.g., BJ308 and BC501A, are widely used and can cover
energies higher than 4:5MeV(refer to application 2.VI) with a good efficiency (in the
order of 30%) and an acceptable energy resolution. In mixed fields, their important
sensitivity to gamma rays can be mitigated with an adequate n/γ discrimination,
particularly by applying the pulse shape discrimination (PSD) method to process
the signal.

TAB. 2.VII.3 – Fluence rates from the least squares minimization method and ambient dose
equivalent rates for each energy group.

Energy interval _Ui(cm2:s�1) _H
�
10ð Þ ¼ �h�U 10ð Þ � _Ui � 3600(lSv:h�1)

En\0:5 eV 442 21
0:5 eV\En\50 keV 236 18

En [ 50 keV 137 245
Total 815 284

TAB. 2.VII.4 – Features of the proton recoil proportional counters (SP chamber) used in the
ROSPEC system to cover an energy range between 0.01 eV and 16 MeV (Ben Mosbah, 2017).

Detector Radius (cm) Gas Pressure (kPa) Energy range
3He bare 2.54 3He/Kr 83 0.01–1 eV
3He boron 2.54 3He/Kr 216 1 eV–0.05 MeV

Spherical SP2-1 2.54 H2 76 0.05–0.25 MeV
Spherical SP2-4 2.54 H2 400 0.15–0.75 MeV
Spherical SP2-10 2.54 H2 1000 0.4–1.5 MeV
Spherical SP6 7.62 CH4/Ar 500 1.2–5 MeV
Scintillator 2.8 – – 4–16.6 MeV
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2.VIII Absorbed Dose Measurement in a Water
Calorimeter for a 170 MeV Proton Beam
Used in Proton Therapy

Abstract:
This application is aiming at measuring the absorbed dose deposited by a proton
beam of 170 MeV maximum energy, for proton therapy. An 8 cm × 8 cm × 8 cm
proton box, corresponding to the Bragg curve plateau region in water, is scanned
witha hermetic calorimeter. The latter is mounted in a sealed glass vessel, in which
are placed NTC (Negative Temperature Coefficient) thermistors, filled with
ultra-pure water at a temperature of 4 °C. The thermistors are coupled to a
Wheatstone bridge, and an amplifier allows to link the resistance change induced by
the temperature change with an amplified voltage change. The glass vessel is
immersed in a cubic water phantom of dimensions 30 cm × 30 cm × 30 cm, as
depicted in figure 2.VIII.1 (Gagnebin et al., 2010).

In the first part, the absorbed dose to water is evaluated from the thermistors’
temperature change. A subsidiary challenge will be to assess the fluence rate at the
water phantom entrance face required for the proton beam to induce such a dose.

In the second part, we will evaluate the charge measured by an Exradin T1
ionization chamber located at the reference measurement point for the same proton
beam. This procedure follows the protocol described in the reference IAEA (2000b).

Finally, in an independent third part, we will point out the difference in the
holding time for the temperature variation, owing to the deposited dose, for both a
graphite and a water calorimeter exposed to a 60Co radiation field.

FIG. 2.VIII.1 – (left side) Sketch of the absorbed dose measurement under 15 cm of water in
a calorimeter, (right side) Wheatstone bridge for the measurement of the temperature
variation.
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Objectives:
– Calculation of the absorbed dose from the temperature rise in a water

calorimeter.
– Determination of the proton beam fluence as a function of the absorbed dose in

depth.
– Study of the calibration process of an ionization chamber in air for the assess-

ment of the proton dose to water.
– Evaluation of the holding time of the temperature variation in the calorimeter.

Main characteristics:
Thermistor and amplifier characteristics:

– Resistance at To ¼ 4 °C: Ro ¼ 10 kX (Gagnebin et al., 2010).
– Resistance to temperature calibration curve parameter: b ¼ 3340K�1:

– Resistance to voltage ratio: FC ¼ 0:13X:V�1.
– Voltage change measured at the output of the amplifier at the end of the proton

beam irradiation: DU ¼ 7:5V.
– The thermistors are located at 16.8 cm from the water phantom entrance face

(Brede et al., 2006).

Exradin T1 ionization chamber characteristics:

– Calibration factor in Gy/C providing, for reference conditions, the ratio between
the readout charge of the ionization chamber for a 60Co radiation field in air and
the dose to water for the later at the same point: NDw ;Co ¼ 7:67� 108 Gy:C�1

(Vatnitskya et al., 1999).
– Mean air ionization energy for 60Co electrons: �WCo ¼ 33:97 eV (Vynckier et al.,

1991).
– Mean air ionization energy for protons: �WCo ¼ 35:18 eV (Vynckier et al., 1991).

– Ratio of water and air mass stopping powers 60Co electrons: �S=q
� �w

a

h i
Co

¼ 1:134

(Brede et al., 2006).

Other useful data:

– Absorbed dose rate of the 170 MeV proton beam at the Bragg peak:
s ¼ 10Gy:min�1:

– Reference depth for the measurements, at the middle of the Bragg peak
(Gagnebin et al., 2010): Rm ¼ 15 cm:

– Proton range of the 10% level of the peak dose on the distal edge of the Bragg
peak in water (Gagnebin et al., 2010): R10% ¼ 18 cm.

– Range of the most energetic proton (without modulator) in water (Gagnebin
et al., 2010): Rmax ¼ 19:51 cm:

– Water heat capacity at 4 °C (Gagnebin et al., 2010): cW ¼ 4206 J:kg�1:K�1:

The heat defect is provided in figure 2.VIII.2 for different ions and linear energy
transfers. The solid line fits with two exponential functions. The dashed line gives
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the mean value of the uncertainty zone described by the shaded area. The error bars
associated with the points are the uncertainties on the mean values derived from
different measurement campaigns (Brede et al., 2006).

Part 1: Calculation of the Dose at the Thermistors
In the first place, we have to assess the temperature rise in the calorimeter, caused by
the exposure to the proton beam.

(a) Calculation of the water temperature rise

Firstly, we calculate the thermistor resistance variation corresponding to a
voltage change of 7:5V. They are linked to each other by the proportionality
coefficient FC .

DR ¼ FCDU ¼ 0:13� 7:5 	 1X

Then, we want to get the temperature change related to this resistance change.
The thermistor resistance as a function of the temperature is given by the following
expression:

R Tð Þ ¼ Ro exp b
1
T

� 1
To

� �� �
ð1Þ

Thus, from (1), we get the temperature as a function of the resistance:

T Rð Þ ¼ lnR� lnRo

b
þ 1

To

� ��1

FIG. 2.VIII.2 – Measurement points and fitting of the heat defect h as a function of the linear
energy transfer for different energies and particle types: 12C ions (c), 4He ions (a), deutons
(d) and protons (p), from Brede et al. (2006).
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The NTC thermistor resistance decreases when the temperature rises. Thus, the
temperature rise related to the resistance decrease DR is:

T Ro � DRð Þ ¼ ln Ro � DRð Þ � lnRo

b
þ 1

To

� ��1

¼ ln 9999ð Þ � ln10 000ð Þ
3340

þ 1
4þ 273:15

� ��1

¼ 277:1523K

Finally, the temperature variation is:

DT ¼ T Ro � DRð Þ � T Rð Þ ¼ 277:1523� 277:15 ¼ 2:3mK

(b) Calculation of the dose at the thermistor in hyper-pure water

It is important to point out that in the field of radiotherapy, primary measure-
ments for highly energetic proton beams are performed with water phantoms.
Besides, the water calorimeter makes an excellent dosimeter to realize such a mea-
surement (protocol from IAEA, 2000b). The dose to water as a function of the
temperature change is provided by the following formula:

DW ;p ¼ cWDT k
1

1� h

� �

where k is the product of several correction factors, such as the heat transfer
correction. These factors are very close to the unit and will therefore be omitted in
the rest of this application. The term h corresponds to the heat defect and is
conventionally defined as:

h ¼ ea
ea � eh

where ea is the energy absorbed by the irradiated material and eh is the energy which
appears as heat. An exothermic or an endothermic head defect correspond,
respectively, to a negative or a positive value of h. The reader can draw an analogy
at the nuclear level with the Q-value of the reaction taken into account in the local
energy transfer balance, when nuclear reactions occur during the radiation exposure.
The heat defect in water is almost entirely due to chemical reactions of free radicals
produced, subsequent to the irradiation of water and its impurities. The curve
provided in figure 2.VII.2 enables to evaluate this parameter. At the point where the
thermistors are located, the latter witness the irradiation of proton beams of
energies between 150MeV and 170MeV during successive scannings. Below these
energies, the ranges in water are smaller than 15 cm. In order to evaluate the mean
proton energy, we rely, as a first approximation, on the result of the proton effective
energy, estimated to be �Ep ¼ 58:7MeV, according to expression (2). At this mean
energy, the linear mass stopping power is about 1 keV:lm�1 (PSTAR calculation).
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We will consider a 1% heat defect, matching the upper limit of uncertainty interval
(shaded area of figure 2.VIII.2). Finally, we obtain the absorbed dose to water:

DW ;p ¼ 4206� 2:3:10�3 � 1
1� 0:01

� �
¼ 9:77 J: kg�1 ðorGyÞ

Note that this dose is identical in the depth interval Rmax � 8 cm\z\Rmax.

(c) Calculation of the 170 MeV proton fluence matching a 10 Gy dose

The maximum depth of the Bragg curve corresponds to the range of the most
energetic protons, i.e., that of 170MeV protons. In application 1.VI, we estimated
this maximum range in water to be 19:51 cm. We propose to calculate the proton
beam fluence rate required at the entrance of the water phantom to induce a 10Gy
dose under this depth limit. In application 1.VI, we carried out a semi-empirical
calculation of the absorbed dose per unit fluence, which lead to 3:69 nGy:cm2 at the
Bragg peak for 170MeV protons. The inverse of this value weighted by the dose
measured by the calorimeter provides the total fluence required:

U ¼ D Rmaxð Þ
U0

� ��1

DW ;p ¼ 10

3:69� 10�9 ¼ 2:71� 109 protonð Þ:cm�2

The absorbed dose rate is s ¼ 10Gy:min�1. Accordingly, the proton beam flu-
ence rate during the duty cycle is:

_U ¼ 2:71� 109

60
¼ 4:52� 107 protonð Þ:cm�2:s�1

Note that this fluence rate is a priori the lowest among all scanning to be
performed, with the aim of depositing a 10Gy dose in the plateau region of the
Bragg curve. Indeed, up to 8 cm upstream the 170MeV proton range, the proton
energy decreases with depth, and so does the Bragg peak. Accordingly, it is neces-
sary to increase the proton fluence rate to reach the 10Gy dose deposited in the
whole plateau region of the Bragg curve.

Part 2: Calculation of the Charge Measured by an Ionization
Chamber, Calibrated in 60Co, Located in the Proton Beam at the
Plateau Region of the Bragg Curve
The relationship between the absorbed dose to water and the absorbed dose mea-
sured by the ionization chamber is defined in the ICRU (1998b):

DW ;p ¼ Mp NDw ;Co kp;Co

where NDw ;Co is the calibration factor in Gy:C�1 providing, for reference conditions,
the ratio between the ionization chamber charge reading in the air and the dose to
water for a 60Co beam at the same measurement point. Mp is the charge readout
when the ionization chamber is located in the air, at the measurement point
described in the previous part, with the same 60Co beam. The term k is a dose
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conversion factor between protons and the gamma rays emitted by 60Co. According
to Vatnitskya et al. (1999), it can be defined by:

kp;Co ¼
�S
q

� �w

a

� 	p
Co

�Wp
�WCo

� �
a

The first term represents the ratio of the mean stopping powers of water and air
for protons and secondary electrons set in motion by 60Co. The second term cor-
responds to the ratio of mean air ionization energies for protons and the electrons
produced by 60Co. The first ratio can be determined by firstly evaluating the mean
proton energy at the reference measurement point, located at the middle of the
plateau region of the Bragg curve, i.e., at 15 cm depth in the case study
(Gagnebin et al., 2010). This energy is also described as the effective energy and is
obtained from the residual range. The latter corresponds to the subtraction of the
reference measurement point Rm from the proton range at the 10% level of the peak
dose on the distal edge of the Bragg peak R10% (ICRU, 1998b), and is written below:

Rres ¼ R10% � Rm ¼ 18� 15 ¼ 3 cm

The effective energy for water and proton beams of energy ranging between
20MeV and 400MeV can be calculated with the following empirical formula
(Vynckier et al., 1991):

�Ep ¼ a Rresð Þb þ cRres ð2Þ
where a ¼ 30:676; b ¼ 0:57305 and c ¼ 1:0348. Then, we can derive from the
expression of Vynckier et al. (1994) the ratio of the mean stopping powers of water
and air, for protons with this effective energy:

�S
q

� �w

a

� 	p
¼ d �Ep

� � f þ g
�Ep

with d ¼ 0:14687; f ¼ �0:025218 and g ¼ 1:00000619. Finally, we get the numerical
result for both quantities:

�Ep ¼ 30:676� 3ð Þ0:57305 þ 1:03483 ¼ 58:7 MeV

�S
q

� �w

a

� 	p
¼ 0:14687� 58:7ð Þ�0:025218 þ 1:0000061958:7 ¼ 1:1328

Then, we can derive the dose conversion coefficient:

kp;Co ¼ 1:1328
1:134

� 35:18
33:97

¼ 1:034
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After applying all correction factors related to the chamber (ion recombination
correction factor, temperature and pressure correction, etc.), the ionization chamber
charge readout within the proton beam should be:

Mp ¼ DW ;p

NDw ;Co kp;Co
¼ 10

7:67� 108 � 1:034
¼ 1:26� 10�8 C

Part 3: Difference in the Holding Time of the Temperature
Variation between a Water Calorimeter and a Graphite Calorimeter
for a 60Co Beam (Ross and Klassen, 1996)
For measuring the temperature change with an uncertainty smaller than 0:5%, Ross
and Klassen (1996), propose to calculate the time required to realize the irradiation
and the measurement with both a graphite and a water calorimeter. The effect of
conductive heat transfer can be estimated using the general equation for heat
transport, which is given by:

@T z; tð Þ
@t

¼ ar2T z; tð Þþ 1
c
@D z; tð Þ

@t
ð3Þ

with aw ¼ j=qcw , where j is the thermal conductivity, q is the density and c is the
specific heat of the calorimetric material. If we assume that the absorbed dose is
delivered in a very short time, the right term can be considered as negligible.
Moreover, since the temperature gradient depends essentially on the water depth,
i.e., it is along z-axis, equation (3) can be simplified to:

@T z; tð Þ
@t

	 a
@2T z; tð Þ

@z2
ð4Þ

When considering an irradiation by a broad photon beam, the dose variation as a
function of depth, can be written as:

D ¼ Do exp �l z � zoð Þð Þ ð5Þ
where Do is the dose at depth zo, the location of the entrance window of the
calorimeter. It corresponds to the maximum dose. Since we assume that the dose is
delivered in a very short time, the temperature gradient also will be given by
equation (5). Therefore, expression (4) becomes:

@2T z; tð Þ
@z2

	 l2T ð6Þ

Using expressions (4) and (6) we can estimate how the temperature distribution
will deviate from the dose distribution:

@T
@t

	 a l2T () Dt 	 1
a l2

DT
T

� �
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The linear attenuation coefficient l is approximately equal to 0:5 cm�1 for gra-
phite and water for 60Co. The a coefficient is, respectively, equal to 0:8 cm2:s�1 and
1:41� 10�3 cm2:s�1 for graphite and water. As the result, for a measurement
uncertainty DT=T ¼ 0:005, the values of Dt are:

Dtg 	 1

0:8� 0:5ð Þ2 � 0:005 ¼ 2:5 s

DtW 	 1

1:41� 10�3 � 0:5ð Þ2
� 0:005 � 23min

Therefore, for typical dose rates used in radiotherapy, a time of 2.5 s is not
sufficient to perform an irradiation and a measurement, hence the necessity to
thermally insulate as much as possible the absorbent material in the graphite
calorimeter. However, it is not the case for water, whose temperature remains stable
longer after irradiation.

2.IX Calibration of a Neutron Survey Meter
with a 252Cf Source

Abstract:
This application is aimed at describing the calibration of a neutron survey meter. In
the first section, the device is calibrated in term of µSv.h−1/c.s−1 with a 252Cf source
using the shadow cone method described in the ISO standard 8529-2 (ISO, 2000).
The device is a spherical 3He-filled proportional counter surrounded by a poly-
ethylene layer, identical to the 8″ Bonner sphere studied in the application 2.VII.

In the second section, the survey meter is used to measure a typical workplace
neutron field, emitted by a PuF4 solution considered as a point-like source. At the
end, the reliability of the 252Cf calibration is checked with respect to the deviation
between the readout of the calibrated survey meter and the actual dose equivalent
rate of the PuF4 solution.

Objectives:
– Application of the shadow cone method described in the ISO 8529-2 standard.
– Calculation of the efficiency and energy response of a Bonner sphere using

MCNP.
– Evaluation of a calibration coefficient for a proportional counter.
– Check of the calibration reliability depending on the characteristics of the

workplace radiation field.

Main characteristics:
The dimensions of the irradiation room, in which the calibration bench is located,
are taken as the minimum dimensions for a scatter contribution to reach 40%.
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According to the ISO standard 8529-2 (appendix B), for a 252Cf source and a large
Bonner sphere in a semi-cubic room, the room dimensions must be:
L ¼ W ¼ 2H ¼ 4:4m. The walls of the facility are modeled in MCNP as a signifi-
cant thickness of ordinary concrete of density 2:3 g:cm�3. The calibration bench is
located at 1 m above the ground, at the center of the room.

Other data necessary for this application are given below:

– CH2 sphere radius: rd ¼ 10:16 cm (8″ diameter).
– 3He sphere radius: rHe ¼ 1:6 cm:
– Distance from the source to the detector center: 100 cm:
– Neutron “fluence – ambient dose equivalent” conversion coefficient for the bare

252Cf source: h�U ¼ 385 pSv:cm2 (Antoni and Bourgois, 2017a).
– 252Cf source activity: ACf ¼ 1GBq.
– Neutron yield: BA ¼ 0:116 nð Þ:s�1:Bq�1 (Antoni and Bourgois, 2017a).
– Electronic loss coefficient, essentially due to the application of a low threshold for

the n/γ discrimination (there is no dead time because of a weak count rate):
ke ¼ 0:7 (Allinei, 1992).

– Anisotropy factor at 90°: F hð Þ ¼ 1 (Ogheard, 2012).
– Total air scattering correction factor for the fluence and the 252Cf source: A ¼

1:4% (ISO, 2000).
– Linear air attenuation coefficient for 252Cf: �R ¼ 1:055� 10�4 cm�1 (ISO, 2000).

Part 1: Calibration of the Bonner Sphere with a 252Cf Source
Measurements with and without a shadow cone are performed in order to estimate
the contribution from neutrons scattered by the air and the room walls. The shadow
cone approved by the ISO standard 8529-2 is built up of two adjacent truncated
cones. The calibration factor linking the count rate with the ambient dose equivalent
rate is expressed as follows:

NH ¼
_H
�
10ð Þ

mn
¼

_H
�
10ð Þ

mt �ms
¼ F1 dð ÞF1 hð Þ

FA dð Þ
h�U _U

mt �ms

� 	
ð1Þ

with

– mn the net measurement.
– mt the detector reading measured without shadow cone.
– ms the detector reading with a shadow cone.
– In the following example, the quantities mt and ms are simulated using the

method described in the section 2.VII. These values are obviously measured for
an in-field calibration.

– _U the fluence rate at the center of the detector.
– F1 hð Þ the anisotropy factor, equal to 1 in this case since the source is considered

as a point-like source.
– FA dð Þ the neutron emission attenuation factor in the air, corresponding to the

exponential of the product of d and the macroscopic cross section �R.
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– F1 dð Þ a geometrical correction factor accounting for the individual dimensions of
the source and the detector. For a spherical detector, this factor is given by the
expression of Allinei (1992):

F1 dð Þ ¼ 1þ d
2d2

r2d
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� rd

d

� �2r" #
� 1

( )

The recommended value for d is 0.5 (ISO, 2000). In this case, we have d=rd [ 2,
and the above expression can be reduced as:

F1 dð Þ ¼ 1þ d
rd
2d

� �2
¼ 1þ 0:5� 10:16

2� 100

� �2

¼ 1:0013 ffi 1

This term, very close to 1, will be vanished in subsequent calculations. As a
result, the general formula (1) of the calibration coefficient can be expressed more
specifically as follows:

NH ¼ h�U ACf BA

4 p d2 mt �msð Þ exp ��Rdð Þ ð2Þ

The MCNP simulation consists in evaluating the number of ðn;pÞ reactions
occurring on 3He per source neutron, which matches the detector efficiency e. Then,
by weighting the MCNP result by the neutron emission, ACf BA, and the electronic
loss coefficient ke, we get the final result in counts per second, for the studied source.

mt;s ¼ ke ACf BA et;s ¼ ke ACf BA nHeV
Z E

0

dU
dE

� �
t;s
r n;pð Þ Eð ÞdE ð3Þ

where nHe is the
3He atomic density, V is the chamber gas volume, dU=dEð Þt;s is the

energy distribution of the neutron fluence in the gas volume, for the measurement
without or with a shadow cone, stated respectively by subscripts t and s, and
r n;pð Þ Eð Þ is the ðn;pÞ reaction cross section at the neutron energy E.

(a) Measurement without shadow cone for the 252Cf source

In order to determine the Bonner sphere efficiency, the neutron fluence is initially
calculated with MCNP, using a F4 tally. This quantity is then weighted by a mul-
tiplication card “fm”, allowing to directly assess the efficiency et in expression (3).
The parametrization of this card in the input file 2.IX.1 is “fm4 7.2913e-4 1 103”.
The first entry corresponds to the 3He atomic density in the chamber volume V . For
a temperature of 273 K at the considered gas pressure, this density is
nHe ¼ 4:249� 1019 atomð Þ:cm�3. Since the cross sections are expressed in barn in

138 Radiation Problems: From Analytical to Monte-Carlo Solutions



the MCNP libraries, this density has to be multiplied by a factor accounting for the
conversion from barn to cm2, i.e., 10−24 cm2. From this calculation, we get:

nHeV ¼ 4:249� 1019 � 10�24 � 4
3
�p� 1:6ð Þ3 ¼ 7:2913� 10�4 að Þ:cm�1

Parameter “1” stands for the material number of 3He in the materials definition
and the parameter “103” is stated for weighting the fluence by the ðn;pÞ reaction
cross section in the corresponding energy bin, for all neutrons entering the sensitive
volume of the sphere. The 252Cf neutron spectrum resulting from spontaneous fission
is modeled by a Watt spectrum whose distribution is:

p Eð Þ ¼ c exp �E
a

� �
sinh

ffiffiffiffiffiffi
bE

p

Parameters for the 252Cf source are a ¼ 1:025MeV and b ¼ 2:926MeV�1 (from
Briesmeister, 2000). The input file below is provided for a 100 cm distance between
the source and the detector center:

neutron dosimetry simulation
c cell block
10 1 4.2497e-5 -10 $ He3
20 2 -.95 -20 10 $ CH2
30 3 -1.3e-3 -30 20 $ air
40 4 -2.35 -40 30 $ ordinary concrete
50 0 40

10 Sx 50 1.6
20 Sx 50 10.16
30 RPP -220 220 -220 220 -110 110
40 RPP -270 270 -270 270 -160 160

imp:n 1 1 1 1 0
mode n
sdef par=n pos -50 0 0 erg d1
c Watt spectrum a=1.025 b=2.926
sp1 -3 1.025 2.926
F4:n 10
FM4 7.2913e-4 1 103
m1 2003 1 $ He3
m2 1001 2 6000 1 $ CH2
m3 7014 .781 8016 .212 7015 .007 $ air
c concrete
M4 14000 -20.68 13027 -.363 8016 -50.853 20000 -21.645 12000 -.198 19000 -.088 &
11023 -.0384 16000 -.139 6000 -4.52 22000 -.0155 15031 -.0208 25055 -.0192 &

Detection Principles, Detector Response to Reference Physical Quantities 139



1001 -.701 26054 -.0418 26056 -.6588 26057 -.0157 26058 -.0024 24052 -.00057

mt2 poly.20t
stop F4 .01

File 2.IX.1

The efficiency evaluated with MCNP is given by the F4 tally result:
et ¼ 3:046� 10�5c:n�1. When multiplying this result by the neutron emission and
the electronic loss coefficient, we get the detector readout without shadow cone for a
1GBq source:

mt ¼ ke ACf BA et ¼ 0:7� 109 � 0:116� 3:046� 10�5 ¼ 2473 c:s�1

(b) Measurement with a shadow cone for the 252Cf source

The shadow cone MCNP model is described in the ISO standard 8529-2
(appendix E). It is built up of two truncated cones; the iron-based one of length
d2 ¼ 20 cm and the borated polyethylene-based one (CH2 with 5% of boron) of
length d3 ¼ 30 cm. The distance between the source and the first truncated cone is
d1 ¼ 5 cm (Kim et al., 2015). The shadow cone angle is chosen so that the projection
of its solid angle is greater than the radius of the detector, while at the same time
being smaller than two times the solid angle of the detector. In this case study, we
choose r4 to be 1.5 times the Bonner sphere radius (r4 ¼ 1:5 � 10:16 ¼ 15:24 cm).
The Bonner sphere is located at 100 cm away from the source. When applying
Thales’ theorem, it becomes r1 ¼ 0:76 cm; r2 ¼ 3:81 cm and r3 ¼ 8:38 cm. The
whole system is represented in figure 2.IX.1.

A truncated cone can be modeled with MCNP by applying a pre-defined closed
surface, also called macrobody, of type “trc”. Its set of parameters is “trc x y z hx hy hz
r1 r2”, where x, y and z are coordinates of the cone basis center, hx, hy and hz, are

FIG. 2.IX.1 – MCNP model of the shadow cone recommended by the ISO standard 8529-2.
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coordinates of the steering vector defining the cone axis and r1 and r2 are the first
and the second radius of the truncated cone. The input file 2.IX.2 for the efficiency
evaluation with the shadow cone described above is the following.

Shadow cone simulation
c cell block
10 1 4.2497e-5 -10 $ He-3
20 2 -.95 -20 10 $ CH2
30 3 -1.3e-3 -30 20 50 60 $ air
40 4 -2.35 -40 30 $ concrete
50 5 -7.8 -50 $ Fe cone
60 6 -.95 -60 $ CH2 B cone
100 0 40

10 Sx 50 1.6
20 Sx 50 10.16
30 RPP -220 220 -220 220 -110 110
40 RPP -270 270 -270 270 -160 160
50 TRC -45 0 0 20 0 0 .762 3.81
60 TRC -24.999999 0 0 30 0 0 3.81 8.38

imp:n 1 1 1 1 1 1 0
mode n
sdef par=n pos -50 0 0 erg d1
sp1 -3 1.025 2.926 $ Cf-252 Watt spectrum
F4:n 10
FM4 7.2913e-4 1 103
PHYS:N 100 100 0 J J J 1 -1 J J J 0 0
m1 2003 1 $ 6000 1 8016 2o
m2 1001 2 6000 1
m3 7014 .781 8016 .212 7015 .007 $ air
M4 14000 -20.68 13027 -.363 8016 -50.853 20000 -21.645 12000 -.198 19000 -.088 &
11023 -.0384 16000 -.139 6000 -4.52 22000 -.0155 15031 -.0208 25055 -.0192 &
1001 -.701 26054 -.0418 26056 -.6588 26057 -.0157 26058 -.0024 24052 -.00057
M5 26000 1
M6 1001 -0.136501 1002 -0.000031 5010 -0.009215 &
5011 -0.040785 6000 -0.813468
mt2 poly.20t
mt6 poly.20t
stop F4 .015

File 2.IX.2
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The modeled geometry is displayed in figure 2.IX.2.
The efficiency provided by this calculation is es ¼ 1:232� 10�5 cð Þ:n�1. When

multiplying this result by the neutron emission and the electronic loss coefficient, we
obtain the readout with a shadow cone for a 1GBq source:

ms ¼ ke ACf BA es ¼ 0:7� 109 � 0:116� 1:232� 10�5 ¼ 1001 c:s�1

Therefore, we can derive the net readout mn, without scattering:

mn ¼ mt �ms ¼ 2473� 1001 ¼ 1472 c:s�1

Comparatively, we can evaluate the Bonner sphere theoretical response to the
252Cf source, in vacuum (refer to the first part of application 2.VII reviewing
the Bonner spheres). The fluence theoretical response is Rth ¼ 2:328 cm2: Then, the
theoretical net measurement of the sphere, without scattering and attenuation by
the air, can be assessed with expression (4):

mnð Þth ¼ keRth
ACf BA

4 p d2 ¼ 0:7� 2:328� 1:16�108

4 p 100ð Þ2 ¼ 1504 c:s�1 ð4Þ

We find mnð Þth 	 mn, within 2%. Thus, we can infer that the described process is
satisfactory.

(c) Calculation of the calibration coefficient in ambient dose equivalent

As defined in expression (2), the calibration coefficient can be calculated:

NH ¼ 385� 1:16� 108

4 p ð1002Þ � 1472
exp �1:055� 10�4 � 100
� � ¼ 243 pSv: cð Þ�1

It is also equivalent to:

FIG. 2.IX.2 – MCNPmodeling of the radiological scene for the measurement with the shadow
cone.
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NH ¼ 243� 3600 ¼ 0:87 lSv:h�1=c:s�1

Finally, for the 252Cf source, the “detected counts – ambient dose equivalent
rate” conversion coefficient is 0:87 lSv:h�1=c:s�1. The dose equivalent rate, without
shadow cone, obtained for the previous source is:

_H
�
10ð Þ ¼ mtNH ¼ 2473� 0:87:10�3 ¼ 2:16mSv:h�1

Part 2: Measurement of the Ambient dose Equivalent for a Typical
Neutron Spectrum of a Radiation Workplace
Once the survey meter calibration is completed, the detector is exposed to a 100 g
PuF4 solution in the same conditions as before (same distance from the source and
same concrete surroundings). The solution is assumed to be a point-like source,
responsible for an emission rate B ¼ 106 n:s�1 in 4p sr (Stewart, 1991). We aim to
evaluate the dose equivalent rate, at 1 m from this solution, with the Bonner sphere
previously calibrated in 252Cf. The subsequent step consists in determining the
deviation between the measured value and the actual value of the ambient dose
equivalent rate of the PuF4 solution. The actual value is assessed with MCNP by
simulating the ambient dose equivalent rate at 100 cm from the PuF4 solution,
without a Bonner sphere.

(a) Measurement of the ambient dose equivalent for the PuF4 solution with the
252Cf calibrated Bonner sphere

The PuF4 solution neutron spectrum, measured at the workplace (from IAEA,
2001) is shown in figure 2.IX.3.

FIG. 2.IX.3 – PuF4 solution workplace spectrum.
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The input file 2.IX.3 is set for the calculation of the efficiency et at 100 cm from
the PuF4 solution, without shadow cone.

Bonner sphere simulation with the PuF4 spectrum
c cell block
10 1 4.2497e-5 -10 $ He3
20 2 -.95 -20 10 $ CH2
30 3 -1.3e-3 -30 20 $ air
40 4 -2.35 -40 30 $ concrete
50 0 40

10 Sx 50 1.6
20 Sx 50 10.16
30 RPP -220 220 -220 220 -110 110
40 RPP -270 270 -270 270 -160 160

imp:n 1 1 1 1 0
mode n
sdef par=n pos -50 0 0 erg d2
c PuF4 spectrum
si2 h 1.00E-09 2.15E-09 4.64E-09 1.00E-08 2.15E-08 4.64E-08 1.00E-07 2.15E-07 &
4.64E-07 1.00E-06 2.15E-06 4.64E-06 1.00E-05 2.15E-05 4.64E-05 1.00E-04 &
2.15E-04 4.64E-04 1.00E-03 2.15E-03 4.64E-03 1.00E-02 1.25E-02 1.58E-02 &
1.99E-02 2.51E-02 3.16E-02 3.98E-02 5.01E-02 6.30E-02 7.94E-02 1.00E-01 &
1.25E-01 1.58E-01 1.99E-01 2.51E-01 3.16E-01 3.98E-01 5.01E-01 6.30E-01 &
7.94E-01 1.00E+00 1.25E+00 1.58E+00 1.99E+00 2.51E+00 3.16E+00 3.98E+00 &
5.01E+00 6.30E+00 7.94E+00
sp2 d 0.00E+00 0.00E+00 0.00E+00 3.76E-02 9.49E-02 1.41E-01 4.38E-02 &
2.27E-02 2.25E-02 2.43E-02 1.96E-02 2.25E-02 2.43E-02 1.96E-02 2.25E-02 &
2.43E-02 1.96E-02 2.25E-02 2.41E-02 1.95E-02 2.21E-02 2.27E-02 2.35E-02 &
2.13E-02 1.98E-02 1.89E-02 1.90E-02 2.35E-02 2.35E-02 2.45E-02 3.78E-02 &
4.81E-02 5.71E-02 7.69E-02 8.35E-02 9.21E-02 1.18E-01 1.24E-01 1.32E-01 &
1.79E-01 1.96E-01 2.43E-01 2.80E-01 2.84E-01 5.79E-02 1.64E-02 1.17E-02 &
8.84E-03 5.71E-03 4.62E-04 3.19E-05
F4:n 10
FM4 7.2913e-4 1 103
m1 2003 1 $ He-3
m2 1001 2 6000 1 $ CH2
m3 7014 .781 8016 .212 7015 .007 $ air
c m4 concrete
M4 14000 -20.68 13027 -.363 8016 -50.853 20000 -21.645 12000 -.198 19000 -.088 &
11023 -.0384 16000 -.139 6000 -4.52 22000 -.0155 15031 -.0208 25055 -.0192 &
1001 -.701 26054 -.0418 26056 -.6588 26057 -.0157 26058 -.0024 24052 -.00057

mt2 poly.20t
stop F4 .01

File 2.IX.3
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The spectrum plotted in figure 2.IX.3 is sampled in energy and emission
probability, respectively, with the “si2” and “sp2” cards of the input file 2.IX.3.
The efficiency got with the MCNP simulation is et ¼ 2:308� 10�5 cð Þ:n�1. When
multiplying this result by the neutron emission and the electronic loss coefficient, we
obtain the detector measurement without shadow cone for the 1MBq source:

mt ¼ keB et ¼ 0:7� 106 � 2:308� 10�5 ¼ 16 c:s�1

In order to obtain the readout, the value is multiplied by the calibration coef-
ficient NH calculated in the previous part.

_H
�
10ð Þ ¼ mtNH ¼ 16� 0:87:10�3 ¼ 0:0139mSv:h�1 ¼ 13:9 lSv:h�1

(b) Calculation of the actual dose equivalent rate for the PuF4 solution and com-
parison with the previous estimation

In this final step, the theoretical ambient dose equivalent rate due to the PuF4

solution is assessed in the same manner. The calculation is performed with the
fluence at a point estimator, i.e., a F5 tally, weighted by the ICRP “fluence –

ambient dose equivalent” conversion coefficients using the “de” and “df” cards. The
result obtained corresponds to the ambient dose equivalent per source neutron,
H � 10ð Þ=B. The MCNP input file 2.IX.4 is set for this calculation:

PuF4 ambient dose equivalent calculation
c cell block
30 3 -1.3e-3 -30 $ air
40 4 -2.35 -40 30 $ concrete
50 0 40

30 RPP -220 220 -220 220 -110 110
40 RPP -270 270 -270 270 -160 160

imp:n 1 1 0
mode n
sdef par=n pos -50 0 0 erg d2
c PuF4 spectrum
si2 h 1.00E-09 2.15E-09 4.64E-09 1.00E-08 2.15E-08 4.64E-08 1.00E-07 2.15E-07 &
4.64E-07 1.00E-06 2.15E-06 4.64E-06 1.00E-05 2.15E-05 4.64E-05 1.00E-04 &
2.15E-04 4.64E-04 1.00E-03 2.15E-03 4.64E-03 1.00E-02 1.25E-02 1.58E-02 &
1.99E-02 2.51E-02 3.16E-02 3.98E-02 5.01E-02 6.30E-02 7.94E-02 1.00E-01 &
1.25E-01 1.58E-01 1.99E-01 2.51E-01 3.16E-01 3.98E-01 5.01E-01 6.30E-01 &
7.94E-01 1.00E+00 1.25E+00 1.58E+00 1.99E+00 2.51E+00 3.16E+00 3.98E+00 &
5.01E+00 6.30E+00 7.94E+00
sp2 d 0.00E+00 0.00E+00 0.00E+00 3.76E-02 9.49E-02 1.41E-01 4.38E-02 &
2.27E-02 2.25E-02 2.43E-02 1.96E-02 2.25E-02 2.43E-02 1.96E-02 2.25E-02 &
2.43E-02 1.96E-02 2.25E-02 2.41E-02 1.95E-02 2.21E-02 2.27E-02 2.35E-02 &
2.13E-02 1.98E-02 1.89E-02 1.90E-02 2.35E-02 2.35E-02 2.45E-02 3.78E-02 &
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4.81E-02 5.71E-02 7.69E-02 8.35E-02 9.21E-02 1.18E-01 1.24E-01 1.32E-01 &
1.79E-01 1.96E-01 2.43E-01 2.80E-01 2.84E-01 5.79E-02 1.64E-02 1.17E-02 &
8.84E-03 5.71E-03 4.62E-04 3.19E-05
F5:n 50 0 0 .1
C H*(10) ICRP 74 coefficient for neutrons
DE5 1e-9 1e-8 2.53e-8 1e-7 2e-7 5e-7 1e-6 2e-6 5e-6 1e-5 2e-5 5e-5 1e-4 2e-4 &
5e-4 1e-3 2e-3 5e-3 1e-2 2e-2 3e-2 5e-2 7e-2 .1 .15 .2 .3 .5 .7 .9 1 1.2 2 &
3 4 5 6 7 8 9 10 12 14 15 16 18 20 30 50 75 100 125 150 175 201
DF5 6.6 9 10.6 12.9 13.5 13.6 13.3 12.9 12 11.3 10.6 9.9 9.4 8.9 &
8.3 7.9 7.7 8 10.5 16.6 23.7 41.1 60 88 132 170 233 322 375 400 416 425 420 &
412 408 405 400 405 409 420 440 480 520 540 555 570 600 515 400 330 285 260 &
245 250 260
m3 7014 .781 8016 .212 7015 .007 $ air
M4 14000 -20.68 13027 -.363 8016 -50.853 20000 -21.645 12000 -.198 19000 -.088 &
11023 -.0384 16000 -.139 6000 -4.52 22000 -.0155 15031 -.0208 25055 -.0192 &
1001 -.701 26054 -.0418 26056 -.6588 26057 -.0157 26058 -.0024 24052 -.00057
mt2 poly.20t
stop F5 .001

File 2.IX.4

The simulation provides H � 10ð Þ=B ¼ 2:708� 10�3 pSv:n�1. Therefore, the actual
value of the ambient dose equivalent rate is:

_H
�
10ð Þ ¼ H � 10ð Þ

B

� �
B ¼ 3600� 2:708� 10�6 � 10�3 � 106 ¼ 9:74 lSv:h�1

FIG. 2.IX.4 – 252Cf, heavy-water moderated 252Cf and PuF4 spectra (from IAEA, 2001 data).
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The deviation between the measurement with the Bonner sphere and the actual
value of the ambient dose equivalent rate at this energy is about 43%. However, the
IEC standard (1997), recommends an acceptability criterion of �30% for the dif-
ference between the device measurement and the actual value of the operational
quantity. Accordingly, the Bonner sphere calibration with a 252Cf source would not
allow the measurement of a typical workplace neutron spectrum emitted by a PuF4

source.
Note: to carry out a workplace spectrum measurement of PuF4 type, it would be

more convenient to calibrate the Bonner sphere with a heavy-water moderated 252Cf
spectrum. The bare 252Cf neutron spectrum is weakly populated in thermal and
epithermal regions. When moderated with heavy water, these components are sig-
nificant in the emission spectrum (see figure 2.IX.4). This enables to perform a
calibration which is more representative of the typical workplace neutron spectra, in
which thermal and epithermal neutrons are always present.
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Chapter 3

Shielding and Activation Calculations
for Several Types of Devices
(Radioactive Sources, X-ray
Generators, Accelerators…)

3.I Shielding Calculation for an AmBe Neutron Source

Abstract:
In this application, the thickness of a polyethylene shielding is determined to ensure
a dose equivalent rate of 2 µSv/h at 1 m of a 60 GBq AmBe source. The calculated
thickness is derived from a semi-empirical model and checked by a numerical
simulation.

Objectives:
– Semi-empirical and numerical calculations of a shielding for a neutron source.
– Use of neutron transmission coefficient.
– Neutron spectrum implementation in MCNP.
– Numerical calculation of dose equivalents for a mixed particle field composed of

neutrons and photons.

This application deals with the concept of “dose equivalent index”, a
semi-empirical tool useful in neutron source shielding calculations. Using a short
number of operations, the latter enables to quickly calculate a shielding thickness. It
takes into account the radiological impact of both neutrons and photons for a mixed
field.

DOI: 10.1051/978-2-7598-2461-8.c003
© Science Press, EDP Sciences, 2021



Part 1: Semi-Empirical Calculation of the Shielding

Behind a shielding, the ambient dose equivalent rate due to neutrons, _H
�
10ð Þd , is

expressed as a function of the fluence rate _U, the “fluence – ambient dose equivalent”
conversion coefficient, and the transmission factor T Rx;Eð Þ.

_H
�
10ð Þd ¼ _U h�U 10ð ÞT Rx;Eð Þ ð1Þ

Calculations must involve the primary neutron field but also secondary radiations
arising from multiple nuclear reactions in the shielding. Special attention should be
paid to the contribution of high-energy gamma emerging from radiative captures.
The dose equivalent index, denoted I Rx;Eð Þ, is commonly used for neutrons. This
index is obtained by multiplying the “fluence – ambient dose equivalent” conversion
coefficient by the transmission factor (cf. Antoni and Bourgois, 2017a). It enables to
assess directly the shielding thickness complying with the targeted external exposure
limit, only from the neutron fluence of the primary field (or flux for an isotropic
source). Thus, for an isotropic source emitting a neutron flux _Nn, expression (1)
becomes:

I Rx;Eð Þ ¼ h�U 10ð ÞT Rx;Eð Þ () _H 10ð Þd ¼ _U I Rx;Eð Þ ¼
_Nn

4pd2

� �
I Rx;Eð Þ ð2Þ

For an Am-Be source, this index is obtained from figure 3.I.1 (from Antoni and
Bourgois, 2017a). The AmBe source specific yield is Yn ¼ 6:6� 10�5 ðnÞ:s�1:Bq�1

from Antoni and Bourgois (2017a). Thus, for a 60 GBq activity, the matching
neutron flux is:

_Nn ¼ AYn ¼ 60� 109 � 6:6� 10�5 ¼ 4� 106 ðnÞ:s�1

FIG. 3.I.1 – Transmission coefficient as a function of polyethylene thickness for an AmBe
source (data from Antoni and Bourgois, 2017a).
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The dose equivalent index is then expressed versus the terms of expression (2):

_H
�
10ð Þd ¼

_Nn

4pd2

� �
I Rx;Eð Þ () I Rx;Eð Þ ¼ _H

�
10ð Þ

h i
d

4pd2

_Nn

� �

For the case study, the calculation leads to:

I Rx;Eð Þ ¼ 2� 10�6

3600

� �
� 4p� 1002

4� 106

� �
¼ 1:74� 10�11 Sv:cm2 17:4 pSv:cm2

� �

As seen in figure 3.I.1, a dose equivalent index of 17:4 pSv:cm2 matches a
shielding of 30 cm polyethylene thickness. This shielding ensures a dose equivalent
rate of 2 lSv:h�1 at 1 m from a 60 GBq Am-Be source.

In the next part, the modeling consists in evaluating the neutron and photon
contributions of the ambient dose equivalent rate behind 30 cm of polyethylene.

Part 2: Numerical Solving with MCNP
The modeling of the scene requires the implementation of the neutron emission
spectrum of the AmBe source. In the provided file, the spectrum is stated by means
of a histogram of values with the “si1 h” card (energies histogram boundaries)
coupled with the “sp1” card (emission probability for each energy bin). The spec-
trum is derived from Antoni and Bourgois (2017a). The assessment of the ambient
dose equivalent rate is achieved according to the same procedure as in the previous
application. The calculation is performed with a fluence point detector tally, i.e., a
type 5 tally, which evaluates the mean fluence for each energy bin defined in the
“de15” card. Each result is afterwards weighted by the “fluence – ambient dose
equivalent” conversion coefficient specified for each energy bin in the “df15” card.
The sum over all energy bins provides the result of the ambient dose equivalent per
source particle. In the proposed MCNP input file, the F5 tally assesses
H �

n 10ð Þ=Nn
� �

; while the F15 tally provides the same quantity for secondary photons:

H �
c 10ð Þ=Nn

� �
.

Note the use of the specific “mt2 poly.20t” card. This card allows to use special
data libraries, so-called S(α,β), which encompass a special thermal scattering
treatment. For low energy neutrons, the default free gas model for scattering cross
sections is not always well suited. Molecular effects or crystalline structure effects
can affect the neutron scattering cross sections. These effects are included in the S
(α,β) thermal neutron scattering (S stands for scattering, α is a momentum transfer
variable and β is an energy transfer variable). For comparison, the black line of
figure 3.I.2 states the total cross section of inelastic reactions on 12C as a pure
chemical element, whereas the blue line refers to the same component in graphite
form, specified via the S(α,β) library “grph.01t” instruction in the input file.

When considering only the cross section represented by the black curve, resonance
peaks of blue and red curves between 0.01 and 0.1 eV are not taken into
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consideration. Thus, not calling in the molecular specificity card may cause an
undervaluation of low energy absorptions. The input file 3.I.1 is used to simulate the
case study:

Ambient equivalent dose for AmBe with 30 cm of polyethylene CH2
c cell block
10 1 -1.3e-3 -10 15 $ air calculation cells
15 2 -.92 -15 $ CH2
20 0 10 $ no transport outside

10 SO 300 $ Calculation in a sphere of radius R=300cm centered at origin
15 RPP -100 100 -100 100 1 31 $ CH2 slab S=200x200 30 cm thickness

imp:n,p 1 1 0 $ neutron, photon transport only in cells 10 and 15
M1 7014 .781 8016 .212 7015 .007 $ air
M2 1001 2 6012 1 $ (CH2)n
MT2 poly.20t $ THERMAL NEUTRON SCATTERING Hydrogen in Polyethylene
mode p n $ transport of neutrons and photons resulting of interactions
SDEF pos 0 0 0 par=n erg=d1
c AmBe spectrum energies
si1 h 4.140E-07 1.100E-01 3.300E-01 5.400E-01 7.500E-01 9.700E-01

FIG. 3.I.2 – Cross sections of neutron inelastic reactions on 12C: default and with the
molecular specificity card “grph.01t”.
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1.180E+00 1.400E+00 1.610E+00 1.820E+00 2.040E+00 2.250E+00
2.470E+00 2.680E+00 2.900E+00 3.110E+00 3.320E+00 3.540E+00
3.750E+00 3.970E+00 4.180E+00 4.390E+00 4.610E+00 4.820E+00
5.040E+00 5.250E+00 5.470E+00 5.680E+00 5.890E+00 6.110E+00
6.320E+00 6.540E+00 6.750E+00 6.960E+00 7.180E+00 7.390E+00
7.610E+00 7.820E+00 8.030E+00 8.250E+00 8.460E+00 8.680E+00
8.890E+00 9.110E+00 9.320E+00 9.530E+00 9.750E+00 9.960E+00
1.018E+01 1.039E+01 1.060E+01 1.082E+01 1.100E+01

c AmBe spectrum intensities
sp1 d 0.00 1.44E-02 3.34E-02 3.13E-02 2.81E-02 2.50E-02

2.14E-02 1.98E-02 1.75E-02 1.92E-02 2.23E-02 2.15E-02
2.25E-02 2.28E-02 2.95E-02 3.56E-02 3.69E-02 3.46E-02
3.07E-02 3.00E-02 2.69E-02 2.86E-02 3.18E-02 3.07E-02
3.33E-02 3.04E-02 2.74E-02 2.33E-02 2.06E-02 1.82E-02
1.77E-02 2.04E-02 1.83E-02 1.63E-02 1.67e-02 1.68E-02
1.88E-02 1.84E-02 1.69E-02 1.44E-02 9.68E-03 6.52E-03
4.26E-03 3.67E-03 3.81E-03 5.06E-03 6.25E-03 5.52E-03
4.68E-03 3.70E-03 2.78E-03 1.51E-03 3.63E-04

F5:n 0 0 100 .1 $ neutron fluence at 100 cm (z axis)
F15:p 0 0 100 .1 $ photon fluence at 100 cm (z axis)
c xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

C H*(10)/phi psv.cm2 coefficient for neutrons DE energy DF conversion factor
DE5 1e-9 1e-8 2.53e-8 1e-7 2e-7 5e-7 1e-6 2e-6 5e-6 1e-5 2e-5 5e-5 1e-4 2e-4 &
5e-4 1e-3 2e-3 5e-3 1e-2 2e-2 3e-2 5e-2 7e-2 .1 .15 .2 .3 .5 .7 .9 1 1.2 2 &
3 4 5 6 7 8 9 10 12 14 15 16 18 20 30 50 75 100 125 150 175 201
DF5 6.6 9 10.6 12.9 13.5 13.6 13.3 12.9 12 11.3 10.6 9.9 9.4 8.9 &
8.3 7.9 7.7 8 10.5 16.6 23.7 41.1 60 88 132 170 233 322 375 400 416 425 420 &
412 408 405 400 405 409 420 440 480 520 540 555 570 600 515 400 330 285 260 &
245 250 260
c xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

C H*(10)/phi psv.cm2 coefficient for photons
DE15 0.01 0.015 0.02 0.03 0.04 0.05 0.06 0.08 0.1 0.15 0.2 0.3 0.4 &
0.5 0.6 0.8 1 1.5 2 3 4 5 6 8 10
DF15 7.2 3.19 1.81 0.9 0.62 0.5 0.47 0.49 0.58 0.85 1.15 1.8 2.38 &
2.93 3.44 4.38 5.2 6.9 8.6 11.1 13.4 15.5 17.6 21.6 25.6
stop F5 .02

File 3.I.1

Tallies 5 and 15 results are stated under the “mean” label in the output file:

tally 5 tally 15
nps mean error vov slope fom mean error vov slope fom
304000 1.1594E-04 0.0198 0.0028 10.0 523 1.6263E-05 0.0063 0.0003 8.9 5092
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The total dose equivalent, related to neutron and photon exposures is normalized
to obtain the result in lSv:h�1. A 3:6� 10�3 weighing factor is used to convert
pSv:s�1 to lSv:h�1:

H �
t 10ð Þ ¼ 3:6� 10�3 H �

c 10ð Þ
Nn

� �
þ H �

n 10ð Þ
Nn

� �� 	
_Nn

Finally, we get:

H � 10ð Þ ¼ 3:6� 10�3 � 1:1594� 10�4 þ 1:6263� 10�5� �� 4� 106 ¼ 1:9 lSv:h�1

This result is consistent with an ambient dose equivalent rate not exceeding
2 µ−1Sv.h−1 to design the facility.

3.II Calculation of a 60Co Photon Source Ambient Dose
Equivalent Rate Behind a 4 m Water Shielding

Abstract:
In this problem, the ambient dose equivalent rate of a 60Co photon source of 20 TBq
is assessed behind a 4 m water shielding. The distance between the source and the
calculation point is 4.2 m.

Objectives:

– Semi-empirical calculation of a shielding thickness for a 60Co source.
– Use of the build-up factor for photons.
– Numerical calculation of a very thick shielding.
– Use of a variance reduction technique for numerical calculations.

Semi-empirical calculations of shielding often rely on conservative assumptions
owing to the infinite height of the shielding to model the build-up factor. As a
consequence, the resulting factor can give rise to an overestimation of operational
quantities. The present work highlights build-up factor discrepancies observed
between the accurate value obtained with Monte-Carlo simulation and the one used
for the semi-empirical method.

Part 1: Semi-Empirical Calculation
For an isotropic source of photons, the ambient dose equivalent rate behind a
shielding can be expressed as a function of _H

�
0, the ambient dose equivalent rate at

1 m from the unshielded source, according to the below expression:

_H
�
10ð Þ ¼

_H
�
0

d2 B lx;Eð Þ exp � l
q

� �
q x

� �
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where d is the distance from the source to the observer (in m), x is the shielding
thickness (in cm), q its density (in g.cm−3) and l=qð Þ its mass attenuation coefficient
(in cm2.g−1). For a 60Co point source, the ambient equivalent dose rate _H

�
0 is

351 lSv:h�1:GBq�1 (refer to Antoni and Bourgois, 2017a). For a 20TBq source, it
becomes:

_H
�
0 ¼ 351� 2� 104 ¼ 7:106 lSv:h�1

Without a Monte-Carlo assessment, the build-up factor B lx;Eð Þ can only be
approximated by an empirical formula. For instance, Berger’s formula holds for this
factor:

B lx;Eð Þ ¼ 1þ alx exp blxð Þ
Parameters a and b are accessible for water in figure 3.II.1. Mass attenuation

coefficients l=qð Þ are drawn from the NIST website (https://physics.nist.gov/
PhysRefData/XrayMassCoef/tab4.html). 60Co emits two photons of 1.17 and
1.33 MeV with a 100% emission intensity for each of them. Given the closeness of
both energy values, a single energy of 1.25 MeV with a 200% emission intensity
holds for the problem. For 1.25 MeV photons in water, the NIST website provides a
mass attenuation value l=q ¼ 6:323� 10�2 cm2g�1. For a 400 cm thickness of water,
the number of mean free paths, which corresponds to the average number of
interactions of the photon throughout the path, is:

lx ¼ l
q

� �
q x ¼ 6:323� 10�2 � 1� 400 ¼ 25

FIG. 3.II.1 – Berger’s parameters a and b as a function of energy for the build-up factor
calculation in water.
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Berger parameters read on figure 3.II.1 at 1.25 MeV are a = 1.32 and b = 0.028,
which implies:

B 25; 1:25ð Þ ¼ 1þ 1:32� 25 exp 0:028� 25ð Þ½ � ¼ 67

The build-up factor is greatly dependent on the shielding thickness, hence its
broad value in this case: the thicker the shielding, the higher number of mean free
paths and the greater the value of the build-up factor. For an observer located at
4.2 m from the shielded source, the ambient dose equivalent is:

_H
�
10ð Þ ¼ 7� 106

4:22
� 67� exp �25ð Þ ¼ 3:7� 10�4lSv:h�1 ð0:37 nSv:h�1Þ

Although the semi-empirical method is easy to use, we must point out the con-
servative assumptions made, such as the infinite height of the shielding. This can
lead to a large discrepancy with the actual value, especially in case of small lateral
shielding. This deviation becomes even more substantial when the shielding is
composed of miscellaneous materials with different densities. A better evaluation of
the build-up factor, and consequently of the ambient dose equivalent, can be derived
from a Monte-Carlo calculation. However, considering the thick water shielding of
this application, the calculation can be prohibitive in terms of computing time.
A further consequence is a risk for the tally to not reach statistical convergence. This
issue entails the use of variance reduction techniques to improve the convergence and
hence the computing time.

Part 2: First Numerical Approach with MCNP (Default Parameter
in MCNP)
The radiological scene is modeled in the MCNP input file 3.II.1. The source
coordinates are ð0; 0; 0Þ and the observer is located at (0; 0; 420Þ. A rectangular
parallelepiped of dimensions 1000 × 1000 cm2 × 4 m with the thickness perpen-
dicular to the source-observer direction is simulated and a type 5 tally is used. As in
the previous application, the ambient dose equivalent calculation derives from the
fluence in different energy bins weighted by the “fluence – ambient dose equivalent”
conversion coefficients.

Co-60 source with water shielding calculation
c cell block
10 1 -1.3e-3 -10 $ air cell
15 2 -1 -15 $ water cell
140 1 -1.3e-3 -200 $ air
200 0 10 15 200 $ outside
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10 RPP -1000 1000 -1000 1000 -100 10 $ air
15 RPP -1000 1000 -1000 1000 10 410 $ water; surface=1000x1000 thickness=400 cm

200 RPP -1000 1000 -1000 1000 410 500 $ air

imp:p 1 1 1 0
M1 7014 .781 8016 .212 7015 .007 $ air
M2 1000 2 8000 1 $ water
mode p
SDEF pos 0 0 0 par=p erg=d1
SI1 L 1.17 1.33 $ 2 gamma-ray lines (MeV) of Co-60
SP1 1 1 $ Co-60 gamma rays relative intensities
F15:p 0 0 420 .1 $ photon fluence at 420 cm (z-axis)
C H*(10)/phi pSv.cm2 coefficient for photons
DE15 0.01 0.015 0.02 0.03 0.04 0.05 0.06 0.08 0.1 0.15 0.2 0.3 0.4 &
0.5 0.6 0.8 1 1.5 2 3 4 5 6 8 10
DF15 7.2 3.19 1.81 0.9 0.62 0.5 0.47 0.49 0.58 0.85 1.15 1.8 2.38 &
2.93 3.44 4.38 5.2 6.9 8.6 11.1 13.4 15.5 17.6 21.6 25.6
nps 6E9

File 3.II.1

The results in the output file are:

tally 15
nps mean error vov slope fom

5784574089 8.0698E-16 0.4047 0.5542 1.7 6.8E-04

For 5:8� 109 particle histories, corresponding to a relatively high computing
time of 150 h, the statistical error on the result is 40%. Since the acceptability for the
error criterion of an F5 tally is roughly 5%, therefore, the result cannot be regarded
as reliable. This observation is confirmed by the erratic behavior of the mean value,
the statistical error and the variance of the variance (VOV) over computing time,
i.e., over the number of particle histories (see figure 3.II.2).
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Part 3: Second Numerical Solving with MCNP (Variance Reduction
Technique)
At this stage, the weakness of the previous approach entails a variance reduction
technique to obtain a statistically reliable value. In the case of thick shielding, the
“Weight Windows Generator” card is greatly recommended. This generator is a
quite simple statistical estimation of the mean score, so-called “importance”, for
particles in the phase-space region. For applying the generator, a method consists in
cutting out the shielding with a mesh grid composed of equal cells with small
dimensions. In this application, the 4 m shielding is split into 25 slabs of 16 cm each.
The “Weight Windows Generator” command is stated in the 3rd block by the use of
the “wwg” card. The parameters to be set are the following:

FIG. 3.II.2 – Evolution of the tallly result, the relative error and the variance of the variance
with the respect to the number of particle histories for the first MCNP input file.

– The first entry is the tally number of which we want to improve the convergence,
in this tally “15”.

– The second entry is the number of the cell containing the photon source. In our
model, the source is located in cell 10, so this parameter is “10”.

– The two first entries must be followed by the sequence “0 j j j j j 0”.
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In this way, a diagnosis will be carried out during the file execution in order to
assign optimal statistical weight to each cell to improve tally 15 convergence when
source particles are launched from cell 10. The diagnosis is produced by running the
following input file 3.II.2.

Shielding for a Co-60 source
c cell block (Block 1)
10 1 -1.3e-3 -10 $ air cell
15 2 -1 -15 $ water
20 2 -1 -20 $ water
25 2 -1 -25 $ water
30 2 -1 -30 $ water
35 2 -1 -35 $ water
40 2 -1 -40 $ water
45 2 -1 -45 $ water
50 2 -1 -50 $ water
55 2 -1 -55 $ water
60 2 -1 -60 $ water
65 2 -1 -65 $ water
70 2 -1 -70 $ water
75 2 -1 -75 $ water
80 2 -1 -80 $ water
85 2 -1 -85 $ water
90 2 -1 -90 $ water
95 2 -1 -95 $ water
100 2 -1 -100 $ water
105 2 -1 -105 $ water
110 2 -1 -110 $ water
115 2 -1 -115 $ water
120 2 -1 -120 $ water
125 2 -1 -125 $ water
130 2 -1 -130 $ water
135 2 -1 -135 $ water
140 1 -1.3e-3 -200 $ air cell for calculation
200 0 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 &
110 115 120 125 130 135 200 $ outside

C geometry block (Block 2)
10 RPP -1000 1000 -1000 1000 -100 10
15 RPP -1000 1000 -1000 1000 10 26
20 RPP -1000 1000 -1000 1000 26 42
25 RPP -1000 1000 -1000 1000 42 58
30 RPP -1000 1000 -1000 1000 58 74
35 RPP -1000 1000 -1000 1000 74 90
40 RPP -1000 1000 -1000 1000 90 106
45 RPP -1000 1000 -1000 1000 106 122
50 RPP -1000 1000 -1000 1000 122 138
55 RPP -1000 1000 -1000 1000 138 154
60 RPP -1000 1000 -1000 1000 154 170
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65 RPP -1000 1000 -1000 1000 170 186
70 RPP -1000 1000 -1000 1000 186 202
75 RPP -1000 1000 -1000 1000 202 218
80 RPP -1000 1000 -1000 1000 218 234
85 RPP -1000 1000 -1000 1000 234 250
90 RPP -1000 1000 -1000 1000 250 266
95 RPP -1000 1000 -1000 1000 266 282
100 RPP -1000 1000 -1000 1000 282 298
105 RPP -1000 1000 -1000 1000 298 314
110 RPP -1000 1000 -1000 1000 314 330
115 RPP -1000 1000 -1000 1000 330 346
120 RPP -1000 1000 -1000 1000 346 362
125 RPP -1000 1000 -1000 1000 362 378
130 RPP -1000 1000 -1000 1000 378 394
135 RPP -1000 1000 -1000 1000 394 410
200 RPP -1000 1000 -1000 1000 410 500 $

C Block 3
imp:p 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0
c weight windows generator
c WWG (tally number) (cell source) 0 j j j j j 0
WWG 15 10 0 j j j j 0
M1 7014 .781 8016 .212 7015 .007 $ air
M2 1000 2 8000 1
mode p
SDEF pos 0 0 0 par=p erg=d1
SI1 L 1.17 1.33 $ the 2 discrete energies (MeV) of Co-60
SP1 1 1 $ emission probability of each energy
F15:p 0 0 420 .1 $ photon fluence calculation at 300 cm (in z axis)
c xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
c ICRP 74 H*(10)/phi psv.cm2 coefficient for photons
DE15 0.01 0.015 0.02 0.03 0.04 0.05 0.06 0.08 0.1 0.15 0.2 0.3 0.4 &
0.5 0.6 0.8 1 1.5 2 3 4 5 6 8 10
DF15 7.2 3.19 1.81 0.90.62 0.5 0.47 0.49 0.58 0.85 1.15 1.8 2.38 &
2.93 3.44 4.38 5.2 6.9 8.6 11.1 13.4 15.5 17.6 21.6 25.6
Ctme 5

File 3.II.2

At the end of an execution time of 5 min defined by the command “ctme 5”, a
specific output file named “wwout” is created. For this case, this extra file is:

wwe:p 1.0000E+02
wwn1:p 5.0000E-01 3.3108E-01 1.7703E-01 9.0161E-02 4.0648E-02

1.7258E-02 7.2003E-03 2.9740E-03 1.2316E-03 5.0556E-04
1.9262E-04 7.3564E-05 3.1546E-05 1.8956E-05 7.3541E-04
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0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00
0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00
0.0000E+00 0.0000E+00 -1.0000E+00

The seven lines of this output file have to be included within the 3rd block of the
initial input file, as shown below. Blocks 1 and 2 remain the same.

Block 1

Block 2

C Block 3
imp:p 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0
c weight windows generator
c WWG (number of tally) (cell of source) 0 j j j j j 0
WWG 15 10 0 j j j j 0
M1 7014 .781 8016 .212 7015 .007 $ air
M2 1000 2 8000 1
mode p
SDEF pos 0 0 0 par=p erg=d1
SI1 L 1.17 1.33 $ the 2 discrete energies (MeV) of Co-60
SP1 1 1 $ emission probability of each energy
F15:p 0 0 420 .1 $ photon fluence calculation at 300 cm (in z axis)
c xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
c ICRP 74 H*(10)/phi psv.cm2 coefficient for photons
DE15 0.01 0.015 0.02 0.03 0.04 0.05 0.06 0.08 0.1 0.15 0.2 0.3 0.4 &
0.5 0.6 0.8 1 1.5 2 3 4 5 6 8 10
DF15 7.2 3.19 1.81 0.90.62 0.5 0.47 0.49 0.58 0.85 1.15 1.8 2.38 &
2.93 3.44 4.38 5.2 6.9 8.6 11.1 13.4 15.5 17.6 21.6 25.6
Ctme 5
wwe:p 1.0000E+02
wwn1:p 5.0000E-01 3.3108E-01 1.7703E-01 9.0161E-02 4.0648E-02

1.7258E-02 7.2003E-03 2.9740E-03 1.2316E-03 5.0556E-04
1.9262E-04 7.3564E-05 3.1546E-05 1.8956E-05 7.3541E-04
0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00
0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00
0.0000E+00 0.0000E+00 -1.0000E+00

File 3.II.3

This new file is also run during 5 min and another “wwout” file is then created.
In a similar fashion as above, the new lines generated in the new “wwout” file replace
the seven last lines of the previous input file. This operation must be reiterate until
the number of particles transported in each of the 25 slab cells is substantially
equivalent. This number of particles is found in the “population” column of the
output file.
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1photon activity in each cell print table 126
tracks population collisions collisions number flux average average

cell entering *weight weighted weighted track weight track mfp
(per history) energy energy (relative) (cm)

1 10 15664585 12828734 309514 2.3893E-02 1.0455E+00 1.0455E+00 9.8331E-01 1.2106E+04
2 15 9440273 8009246 36258866 2.3912E+00 6.3712E-01 6.3712E-01 8.8250E-01 1.0669E+01
3 20 7678375 8091835 43042315 1.4762E+00 3.4876E-01 3.4876E-01 4.4277E-01 8.0330E+00
4 25 7176244 7817824 40966837 7.1415E-01 2.8134E-01 2.8134E-01 2.2310E-01 7.3675E+00
5 30 7143668 7624563 39258231 3.0812E-01 2.5295E-01 2.5295E-01 1.0178E-01 7.0829E+00
6 35 6243276 8245446 42707915 1.2589E-01 2.3840E-01 2.3840E-01 3.7506E-02 6.9376E+00
7 40 6859949 7401009 37897908 5.0058E-02 2.2981E-01 2.2981E-01 1.7058E-02 6.8531E+00
8 45 5790207 7707099 39845374 1.9626E-02 2.2404E-01 2.2404E-01 6.2592E-03 6.7964E+00
9 50 6238483 6752209 34514326 7.6046E-03 2.2016E-01 2.2016E-01 2.8426E-03 6.7591E+00
10 55 6174179 7752163 39626587 2.9255E-03 2.1722E-01 2.1722E-01 9.5143E-04 6.7308E+00
11 60 5912529 7914175 40865577 1.1218E-03 2.1519E-01 2.1519E-01 3.4850E-04 6.7120E+00
12 65 6297782 6846595 34956739 4.2879E-04 2.1346E-01 2.1346E-01 1.5812E-04 6.6954E+00
13 70 6178368 7773304 39719633 1.6323E-04 2.1215E-01 2.1215E-01 5.2916E-05 6.6831E+00
14 75 5880815 7878789 40682993 6.2110E-05 2.1099E-01 2.1099E-01 1.9374E-05 6.6715E+00
15 80 6225358 6768965 34551676 2.3571E-05 2.1012E-01 2.1012E-01 8.7893E-06 6.6635E+00
16 85 6073231 7644057 39089533 8.9320E-06 2.0936E-01 2.0936E-01 2.9417E-06 6.6565E+00
17 90 5751168 7713121 39814237 3.3783E-06 2.0869E-01 2.0869E-01 1.0767E-06 6.6498E+00
18 95 6063605 6598451 33666180 1.2766E-06 2.0831E-01 2.0831E-01 4.8849E-07 6.6463E+00
19 100 5899534 7441192 38016384 4.8298E-07 2.0778E-01 2.0778E-01 1.6352E-07 6.6411E+00
20 105 5587347 7500548 38698854 1.8234E-07 2.0744E-01 2.0744E-01 5.9783E-08 6.6379E+00
21 110 5856884 6372913 32565580 6.8808E-08 2.0722E-01 2.0722E-01 2.7206E-08 6.6362E+00
22 115 4782845 6413695 33092528 2.5955E-08 2.0693E-01 2.0693E-01 9.9530E-09 6.6331E+00
23 120 5012627 5448105 27844449 9.7948E-09 2.0691E-01 2.0691E-01 4.5290E-09 6.6337E+00
24 125 4078806 5471903 28266611 3.6933E-09 2.0683E-01 2.0683E-01 1.6585E-09 6.6332E+00
25 130 4193971 4590344 23452310 1.3807E-09 2.0759E-01 2.0759E-01 7.5771E-10 6.6436E+00
26 135 2048782 4038669 18441055 4.5352E-10 2.2245E-01 2.2245E-01 3.0665E-10 6.8260E+00
27 140 299818 299789 7153 9.0151E-13 3.0921E-01 3.0921E-01 1.5690E-09 6.7062E+03

total 164552709 188944743 898159365 5.1214E+00
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In the last optimized input file, the convergence criterion is set at 2% by means of
the instruction “stop 15 .02”, enabling to end the MCNP run when this criterion is
reached for tally 15.

Block 1

Block 2

imp:p 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0
WWG 15 10 0 j j j j 0
M1 7014 .781 8016 .212 7015 .007 $ air
M2 1000 2 8000 1
mode p
SDEF pos 0 0 0 par=p erg=d1
SI1 L 1.17 1.33 $ the 2 discrete energies (MeV) of Co-60
SP1 1 1 $ frequency of each energy
F15:p 0 0 420 .1 $ photon fluence calculation at 300 cm (in z axis)
c xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
c ICRP 74 H*(10)/phi psv.cm2 coefficient for photons
DE15 0.01 0.015 0.02 0.03 0.04 0.05 0.06 0.08 0.1 0.15 0.2 0.3 0.4 &
0.5 0.6 0.8 1 1.5 2 3 4 5 6 8 10
DF15 7.2 3.19 1.81 0.90.62 0.5 0.47 0.49 0.58 0.85 1.15 1.8 2.38 &
2.93 3.44 4.38 5.2 6.9 8.6 11.1 13.4 15.5 17.6 21.6 25.6
wwe:p 1.0000E+02
wwn1:p 5.0000E-01 2.5477E-01 1.3333E-01 6.6512E-02 2.8988E-02

1.1923E-02 4.7831E-03 1.8847E-03 7.3893E-04 2.8308E-04
1.0930E-04 4.2132E-05 1.6189E-05 6.1778E-06 2.3445E-06
8.9854E-07 3.4418E-07 1.3083E-07 4.9977E-08 1.9287E-08
7.4257E-09 2.8823E-09 1.1359E-09 4.5731E-10 1.9332E-10
9.0428E-11 4.8461E-09 -1.0000E+00

stop 15 .02

File 3.II.4

The final result is the following:

tally 15
nps mean error vov slope fom

12472359 2.2381E-15 0.0201 0.0191 5.0 7.5E+00

One can infer the satisfactory result of the statistical tests. Finally, the ambient
dose equivalent per source photon is H � 10ð Þ=N ¼ 2:2381� 10�15 pSv:c�1. Thus, by
multiplying the raw score by conversion factors to get nSv:h�1, for 20TBq of 60Co,
the final result is:
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_H
�
10ð Þ ¼ 3600� 10�12 � 109 �AC

H �

N

� �
¼ 3:6� 20� 1012 � 2� 2:24� 10�15

¼ 0:32 nSv:h�1

The semi-empirical method provides a result 15% higher than that derived from
the numerical simulation seen as reference value. This overestimation mainly stems
in the infinite height of the shielding in the model of the build-up factor. This
assumption causes a larger amount of Compton scatterings of photons in the
shielding that arise dramatically the photon fluence at the observer point and
consequently the operational quantity H �(10). However remember that without the
use of the build-up factor, the result of the semi-empirical method would give a poor
result: 0:0055 nSv:h�1.

3.III Radiological Shielding for an X-ray Generator

Abstract:
The design of a radiological shielding for an X-ray generator is discussed in this
problem. In the first part, a semi-empirical method is applied, and results are
compared to a numerical approach in the second part.

Objectives:
– Semi-empirical calculation of a radiological shielding for an X-ray generator.
– Use of the transmission factor for an X-ray spectrum.
– Numerical simulation of an X-ray spectrum as a primary photon source.
– Application of a biasing technique to shielding calculations.

Main characteristics:
The X-ray device is operated with a 100 kV high-voltage and an intensity i ¼ 50 lA.
The accelerated electrons interact on a tungsten target with an anode angle of 45°.
Filtration through 0:5mm of aluminum is taken into account to cut the X-ray
spectrum low-energy component. The field size of the X-ray beam is 400 cm2 at 1 m
The radiation protection objective is to ensure an ambient dose equivalent limit of
0:5 lSv:h�1 at 2 m from the target behind the shielding.

Part 1: Analytical Calculations
To calculate the ambient dose equivalent rate behind an X-ray shielding, the fol-
lowing formula depending on the transmission factor Tm x;Eð Þ for a material m can
be used:

_H
�
10ð Þ ¼

_H
�
0 10ð Þ
d2

 !
Tm x;Eð Þ
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In this expression, the _H
�
10ð Þ value is set according to the external exposure limit

to comply with, i.e., 0:5 lSv:h�1. The term _H
�
0 is the ambient dose equivalent rate at

1 m from the unshielded source and d is the distance (in meters) between the source
and the observer. Calculating the transmission factor according to expression (1)
enables to determine the shielding thickness x.

Tm x;Eð Þ ¼
_H
�
10ð Þ d2

_H
�
0

ð1Þ

The source term used to design the facility with an X-ray device is the brems-
strahlung spectrum arising from the primary electrons interacting with the tungsten
target (see figure 3.III.1). We can assume the absence of secondary neutrons pro-
duced through photonuclear reactions of which energy thresholds are generally
higher than 5 MeV. For a 100 kV high voltage applied, the incident electrons on the
tungsten target reach an energy of 100 keV. The bremsstrahlung spectrum extends
from 0 to this end-point energy of 100 keV.

Few data, mostly based on Monte-Carlo calculations, allow to calculate the initial
quantity H �

0 10ð Þ. For instance, Antoni and Bourgois (2017a) propose H �
0 values for

electron energies ranging over 50 to 900 kV and for different filtrations. The number
of photons produced relies directly on the number of incident electrons. The latter is
proportional to the generator intensity. Therefore, the ambient dose equivalent rate
due to X-rays is proportional to the electron current of the generator. In the
above-mentioned reference, for 100 kV and filtration through 0.5 mm of aluminum,
the ambient dose equivalent rate at 1 m, as a function of the current intensity is
_H
�
10ð Þ=i ¼ 19:4 mSv:h�1:mA�1 (Antoni and Bourgois, 2017a). At a 50 lA intensity

at 1 m, we deduce:

_H �
0 10ð Þ ¼ 0:05� 19:4� 60 ¼ 58:2mSv:h�1

FIG. 3.III.1 – Layout of an X-ray generator, (from Antoni and Bourgois, 2017a).
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In addition, those data provide the air kerma rate as a function of the primary
electron intensity. Let us point out that this dosimetric quantity is widely used in the
radiological field to characterize X-ray generator beams. In the same reference and
for identical X-ray generator characteristics, the air kerma rate at 1 m, as a function
of the current intensity is _Ka 1ð Þ=i ¼ 26mGy:h�1:mA�1. Thus, for a 50 lA intensity
at 1 m, we get:

_Ka 1ð Þ ¼ 0:05� 26� 60 ¼ 78mGy:h�1

The transmission factor can be calculated using the parametric equation devel-
oped by Archer et al. (1983). For a given couple of energy and material, this
expression is a function of the thickness x and three parameters a; b and c.

Tm x;Eð Þ ¼ 1þ b
a

� �
exp acxð Þ � b

a

� �� 	�1
c

From the above equation, we get the shielding thickness x:

x ¼ 1
ac

ln
Tm x;Eð Þ�c þ b

a

� �

1þ b
a

� �
2
4

3
5 ð2Þ

Many publications report values for parameters a; b and c. In particular, NCRP,
2005 provides provides transmission factors for medical generators with high volt-
ages between 25 and 150 kV for different materials such as lead, concrete, steel,
plaster and wood. More recently, Bourgois and Ménard (2018) calculated these
transmission factors for high voltages ranging between 120 and 800 kV for lead and
between 200 and 800 kV for concrete.

For a 100 kV high-voltage applied and a lead shielding, the corresponding
parameters are: a ¼ 2:5mm�1, b ¼ 15:28mm�1 and c ¼ 0:7557 (refer to NCRP,
2004 or Antoni and Bourgois, 2017a). The transmission factor complying with the
limitation set can be calculated with equation (1) where _H �

0 10ð Þ ¼ 58:2mSv:h�1.

TPb x; 100ð Þ ¼ 0:5� 10�6 � 22

58:2� 10�3 ¼ 3:5� 10�5

The matching thickness obtained with expression (2) is:

x ¼ 1
2:5� 0:7557

ln
3:5� 10�5
� ��0:7557 þ 15:28

2:5

� �
1þ 15:28

2:5

� �
" #

¼ 3mm

Thus, we can ensure, at most, an ambient dose equivalent rate of 0:5 lSv:h�1 at
2 m from the generator by interposing a 3mm lead shielding.

Part 2: Numerical Solving
In this type of application, the simultaneous tracking of primary electrons and
X-rays produced requires prohibitive computation times, particularly when high
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Z and thick shieldings are involved. To overcome this limitation, we propose to break
the calculation into two steps. In the first step, the bremsstrahlung spectrum is
determined without shielding. Air kerma- and ambient dose equivalent-rates at 1 m
from the target, without radiological protection, are also calculated. In the second
step, the shielding is added and the ambient dose equivalent rate behind it is
evaluated. In this case, the source term in the input file is the bremsstrahlung
spectrum obtained in the previous step, and electrons are no longer transported.

(a) Step 1: evaluations of the bremsstrahlung spectrum, the air kerma rate and the
ambient dose equivalent rate at 1 m without shielding

The MCNP model geometry used in the first step is presented in figure 3.III.2.
The housing is considered as completely opaque to secondary photons. Thus, the
transport of these particles is disabled in this structural element. The housing is
modeled with a zero importance for photons and electrons and described by cell 10
in the input file. Lateral dimensions of the aluminum filter are arbitrarily defined
since only the spectrum component at 45° from the target is assessed. The electron
beam is parallel and has a 0.3 cm section radius in the z direction (see figure 3.III.2).

The target, defined by the cell 1 in the input file, is a tungsten cylinder. It is
modeled with a cylinder type enclosed surface preset in the MCNP code, known as
RCC type macrobody. The definition of this surface is “rcc x0 y0 z0 a:sinh a:cosh r”,
where r is the radius, ðx0; y0; z0Þ are the coordinates of the cylinder base center, h is
the angle between the cylinder axis and the z direction and a is the cylinder height,
matching the target thickness (see figure 3.III.2). The bremsstrahlung fluence
spectrum is achieved using a point detector tally, i.e., a type 5 tally, sorted into 100
energy bins of equidistant width ranging over 0–100 keV. This feature is handled by
the card “E5 0 100i 0.1” associated with the F5 tally. The calculation point is
located at 1 m from the target, on the y-axis (see figure 3.III.2). As for application
1.II, the ambient dose equivalent rate in each energy bin is likewise obtained by
weighting the fluence spectrum by the “fluence – ambient dose equivalent” con-
version coefficients from ICRP (1996). In the input file, this quantity is supported by
tally 15. The air kerma assessment is derived from the same type of calculation, this
time using the “fluence – ambient dose equivalent” conversion coefficients from
ICRP (1996). Tally 25 calculates this quantity.

FIG. 3.III.2 – MCNP model used for step 1, without biological shielding.
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X-ray generator
c ***** part 1 beam spectrum calculation ***
1 11 -19.3 -200 $ tungsten target
10 0 -220 210 #30 $ housing
30 13 -2.7 -220 210 -250 260 -270 280 -290 $ filtration through aluminum
35 0 -210 200 $ inside of X-ray generator
40 14 -1.293e-3 -91 220 $ air
9 0 91 $ outside

91 so 500
200 RCC 0 0 0 0 .707 .707 2.5
210 RCC 0 0 -10 0 0 20 10.
220 RCC 0 0 -11 0 0 22 10.05
250 PZ 3
260 PZ -3
270 PX 3
280 px -3
290 PY -8

imp:e 1 0 0 1 0 0
imp:p 1 0 1 1 1 0
mode p e
c source: electron parallel beam z direction
SDEF POS=0 0 -1 AXS=0 0 1 EXT=0 RAD=d1 PAR=e ERG=.1 &
VEC=0 0 1 DIR=1
SI1 0 .3
SP1 -21 1
m11 74000 1 $ W
m13 13000 1 $ filtration through aluminum
c Air - Density 0.00123 g/cm3
M14 006000 -0.000124 $ C

007000 -0.755268 $ N
008000 -0.231781 $ O
018000 -0.012827 $ Ar

ctme 6000
F5:p 0 -100 0 .1 $ beam spectrum
C 100 intervals for the spectrum between 0 and 0.1 MeV
E5 0 100i .1
F15:p 0 -100 0 .1 $ equivalent dose at 1 m
c H*(10)/phi pSv.cm2 coefficient
DE15 .01 .015 .02 .03 .04 .05 .06 .08 .1 .15 .2 .3 .4 .5 .6 &
.8 1 1.5 2 3 4 5 6 8 10
DF15 0.061 .83 1.05 .81 .64 .55 .51 .53 .61 .89 1.2 1.8 2.38 2.93 3.44 &
4.38 5.2 6.9 8.6 11.1 13.4 15.5 17.6 21.6 25.6
F35:p 0 -100 0 .1 $ kerma at 1 m
c K/phi pSv.cm2 coefficient for photons
DE35 0.01 0.015 0.02 0.03 0.04 0.05 0.06 0.08 0.1 0.15 0.2 0.3 0.4 0.5 &
0.6 0.8 1 1.5 2 3 4 5 6 8 10
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DF35 7.43 3.12 1.68 0.721 0.429 0.323 0.289 0.307 0.371 0.599 0.856 &
1.38 1.89 2.38 2.84 3.69 4.47 6.14 7.55 9.96 12.1 14.1 16.1 20.1 24

File 3.III.1

The bremsstrahlung fluence spectrum is printed in the output file, in the same
form as that described hereafter. The first column stands for the intervals upper
energies in MeV, the second column gathers the photon fluence (X).cm2 per primary
beam electron, and the third column includes the tally statistical error.

tally type 5 particle flux at a point detector. units 1/cm**2
detector located at x,y,z = 0.00000E+00-1.00000E+02 0.00000E+00

energy
0.0000E+00 0.00000E+00 0.0000
9.9010E-04 0.00000E+00 0.0000
1.9802E-03 0.00000E+00 0.0000

.

.

.
9.6040E-02 5.82330E-11 0.0417
9.7030E-02 4.72500E-11 0.0454
9.8020E-02 3.00925E-11 0.0521
9.9010E-02 1.86723E-11 0.0670
1.0000E-01 7.56700E-12 0.0916

total 6.97931E-08 0.0015

Figure 3.III.3 displays the X-ray spectrum as a function of the photon energy.

FIG. 3.III.3 – Bremsstrahlung spectrum obtained for 100 keV electrons impinging on a
tungsten conversion target followed by a 0.5 mm aluminum screening.
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One can note the presence of typical tungsten monoenergetic fluorescence rays in
the bremsstrahlung spectrum. The tally results are printed at the end of the file:

Tally 15 provides the photon ambient dose equivalent in pSv per source electron:
H � 10ð Þ=Ne ¼ 4:9747� 10�8 pSv: eð Þ�1. For 50 lA, the matching electron flux is:

_Ne ¼ i
q
¼ 50� 10�6

1:602� 10�19 ¼ 3:125� 1014 e�ð Þ s�1

Therefore, we deduce the ambient dose equivalent rate in mSv:h�1 at 1 m from
the target:

_H
�
10ð Þ ¼ 3600� 1000� 10�12 _Ne

H � 10ð Þ
Ne

� �

¼ 3:6� 10�6 � 3:125� 1014 � 4:97� 10�8 ¼ 56mSv:h�1

Tally 35 gives the air kerma in pGy per source electron:
Ka=Ne ¼ 6:14� 10�8 pGy: eð Þ�1. Thus, the air kerma rate, in mGy:h�1, at 1 m is:

_Ka ¼ 3600� 1000� 10�12 _Ne
Ka

Ne

� �
¼ 3:6� 10�6 � 3:125� 1014 � 6:14� 10�8

¼ 69mGy:h�1

(b) Step 2: determination of ambient equivalent dose rate and kerma, at 2 m from
the target, behind the lead shielding

In the second step, two simulations are ran. It is first necessary to calculate a
normalization coefficient allowing converting the ambient dose equivalent for a
bremsstrahlung photon spectrum into the ambient dose equivalent that would be
obtained for a 50 lA intensity of primary electrons. The following file is used to reach
this factor. The source is modeled as point-like source and isotropically emits the
bremsstrahlung spectrum X, (NE;X Þ drawn from the previous step. Tallies 5 and 15
provide, respectively, the ambient dose equivalent and the kerma per photon emitted
by the new source, 2 m away from it.
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c ***** X-ray generator transmission *****
c L. Bourgois 05 2016
1 0 -900
5 0 900

900 SO 500

imp:p 1 0
mode p
sdef pos=0 0 0 par=p erg=d2
c previously calculated spectrum (step 1)
# SI2 SP2
C 34567890123456789012345678901234567890123456789012345678901234567890123456789

SI2 H 0.00E+00 9.90E-04 1.98E-03 2.97E-03 3.96E-03 4.95E-03 5.94E-03 &
6.93E-03 7.92E-03 8.91E-03 9.90E-03 1.09E-02 1.19E-02 1.29E-02 &
1.39E-02 1.49E-02 1.58E-02 1.68E-02 1.78E-02 1.88E-02 1.98E-02 &
2.08E-02 2.18E-02 2.28E-02 2.38E-02 2.48E-02 2.57E-02 2.67E-02 &
2.77E-02 2.87E-02 2.97E-02 3.07E-02 3.17E-02 3.27E-02 3.37E-02 &
3.47E-02 3.56E-02 3.66E-02 3.76E-02 3.86E-02 3.96E-02 4.06E-02 &
4.16E-02 4.26E-02 4.36E-02 4.46E-02 4.55E-02 4.65E-02 4.75E-02 &
4.85E-02 4.95E-02 5.05E-02 5.15E-02 5.25E-02 5.35E-02 5.45E-02 &
5.54E-02 5.64E-02 5.74E-02 5.84E-02 5.94E-02 6.04E-02 6.14E-02 &
6.24E-02 6.34E-02 6.44E-02 6.53E-02 6.63E-02 6.73E-02 6.83E-02 &
6.93E-02 7.03E-02 7.13E-02 7.23E-02 7.33E-02 7.43E-02 7.52E-02 &
7.62E-02 7.72E-02 7.82E-02 7.92E-02 8.02E-02 8.12E-02 8.22E-02 &
8.32E-02 8.42E-02 8.51E-02 8.61E-02 8.71E-02 8.81E-02 9.60E-02 &
9.70E-02 9.80E-02 9.90E-02 1.00E-01
SP2 D 0 0 0 0 1.40E-45 3.63E-31 2.25E-25 &
5.83E-15 4.69E-13 2.37E-11 5.04E-11 1.11E-10 2.22E-10 3.41E-10 &
5.44E-10 7.63E-10 9.79E-10 1.18E-09 1.33E-09 1.51E-09 1.59E-09 &
1.75E-09 1.73E-09 1.78E-09 1.79E-09 1.80E-09 1.75E-09 1.76E-09 &
1.72E-09 1.69E-09 1.66E-09 1.61E-09 1.56E-09 1.49E-09 1.50E-09 &
1.42E-09 1.38E-09 1.34E-09 1.30E-09 1.24E-09 1.20E-09 1.19E-09 &
1.13E-09 1.08E-09 1.07E-09 1.00E-09 9.85E-10 9.40E-10 9.01E-10 &
8.85E-10 8.50E-10 8.36E-10 7.74E-10 7.72E-10 7.37E-10 7.19E-10 &
6.90E-10 6.69E-10 6.48E-10 1.22E-09 6.06E-10 1.63E-09 5.59E-10 &
5.25E-10 5.19E-10 4.98E-10 4.73E-10 4.45E-10 8.12E-10 4.21E-10 &
4.84E-10 4.03E-10 3.47E-10 3.35E-10 3.22E-10 3.11E-10 2.98E-10 &
2.87E-10 2.78E-10 2.60E-10 2.47E-10 2.41E-10 2.15E-10 2.09E-10 &
1.93E-10 1.87E-10 1.75E-10 1.64E-10 1.54E-10 1.41E-10 1.33E-10 &
1.23E-10 1.06E-10 9.55E-11 8.66E-11 8.08E-11 6.59E-11 5.82E-11 &
4.73E-11 3.01E-11 1.87E-11 7.57E-12
stop F5 .001
F5:p 0 0 200 .1
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c ICRP 1996 H*(10)/phi (pSv.cm2)conversion coefficient for photons
DE5 .01 .015 .02 .03 .04 .05 .06 .08 .1 .15 .2 .3 .4 .5 .6 &
.8 1 1.5 2 3 4 5 6 8 10
DF5 0.061 .83 1.05 .81 .64 .55 .51 .53 .61 .89 1.2 1.8 2.38 2.93 3.44 &
4.38 5.2 6.9 8.6 11.1 13.4 15.5 17.6 21.6 25.6
F15:p 0 0 200 .1
c K/phi (pSv.cm2) conversion coefficient for photons
DE15 .01 .015 .02 .03 .04 .05 .06 .08 .1 .15 .2 .3 .4 .5 .6 &
.8 1 1.5 2 3 4 5 6 8 10
DF15 7.6 3.21 1.73 0.739 0.438 0.328 0.292 0.308 0.372 0.6 0.856 &
1.38 1.89 2.38 2.84 3.69 4.47 6.12 7.51 9.89 12 13.9 15.8 19.5 23.2

File 3.III.2

The results for both estimators are printed as follows:

tally 5 tally 15
nps mean error vov slope fom mean error vov slope fom

68000 1.4172E-06 0.0010 0.0000 10.0 2.3E+08 1.8033E-06 0.0039 0.0002 10.0 1.5E+07

Tally 5 handles the ambient dose equivalent for an X-ray spectrum photon.
Using the ambient dose equivalent rate _H

�
10ð Þ ¼ 56mSv:h�1 obtained in the

previous step for an intensity of 50 lA, the normalization coefficient for the ambient
dose equivalent is:

f H ¼ 56

1:42� 10�6 ¼ 3:95� 107 mSv:h�1=pSv:ðcÞ�1

The air kerma is given by tally 15 for an X-ray spectrum photon. By employing
the air kerma drawn from the previous step for an intensity of 50 lA, the normal-
ization coefficient for the air kerma is:

f K ¼ 69
1:80� 10�6 ¼ 3:83� 107 mGy:h�1=pGy:ðcÞ�1

The previous file provides the basis for the second calculation and the modeling
of the 3 mm thickness of lead found with the analytical calculation is added. The
shielding is divided into 25 successive 120 µm thick cells in order to apply the
variance reduction technique using the spatial distribution of particle importances
(“weight windows generator”) used previously in application 3.II. The source is the
same as in the previous file, but is this time collimated by a circular aperture of
0.113 cm radius (refer to cell 5 in the file) in order to produce an X-ray emission cone
irradiating a 400 cm2 disk at 1 m. Tallies 5 and 15 are located at 2 m on the z-axis
(see figure 3.III.4).
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The MCNP input file of the final calculation of the second step is given
hereinafter.

c ***** calculation with 3 mm of lead *********
1 14 -1.293e-3 370 -110 -900 #5 imp:p=1
5 0 100 -104 101 -102 imp:p=0 $ cone emission (400 cm2 @ 1m)
10 1 -11.35 110 -120 -900 imp:p=1 $ lead
20 1 -11.35 120 -130 -900 imp:p=1 $ lead
30 1 -11.35 130 -140 -900 imp:p=1 $ lead
40 1 -11.35 140 -150 -900 imp:p=1 $ lead
50 1 -11.35 150 -160 -900 imp:p=1 $ lead
60 1 -11.35 160 -170 -900 imp:p=1 $ lead
70 1 -11.35 170 -180 -900 imp:p=1 $ lead
80 1 -11.35 180 -190 -900 imp:p=1 $ lead
90 1 -11.35 190 -200 -900 imp:p=1 $ lead
100 1 -11.35 200 -210 -900 imp:p=1 $ lead
110 1 -11.35 210 -220 -900 imp:p=1 $ lead
120 1 -11.35 220 -230 -900 imp:p=1 $ lead
130 1 -11.35 230 -240 -900 imp:p=1 $ lead
140 1 -11.35 240 -250 -900 imp:p=1 $ lead
150 1 -11.35 250 -260 -900 imp:p=1 $ lead
160 1 -11.35 260 -270 -900 imp:p=1 $ lead
170 1 -11.35 270 -280 -900 imp:p=1 $ lead
180 1 -11.35 280 -290 -900 imp:p=1 $ lead
190 1 -11.35 290 -300 -900 imp:p=1 $ lead
200 1 -11.35 300 -310 -900 imp:p=1 $ lead
210 1 -11.35 310 -320 -900 imp:p=1 $ lead
220 1 -11.35 320 -330 -900 imp:p=1 $ lead
230 1 -11.35 330 -340 -900 imp:p=1 $ lead
240 1 -11.35 340 -350 -900 imp:p=1 $ lead
250 1 -11.35 350 -360 -900 imp:p=1 $ lead

FIG. 3.III.4 – MCNP model for the final calculation of step 2 with the biological shielding.
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800 14 -1.293e-3 360 -400 -900 imp:p=1
999 0 -370:900:400 imp:p=0 $ outside

100 CZ .113
101 Pz 1
102 pz 1.0001
104 cZ 500
110 PZ 50
120 PZ 50.012
130 pz 50.024
140 pz 50.036
150 pz 50.048
160 pz 50.06
170 pz 50.072
180 pz 50.084
190 pz 50.096
200 pz 50.108
210 pz 50.12
220 pz 50.132
230 pz 50.144
240 pz 50.156
250 pz 50.168
260 pz 50.18
270 pz 50.192
280 pz 50.204
290 pz 50.216
300 pz 50.228
310 pz 50.24
320 pz 50.252
330 pz 50.264
340 pz 50.276
350 pz 50.288
360 pz 50.3
370 pz -1
400 pz 500
900 cz 500

WWG 5 1 0 j j j j 0
stop F5 .02
mode p
sdef pos=0 0 0 par=p erg=d2
c SI2/SP2 X-ray spectrum calculated with the first MCNP file
SI2 H 0 9.90E-04 1.98E-03 2.97E-03 3.96E-03 4.95E-03 5.94E-03 &
6.93E-03 7.92E-03 8.91E-03 9.90E-03 1.09E-02 1.19E-02 1.29E-02 &
1.39E-02 1.49E-02 1.58E-02 1.68E-02 1.78E-02 1.88E-02 1.98E-02 &
2.08E-02 2.18E-02 2.28E-02 2.38E-02 2.48E-02 2.57E-02 2.67E-02 &
2.77E-02 2.87E-02 2.97E-02 3.07E-02 3.17E-02 3.27E-02 3.37E-02 &
3.47E-02 3.56E-02 3.66E-02 3.76E-02 3.86E-02 3.96E-02 4.06E-02 &
4.16E-02 4.26E-02 4.36E-02 4.46E-02 4.55E-02 4.65E-02 4.75E-02 &
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4.85E-02 4.95E-02 5.05E-02 5.15E-02 5.25E-02 5.35E-02 5.45E-02 &
5.54E-02 5.64E-02 5.74E-02 5.84E-02 5.94E-02 6.04E-02 6.14E-02 &
6.24E-02 6.34E-02 6.44E-02 6.53E-02 6.63E-02 6.73E-02 6.83E-02 &
6.93E-02 7.03E-02 7.13E-02 7.23E-02 7.33E-02 7.43E-02 7.52E-02 &
7.62E-02 7.72E-02 7.82E-02 7.92E-02 8.02E-02 8.12E-02 8.22E-02 &
8.32E-02 8.42E-02 8.51E-02 8.61E-02 8.71E-02 8.81E-02 8.91E-02 &
9.01E-02 9.11E-02 9.21E-02 9.31E-02 9.41E-02 9.51E-02 9.60E-02 &
9.70E-02 9.80E-02 9.90E-02 1.00E-01
SP2 D 0 0 0.00E+00 0.00E+00 1.40E-45 3.63E-31 2.25E-25 &
5.83E-15 4.69E-13 2.37E-11 5.04E-11 1.11E-10 2.22E-10 3.41E-10 &
5.44E-10 7.63E-10 9.79E-10 1.18E-09 1.33E-09 1.51E-09 1.59E-09 &
1.75E-09 1.73E-09 1.78E-09 1.79E-09 1.80E-09 1.75E-09 1.76E-09 &
1.72E-09 1.69E-09 1.66E-09 1.61E-09 1.56E-09 1.49E-09 1.50E-09 &
1.42E-09 1.38E-09 1.34E-09 1.30E-09 1.24E-09 1.20E-09 1.19E-09 &
1.13E-09 1.08E-09 1.07E-09 1.00E-09 9.85E-10 9.40E-10 9.01E-10 &
8.85E-10 8.50E-10 8.36E-10 7.74E-10 7.72E-10 7.37E-10 7.19E-10 &
6.90E-10 6.69E-10 6.48E-10 1.22E-09 6.06E-10 1.63E-09 5.59E-10 &
5.25E-10 5.19E-10 4.98E-10 4.73E-10 4.45E-10 8.12E-10 4.21E-10 &
4.84E-10 4.03E-10 3.47E-10 3.35E-10 3.22E-10 3.11E-10 2.98E-10 &
2.87E-10 2.78E-10 2.60E-10 2.47E-10 2.41E-10 2.15E-10 2.09E-10 &
1.93E-10 1.87E-10 1.75E-10 1.64E-10 1.54E-10 1.41E-10 1.33E-10 &
1.23E-10 1.06E-10 9.55E-11 8.66E-11 8.08E-11 6.59E-11 5.82E-11 &
4.73E-11 3.01E-11 1.87E-11 7.57E-12
M1 82000 1 $ lead
M14 006000 -0.000124 $ C

007000 -0.755268 $ N
008000 -0.231781 $ O
018000 -0.012827 $ Ar

F5:p 0 0 200 .1
c H*(10)/phi (pSv.cm2) coefficient for photons
DE5 .01 .015 .02 .03 .04 .05 .06 .08 .1 .15 .2 .3 .4 .5 .6 &
.8 1 1.5 2 3 4 5 6 8 10
DF5 0.061 .83 1.05 .81 .64 .55 .51 .53 .61 .89 1.2 1.8 2.38 2.93 3.44 &
4.38 5.2 6.9 8.6 11.1 13.4 15.5 17.6 21.6 25.6
F15:p 0 0 200 .1
c K/phi (pSv.cm2) coefficient for photons
DE15 .01 .015 .02 .03 .04 .05 .06 .08 .1 .15 .2 .3 .4 .5 .6 &
.8 1 1.5 2 3 4 5 6 8 10
DF15 7.6 3.21 1.73 0.739 0.438 0.328 0.292 0.308 0.372 0.6 0.856 &
1.38 1.89 2.38 2.84 3.69 4.47 6.12 7.51 9.89 12 13.9 15.8 19.5 23.2
wwe:p 1.0000E+02
wwn1:p 5.0000E-01 -1.0000E+00 8.7613E-03 1.9089E-03 9.7501E-04

5.7967E-04 3.7102E-04 2.4816E-04 1.7146E-04 1.2183E-04
8.8418E-05 6.5413E-05 4.9230E-05 3.7550E-05 2.9136E-05
2.2833E-05 1.8107E-05 1.4568E-05 1.1919E-05 9.9170E-06
8.4169E-06 7.2818E-06 6.5378E-06 6.1076E-06 6.0968E-06
7.0213E-06 1.0492E-05 0.0000E+00 -1.0000E+00

File 3.III.3
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The ambient dose equivalent and air kerma results per emitted photon, with the
lead shielding are the following:

Final results for both these quantities are obtained by weighting the tally results
by the normalization coefficients previously stated:

_H
�
10ð Þ ¼ f H

H � 10ð Þ
N c

� �
¼ 3:95� 107 � 3:11� 10�11 ¼ 1:2� 10�3 mSv:h�1

_Ka ¼ f K
Ka

N c

� �
¼ 3:83� 107 � 1:83� 10�11 ¼ 7� 10�4 mGy:h�1

There is a deviation of more than a factor of 2 between the semi-empirical
calculation (0:5 lSv:h�1) and the numerical calculation (1:2 lSv:h�1) for the ambi-
ent dose equivalent rate. This difference mainly stems in the assumptions made to
reach the transmission factor. This factor is actually calculated for a given beam
dimension and a certain filtration. The interest of Monte-Carlo calculation lies in the
possibility to simulate fine structures of the radiological apparatus, notably the
target/X-ray generator source set. Thus, it allows approaching realistic values of
dosimetric quantities sought.

3.IV Evaluation of Ambient Dose Equivalent
from Neutron Activation

Abstract:
The irradiation of a 59Co sample with a monoenergetic neutron beam, resulting in
the formation of 60Co by activation is studied in this application. In a first part, the
60Co activity is calculated analytically, as well as the resulting fluence and ambient
dose equivalent rate at 1 m from the sample. In a second part, the same quantities
are numerically evaluated and compared to that of the first part. The third part
points out the possibility to assess fluence and dose equivalent rates for different
irradiation scenarios and cooling steps, and therefore to perform the time profile of
the external exposure.
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Objectives:
– Analytical calculation of sample activation by neutrons, resulting fluence and

ambient dose equivalent rates.
– Same as above with MCNP.
– MCNP calculations with the “act” activation card.
– Setting of an irradiation time profile with MCNP.
– Calculation of a prompt and delayed photon spectrum with MCNP during a

continuous irradiation.
– Achievement of the time profile of the fluence rate for successive irradiation and

cooling steps.

Main characteristics:
The 59Co sample studied is a cylinder of 1 cm radius and 0.1 cm height. It is irra-
diated by a parallel beam of 1 MeV neutrons of cross section radius 1 cm, with a
constant flux of 1010 n:s�1. In this application, we only consider the formation of
60Co through neutron radiative capture 59Co(n,γ)60Co. The half-life of 60Co is
5.27 years. The density of 59Co is q ¼ 8:9 g:cm�3.

Part 1: Induced Activity, Fluence and Ambient Equivalent Dose
Rates for a 10 years Continuous Irradiation
A constant irradiation of the sample over 10 years is considered in this first part.
The resulting 60Co activity and associated fluence and ambient dose equivalent rates
at 1 m from the sample are evaluated for cooling times of 1 and 5 years.

(a) Analytical calculation of the 60Co activity

Let Nc be the number of 59Co target nuclei irradiated by a neutron fluence rate
_Un: The radiative capture cross section, r n;cð Þ, leads to the production of a number N
of 60Co radioactive nuclei of decay constant k. In the same time, 60Co nuclei
transmutation is likely to happen, through different absorption reactions of total
cross section rt . If we assume the number of target nuclei to be constant over the
irradiation time (Nc ¼ constantÞ, the formation of the N 60Co nuclei can be
described by the differential equation (1):

dN tð Þ ¼ Ncr n;cð Þ _Un dt � N tð Þ dt � rt _Un N tð Þ dt ð1Þ

The first right term stands for 60Co production through neutron activation, the
second term reflects the 60Co nuclei transmutation into daughter nuclei while
undergoing β decay and the third term features the 60Co nuclei transmutation due to
absorption reactions. It is worth noting that this equation is valid only if the decay
chain of the daughter nucleus doesn’t contain the target nuclei. The number of nuclei
formed at the end of an irradiation time ti is the solution of the above equation:

N tið Þ ¼ Ncr n;cð Þ _Un

kþ rt _Un
1� exp � kþ rt _Un

� �
ti

� �
 �
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The transmutation reactions of the 60Co have to be taken into account only for
energies higher than 1MeV (e.g., the ðn;2nÞ reaction threshold is 8MeV). As a
consequence, the third term of equation (1) is equal to zero and the 60Co residual
activity at the end of irradiation can be described by:

A tið Þ ¼ kN tið Þ ¼ Ncr n;cð Þ _Un 1� exp �k tið Þ½ �

The saturation activity corresponds to ti !1 and is defined by:

Asat ¼ Ncr n;cð Þ _Un

The number of target nuclei Nc can be expressed as a function of the sample mass
m. Thus, we derive from the previous expression:

A tið Þ ¼ m
gA
A

r n;cð Þ _Un 1� exp �k tið Þ½ �

The sample activity after a time td following the irradiation is:

A ti; tdð Þ ¼ m
gA
A

r n;cð Þ _Un 1� exp �k tið Þ½ �exp �k tdð Þ

with gA the Avogadro constant, gA ¼ 6:02� 1023 mol�1, rðn;cÞ the radiative capture
cross section (data from the ENDF/B-VII.1 library, drawn from the website
http://www.nndc.bnl.gov/exfor/endf02.jsp). For 1MeV neutrons, the cross section
is equal to 6:44mb:k, the radioactive decay constant of 60Co is k ¼ ln 2ð Þ=5:27 ¼
0:13 year�1:m, the sample mass is:

m ¼ qpr2h ¼ 8:9� p� 12 � 0:1 ¼ 2:79 g

_/n, the fluence rate at any point of the neutron parallel beam is (see section 1.I):

_/n ¼
_Nn

pr2
¼ 1010

p� 12
¼ 3:2� 109 nð Þ: s�1:cm�2

For an irradiation time of 10 years and a cooling time of 1 year, the activity is:

A 10; 1ð Þ ¼ 2:79� 6:02� 1023

59
� 0:00644� 10�24 � 3:2� 109

� 1� exp �0:13� 10ð Þ½ � exp �0:13� 1ð Þ

A 10; 1ð Þ ¼ 3:74� 105 Bq ð0:36MBqÞ

(b) Analytical calculation of the fluence rate of 60Co photons at 1 m from the
sample

The gamma ray line emission probabilities are taken with a 2 digit precision in
order to compare analytical and numerical models more closely: 99:98% for the
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1:33MeV line and 99:85% for the 1:17 MeV line (see http://www.nucleide.org/
Laraweb/). We assume a point-like sample without self-attenuation effect for
emitted gamma rays. The fluence rate of 1:33MeV photons at 1 m from the sample
for a cooling time of 1 year is:

_/1:33 10; 1ð Þ ¼ A 10; 1ð ÞC1:33

4pd2 ¼ 3:74� 105 � 0:9998

4p� 1002
¼ 2:97 cð Þ s�1cm�2

An analogous calculation for 1:17MeV photons yields the same fluence rate. For a
cooling time of 5 years, the fluence rates obtained for both 1:17MeV and 1:33MeV
photons are 1:77 cð Þ: s�1:cm�2.

(c) Analytical calculation of the ambient equivalent dose rate at 1 m from the
sample

The 60Co ambient dose equivalent rate at 1 m against its activity is _H
�
0 10ð Þ=A ¼

351 lSv:h�1:GBq�1 (refer to Antoni and Bourgois, 2017a). Thus, given the activity
calculated previously, the ambient dose equivalent rate at 1 m is:

_H
�
0 10ð Þ1 year ¼

_H
�
0 10ð Þ
A

 !
A 10; 1ð Þ ¼ 351� 3:74� 105 � 10�9

¼ 0:131 lSv:h�1 ð131 nSv:h�1Þ

For the same irradiation time followed by 5 years of cooling, similar calculations
provide a residual activity A 10; 5ð Þ ¼ 0:22MBq and an ambient dose equivalent rate
at 1 m _H

�
0 10ð Þ5 years ¼ 78 nSv:h�1.

Part 2: Numerical Calculation of Fluences and Ambient Dose
Equivalent Rates at 1 m from the Sample
MCNP offers the possibility to perform activation within the neutron transport run
using the “act” card. In time mode, it enables the delayed gamma emission resulting
from activation products created. Let us recall that in MCNP, the time unit is the
“shake”, i.e., 10–8 s. Therefore, an irradiation time of 10 years has to be transformed
in the input file into 10� 365� 24� 3600� 1� 108 ¼ 3:1536� 1016 shakes. Irra-
diation times are indicated with the “tme = d2” parameter in the source definition
card (“sdef”). Parameter “d2” refers to the “si2 0 3.1536E + 16” instruction
including the irradiation phase time. The different times at which the fluence- and
dose equivalent- rates at 1 m are estimated are specified in the “t5” card associated
with tally 5:

T5 0 3.46896E+16 3.47760E+16 4.7304E+16 4.73904E+16
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It is important to mention that delayed gamma fluence cannot be calculated at a
precise point in time. It is necessary to average this value over specific time windows.
In the example above, these time periods are 10 days long (Dt1 and Dt2) and tally
results are averaged over this duration. Thus, within the t5 “card”:

– The 2nd entry, 3:46896� 1016, corresponds to Td1 = 11 years, in shakes,
i.e., 10 years of irradiation and 1 year of cooling.

– The 3rd entry matches the 11 years above plus 10 days (Td1 þDt1Þ.
– The 4th entry corresponds to Td2 = 15 years.

The 5th entry represents 15 years plus 10 days Td2 þDt2ð Þ.
The fluence rates sought are those calculated in the second time interval

(between 11 and 11 years plus 10 days, i.e., Dt1) and the fourth interval (ranging
from 15 and 15 years plus 10 days, i.e., Dt2). A diagram representing the time
pattern is available in figure 3.IV.1.

In the input file 3.IV.1, tallies 5 and 15 provide, respectively, the fluence and
ambient dose equivalent per source neutron at 1 m from the sample, that is to say
Uc=Nn
� �

and H �
0 10ð Þ=Nn

� �
. In order to limit the output to 60Co gamma ray lines,

the “e5” energy card is added and set on an energy interval ranging from 1 to
1:5MeV.

***** activation calculation *****
c cell block
10 1 -8.9 -10 $ Co-59 sample
20 0 10 -20 $ calculation cell
30 0 20 $ outsidet

c geometry block
10 RCC 0 0 0 0 0 .1 1 $ sample
20 RCC 0 0 -.5 0 0 150 16

imp:n 1 1 0
mode n p

FIG. 3.IV.1 – Time diagram of irradiation, cooling phases and calculation time windows.
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m1 27059 1 $ Co-59
c *************** source definition *****************
c parallel beam of 1 MeV neutrons, 1 cm radius, z direction
c 10 years irradiation in shakes
sdef par=n pos 0 0 -.10 axs 0 0 1 ext 0 rad=d1 vec 0 0 1 dir 1 erg 1 tme=D2
SI2 0 3.1536E+16 $ irradiation time
SP2 0 1
SI1 0 1 $ beam radius
SP1 -21 1
c *********** activation calculation ACT card ************
c FISSION= NONE => Create no delayed particles from fission events
c NONFISSION=p => Create delayed gamma from non-fission events
c DG=LINES => Sample delayed gamma using models based on
c line-emission data.
ACT FISSION=none NONFISSION=p DG=LINES
c ***** F5: photon fluence at 1 meter from sample *****
F5:P 0 0 100 .5
c T5 time for the calculation results
c T5 0 T1 T1+DT1 T2 T2+DT1
T5 0 3.46896E+16 3.47760E+16 4.7304E+16 4.73904E+16
c E5 fluence calculation between 1 and 1.5 MeV interesting for Co-60
E5 1 100i 1.5
c ** F15 like F5 but equivalent dose conversion
c DE/DF coefficients
F15:P 0 0 100 .5
T15 3.46896E+16 3.47760E+16 4.7304E+16 4.73904E+16
c H*(10)/phi (pSv.cm2) conversion coefficient
DE15 .01 .015 .02 .03 .04 .05 .06 .08 .1 .15 .2 .3 .4 .5 .6 &
.8 1 1.5 2 3 4 5 6 8 10
DF15 0.061 .83 1.05 .81 .64 .55 .51 .53 .61 .89 1.2 1.8 2.38 2.93 3.44 &
4.38 5.2 6.9 8.6 11.1 13.4 15.5 17.6 21.6 25.6
ctme 100

File 3.IV.1

(a) Fluence rate at 1 m

Fluence values for delayed gamma rays between 1 and 1:5MeV and for the
different time windows set in the “t5” card for the calculation are available in the
output file:
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The MCNP fluence for the two cooling phases of 10 days Dt1 and Dt2 and for
both energy lines of 60Co are given in table 3.IV.1.

Results have to be multiplied by a specific normalization coefficient _N 0
n in neu-

trons per second. This factor is the ratio of the number of neutrons irradiating the
sample (in other words the neutron flux multiplied by the irradiation time) to the
time window duration (10 days for both intervals).

N 0
n ¼

_Nnti
Dt1

¼
_Nnti
Dt2

¼ 1� 1010 � 10� 365� 24� 3600
10� 24� 3600

¼ 3:65� 1012 nð Þ:s�1 ð2Þ

For example, we can deduce the fluence for the first cooling phase Dt1 and
1:17MeV photons:

_/Dt1 ¼ N 0
n

Uc

Nn

� �
Dt1

¼ 8:207� 10�13 � 3:65� 1012 ¼ 2:99 cð Þ:s�1cm�2

The whole of fluence rates at 1 m for 60Co gamma ray lines, for both time
windows are summarized in table 3.IV.2, with analytical and numerical models.

One clearly infers a good agreement between both approaches.

(b) Ambient equivalent dose rate at 1 m

Ambient dose equivalent rate assessed by tally 15 for both time windows are:

TAB. 3.IV.1 – MCNP fluence per source neutron for the two emission lines of 60Co and both
time windows.

60Co energies Uc

Nn

� �
Dt1

Uc

Nn

� �
Dt2

1:17 8:207� 10�13 4:877� 10�13

1:33 8:266� 10�13 4:882� 10�13

TAB. 3.IV.2 – Overview of the numerical and analytical results of the fluence rates for both
60Co energies and both calculation time intervals.

60
Co energies

_/Dt1 ðcs�1cm�2Þ _/Dt2ðcs�1cm�2Þ
Numerical Analytical Numerical Analytical

1:17 2:99 2:97 1:78 1:77
1:33 3:01 2:97 1:78 1:77
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MCNP results are given in pSv:ðn�1Þ and have to be multiplied by the nor-
malization factor previously described (2). For the first time window Dt1, after
1 year of cooling, the ambient dose equivalent rate is:

_H
�
0 10ð ÞDt1 ¼ N 0

n
H �

0 10ð Þ
Nn

� �
¼ 3:65� 1012 � 1:03� 10�11 � 10�12

¼ 3:76� 10�11 Sv:s�1

() _H
�
0 10ð ÞDt1 ¼ 135 nSv:h�1

All ambient dose equivalent rate results at 1 m for both time windows for ana-
lytical and numerical methods are summarized in table 3.IV.3.

The deviation between the two methods is very small and mainly due to a slight
change in the photon spectrum escaping the sample. This way, the mean “fluence –
ambient dose equivalent” conversion coefficient undergoes a small change compared
to that used in the section (b) of the first part.

Part 3: Numerical Calculation of the Fluence Rate Profile
for Successive Irradiation and Cooling Steps
It is possible to extend the MCNP method discussed above for fluence and dose
equivalent rate calculations comprising multiple irradiation and cooling phases. In
this part, we propose to calculate the fluence rate time profile at 1 m from the
sample for three different irradiation phases interspersed with a cooling phase, as
shown in figure 3.IV.2.

In the first place, we have to define the time parameters describing the different
irradiation and cooling phases, to set them in the “sp” emission probability card of
the source. To that end, ratio rk of the number of neutrons irradiating the sample to
the total number of neutrons is calculated for each irradiation phase. The total

TAB. 3.IV.3 – Overview of the numerical and analytical results of the ambient equivalent
dose rates of 60Co photons for both cooling times

_H
�
0 10ð ÞDt1 nSv:h�1� �

_H
�
0 10ð ÞDt2 nSv:h�1� �

Numerical Analytical Numerical Analytical

135 131 80 78
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number of neutrons irradiating the sample can be described by the following
formula:

Nt ¼ c
X
k

tið Þk _Nn
� �

k

Coefficient c is used for the time conversion from years to seconds and is equal to
3:1536� 107 s:ðyear�1Þ. For the case study, we derive from the equation above:

Nt ¼ 3:1536� 107 � 5� 1� 1010
� �þ 5� 1� 1010

� �þ 5� 5� 1010
� �
 �

¼ 3:1536� 107 � 7� 5� 1� 1010
� � ¼ 1:103� 1019 ðnÞ

For each irradiation phase k, the ratio rk to parametrize in the “sp” card is:

rk ¼
c tið Þk _Nn

� �
k

N t

For the first irradiation phase, when factoring the Nt formula, we get the ratio:

r1 ¼
3:1536� 107 � 5� 1� 1010

� �
3:1536� 107 � 7� 5� 1� 1010

� � ¼ 1
7
¼ 0:14

This calculation also leads to 1=7 for r2 and to r3 ¼ 5=7 ¼ 0:71. The sum of the
three ratios is necessarily equal to 1. Concerning the cooling phase from 5 to
10 years, the ratio is de facto equal to zero. These values are specified in the “sp2”
card of the MCNP input file. The latter enables to provide the total photon fluence
every Dt ¼ 0:5 year (refer to the “t5” card parameters) in accordance with the
irradiation and cooling time profile of figure 3.IV.2.

FIG. 3.IV.2 – Irradiation and cooling phases for the calculation in the 3rd part.
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***** Activation with steps *****
c cell block
10 1 -8.9 -10 $ Co-59 sample
20 0 10 -20 $ photon fluence calculation cell
30 0 20 $ no transport outside

C geometry block
10 RCC 0 0 0 0 0 .1 1 $ sample
20 RCC 0 0 -.5 0 0 150 16

imp:n 1 1 0
mode n p
m1 27059 1 $ Co-59
c *************** source definition *****************
c 1 MeV neutron parallel beam radius=1 cm z direction
c 10 years irradiation in shakes
sdef par=n pos 0 0 -.10 axs 0 0 1 ext 0 rad=d1 vec 0 0 1 dir 1 erg 1 tme=D2
c times 0 5 years 10 years 15 years 20 years
SI2 0 1.5768E+16 3.1536E+16 4.73E+16 6.31E+16
c the profile is 1/7 0 1/7 5/7
Sp2 0 .14 0 .14 .71
Si1 0 1
sp1 -21 1
ACT FISSION=none NONFISSION=p DG=LINES
F5:P 0 0 100 .5 $ fluence at 1 meter
c calculation each 0.5 year = 1.5768E15 shakes
T501.5768E+153.1536E+154.7304E+156.3072E+157.884E+159.4608E+15&
1.10376E+16 1.26144E+16 1.41912E+16 1.5768E+16 1.73448E+16 1.89216E+16 &
2.04984E+16 2.20752E+16 2.3652E+16 2.52288E+16 2.68056E+16 2.83824E+16 &
2.99592E+16 3.1536E+16 3.31128E+16 3.46896E+16 3.62664E+16 3.78432E+16 &
3.942E+16 4.09968E+16 4.25736E+16 4.41504E+16 4.57272E+16 4.7304E+16 &
4.88808E+16 5.04576E+16 5.20344E+16 5.36112E+16 5.5188E+16 5.67648E+16 &
5.83416E+16 5.99184E+16 6.14952E+16 6.3072E+16 6.46488E+16 6.62256E+16 &
6.78024E+16 6.93792E+16 7.0956E+16 7.25328E+16 7.41096E+16 7.56864E+16 &
7.73E+16 7.88E+16 8.04E+16 8.20E+16 8.36E+16 8.51E+16 8.67E+16 8.83E+16 &
8.99E+16 9.15E+16 9.30E+16
1 100i 1.5
ctme 100

File 3.IV.2
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A normalization coefficient N 00
n corresponding to the ratio of the total number of

neutrons irradiating the sample to the duration of the calculation time steps, i.e.,
0:5 year, has to be applied to the raw fluence results of the simulation:

N 00
n ¼ Nt

Dt
¼ 1:103� 1019

0:5� 365� 24� 3600
¼ 7� 1011 nð Þ:s�1

The neutron flux as well as the photon fluence rate profile every 0:5 year for the
global irradiation and cooling profile are plotted in figure 3.IV.3. We note that this
profile accounts for delayed gamma rays resulting from 60Co nuclei radioactive decay
over time. Moreover, it takes into account, for a low fraction, prompt gamma rays
originating from neutron interactions with 59Co nuclei. This second component is
besides equal to zero during cooling phases.

In the following input file, the fluence rate spectrum for the time window
between 16.5 and 17 years is evaluated. This time interval is located at the middle of
the third irradiation phase. “e5” and “t5” cards of the previous file have to be
replaced by the instruction below:

T5 0 5.20344E+16 5.36112E+16 9.30E+16
E5 .1 500i 8

The “e5” line enables to calculate the fluence rate spectral distribution from
100 keV to 8MeV for the chosen time window. This distribution is represented in
figure 3.IV.4. We can notice the two 60Co emission lines preceded by a Compton
continuum up to approximately 1MeV and an extremely low continuum due to
prompt gamma rays up to 8MeV.

FIG. 3.IV.3 – Flux and fluence rate profiles at 1 m from the irradiated sample, with 0.5-year
time steps.
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3.V Calculation of the Scattered Ambient Equivalent
Dose Rate for an X-ray Generator Beam on a Water
Phantom

Abstract:
In this application, the ambient equivalent dose rate resulting from the scattering of
an X-ray generator beam on a water phantom is evaluated.

Objectives:
– Assess the ambient equivalent dose rate for an X-ray scattering field.
– MCNP and semi-empirical models of the scattered radiation and its related

ambient dose equivalent.
– Variance reduction techniques with the use of the pseudo-particle and of the

DXTRAN sphere.

Main characteristics:
The X-ray generator is operated under a 150 kV high voltage and a 1 mA intensity
with a 3 mm aluminum filtration. The geometry used for the calculation is displayed
in figure 3.V.1. The following characteristics are considered: d1 ¼ 1m, d2 ¼ 50 cm
and a h ¼ 45� scattering angle of the beam on the phantom. The scattering object is
a cylindrical water phantom of 10 cm radius and 40 cm height. The bremsstrahlung

FIG. 3.IV.4 – Prompt and delayed photons fluence rate spectrum at 1 m from the irradiated
sample, in the middle of the 3rd irradiation phase.
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beam area at the phantom surface is 200 cm2 which corresponds to an 8 cm radius
disk. We aim at assessing the scattered dose equivalent rate at the observer level.

Part 1: Semi-Empirical Calculation of the Ambient Equivalent Dose
Rate Due to the Scattered Radiation

In order to evaluate the secondary beam ambient dose equivalent rate _H
�
sec 10ð Þ due

to photon scattering on geometries like that presented in figure 3.V.1, some authors
(Antoni and Bourgois, 2017a; NCRP, 2004) use the following equation derived from
a semi-empirical model:

_H
�
sec 10ð Þ ¼ CR

d2
1

a S

d2
2

where CR is the ambient dose equivalent rate due to the primary beam, at 1 m from
the source, without phantom. Let d1 be the shortest distance between the X-ray
generator and the front face of the phantom (see figure 3.V.1). Thus, the ambient
dose equivalent rate at the phantom surface due to the primary photon beam is
given by CR=d2

1, where d2 is the distance between the center of the phantom and the
observer. Both distances are given in meters. S is the beam area at the phantom

FIG. 3.V.1 – Calculation geometry.
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surface and a is the scatter fraction. The product a S is dimensionless, hence a
having the reciprocal dimensions of S. This equation is valid only for a sufficiently
small beam area at the phantom surface with respect to distance d2; so the diffuse
source can be regarded as a point with respect to the observer. The scatter fraction a
depends on the scattering angle h, the energy of the primary photon incident on the
phantom and the material of the phantom. The values for the scatter fraction a are
available in the literature (NCRP, 2005; Simpkin and Dixon, 1998; NCRP, 1976). In
this application, we rely on the recent publication of Bourgois and Ménard (2017)
gathering calculations for high voltages of X-ray generator ranging from 50 to
800 kV, with various filters, several phantom materials (water, TNT, concrete, iron)
at different scattering angles. Figure 3.V.2a (data from Bourgois and Ménard, 2017)
represents the scatter fraction a as a function of the scattering angle h for a 150 kV
X-ray generator with a 3 mm aluminum filtration. Figure 3.V.2b provides us with
CR values for high voltages ranging from 50 to 900 kV with a 3 mm aluminum
filtration (data from Antoni and Bourgois, 2017a).

In the case study, we consider ¼ 5:64� 10�6cm�2 (figure 3.V.2a) for a scattering
angle of 45° and an ambient dose equivalent rate at 1 m CR ¼ 22mSv:min�1mA�1

(figure 3.V.2b). The secondary dose equivalent rate at the observer for a 200 cm2

beam area at the phantom surface and a 1mA current intensity is given by:

_H
�
sec 10ð Þ ¼ CR

d2
1

a S

d2
2

¼ 1� 22� 5:64� 10�6 � 200

12 � 0:52

¼ 9:9� 10�2mSv:mn�1 5:94mSv:h�1� �

FIG. 3.V.2 – (a) Scatter fraction a as a function of the scattering angle h for a 150 kV X-ray
generator with a 3 mm aluminum filtration (according to Bourgois and Ménard, 2017),
(b) ambient dose equivalent at 1 m from the source for high-voltages between 50 and 900 kV
with a 3 mm aluminum filtration (data from Antoni and Bourgois, 2017a).
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Although this component is substantially below that from the primary radiation
(22mSv:min�1), it cannot be neglected. Indeed, it may require installing a lateral
shielding around the generator, depending on the radiation protection objective.

Part 2: Numerical Calculation of the Ambient Equivalent Dose Rate
of the Scattered Radiation
In section 3.III devoted to the calculation of the lead shielding thickness around a
100 kV X-ray generator, the evaluation of the ambient dose equivalent was done in
two separate steps. Firstly, the bremsstrahlung spectrum was estimated. Secondly,
this spectrum was used as a new source in a new MCNP file. However, under certain
conditions, it is possible to assess the dosimetric quantity related to photons in a
single step by coupling electron and photon transport. It is then necessary to apply
one or several variance reduction techniques to enhance the statistical convergence.
For instance, the photon and electron energies can be biased by restricting the
transport to particles with an energy higher than the set threshold. In this case, the
instruction is turned on through the “cut” card, set at 10 keV. Particles of lower
energy are killed in order to constrain the track to particle energies useful for the
tally convergence.

A spatial biasing can also be set up to force the transport of secondary photons
towards areas of interest. This biasing is conducted using a virtual DXTRAN sphere
(Breismeister, 2000; Boothe, 1985). The latter is a deterministic transport method
for increasing the sampling in a spherical region that would otherwise not be ade-
quately sampled, owing to the weakness of the scattering probability toward the
target region. Upon collision (or exiting the source) outside the sphere, DXTRAN
creates a special “DXTRAN particle” or pseudo-particle and deterministically
scatters it toward the DXTRAN sphere and transports it, without collision, to the
surface of the DXTRAN sphere. The collision itself is otherwise treated normally,
producing a non-DXTRAN particle that is sampled in the normal way, with no
reduction in weight. However, the non-DXTRAN particle is killed if it enters the
DXTRAN sphere.

With regard to the statistical weights, the real particle keeps with the weight
before collision, for example wo, while the pseudo-particle is assigned with a fraction
of the statistical weight of the “real” particle: pwo. This fraction matches the
probability for the pseudo-particle to reach the DXTRAN sphere. The DXTRAN
card formalism is as follows: “dxt : p xo yo zo ri ro”. The first entry p corresponds to
the type of particle tracked, (xo yo zo) are the sphere center coordinates, ri is the
inner radius and ro is the outer radius of the sphere. Therefore, we can regard the
DXTRAN sphere as two concentric spheres with pseudo-particles systematically
reaching the outer sphere. As for the inner sphere, it enables to focus
pseudo-particles on the solid angle formed by the initial collision point and this given
inner sphere. The presence of this inner sphere has an effect on the probability p,
defined with the following expression:
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p ¼ P lð Þ
P gð Þ exp �Rt lð Þ

with P lð Þ being the probability that the cosine of the angle between the collision
direction and the scattering direction towards the DXTRAN sphere is equal to l.
P gð Þ is the probability that the cosine of the angle between the axis running from the
collision point to the sphere center and the scattering direction towards the
DXTRAN sphere is equal to g. Note that the cosine g upper bound is limited by the
outer sphere dimension. This ratio of probabilities can be seen as the probability for
a pseudo-particle heading towards the DXTRAN sphere to be transported with a
specific direction defined by g: The probability P gð Þ of the pseudo-particle being
scattered towards the inner sphere is 5 times higher than that for the rest of the
outer sphere. Accordingly, pseudo-particles heading towards the inner sphere have a
statistical weight 5 times lower than that heading towards the rest of the outer
sphere (see figure 3.V.3). Finally, the exponential term stands for the deterministic
transport of the pseudo-particle, undergoing no interaction on its straightaway path
of length l until it reaches the surface of the outer sphere. Let wo be the statistical
weight of a particle before collision. The weight of the pseudo-particle when it
reaches the outer sphere is:

wpp ¼ pwo ¼ wo
P lð Þ
P gð Þ exp �Rt lð Þ

FIG. 3.V.3 – MCNP DXTRAN sphere principle.
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Once it reaches the surface of the outer sphere, the pseudo-particle undergoes a
classical transport and brings a normal tally contribution. This possibility to focus
the particle launch towards an inner sphere is relevant, for instance when the
DXTRAN sphere is centered on a point detector tally. In this case, most of
pseudo-particles are directed to the area close to the tally and the rest undergoes
interactions in a more distant region bounded by the outer sphere.

In the case study, in order to evaluate the scattered radiation at 45° from the
water phantom, it is not convenient to enclose the tally in a DXTRAN sphere. The
goal is instead to focus particles on the front face of the phantom, which is
responsible for the scattering. Ideally, the outer sphere diameter has to be the same
that the scattering surface diameter, i.e., 16 cm. The outer sphere must also be
centered at the middle of the inlet face of the phantom of 20 cm diameter. Inner and
outer spheres have the same radius of 8 cm since in this case the primary brems-
strahlung flux is substantially the same for the whole area of the beam on the
phantom surface. Thus, it is not necessary to focus pseudo-particles on the center of
the object.

In the following MCNP input file 3.V.1, the electron primary beam interacts with
the 45° inclined tungsten target to produce the bremsstrahlung beam. A 3 mm
aluminum filter is considered (modeled by a layer surrounding the target). The
photon beam is collimated by means of a 1 µm thickness cylinder (refer to
figure 3.V.4 and cell 30 definition). An F5 tally is used to assess the fluence at a
point located at 45° from the phantom generatrix and at 50 cm from the center
of its inlet face. By weighting the secondary photons energy spectrum at this
point by the “fluence – ambient dose equivalent” conversion coefficients from ICRP
(1996), one can obtain the ambient dose equivalent per source electron,
H � 10ð Þ=Ne�ð Þ, in pSv:ðe�Þ�1.

FIG. 3.V.4 – (a) Modeling of the radiological scene in MCNP (DXTRAN sphere in dotted
line), (b) visualization of the transport of particles (electrons and bremsstrahlung photons) for
1000 electrons ran.
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c ****** X-ray generator beam scatter on a phantom ******
10 11 -19.3 -200 $ X-ray generator
15 12 -2.7 -920 910 $ filtration
20 0 -91 #10 #15 #30 #40 $ calculation zone
30 0 100 -104 101 -102 $ emission cone
40 1 -1 -110 $ phantom
50 0 91

91 RCC 0 0 -10.31 0 0 170 100
100 CZ 1.59577
101 Pz 20
102 pz 20.0001
104 cZ 100
110 RCC 0 0 100 0 0 40 10
200 RCC 0 0 0 0 .707 -.707 5
910 SO 10
920 SO 10.3 $ 920-910 : filter thickness

imp:e 1 0 0 0 1 0
imp:p 1 1 1 0 1 0
mode e p
sdef pos=0 0 0 vec=0 1 0 dir=1 par=e erg=.15
M1 1001 2 8000 1
M11 74000 1
M12 13000 1
F5:p 0 -35.35 64.64 .1 $ 45°
C ICRP 74 H*(10) coefficient for photons
DE5 .01 .015 .02 .03 .04 .05 .06 .08 .1 .15 .2 .3 .4 .5 .6 &
.8 1 1.5 2 3 4 5 6 8 10
DF5 0.061 .83 1.05 .81 .64 .55 .51 .53 .61 .89 1.2 1.8 2.38 2.93 3.44 &
4.38 5.2 6.9 8.6 11.1 13.4 15.5 17.6 21.6 25.6
c F15:p 0 -35.35 64.64 .1 $ 45°
C ICRP 74 H*(10) coefficient for photons
c DE15 .01 .015 .02 .03 .04 .05 .06 .08 .1 .15 .2 .3 .4 .5 .6 &
c .8 1 1.5 2 3 4 5 6 8 10
c DF15 0.061 .83 1.05 .81 .64 .55 .51 .53 .61 .89 1.2 1.8 2.38 2.93 3.44 &
c 4.38 5.2 6.9 8.6 11.1 13.4 15.5 17.6 21.6 25.6
stop F5 .04
cut:p j .01 j j j
cut:e j .01 j j j
DXT:p 0 0 100 8 8

File 3.V.1
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The output result is:

tally 5
nps mean error vov slope fom

25000000 2.2407E-10 0.0263 0.0170 7.5 5.8E+00

The final calculation of the ambient dose equivalent rate (in mSv:h�1) is achieved
using the X-ray generator intensity i:

_H
�
10ð Þ ¼ 3:6� 10�6 H � 10ð Þ

Ne�

� �
i
e

with H � 10ð Þ=Ne�ð Þ being the MCNP result in pSv:ðe�Þ�1, i the current intensity, set
at 1:10�3 A, e the electron elementary charge, i.e., 1:602�10�19 C, and 3:6� 10�6

the factor enabling the conversion from seconds to hours and from pSv to mSv.
Finally, we get:

_H
�
10ð Þ ¼ 3:6� 10�6 � 2:24� 10�10 � 1� 10�3

1:602� 10�19

� �
¼ 5mSv:h�1

The semi-empirical model provides a result 16% higher than the Monte-Carlo
calculation. Given the complexity of the modeled scene and the simplicity of
the semi-empirical approach, this deviation can be considered as satisfactory.
Figure 3.V.4b represents electron transport, in green, and photon transport, in red,
for a run of 1000 electrons. The right-figure clearly reveals the focus of
pseudo-photons towards the DXTRAN sphere at the front face of the phantom, as
well as the launch of real particles.

3.VI Calculation of Radiological Shielding
for an Electron Accelerator with an X-ray
Conversion Target

Abstract:
This application presents recommendations and technical information related to the
design of radiological shielding for an electron accelerator. The accelerator operates
at 20 MeV with a current of 100 nA. The electron beam is fully stopped in a target
of high-Z material (tungsten). The facility works 20 h a month. The shielding is
designed to reach an ambient dose equivalent smaller or equal to 80 µSv a month.
For this case study, we assume that the source to observer distance, d, is 5 m (refer
to figure 3.VI.1). Related issues of radiological exposure as air activation, skyshine
and ozone production are also addressed.
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Warning:
For this application, an “ideal” accelerator is considered, assuming that only the
20 MeV electrons interactions with the target occur. All contributions to the source
term should be taken into account to perform an exhaustive study. Accordingly,
further calculations should be performed for all the beam losses, likely to produce

FIG. 3.VI.1 – Layout of the facility with the radiological shielding.

secondary interactions with structural components (loss in a bending magnet, beam
monitoring…).

Objectives:
– Complete study of source-terms for the irradiation facility.
– Calculation of the ambient equivalent dose rate due to bremsstrahlung produced

by the interaction of electrons in tungsten.
– Assessment of the photoneutron energy.
– Calculation of the ambient equivalent dose rate due to neutrons produced by

photonuclear reactions.
– Calculation of the shielding around an electron accelerator with high-Z target.
– Calculation of the external exposure component due to skyshine.
– Numerical calculation of the saturation activity in the air accelerator room.
– Air activity evolution as a function of time with an air change rate.
– Calculation of ozone concentration arising from photon interaction with air

molecules.

In what follows, we will first define and characterize the “prompt source-term”
related to the radiations emitted during the incoming of the electron beam in the
target and the “delayed source-term” owing to the activation of the facility and the
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ozone production. The first source-term leads to a shielding design and the second
component results in collective protective equipment implementation such as the
inclusion of a ventilation system with an adapted air change rate.

Part 1: Calculation of the Ambient Equivalent Dose Rate Due to the
Interaction of Electrons with Tungsten
At 20 MeV, the prompt source-term consists of two radiative components. The
interaction of the electron beam with the tungsten target produces bremsstrahlung
with the emission of photons of energy smaller than or equal to that of incident
electrons. When the photons energy is above the threshold for photonuclear reac-
tions, photons can induce secondary neutrons.

(a) Semi-empirical model for the photon component

The ambient dose equivalent rate due to bremsstrahlung photons can be calcu-
lated with figure 3.VI.2. This figure represents H � 10ð Þ=i, the ambient dose equiva-
lent rate, at 1 m from the high-Z target per unit incident electron beam current

FIG. 3.VI.2 – Ambient dose equivalent rate at 1 m from a high-Z target, per µA, as a function
of the primary electrons energy for the 0° and 90° directions (data from Antoni and Bourgois,
2017a).
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(µA), as a function of incident primary electrons energy in forward (0°) and side-
ward (90°) directions.

According to figure 3.VI.2, for a 20 MeV electron energy at 1 m from the target:
ðH �

cð10Þ=iÞ0� ¼ 100 Sv:h�1:lA�1 at 0° and ðH �
cð10Þ=iÞ90� ¼ 1:4 Sv:h�1:lA�1 at 90°.

For an operating point with a 100 nA current intensity, it arises:

_H
�
cð10Þ0� ¼ 100� 100� 10�3 ¼ 10 Sv:h�1

_H
�
cð10Þ90� ¼ 1:4� 100� 10�3 ¼ 0:14 Sv:h�1

There are two decades of difference between the ambient dose equivalent rates in
the two directions. This broad difference lies for part in the fact that bremsstrahlung
photons are preferentially emitted in the same direction as the primary electrons
interacting in the target.

(b) Analytical and semi-empirical model for the neutron component

Since bremsstrahlung photons can reach a 20 MeV energy, it is convenient to
check if they are capable of inducing photonuclear reactions, at least (γ,n) reactions.
For isotopes of tungsten, the (γ,n) reaction thresholds, drawn from the IAEA
(2000a) reference, are given in table 3.VI.1.

Thus, (γ,n) reaction thresholds are reached for all tungsten isotopes. The energy
of produced neutrons can be assessed with the Wattenberg (1947) formula written
below.

En ¼ A� 1
A

Ec � Es �
E2

c

1862 A� 1ð Þ

" #
þEccos

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 A� 1ð Þ Ec � Es

� �
913A3

s
ð1Þ

with A the atomic mass of the target, Ec the incident photon energy, Es the
threshold energy and h the photoneutron emission angle. This analytical formula
highlights that for high atomic masses, typically those of tungsten isotopes, the
second term is negligible. Therefore, the neutron emission direction does not affect
its energy. Note that the first term is quite close to Ec � ES . Thus, for the tungsten
target, we assume it can be admitted that the maximum energy of the photoneu-
trons is equal to about 20� 8 ¼ 12MeV:

TAB. 3.VI.1 – (γ,n) reaction thresholds
in tungsten isotopes.

Isotope (γ,n) reaction threshold
(MeV)

182W 8.07
183W 6.19
184W 7.41
186W 7.19
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In order to evaluate the ambient dose equivalent related to these secondary
neutrons, we may use figure 3.VI.3. This figure displays curves of the photoneutron
ambient dose equivalent per electron of the primary beam, as a function of the
electron energy, for different target materials.

For 20MeV electrons interacting with tungsten, H �
n 10ð Þ=Ne� ¼ 8:2� 10�18

Sv: e�ð Þ�1; for 100 nA, the obtained rate is:

_H
�
n 10ð Þ ¼ H �

n 10ð Þ
Ne�

� �
i
e
¼ 8:2� 10�18 � 100� 10�9

1:602� 10�19

¼ 5:1� 10�6 Sv:s�1 18:4mSv:h�1� �

This value is weak compared to the ambient dose equivalent due to photons.

(c) Numerical calculation of the equivalent dose rate for the photon and neutron
components

The modeling of the radiological scene consists, here, in simulating a tungsten
cylinder of 1 cm in radius and length. Note that a 1 cm thickness is about two times
the range of 20 MeV electrons in tungsten. Photoneutron production in MCNP
requires the 4th entry “ispn” of the photon physics card “phys:p” to be different from
zero. This value is set to −1, then photonuclear particle production is analog,
i.e., comporting a detailed description of physical phenomena involved throughout
interactions. Mixed transport of electrons, photons and neutrons is very costly in
terms of particle tracking and accordingly in calculation time with MCNP. Thus, an
energy cut-off is handled by the “cut” card to transport only electrons and photons
with energies greater than 100 keV. The input file enabling this mixed calculation is
provided in file 3.VI.1.

FIG. 3.VI.3 – Ambient equivalent dose as a function of the electron energy for different
targets (from Antoni and Bourgois, 2017a).
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Electron accelerator calculation
c cells
10 1 -19.3 -10 $ target
20 0 -20 10
30 0 20

10 RCC 0 0 0 0 0 1 1 $ twice the range
20 RCC 0 0 -1e-3 0 0 110 110

imp:e 1 0 0
imp:p,n 1 1 0
mode p n e
sdef par=e pos 0 0 1e-5 axs 0 0 1 ext 0 vec 0 0 1 dir 1 erg 20
PHYS:N 20 0 0 J J J 0 -1 J J J 0 0
PHYS:E 20 0 0 0 0 1 1 1 1 0 0 J J 0.917 0.001
c 4th entry of PHYS:p ispn=-1, then photonuclear particle production is analog

PHYS:P 20 0 0 -1 0 J 0
M1 74182 -.26 74183 -.14 74184 -.3 74186 -.3
F5:p 0 0 100 .1
E5 0 100i 20
F15:n 0 0 100 .1
E15 0 100i 20
F25:p 0 100 0 .1
E25 0 100i 20
F35:n 0 100 0 .1
E35 0 100i 20
F45:p 0 0 100 .1
F55:n 0 0 100 .1
F65:p 0 100 1 .1
F75:n 0 100 1 .1
C ICRP 74 H*(10)/phi conversion coefficient for neutrons
DE55 1e-9 1e-8 2.53e-8 1e-7 2e-7 5e-7 1e-6 2e-6 5e-6 1e-5 2e-5 5e-5 1e-4 2e-4 &
5e-4 1e-3 2e-3 5e-3 1e-2 2e-2 3e-2 5e-2 7e-2 .1 .15 .2 .3 .5 .7 .9 1 1.2 2 &
3 4 5 6 7 8 9 10 12 14 15 16 18 20 30 50 75 100 125 150 175 201
DF55 6.6 9 10.6 12.9 13.5 13.6 13.3 12.9 12 11.3 10.6 9.9 9.4 8.9 &
8.3 7.9 7.7 8 10.5 16.6 23.7 41.1 60 88 132 170 233 322 375 400 416 425 420 &
412 408 405 400 405 409 420 440 480 520 540 555 570 600 515 400 330 285 260 &
245 250 260
DE75 1e-9 1e-8 2.53e-8 1e-7 2e-7 5e-7 1e-6 2e-6 5e-6 1e-5 2e-5 5e-5 1e-4 2e-4 &
5e-4 1e-3 2e-3 5e-3 1e-2 2e-2 3e-2 5e-2 7e-2 .1 .15 .2 .3 .5 .7 .9 1 1.2 2 &
3 4 5 6 7 8 9 10 12 14 15 16 18 20 30 50 75 100 125 150 175 201
DF75 6.6 9 10.6 12.9 13.5 13.6 13.3 12.9 12 11.3 10.6 9.9 9.4 8.9 &
8.3 7.9 7.7 8 10.5 16.6 23.7 41.1 60 88 132 170 233 322 375 400 416 425 420 &
412 408 405 400 405 409 420 440 480 520 540 555 570 600 515 400 330 285 260 &
245 250 260
C conversion coefficient H*(10)/phi pSv.cm2 for photons
DE45 .01 .015 .02 .03 .04 .05 .06 .08 .1 .15 .2 .3 .4 .5 .6 &
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.8 1 1.5 2 3 4 5 6 8 10 20
DF45 0.061 .83 1.05 .81 .64 .55 .51 .53 .61 .89 1.2 1.8 2.38 2.93 3.44 &
4.38 5.2 6.9 8.6 11.1 13.4 15.5 17.6 21.6 25.6 50
DE65 .01 .015 .02 .03 .04 .05 .06 .08 .1 .15 .2 .3 .4 .5 .6 &
.8 1 1.5 2 3 4 5 6 8 10 20
DF65 0.061 .83 1.05 .81 .64 .55 .51 .53 .61 .89 1.2 1.8 2.38 2.93 3.44 &
4.38 5.2 6.9 8.6 11.1 13.4 15.5 17.6 21.6 25.6 50
cut:p j .1 j j j
cut:e j .1 j j j
nps 62E6

File 3.VI.1

The “F5” tally enables to calculate the fluence at a point. Adding the “e5” card
allows to build the energy fluence spectrum, that is to say the fluence in each energy
bin specified, per source electron, UE=Ne� . For example, in the input file provided
above, 100 energy bins are defined from 0 to 20 MeV with “e5 0 100i 20”.
Furthermore, “de” and “df” cards are used to weight the secondary photon and
neutron energy spectra by “fluence-to-ambient dose equivalent” conversion coeffi-
cients from ICRP (1996). This way, the result obtained is an ambient equivalent
dose per source electron, i.e., H � 10ð Þ=Ne� in pSv:ðe�Þ�1. Spectra as well as dose
equivalents for photons and neutrons, at 1 m from the target are calculated in the 0°
and 90° directions. Table 3.VI.2 summarizes the quantity matching each tally of the
input file.

The ambient equivalent dose rate, in Sv:h�1 units, is calculated from the accel-
erator electron current i as follows:

_H
�
10ð Þ ¼ 3:6� 10�9 H � 10ð Þ

Ne�

� �
i
e

TAB. 3.VI.2 – Quantities calculated for each tally mentioned in the MCNP file 3.VI.1.

Tally Result type Particles
Direction of the calculation point

(1 m from target)

5 Energy fluence spectrum Photons 0°
15 Energy fluence spectrum Neutrons 0°
25 Energy fluence spectrum Photons 90°
35 Energy fluence spectrum Neutrons 90°
45 Dose equivalent Photons 0°
55 Dose equivalent Neutrons 0°
65 Dose equivalent Photons 90°
75 Dose equivalent Neutrons 90°
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H � 10ð Þ=Ne� is the MCNP result (pSv per electron), i the current expressed in
ampere, e the electron elementary charge (1:602� 10�19 C) and a factor enabling
the conversion from seconds to hours and from pSv to Sv. The results obtained for
the operational quantity for neutron and photon components are presented in
table 3.VI.3.

Photon and neutron spectra calculated with tallies 5 to 35, in forward (0°) and
sideward (90°) directions are displayed in figures 3.VI.4a and 3.VI.4b. For neutron
spectra, as stated before with expression (1), the maximum energy of secondary
neutrons is about 12 MeV and the spectra are invariant with emission directions.
Conversely, a drop of the maximum energy and an overall reduction of the fluence
are observed for the bremsstrahlung photons in the 90° direction.

TAB. 3.VI.3 – MCNP results of the ambient equivalent dose
rate for the photon and neutron components at 0° and 90°.

MCNP results

_H
�
c 10ð Þ

0�
9.94 Sv/h

_H
�
c 10ð Þ

90�
0.13 Sv/h

_H
�
n 10ð Þ0� 11.4 mSv/h

_H
�
n 10ð Þ90� 9.6 mSv/h

FIG. 3.VI.4 – Energy distribution of fluence for the photon (a) and neutron (b) components
at 0° and 90°, simulated with MCNP.
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Part 2: Calculation of Shielding for the Prompt Source-Term
When knowing the prompt source-term, one can assess the shielding thickness
matching the targeted external exposure limit.

(a) Semi-empirical model for the primary barrier calculation

The primary barrier role is to ensure radiological protection in the electron
incidence axis. Its thickness can be calculated using transmission factors. The total
ambient dose equivalent rate, _H

�
t 10ð Þobs, behind the shielding, for a source-observer

distance d, derives from expression (2):

_H
�
t 10ð Þobs ¼

_H
�
c 10ð Þ

0�

d2 T c h; xð Þþ
_H
�
n 10ð Þ
d2 Tn xð Þ ð2Þ

_H
�
c 10ð Þ

0�
is the photon ambient equivalent dose rate at 1 m previously calculated

without shielding, d is the distance, in meters, between the target and the observer,
and h is the angle between the electron beam and the observer (see figure 3.VI.1).
The term T c h; xð Þ refers to the photon transmission coefficient for a shielding

thickness x and can be drawn from figure 3.VI.5. The term _H
�
n 10ð Þ stands for the

neutron ambient equivalent dose rate at 1 m from the target, without shielding.
Since the neutron field is isotropic, this value does not depend on h. Finally, Tn xð Þ is
the neutron transmission coefficient for a shielding thickness x; it is also invariant
with h. In a first approach, the neutron ambient dose equivalent can be omitted,
owing to its low value compared to that of photons. The photon ambient dose
equivalent rate of 10 Sv:h�1 previously calculated at 0° is equivalent to

FIG. 3.VI.5 – Concrete thickness as a function of the transmission factor for electron
accelerator energies E0 ranging from 1 to 100 MeV (Antoni and Bourgois, 2017a).
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200 Sv:month�1 for 20 h of monthly operation. Thus, for a monthly exposition limit
of 80 µSv expected in the initial objective, the matching transmission factor is:

T c 0�; xð Þ ¼ d2
_H
�
t 10ð Þobs
_H
�
c 10ð Þ

0�

 !
¼ 52 � 80� 10�6

200
¼ 10�5

The graph shown in figure 3.VI.5 exhibits the concrete thickness transmission
factor for the electron accelerator from 1 to 100 MeV. For a 10�5 transmission
factor, the required concrete thickness for the primary barrier is 2.3 m.

At this stage, it is necessary to check if this shielding thickness ensures a negli-
gible ambient dose equivalent rate due to neutrons. The neutron transmission
coefficient is evaluated with the following exponentially decreasing function:

Tn xð Þ ¼ exp � xq
qk

� �

qk being the attenuation length expressed in kg:m�2. The coefficient value, as a
function of neutron energy, is found in NCRP (2003). The matching curve is plotted
in figure 3.VI.6. For 12 MeV neutrons, the coefficient is 300 kg:m�2.

The previous ambient dose equivalent rate for neutrons at 0°, 1:8� 10�2 Sv:h�1,
becomes 0:36 Sv:month�1 for 20 h of monthly operation. Consequently, the resulting
monthly ambient dose equivalent behind the protection is:

_H
�
n 10ð Þobs ¼

_H
�
n 10ð Þ
d2 exp � xq

qk

� �
¼ 0:36

52
exp � 2:3� 2:35� 103

300

� �

¼ 2:1� 10�10 Sv:month�1

FIG. 3.VI.6 – Attenuation length for neutrons in ordinary concrete, according to NCRP 144.
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Therefore, the neutron ambient dose equivalent can be neglected for such a
thickness of shielding. More generally, this approach can be extended to studies
concerning electron accelerators of less than 50 MeV. In these cases, the marginal
neutron component of the prompt source-term can be omitted and the dimensioning
of the shielding can be focused on the photon component.

(b) Secondary barrier calculation

The secondary barrier arranged laterally to the direction of incident electrons is
dimensioned for the 90° component. The same as previously is done and the
transmission coefficient is only determined for the photon component. The
0:14 Sv:h�1 photon ambient dose equivalent rate at 90° calculated before results in a
rate of 2:8 Sv:month�1 for 20 h of monthly operation. It becomes the transmission
coefficient:

T c 90�; xð Þ ¼ d2
_H
�
t 10ð Þobs
_H
�
c 10ð Þ

90�

 !
¼ 52 � 80� 10�6

2:8

� �
¼ 7� 10�4 ð3Þ

The bremsstrahlung spectrum emitted at 90° from the target is lower in energy
than that in the 0° direction (see MCNP calculated spectra of figure 3.VI.4a). In
order to determine the concrete thickness of the secondary barrier in accordance
with a penalizing approach, NCRP (1977), suggests to consider two thirds of the
initial electron energy, i.e., 13.3 MeV in this case. The thickness value matching the
transmission coefficient at 15 MeV, read on figure 3.VI.5, is 140 cm. The ambient
dose equivalent due to neutrons at the observer for this thickness is:

_H
�
neutron ¼

0:36

52
exp � 1:4� 2:35� 103

300

� �
¼ 2:5� 10�7 Sv:month�1

Again, the monthly ambient dose equivalent for this component due to neutrons
can be neglected.

(c) Numerical calculation of the ambient equivalent dose behind the radiological
protections

The model used for the numerical simulation is similar to that detailed in the
second part of problem 3.III devoted to the shielding calculation around an X-ray
generator. The ambient equivalent dose behind the shielding is determined in two
steps. The normalization factor f H is calculated with a MCNP file in which the
bremsstrahlung photon spectrum calculated in section (c) replaces the incident
electron beam and the target. The file enabling the access to the factor for the
bremsstrahlung spectrum at 0° is provided in file 3.VI.2.

Photon dose 0°
10 0 -10
20 0 10

10 SO 150
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mode p
imp:p 1 0
sdef par=p pos 0 0 0 erg=d2
SI2 H 0.00E+00 1.98E-01 3.96E-01 5.94E-01 7.92E-01 9.90E-01 1.19E+00 1.39 &
1.58E+00 1.78E+00 1.98E+00 2.18E+00 2.38E+00 2.57E+00 2.77E+00 2.97E+00 &
3.17E+00 3.37E+00 3.56E+00 3.76E+00 3.96E+00 4.16E+00 4.36E+00 4.55E+00 &
4.75E+00 4.95E+00 5.15E+00 5.35E+00 5.54E+00 5.74E+00 5.94E+00 6.14E+00 &
6.34E+00 6.53E+00 6.73E+00 6.93E+00 7.13E+00 7.33E+00 7.52E+00 7.72E+00 &
7.92E+00 8.12E+00 8.32E+00 8.51E+00 8.71E+00 8.91E+00 9.11E+00 9.31E+00 &
9.51E+00 9.70E+00 9.90E+00 1.01E+01 1.03E+01 1.05E+01 1.07E+01 1.09E+01 &
1.11E+01 1.13E+01 1.15E+01 1.17E+01 1.19E+01 1.21E+01 1.23E+01 1.25E+01 &
1.27E+01 1.29E+01 1.31E+01 1.33E+01 1.35E+01 1.37E+01 1.39E+01 1.41E+01 &
1.43E+01 1.45E+01 1.47E+01 1.49E+01 1.51E+01 1.52E+01 1.54E+01 1.56E+01 &
1.58E+01 1.60E+01 1.62E+01 1.64E+01 1.66E+01 1.68E+01 1.70E+01 1.72E+01 &
1.74E+01 1.76E+01 1.78E+01 1.80E+01 1.82E+01 1.84E+01 1.86E+01 1.88E+01 &
1.90E+01 1.92E+01 1.94E+01 1.96E+01 1.98E+01 2.00E+01
SP2 D 0.00E+00 1.26E-07 2.67E-06 1.45E-05 1.88E-05 2.00E-05 1.93E-05 &
1.80E-05 1.66E-05 1.51E-05 1.38E-05 1.24E-05 1.15E-05 1.04E-05 9.66E-06 &
8.88E-06 8.26E-06 7.62E-06 7.07E-06 6.57E-06 6.15E-06 5.74E-06 5.32E-06 &
5.10E-06 4.81E-06 4.51E-06 4.26E-06 4.04E-06 3.82E-06 3.64E-06 3.45E-06 &
3.28E-06 3.10E-06 2.98E-06 2.84E-06 2.69E-06 2.60E-06 2.46E-06 2.37E-06 &
2.27E-06 2.14E-06 2.06E-06 2.03E-06 1.93E-06 1.84E-06 1.76E-06 1.69E-06 &
1.66E-06 1.59E-06 1.54E-06 1.47E-06 1.43E-06 1.37E-06 1.31E-06 1.27E-06 &
1.23E-06 1.19E-06 1.14E-06 1.10E-06 1.06E-06 1.04E-06 9.90E-07 9.46E-07 &
9.42E-07 8.97E-07 8.48E-07 8.36E-07 7.93E-07 7.98E-07 7.50E-07 7.37E-07 &
7.19E-07 6.97E-07 6.58E-07 6.54E-07 6.24E-07 6.04E-07 5.97E-07 5.82E-07 &
5.48E-07 5.26E-07 5.19E-07 4.88E-07 4.87E-07 4.68E-07 4.40E-07 4.36E-07 &
4.10E-07 4.09E-07 3.69E-07 3.43E-07 3.44E-07 3.30E-07 2.98E-07 2.57E-07 &
2.32E-07 2.18E-07 2.00E-07 1.59E-07 1.33E-07 9.64E-08 6.43E-08
F45:p 0 0 100 .1
DE45 .01 .015 .02 .03 .04 .05 .06 .08 .1 .15 .2 .3 .4 .5 .6 &
.8 1 1.5 2 3 4 5 6 8 10 20
DF45 0.061 .83 1.05 .81 .64 .55 .51 .53 .61 .89 1.2 1.8 2.38 2.93 3.44 &
4.38 5.2 6.9 8.6 11.1 13.4 15.5 17.6 21.6 25.6 50
stop F45 .0001

File 3.VI.2

Tally 45 provides here the ambient equivalent dose of 9:5201� 10�5 for a
bremsstrahlung photon at 0°, without shielding. By considering an ambient dose
equivalent rate _H

�
c 10ð Þ

0�
¼ 9:94 Sv:h�1, obtained for 100 µA (see table 3.VI.3), the

normalization factor is:

f H ¼ 9:94

9:5201� 10�5 ¼ 1:04� 105 Sv:h�1=pSv:ðcÞ�1

Then, the 2.3 m thick concrete barrier is modeled in a second file. To improve
tally 45 convergence, the variance-reduction technique based on a spatial mesh of
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particle weight is used via the “wwg” card (see problem 3.II related to the calcu-
lation of a 60Co photon source ambient dose equivalent rate behind a shielding). The
file is shown below:

Primary barrier
c Block 1: cells
10 1 -1.3e-3 -10 $ air
15 2 -2.35 -15 $ concrete protection
20 2 -2.35 -20 $ concrete protection
25 2 -2.35 -25 $ concrete protection
30 2 -2.35 -30 $ concrete protection
35 2 -2.35 -35 $ concrete protection
40 2 -2.35 -40 $ concrete protection
45 2 -2.35 -45 $ concrete protection
50 2 -2.35 -50 $ concrete protection
55 2 -2.35 -55 $ concrete protection
60 2 -2.35 -60 $ concrete protection
65 2 -2.35 -65 $ concrete protection
70 2 -2.35 -70 $ concrete protection
75 2 -2.35 -75 $ concrete protection
80 2 -2.35 -80 $ concrete protection
85 2 -2.35 -85 $ concrete protection
90 1 -1.3e-3 -90 $ air
200 0 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 $ outside
10 RPP -1000 1000 -1000 1000 -10 200
15 RPP -1000 1000 -1000 1000 200 215
20 RPP -1000 1000 -1000 1000 215 230
25 RPP -1000 1000 -1000 1000 230 245
30 RPP -1000 1000 -1000 1000 245 260
35 RPP -1000 1000 -1000 1000 260 275
40 RPP -1000 1000 -1000 1000 275 290
45 RPP -1000 1000 -1000 1000 290 305
50 RPP -1000 1000 -1000 1000 305 320
55 RPP -1000 1000 -1000 1000 320 335
60 RPP -1000 1000 -1000 1000 335 350
65 RPP -1000 1000 -1000 1000 350 365
70 RPP -1000 1000 -1000 1000 365 380
75 RPP -1000 1000 -1000 1000 380 395
80 RPP -1000 1000 -1000 1000 395 410
85 RPP -1000 1000 -1000 1000 410 430
90 RPP -1000 1000 -1000 1000 430 510

imp:p 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0
mode p
WWG 45 10 0 j j j j 0
M1 7014 .781 8016 .212 7015 .007 $ air
c M3 74182 -.26 74183 -.14 74184 -.3 74186 -.3
c standard concrete composition d=2.381
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M2 14000 -20.68 13027 -.363 8016 -50.853 20000 -21.645 12000 -.198 19000 -.088 &
11023 -.0384 16000 -.139 6000 -4.52 22000 -.0155 15031 -.0208 25055 -.0192 &
1001 -.701 26054 -.0418 26056 -.6588 26057 -.0157 26058 -.0024 24052 -.00057
sdef par=p pos 0 0 0 erg d2
SI2 H 0.00E+00 1.98E-01 3.96E-01 5.94E-01 7.92E-01 9.90E-01 1.19E+00 1.39 &
1.58E+00 1.78E+00 1.98E+00 2.18E+00 2.38E+00 2.57E+00 2.77E+00 2.97E+00 &
3.17E+00 3.37E+00 3.56E+00 3.76E+00 3.96E+00 4.16E+00 4.36E+00 4.55E+00 &
4.75E+00 4.95E+00 5.15E+00 5.35E+00 5.54E+00 5.74E+00 5.94E+00 6.14E+00 &
6.34E+00 6.53E+00 6.73E+00 6.93E+00 7.13E+00 7.33E+00 7.52E+00 7.72E+00 &
7.92E+00 8.12E+00 8.32E+00 8.51E+00 8.71E+00 8.91E+00 9.11E+00 9.31E+00 &
9.51E+00 9.70E+00 9.90E+00 1.01E+01 1.03E+01 1.05E+01 1.07E+01 1.09E+01 &
1.11E+01 1.13E+01 1.15E+01 1.17E+01 1.19E+01 1.21E+01 1.23E+01 1.25E+01 &
1.27E+01 1.29E+01 1.31E+01 1.33E+01 1.35E+01 1.37E+01 1.39E+01 1.41E+01 &
1.43E+01 1.45E+01 1.47E+01 1.49E+01 1.51E+01 1.52E+01 1.54E+01 1.56E+01 &
1.58E+01 1.60E+01 1.62E+01 1.64E+01 1.66E+01 1.68E+01 1.70E+01 1.72E+01 &
1.74E+01 1.76E+01 1.78E+01 1.80E+01 1.82E+01 1.84E+01 1.86E+01 1.88E+01 &
1.90E+01 1.92E+01 1.94E+01 1.96E+01 1.98E+01 2.00E+01
SP2 D 0.00E+00 1.26E-07 2.67E-06 1.45E-05 1.88E-05 2.00E-05 1.93E-05 &
1.80E-05 1.66E-05 1.51E-05 1.38E-05 1.24E-05 1.15E-05 1.04E-05 9.66E-06 &
8.88E-06 8.26E-06 7.62E-06 7.07E-06 6.57E-06 6.15E-06 5.74E-06 5.32E-06 &
5.10E-06 4.81E-06 4.51E-06 4.26E-06 4.04E-06 3.82E-06 3.64E-06 3.45E-06 &
3.28E-06 3.10E-06 2.98E-06 2.84E-06 2.69E-06 2.60E-06 2.46E-06 2.37E-06 &
2.27E-06 2.14E-06 2.06E-06 2.03E-06 1.93E-06 1.84E-06 1.76E-06 1.69E-06 &
1.66E-06 1.59E-06 1.54E-06 1.47E-06 1.43E-06 1.37E-06 1.31E-06 1.27E-06 &
1.23E-06 1.19E-06 1.14E-06 1.10E-06 1.06E-06 1.04E-06 9.90E-07 9.46E-07 &
9.42E-07 8.97E-07 8.48E-07 8.36E-07 7.93E-07 7.98E-07 7.50E-07 7.37E-07 &
7.19E-07 6.97E-07 6.58E-07 6.54E-07 6.24E-07 6.04E-07 5.97E-07 5.82E-07 &
5.48E-07 5.26E-07 5.19E-07 4.88E-07 4.87E-07 4.68E-07 4.40E-07 4.36E-07 &
4.10E-07 4.09E-07 3.69E-07 3.43E-07 3.44E-07 3.30E-07 2.98E-07 2.57E-07 &
2.32E-07 2.18E-07 2.00E-07 1.59E-07 1.33E-07 9.64E-08 6.43E-08
F45:p 0 0 500 .1
DE45 .01 .015 .02 .03 .04 .05 .06 .08 .1 .15 .2 .3 .4 .5 .6 &
.8 1 1.5 2 3 4 5 6 8 10 20
DF45 0.061 .83 1.05 .81 .64 .55 .51 .53 .61 .89 1.2 1.8 2.38 2.93 3.44 &
4.38 5.2 6.9 8.6 11.1 13.4 15.5 17.6 21.6 25.6 50
stop F45 .02
wwe:p 1.0000E+02
wwn1:p 5.0000E-01 2.5461E-01 1.0270E-01 3.3066E-02 1.1413E-02
4.2113E-03 1.6411E-03 6.6374E-04 2.7679E-04 1.1848E-04
5.2268E-05 2.3536E-05 1.0832E-05 5.1590E-06 2.5948E-06
1.4487E-06 2.4543E-04 -1.0000E+00

File 3.VI.3
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The result obtained for tally 45 is:

tally 45
nps mean error vov slope fom
17,408,000 3.5191E-11 0.0200 0.0161 4.2 7.3E + 00

The final result for the ambient equivalent dose rate behind the primary barrier
is:

_H
�
t 10ð Þobs ffi f H

H � 10ð Þ
N c

� �
0�
¼ 1:04� 105 � 3:52� 10�11

¼ 3:7� 10�6 Sv:h�1 3:7 lSv:h�1� �

For 20 h monthly operation, the ambient dose equivalent rate is 73 lSv:month�1.
The semi-empirical calculation yields a 9% higher result than the numerical simu-
lation. This difference partly stems from the assumption of a semi-infinite build-up
factor, and probably to the composition difference of the simulated concrete.

The same calculation with the bremsstrahlung spectrum in the 90° direction and
1.4 m of concrete leads to a monthly rate of 20 lSv:month�1. This value is four times
lower than that obtained semi-empirically. This large deviation can be explained by
the NCRP that recommends to only keeping two thirds of the incident electron
energy and the choice to read the transmission coefficient curve for 15 MeV elec-
trons, due to the lack of the exact energy. Actually, for a monthly rate of
20 lSv:month�1, the transmission coefficient numerically calculated with expression
(3) would be:

T c 90�; xð Þ ¼ d2
_H
�
t 10ð Þobs
_H
�
c 10ð Þ

90�

 !
¼ 52 � 20� 10�6

2:8

� �
¼ 1:92� 10�4 � 2� 10�4

This value is quite different than that of 7� 10�4 found at paragraph (b).
However, on the transmission coefficient curves, the value T ¼ 2� 10�4 and a 1.4 m
concrete thickness are associated to the 10 MeV incident electron curve (see
figure 3.VI.7), which is far from the 13 MeV energy recommended by NCRP. We
must point out that the exponential fitting of transmission coefficients can lead to
significant deviation between the semi-empirical model and the Monte-Carlo
simulation. Nevertheless, the semi-empirical model is a protective approach.

Part 3: Skyshine Calculation
In some cases, owing to the weight stress, the roof thickness above the source may
not be as thick as the primary or secondary shielding. Then, the ambient dose
equivalent rate on the roof must be assessed to specify access restrictions if neces-
sary. Radiation scattered through air may increase the exposure for an observer
located beyond primary and secondary shielding. This additional component is
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denoted as “skyshine”. The quantities allowing its assessment are presented in
figure 3.VI.8.

(a) Semi-empirical model of the skyshine for photons and neutrons

For an observer located beyond the facility boundaries, skyshine is evaluated
using the NCRP (1977) semi-empirical formula. This former model is still recom-
mended by ISO standards. The photon ambient dose equivalent rate due to sky-
shine, at the observer, in lSv:h�1, is expressed as:

FIG. 3.VI.7 – Uncertainty on the transmission factor for the secondary barrier.

FIG. 3.VI.8 – Quantities for the skyshine assessment (Antoni and Bourgois, 2013).
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_H
ef
c ¼ 2:5� 104

Tt;c _H 0;c X
1:3

didsð Þ2

where ds is the distance (in meters) between the source and the observer, di the
distance (in meters) between the source and 2 m above the roof (see figure 3.VI.8),
Tt;c is the photon transmission coefficient through the roof, _H 0;c is the dose
equivalent rate (Sv:h�1) for photons at 1 m from the source and X is the emission
solid angle (Sr) at the roof level, bounded by the irradiation room dimensions (refer
to figure 3.VI.8). The neutron ambient dose equivalent rate due to skyshine, at the
observer, in lSv:h�1, is expressed as:

_H
ef
n ¼ 5:4� 102

Tt;n _H 0;n X
2p

where Tt;n is the neutron transmission coefficient through the roof, _H 0;n is the dose
equivalent rate (Sv:h�1) for neutrons at 1 m from the source and X is the emission
solid angle (sr) at the roof level, bounded by the irradiation room dimensions. This
relationship does not depend on the distance between the source and the observer.
The NCRP (1977) indicates that this expression is only reliable for distances not
exceeding 20 m, and it specifies constant ambient dose equivalent rate in this area.

The irradiation room is box-shaped. Therefore, one has to calculate the solid
angle X bounded by a 2p by 2q rectangle for an observer located at a distance h on
the central line of this rectangle, according to figure 3.VI.9.

FIG. 3.VI.9 – Geometry for the calculation of the solid angle Ω.
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The solid angle is expressed as a function of the different geometric variables:

X ¼ 4arcsin
pqffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

q2 þ h2
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p2 þ h2
p

 !

For this application, we assume a facility with no roof, involving zero attenuation.
Accordingly, Tt;c ¼ Tt;n ¼ 1. The dose equivalent rates _H 0; and _H 0;n are drawn from
table 3.VI.3 and selected at 90° taking into account the geometric configuration
considered. Matching values are, respectively, 0:13 Sv:h�1 and 0:01 Sv:h�1. The inner
surface of the irradiation room is contained within a 7:2m by 5:4m rectangle, the
distance between the target and the roof is 1:5m. Thus, the calculation parameters
are: p ¼ 3:6m; q ¼ 2:7m and h ¼ 1:5m. The corresponding solid angle is:

X ¼ 4 arcsin
3:6� 2:7ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2:72 þ 1:52
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3:62 þ 1:52
p

 !
¼ 3:8 sr

with di ¼ 1:5þ 2 ¼ 3:5m (see figure 3.VI.8), the two contributions are:

_H
ef
c dsð Þ ¼ 2:5� 104 � 1� 0:13� 3:81:3

3:5 � dsð Þ2 ¼ 1:5� 103

ds
2

_H
ef
n ¼ 5:4� 102 � 1� 0:01� 3:8

2p
¼ 3:3 lSv:h�1 8 ds\20m

8>><
>>:

(b) Numerical simulation of the skyshine for photons and neutrons

For this calculation, the accelerator room, the tungsten target at the origin, and
an environment of large dimensions composed of air, defined by a 2 × 106 m3

rectangular parallelepiped are simulated. Owing to its weak contribution to radia-
tion attenuation, the roof is not simulated. The zero importance of cell 30 implies
that the particle transport is turned off inside the accelerator room walls. The goal is
here to simulate only skyshine radiation. The electron beam is located along the
z-axis. In order to reach tally convergence, a DXTRAN sphere is added above the
roof (refer to section 3.V). The sectional view of the configuration in the zy plane is
shown in figure 3.VI.10. Ambient dose equivalent rate outside the accelerator room
is calculated along the z-axis, at the tungsten target height every 5 m up to 100 m.
Dose equivalent is assessed with F5 tallies weighted by “fluence – dose equivalent”
conversion coefficients by means of “de” and “df” cards. In the input file 3.VI.4, the
use of a unique set of “de0” and “df0” cards allows to weight all tallies.

File 3.VI.4 is devoted to the calculation of the equivalent doses of the photon
component:
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skyshine calculation
c cells
10 2 -19.3 -10 $ tungsten target
20 1 -1.2e-3 -20 10 $ air
30 0 -30 20 $ concrete
50 1 -1.2e-3 -50 30
100 0 50

10 RCC 0 0 0 0 0 2 1
20 RPP -360 360 -150 150 -270 270
30 RPP -500 500 -150 150 -500 500
50 RPP -10000 10000 -150 10000 -500 10000

vol j 1.1664E8 j j
imp:n,p 1 1 0 1 0
imp:e 1 0 0 0 0
mode n p e
m1 6000 -0.000124 7014 -0.755268 8016 -0.231781 18000 -0.012827
mx1:p 6012 j j 18040 $ photonuclear substitute material
m2 74182 -.3 74183 -.1 74184 -.3 74186 -.3
sdef par=e pos 0 0 1e-10 axs 0 0 1 ext 0 rad=d1 vec 0 0 1 dir 1 erg 20

FIG. 3.VI.10 – Sectional view of the modeled geometry in the zy plane. The scene is con-
strained at 20 m in the y- and z-axis.
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c 4th entry of PHYS:p ispn=-1, then photonuclear particle production is analog

PHYS:P 100 0 0 -1 0 J 0
Si1 0 1
sp1 -21 1
ctme 10000
cut:p,e j .01
F5:p 0 0 510 0.1
F55:p 0 0 1000 0.1
F105:p 0 0 1500 0.1
F155:p 0 0 2000 0.1
F205:p 0 0 2500 0.1
F255:p 0 0 3000 0.1
F305:p 0 0 3500 0.1
F355:p 0 0 4000 0.1
F405:p 0 0 4500 0.1
F455:p 0 0 5000 0.1
F505:p 0 0 5500 0.1
F555:p 0 0 6000 0.1
F605:p 0 0 6500 0.1
F655:p 0 0 7000 0.1
F705:p 0 0 7500 0.1
F755:p 0 0 8000 0.1
F805:p 0 0 8500 0.1
F855:p 0 0 9000 0.1
F905:p 0 0 9500 0.1
F945:p 0 0 9900 0.1
C ICRP 74 H*(10)/phi pSv.cm2 coefficients for photons
DE0 .01 .015 .02 .03 .04 .05 .06 .08 .1 .15 .2 .3 .4 .5 .6 &
.8 1 1.5 2 3 4 5 6 8 10
DF0 0.061 .83 1.05 .81 .64 .55 .51 .53 .61 .89 1.2 1.8 2.38 2.93 3.44 &
4.38 5.2 6.9 8.6 11.1 13.4 15.5 17.6 21.6 25.6
DXT:p 0 540 0 308 308

File 3.VI.4

For the neutron dose equivalents assessment, some parts of the file are adjusted.
The command line to set the minimum photon transport energy “cut:p,e j 0.01” is
replaced by “cut:p,e j 5”. Since photoneutron production energy thresholds are high,
it is not necessary to transport electrons and photons not exceeding 5 MeV to
calculate dose equivalents due to neutrons. Moreover, type 5 tallies and “fluence –

ambient dose equivalent” conversion coefficients defined by “de0” and “df0” cards
are this time set for neutrons. Lastly, the DXTRAN card instruction “dxt:p 0 540 0
308 308” is replaced by “dxt:n 0 540 0 308 308”. The final ambient dose equivalent
rate, in lSv:h�1, is calculated from the current i of the electron accelerator as
follows:

Shielding and Activation Calculations for Several Types of Devices 213



_H
�
10ð Þ ¼ 3:6� 10�3 H � 10ð Þ

Ne�

� �
i
e

The quantity H � 10ð Þ=Ne� being the MCNP result, in pSv: e�ð Þ�1, and
i = 100 nA the operating current.

(c) Results of the numerical solving

The ambient dose equivalent rate as a function of the distance between the target
is plotted in figure 3.VI.11a for photons and in figure 3.VI.12b for neutrons.

With respect to photons, one clearly infers that the semi-empirical method
significantly overestimates the numerical results for distances lower than 15 m.
However, from 20 to 50 m, this approach underestimates the MCNP results by a
factor of 3. Beyond 50 m, this underestimation reaches a factor of 4. For neutrons,
the semi-empirical formula provides a satisfactory assessment of the maximum
ambient dose equivalent rate due to the skyshine. On the other hand, it does not
take into account the decrease in the ambient dose equivalent with the distance.

For the numerical method, shading is observed when moving towards the wall of
the irradiation room. Below 10 m, the ambient dose equivalent rate decreases with
the distance to the wall. This shielding effect must be considered during radiation
surveys undertaken around the facility. In other words, a wall contact measurement
does not necessarily correspond to the maximum ambient dose equivalent rate.
Thus, the radiation protection officer has to perform measurements at several
locations far from walls.

We observe that the maximum ambient dose equivalent rate, located around
10 m, is 9 lSv:h�1 for photons and 3:5 lSv:h�1 for neutrons, which makes a total of
12:5 lSv:h�1, i.e., 250 lSv:month�1 for the assumption of 20 h of monthly operation.
This value is significantly higher than the initial objective of 80 lSv:month�1 limit.
Therefore, a shielding has to be added for the roof to decrease the dose. The
shielding thickness is determined from the photon transmission coefficient equal to
T ¼ 80=250 ¼ 0:3. For this value, the irradiation room should be designed with a
23 cm thick concrete roof (see figure 3.VI.5). The neutron transmission coefficient
matching this thickness is 10 (refer to part 2), which is consistent with the dose rate
limit expected.

FIG. 3.VI.11 – Equivalent dose rate due to skyshine for (a) photons and (b) neutrons.
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Part 4: Air Activation Calculation and Associated Consequences
Radiological protection issues make it of prior importance to quantify the structural
elements- and the air- activation inside the accelerator room. Several physical
processes can lead to a residual activity after the accelerator shut down. The main
activation is due to photonuclear reactions caused by bremsstrahlung photons,
arising from (γ,n), (γ,p), (γ,α) and (γ,t) reactions, depending on the chemical element
and the photon energy. Neutrons from (γ,n) reactions can induce secondary nuclear
reactions like (n,γ) and (n,2n). They are marginal when compared to reactions from
photoneutrons produced in the target. In what follows, we will only focus on the air
activation study. The structural elements activation requires a well description of
their geometry as well as their constituting materials.

(a) Atmospheric photonuclear reactions

Since photonuclear reactions have thresholds, we firstly have to study those
which can occur on air components at the highest photon energy. The atomic weight
fractions of air are 0.0124% of carbon, 75.5% of nitrogen, 23.18% of oxygen and 1.3%
of argon. The possible reactions and their associated thresholds are summarized in
table 3.VI.4.

In MCNP, the photonuclear reactions-induced activity can be evaluated with the
tally multiplication card “fm” associated with a type 4 tally providing the mean
photon fluence in a cell, �Uc=Ne� . The provided result is the saturation activity Ai

sat
of radionuclide i, per source electron. The MCNP calculation yielding this activity
can be formalized as follows:

Ai
sat ¼ c

Z
Ec

r c;Xð Þ;Ec

�Uc

Ne�

� �
Ec

dEc

TAB. 3.VI.4 – Photonuclear reactions on isotopes composing
the air, for maximum photon energy of 20 MeV.

Reaction Threshold (MeV) Daughter half-life
12C(γ,n)11C 18.72 20.36 min
12C(γ,p)11B 15.96 Stable
12C(γ,α)8Be 7.37 7E-17 s
14N(γ,n)13N 10.55 10 min
14N(γ,p)13C 7.55 Stable
14N(γ,α)10B 11.61 Stable
16O(γ,n)15O 15.66 2 min
16O(γ,p)15N 12.13 Stable
16O(γ,α)12C 7.16 Stable

40Ar(γ,n) 39Ar 9.87 Stable
40Ar(γ,p)39Cl 12.53 56 min
40Ar(γ,α)36S 6.80 Stable
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with r c;Xð Þ;Ec
the cross section of c;Xð Þ photonuclear reactions leading to the

production of radionuclide i. The “fm” card parameters for the mean fluence
calculation in a cell are:

F4 :p [cell number]
Fm4  … 

k is the normalization constant depending on the desired result. In this case, this
factor is determined to yield a saturation specific activity Am; sat ið Þ. For instance,
when considering 14N nuclei, this constant is:

k ¼ g
A
� 10�24 ¼ 6:02� 1023

14
� 10�24 ¼ 4:3� 10�2

The 10�24 coefficient stems from the barn to cm2 conversion and A is the atomic
mass of target nuclei. The MCNP nomenclature of photonuclear reactions cross
sections involves, in the “fm” command, the IPT value (particle type) of the sec-
ondary particle created through the reaction. These are given in the particle des-
ignator section of the user’s manual. IPT values for neutrons, protons and alpha
particles are, respectively, 1, 9 and 34. The third parameter of the “fm” card is set to
this value, for the desired reaction, followed by “001”. Thus, parameters for the three
possible reactions are, respectively, 1001, 9001 and 34001. For photonuclear reac-
tions allowed on 14N, those three parameters must be set successively in the “fm”
card, enabling to separately calculate the corresponding saturation activities.
Finally, parameter M corresponds to a fictive material composed only of target
nuclei for the reaction of interest. This parameter is also defined in the materials
section of the input file. This material is only used for activity calculations and is not
affected to any cell of the scene. In the same time, an “air” material is set in the cell
modeling the internal air of the irradiation room to perform the particles transport
and to sample the photonuclear reactions. As an example, the following input file
presents instructions required to evaluate saturation activities of nuclides produced
through reactions on 14N. Calculations are performed in cell 20. The “real” air is
defined by material “m1” and the virtual material composed of 14N target nuclei is
specified by “m4”.

c air composition
m1 6000 -0.000124 7014 -0.755268 8016 -0.231781 18000 -0.012827
mx1:p 6012 j j 18040 $ photonuclear substitute material
c nitrogen 14
m4 7014 1
c fluence in air cell number 20
FC24 nitrogen N-14 target
F24:p 20
FM24 4.3e-2 4 (1001) (9001) (34,001) $ (γ,n) (γ,p) and (γ,α) reactions on N-14 target
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The mix and match instruction, denoted as “mx1:p”, allows to substitute some
photonuclear libraries by others. In the case study, the libraries used do not cover
materials 6000 (all isotopes of natural carbon) and 18000 (all isotopes of natural
argon). They are, respectively, replaced by 6012 (12C) and 18040 (40Ar) for which
photonuclear libraries are implemented in the MCNP xsdir file.

(b) Neutron reactions in the air

A F8 tally in conjunction with the “ft res” option is used to assess the neutron
activation of air due to photoneutrons produced in the target. For instance,
instructions below are set to calculate the saturation activity in cell 20:

F8 :n 20
FT8 RES

Without any additional information, these command lines return all atoms
created in cell 20 under the form “zzaaa”, representing 2200 values, including zero
values. The use of a range of atomic numbers following the “res” card enables to
target the desired result. Following instructions return only produced radionuclides
of which the atomic number is lying between z1 and z2.

F8 :n [cell number]
FT8 RES Z1 Z2

When specifying the command “ft8 res zzaaa”, only the number of “zzaaa” atoms
is printed. For instance, the “ft8 res 18041” instruction provides only the 41Ar
production once saturation is reached.

(c) Full calculation of the saturation activity with MCNP

This input file models the 20 MeV electrons interacting with the 2 cm long and
1 cm radius tungsten target. The target is located in the accelerator room of which
the walls have the concrete thickness calculated in the previous part (see
figure 3.VI.12). The air is contained inside a rectangular parallelepiped of dimen-
sions 720 cm � 300 cm� 540 cm ¼ 1:166� 108 cm3. Walls are included to account
for neutron scattering in the irradiation room. However, photonuclear reactions in
concrete are not simulated since only air activation is evaluated in this calculation.
Since the energy threshold of photonuclear reaction is higher than 5 MeV, electrons
and photons of energy lower than 5 MeV, pointless in the activity production, are
inhibited. The “cut” card is used to define an energy cutoff with its last entry set to
5, i.e., “cut:p,e j 5”. When using a F4 tally, the volume calculation has to be well
defined. This calculation, by default, achieved by MCNP for simple geometries
without “crushing” surface (refer to Antoni and Bourgois, 2013). In the following
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simulated scene, the air cell volume encompasses a crushing surface: the target.
Thus, the value of the volume has to be entered in a “vol” card.

The input file 3.VI.5 gives the complete calculation of the saturation activity of
the pinpointed nuclides.

activation calculation
c cell block
10 2 -19.3 -10 $ tungsten target
20 1 -1.2e-3 -20 10 $ air
30 10 -2.35 -30 20 $ concrete
40 0 30

10 RCC 0 0 0 0 0 2 1
20 RPP -360 360 -150 150 -270 270
30 RPP -500 500 -250 259 -500 500

vol j 1.1664E8 j j
imp:n,p,e 1 1 1 0
mode n p e
m1 6000 -0.000124 7014 -0.755268 8016 -0.231781 18000 -0.012827
mx1:p 6012 j j 18040 $ photonuclear substitute material
m2 74182 -.3 74183 -.1 74184 -.3 74186 -.3
c standard concrete composition d=2.35
M10 14000 -20.68 13027 -.363 8016 -50.853 20000 -21.645 12000 -.198 &
19000 -.088 11023 -.0384 16000 -.139 6000 -4.52 22000 -.0155 15031 &
-.0208 25055 -.0192 1001 -.701 26054 -.0418 26056 -.6588 26057 &

FIG. 3.VI.12 – Radiation scene modeled to calculate the saturation activity of the air inside
the irradiation room.
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-.0157 26058 -.0024 24052 -.00057
MX10:p 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 $ no photonuclear reaction in concrete
m3 6012 -1
m4 7014 -1
m5 8016 -1
m6 18040 -1
sdef par=e pos 0 0 1e-10 axs 0 0 1 ext 0 rad=d1 vec 0 0 1 dir 1 erg 20
c 4th entry of PHYS:p ispn=-1, then photonuclear particle production is analog

PHYS:P 100 0 0 -1 0 J 0
Si1 0 1
sp1 -21 1
FC14 C-12
F14:p 20
FM14 5e-2 3 (1001) (9001) (34001) $ (γ,n) (γ,p) and (γ,α) reactions on C-12
FC24 N-14
F24:p 20
FM24 4.3e-2 4 (1001) (9001) (34001) $ (γ,n) (γ,p) and (γ,α) reactions on N-14
FC34 O-16
F34:p 20
FM34 3.7625e-2 5 (1001) (9001) (34001) $ (γ,n) (γ,p) and (γ,α) reactions on O-16

FC44 Ar-40
F44:p 20
FM44 1.505e-2 6 (1001) (9001) (34001) $ (γ,n) (γ,p) and (γ,α) reactions on Ar-40

F8:n 20
FT8 RES
ctme 10000
cut:p,e j 5

File 3.VI.5

The results obtained for the activation of 14N contained in air accelerator room
via photonuclear reactions are listed in the output file as follows:

cible azote N-14
tally type 4 track length estimate of particle flux.
particle(s): photons

volumes
cell: 20

1.16640E+08
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cell 20
multiplier bin: 4.30000E-02 4 1001

4.11633E-13 0.000 4
cell 20
multiplier bin: 4.30000E-02 4 9001

1.38743E-12 0.000 3
cell 20
multiplier bin: 4.30000E-02 4 34001

1.04711E-14 0.0005

The value obtained for reaction (1001) yields the saturation specific activity of
13N per source electron A13N

m;sat=Ne� , that is, via the 14N(γ,n)13N reaction. By
assuming the nitrogen of the air is only composed of 14N, the 13N saturation activity
in the irradiation room air, per source electron, is:

A13N
sat

Ne�
¼ A13N

m;sat

Ne�

 !
m14N ¼ A13N

m;sat

Ne�

 !
qairV air %14Nð Þ

A13N
sat

Ne�
¼ 4:11� 10�13 � 1:17� 108 � 1:2� 10�3 � 0:755 ¼ 4:35� 10�8 Bq: e�ð Þ�1

For 1 µA current intensity it arises:

A13N
sat ¼ A13N

sat

Ne�

� �
i
e
¼ 4:3� 10�8 � 1� 10�6

1:6� 10�19 ¼ 2:72� 105 Bq

The results for the other radionuclides are given in table 3.VI.5.

TAB. 3.VI.5 – Saturation activities for the radionuclides
produced by photonuclear reactions in the air, per source
electron for 1 µA electron beam.

Reaction Asat
Ne�

Asat
l A

12C(γ,n)11C 6:54� 10�14 4:09� 10�1

14N(γ,n)13N 4:35� 10�8 2:72� 105
16O(γ,n) 15O 4:39� 10�9 2:74� 104
40Ar(γ,p)39Cl 3:12� 10�10 1:95� 103
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For neutron activation, the results are printed with the following form (example
given for the radionuclides with the form ZZAAA ranging from 18039 to 18043):

cell 20

user bin 1.80390E+04
0.00000E+00 0.0000

cell 20
user bin 1.80400E+04

0.00000E+00 0.0000
cell 20
user bin 1.80410E+04

7.89893E-08 0.0716
cell 20
user bin 1.80420E+04

0.00000E+00 0.0000
cell 20
user bin 1.80430E+04

0.00000E+00 0.0000

Inside this list of radionuclides, the only non-zero value is related to the label
18041, i.e., 41Ar. This time, the result is given for the total air mass of cell 20, since it
is obtained via the “ft res” instruction. For a 1 µA current, it becomes:

A41Ar
sat ¼ A41Ar

sat

Ne�

� �
i
e
¼ 7:9� 10�8 � 1� 10�6

1:6� 10�19 ¼ 4:94� 105 Bq

14C also has a saturation activity. It corresponds to 4� 10�5Bq:
source electronð Þ�1, that is to say 2:5� 108 Bq:lA�1.

(d) Evolution of the air activity over time, without ventilation system

Let us recall that activity varies with irradiation, as a function of time like (see
section 3.IV about 59Co activation):

A tið Þ ¼ Asat 1� exp �k tið Þ½ �
For a cooling time of td minutes after the electron beam interruption, the activity

obeys an exponentially decreasing function:

A ti; ttdð Þ ¼ A tið Þ exp �k ttdð Þ
For instance, for a 4 h irradiation (240 min) and for the 14N production, the

exponential term of A tið Þ tends towards 0. Thus, A tið Þ ¼ Asat and the activity
during the cooling time, per µA of beam, can be written as:

A13N 240; ttdð Þ ¼ A13N
sat exp � ln2

T1=2

� �
ttd

� �
¼ 2:72� 105exp �6:93� 10�2 � ttd

� �
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The activity profiles of radionuclides produced during the irradiation and cooling
phases are shown in figure 3.VI.13a. During the irradiation phase, one can notice
the13N activity saturation plateau starting around 50 min of irradiation, corre-
sponding to roughly 5 half-lives of this radionuclide.

The activity profiles of figure 3.VI.13a are given for a confined facility. It is now
proposed to study the impact of adding a ventilation system to the accelerator room.

(e) Evolution of the air activity over time, with ventilation

In the case of a ventilated accelerator room, the production of radionuclides,
their disappearance through radioactive decay and the air change rate compete. The
yield of radionuclide production in air through activation is covered by a differential
equation of the same type as equation (1) of problem 3.IV, with the addition of a
term taking into account the air change rate R inside the accelerator room:

dN tð Þ ¼ Ncr _U tð Þ dt � kN tð Þ dt � rt _U tð ÞN tð Þ dt � RN tð Þ dt ð3Þ
The air change rate R is the ratio between the ventilation air flow rate of a

containment enclosure and the volume of this containment enclosure. It is expressed
as inverse of time units. It should be stated that the expression suggested above is
reliable only if the intake flow is equal to the outtake flow, since it requires a
constant number of air molecules in the volume. The solving of differential
equation (3) leads to:

N tið Þ ¼ Nc _U

kþ rt _Uþ R
½1� expð� kþ rt _Uþ R

� �
ti Þ�

By neglecting the transmutation of radionuclides via reactions and by replacing
Ncr _U by Asat, the activity is then expressed by equation (4):

A tið Þ ¼ kN tið Þ ¼ k Asat

kþR
1� exp � kþ Rð Þtið Þ½ � ð4Þ

FIG. 3.VI.13 – Induced activities in the air over time for a 4 h irradiation (a) without
ventilation system and (b) with ventilation system.
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After a cooling time td , the activity can be written as:

A ti; tdð Þ ¼ A tið Þ exp � kþRð Þ tdð Þ
For the previous conditions, but with an air change rate of 3 h−1, which corre-

sponds to 0.05 min−1, the 13N activity shifts like:

A13N 240; ttdð Þ ¼ kA13N
sat

kþR
exp � kþRð Þ tdð Þ ¼ 1:58� 105 exp �5:69� 10�2 ttd

� � ð5Þ

The activity evolution of radionuclides produced, with a ventilation system, is
shown in figure 3.VI.13b. During the accelerator operation, we note that the air
activity, with ventilation, reaches more quickly the saturation activity (plateau is
exhibited in figure 3.VI.13b. Also, after the accelerator shutdown, the activity
decreases faster with ventilation. This is linked to the Rþ k term of the exponential
function, behaving like a “pseudo half-life” more rapidly inflecting the radioactive
decay curve. We note that the saturation activity is different for both systems.
Without ventilation, the saturation value is, indeed, NC r _U, and with, it is
kNc r _U=þR. This explains the difference in activity evolution during irradiation for
13N and 41Ar for systems with and without ventilation. After 4 h of irradiation and
without ventilation, because of different half-lives (109 min for 41Ar), the maximum
activity of 13N, which is not saturated, is larger than the saturation activity of 41Ar.
However, with ventilation system, both radionuclides quickly reach the saturation
activity, but this time, the maximum activity is that of 13N because of its lower
half-life.

(e) Ambient equivalent dose due to the air activation

The effective dose received by a worker when entering the irradiation room right
after the accelerator shutdown is calculated with the input file below. Here, only 13N
activity interests us, but the calculation can be extended to 41Ar and 15O. 13N is an
inert gas, thus it does not induce internal exposure though inhalation. Only external
exposure due to its homogenous distribution in the irradiation room is assumed.
This exposure is assessed through numerical simulation. Hereinafter, we propose to
calculate the ambient dose equivalent rate received by a worker at the center of the
irradiation room, modeled by a rectangular parallelepiped of dimensions
720 cm� 300 cm� 540 cm. This calculation is done using the point detector tally,
i.e., a type 5 tally, which evaluates the average fluence in each energy bin stated in
the “de15” card. Each energy bin result is then weighted by the “fluence – ambient
dose equivalent” conversion coefficient specified in the “df15” card. The sum over all
energy bins yields the final ambient dose equivalent per source gamma.

cube calculation
c cell block
20 1 -1.2e-3 -20 $ air
40 0 20
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20 RPP -360 360 -150 150 -270 270

imp:p 1 0
mode p
m1 6000 -0.000124 7000 -0.755268 8000 -0.231781 18000 -0.012827
sdef par=p pos 0 0 0 cel 20 erg .511 x=D1 y=d2 z=d3
Si1 -360 360
sp1 0 1
Si2 -150 150
sp2 0 1
Si3 -270 270
sp3 0 1
stop F15 1e-3
F15:p 0 0 0 .1
DE15 .01 .015 .02 .03 .04 .05 .06 .08 .1 .15 .2 .3 .4 .5 .6 &
.8 1 1.5 2 3 4 5 6 8 10
DF15 7.6 3.21 1.73 0.739 0.438 0.328 0.292 0.308 0.372 0.6 0.856 &
1.38 1.89 2.38 2.84 3.69 4.47 6.12 7.51 9.89 12 13.9 15.8 19.5 23.2

File 3.VI.6

The result for tally 15 is H � 10ð Þ=N c ¼ 5:8� 10�6 pSv:ðcÞ�1. The decay of 13N
leads to the emission of two 511 keV photons. Thus, the ambient equivalent dose per
hour per Becquerel is:

_H
�
10ð Þ

A

 !
¼ 3:6� 10�9 H � 10ð Þ

N c

� �
Cc

13N
� � ¼ 3:6� 10�9 � 5:8 � 10�6 � 2

¼ 4:2� 10�14 Sv:h�1:Bq�1

Let us calculate the ambient dose equivalent received by the worker for an
intensity i and for the same irradiation time as before, that is to say a very larger
time in comparison with the 13N half-life. Expression (4) gives the activity per µA, so
it is weighted by the intensity to get the activity during working conditions:

A ti; ttdð Þ ¼ Asati
kþR

exp � kþRð Þ tdð Þ

The ambient equivalent dose rate at after given time of cooling is:

_H
�ð10Þtd ¼

_H
�ð10Þ
A

 !
A ti; ttdð Þ ¼

_H
�
10ð Þ

A

 !
kAsati
kþR

exp � kþRð Þ tdð Þ

For the case study the value of the term ahead of the exponential function is:

_H
�
10ð Þ

A

 !
kAsati
kþR

¼ 4:2� 10�14 � 1:58� 105 � 0:1 ¼ 6:7� 10�10 Sv:h�1
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When a worker enters the accelerator room right after the accelerator shut down,
and stays there for a long period, the ambient dose equivalent received is:

H �ð10Þ1 ¼ 6:7� 10�10
R1
0 exp � kþRð Þtdð Þdtd ¼ � 6:7� 10�10

kþR
exp � kþRð Þ tdð Þ½ �10

() H � 10ð Þ1 ¼ 6:7� 10�10

kþR
¼ 6:7� 10�10

ln 2=10ð Þþ 0:05
¼ 5:6� 10�9 Sv

To perform a more accurate assessment, the contributions from the structural
elements of the facility, especially those composing the accelerator, for most of them
made of steel, should be added to the overall assessment of delayed sources of
exposure.

Part 5: Issue of the Ozone Production
In high dose rate facilities, nonradioactive toxic gases, of which the most toxic is
ozone (O3), can be produced by air radiolysis. The threshold limit value for ozone of
0:1 ppm ð0:2mg:m�3Þ is commonly acknowledged in international standards.
Furthermore, ozone is a powerful oxidizer causing a rapid corrosion of steel and
copper elements. NCRP (2003) describes the buildup and destruction of ozone
during irradiation using the following differential equation:

dNo

dt
¼ gI � aNo � jINo � RNo

where No is the number of ozone molecules per unit volume at time t (m�3); I is the
energy deposited in air per unit volume (eV:m�3:s�1); g is the number of ozone
molecules formed per unit energy (eV�1); a is the rate of decomposition of ozone
molecules (s�1); j is the number of ozone molecules destroyed per unit energy and
volume (eV�1:m�1); R is the air change rate of the ventilation system (s�1). Solving
the differential equation enables the evolution of the number of ozone molecules as a
function of time:

No tið Þ ¼ gI
aþ jI þR

1� exp � aþ jI þRð Þtið Þ½ �

NCRP (2003) provides usual values for g and a, which are respectively 0:074 eV�1

and 2:3� 10�4 s�1. The low value of j, about 1� 10�16, implies I to be commonly
omitted. After irradiation time ti, the amount of ozone molecules changes according
to an exponential function depending only on the decomposition- and air change-
rates:

No ti; trð Þ ¼ No tið Þexp � aþRð Þtdð Þ

The last parameter needed is the energy deposited in air per unit volume I . In the
case study, we assume that the energy deposit is only due to bremsstrahlung
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photons. We can suppose, indeed, that the electron beam is fully contained in the
vacuum tune of the accelerator, and consequently does not interact with the sur-
rounding air. We propose, hereinafter, to calculate its value with MCNP, but it can
be evaluated using data (see Antoni and Bourgois, 2017a). It is calculated with an
F6 tally, corresponding to the energy deposit in MeV:g�1 per source electron
�D=Ne�ð Þ. The required input file is similar to that for the assessment of the air

activation. Only tallies are different and photoneutrons are inhibited owing to their
low energy deposit.

coefficient calculation for ozone
c cell block
10 2 -19.3 -10 $ tungsten target
20 1 -1.2e-3 -20 10 $ air
30 10 -2.35 -30 20 $ concrete
40 0 30

10 RCC 0 0 0 0 0 2 1
20 RPP -360 360 -150 150 -270 270
30 RPP -500 500 -250 259 -500 500

vol j 1.1664E8 j j
imp:p,e 1 1 1 0
mode p e
m1 6000 -0.000124 7000 -0.755268 8000 -0.231781 18000 -0.012827
m2 74182 -.3 74183 -.1 74184 -.3 74186 -.3
c standard concrete composition d=2.381
M10 14000 -20.68 13027 -.363 8016 -50.853 20000 -21.645 12000 -.198 &
19000 -.088 11023 -.0384 16000 -.139 6000 -4.52 22000 -.0155 15031 &
-.0208 25055 -.0192 1001 -.701 26054 -.0418 26056 -.6588 26057 &
-.0157 26058 -.0024 24052 -.00057
sdef par=e pos 0 0 1e-10 axs 0 0 1 ext 0 rad=d1 vec 0 0 1 dir 1 erg 20
Si1 0 1
sp1 -21 1
F6:p 20
stop F6 .005
cut:p,e j .1

File 3.VI.7

The result in the output file is:

tally 6
nps mean error vov slope fom

30496 1.9846E-07 0.0046 0.0001 10.0 49248
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The calculated value is �D=Ne�ð Þ ¼ 2� 10�7MeV:g�1: e�ð Þ�1. We can infer the
energy deposited per unit volume using the below normalization:

I ¼ 1012qair
�D

Ne�

� �
i
e

with the coefficient 1012 for the conversion from cm3 to m3 and from MeV to eV. For
a beam current of 1 µA, it becomes:

I ¼ 1012 � 1:3� 10�3 � 2� 10�7 1� 10�6

1:602� 10�19 ¼ 1:6� 1015 eV:m�3:s�1:lA�1

The accelerator operates with a current intensity of 100 nA, so
I ¼ 1:6� 1014 eV:m�3:s�1. For a 4 h irradiation (i.e., 1:44� 104 s) and an air
change rate of 3 h�1 (i.e., 8:33� 10�4 sÞ, the number of ozone molecules after
irradiation is:

No 4 hð Þ ¼ 0:074� 2:2� 1014

2:3� 10�4ð Þþ 8:3� 10�4ð Þ
� 1� exp � 2:3� 10�4

� �þ 8:3� 10�4
� �� �� 1:44� 104

� �
 �
¼ 1:1 1016 molð Þ:m�3

As a result, the concentration of this toxic element is:

co 4 hð Þ ¼ gA
nA

� ��1
No 4 hð Þ ¼ 1:1 1016

6:02� 1023=3� 16ð Þ
¼ 8:8� 10�7 mg:m�3 4:4� 10�7 ppm

� �

For these conditions, no countermeasure is needed (the limit is at 0.1 ppm). For
accelerators with conversion targets, the ozone production is constraining in the case
of an operating point with a current greater than 1 mA. However, when the electron
beam interacts with the surrounding air, the ozone production problem exists in case
of far lower intensities.
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