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CHAPTER 1.

Introduction

1.1. Outline

One of the research subjects of the Grup de Física de les Radiacions (GFR) at the
Physics Department of the Universitat Autònoma de Barcelona, where the present work has
been developed, is the study of neutron interactions with matter in order to perform their spec-
trometry and dosimetry through their detection. Neutrons are electrically neutral, so that they
are not a¤ected by electromagnetic forces and they are unable to directly ionize matter. Due
to the complexity of the neutron interaction mechanisms, neutron dosimetry and spectrometry
are, generally, complicated problems that need to be solved with the required precision. In
fact, interaction of neutrons with matter is only possible through nuclear processes like scatter-
ing, capture and �ssion, which can produce charged particles that at the same time originate
ionisation. This ionisation is what dosemeters or spectrometers are able to detect, and is re-
sponsible of the biological e¤ects of neutron irradiation on life beings. Moreover, neutrons are
usually present in the form of radiation mixed �elds, with gamma radiation, and with an energy
spectrum covering a range between 0:01 eV and several GeV, a total of 14 energy decades. In
practice, di¢ culties arise when an instrument must respond adequately to such an extended
energy range. Only multisphere systems (Bonner spheres) are able to detect neutrons in energy
ranges wide enough, from thermal to some hundreds of MeV.

On the other hand, radiation dosimetry deals with the e¤ect of a certain radiation
over living beings and it consists on the de�nition of a series of dosimetric quantities by the
International Commission of Radiological Protection (ICRP). Physical or measurable quantities
(�uence, absorbed dose, kerma,. . . ) characterize the radiation �eld, whilst limiting quantities
(equivalent dose in an organ or tissue, e¤ective dose, . . . ) are de�ned to take into account
the biological e¤ects of radiation. The limiting quantities are, by de�nition, impossible to
measure in practice, so their values are estimated from operational quantities (like ambient dose
equivalent or personal dose equivalent). The conversion from one type of quantity to another is
performed through weighting factors and conversion coe¢ cients, which values depend on the type
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of radiation and its energy. In the case of neutrons, these factors and coe¢ cients are strongly
dependent on the incident neutron energy, so that it is required to have spectrometric information
about the incoming neutron radiation �eld to correctly evaluate the adequate quantities.

As a consequence, in order to measure and characterize correctly a neutron �eld, several
points must be taken into account:

1. The knowledge of the physical mechanisms of neutron interaction with matter in a broad
energy range, from the thermal region (around 0:01 eV) to high energy neutrons (in the
order of GeV).

2. The knowledge of neutron interaction cross sections, which will provide information on the
production probabilities of secondary charged particles as a function of their energy and
emission angle.

3. The knowledge of the mechanisms through which the secondary charged particles interact
with matter and deliver their energy, generating a measurable signal in a certain detector
or producing damage in an alive being.

4. The importance of obtaining the detector response as a function of the incident neutron
energy (response function), which relates the value of the measured signal with the neutron
�uence or with a given operational dosimetric quantity to which the detector is calibrated.

5. The adequate calibration of the detector in neutron reference �elds that allow validating
the response function matrix, usually obtained from Monte Carlo simulations.

Measurement campaigns have been undertaken by the GFR for characterising neutron
�elds of di¤erent kinds, like those encountered inside of the containment building of nuclear
power plants, around containers of spent nuclear fuel or those produced in high energy accel-
erators. This work deals with the development and characterisation of a new Bonner spheres
neutron spectrometer based on the activation of gold foils as thermal neutron detector. This new
spectrometer is especially useful when mixed neutron-gamma �elds or pulsed neutron �elds are
to be measured. The immediate application of this spectrometer is to characterise neutron �elds
originated in linear electron accelerators (LINACs) used for radiotherapy and in cyclotrons used
for the production of the positron emitting radionuclides needed in positron emission tomogra-
phy (PET). The particularities of neutron production in these types of facilities are discussed
below.

1.2. Neutron production and transport in radiotherapy linear
accelerators

Radiotherapy treatments with electron linear accelerators (LINACs) are currently ex-
tended worldwide and based on well-established techniques. In a typical LINAC, the primary
electron beam collides with a high Z target (Pb or W typically) to produce a bremsstrahlung
photon beam used to treat the cancerous tissue. The shape of the photon beam is conformed
to match the shape of the volume to be irradiated with the help of collimating jaws and �lters
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made of high Z materials. Both electrons and gamma rays can produce neutrons when interact-
ing with the accelerator shielding and collimators materials. This neutron production can result
in doses to patients and to operating personnel from direct exposure both to neutrons and to the
resulting residual radioactivity. The constant improvement and evolution of the methodology
used in radiotherapy because of the advances of Physics and Engineering has the outcome of
a better con�nement of the radiation dose around the clinical target. In this way, techniques
like Radiosurgery, Intensity Modulated Radiation Therapy (IMRT) or hadron therapy have an
increasing role in the treatment of cancer.

The photon �eld produced at radiotherapy LINACs is very intense, collimated, pulsed
and accompanied by high-frequency microwaves. This type of environment usually limits the
use of active systems inside the treatment room and passive detectors must be used. A brief
introduction on neutron production and transport associated to LINACs facilities is provided
below.

1.2.1. Physics of neutron production in LINACs

At present, medical electron accelerators operate at energies between 6MeV and 25MeV.
They generate a photon bremsstrahlung beam when electrons hit a heavy target. Both the gen-
erated electrons and photons can be absorbed in the materials constituting the accelerator head.
Neutron emission is possible if the energy of these electrons or photons exceeds the minimum
energy required to remove a neutron from the nuclides they encounter. For the majority of sta-
ble nuclei heavier than C, the minimum energy necessary to remove a neutron from the nucleus
lies between 6 and 16MeV. Thus, neutron emission is a possible process in typical materials
composing a LINAC head if the accelerator operates above � 8MeV.

The production of neutrons resulting from the interaction of photons and electrons
with various nuclides is governed by the properties of the giant resonance of the photonuclear
interaction [1]. The giant resonance appears as a large peak in the plot of the nuclear photon
absorption cross section as a function of the photon energy. In fact, the photonuclear reaction
cross section in most light elements has a maximum around 20MeV to 25MeV, while for heavier
elements the maximum appears at lower photon energies, down to about 13MeV in uranium.
The narrowest resonances appear in nuclides with closed shells, while the broadest ones appear
for nuclides, like 165Ho, that have large permanent deformations. To a very good approximation,
the sum of the neutron producing cross sections is the total nuclear absorption cross section
for photons. This e¤ect implies that heavier nuclides are much more e¢ cient photoneutron
producers than are the lighter nuclides. For photon energies below 35MeV, i.e. in the giant
resonance energy range, the photonuclear cross section is dominated by the (
; n) reaction, with
very few exceptions.

The same nuclear reaction that can be induced by a photon can also be induced by the
interaction of an electron with a nuclide. Two processes can take place for electrons as shown
in �gure 1.1:

i) An electron scatters through a certain angle in the Coulomb �eld of a radiator, nuclide R,
to produce a photon of energy E
 = Ei � Ef . This photon then induces a photonuclear
reaction in a second nuclide A, for example a (
; n) reaction.
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Figure 1.1. Schematic representation of neutron production processes. On the left a (
; n)
reaction, on the right an (e; n) reaction. From [1].

ii) Instead of creating a real photon, a virtual photon of energy E
 = Ei�Ef interact directly
with nuclide A to initiate a reaction, for example e+A! (A� 1) + n+ e0.

The second process is known as electrodisintegration. Its cross section is analogous to
the bremsstrahlung-weighted photodisintegration cross section that would be measured using a
bremsstrahlung spectrum generated by an electron. The electrodisintegration cross section is
expected to be of the order of the �ne structure constant, � = 1=137, times the corresponding
bremsstrahlung-weighted cross section and may be neglected, except for accelerators where direct
electron irradiation is used. Thus, at the typical operating energy range of LINACs, neutron
emission is possible and explained by the photoneutron reactions, (
; n), induced by the photon
bremsstrahlung beam on the nuclides present in the several structures where they impact.

Primary photoneutron spectra

In a LINAC, the neutron spectrum produced in the accelerator�s target by photon
absorption is called primary neutron spectra. The absorption reaction of a photon of energy
E
 by a nuclide (A;Z) in the giant dipole resonance (GDR) regime is usually described with
Bohr�s compound-nucleus hypothesis, [2]. The main idea is to split the nuclear reaction in two
steps: the formation of a compound nucleus and its decay after a time much greater than the
interaction time (10�16 to 10�18 s). With the exception of a few quantities, which are subject to
conservation laws (energy, angular momentum, parity), the compound nucleus loses memory on
the way it was formed. Consequently, the spectrum of neutrons emitted following the absorption
of a photon of energy E
 by a nuclide (A;Z) is determined by the spectrum of states of the
daughter nuclide, (A� 1; Z), up to an excitation energy given by Emax = E
 � Sn ��R, where
Sn is the neutron separation energy for (A;Z) and �R ' E2
=2AMc2 is the center-of-mass recoil
energy. The Weisskopf�s statistical treatment of nuclear level densities [3] is used to describe the
energy distribution of photoneutrons. Weisskopf considered a nucleus (A� 1; Z) and a neutron
with energy En enclosed in a volume V . Assuming that the neutron moved in a random way
like a molecule of a gas, Weisskopf derived the mean probability of the neutron being captured
by the nucleus (A� 1; Z). From this he obtained the probability of the reverse process, i.e. the
evaporation of a neutron from a nucleus (A;Z). This probability has an energy-dependent factor

4



that de�nes the shape of the energy spectrum of the emitted neutrons. The resulting expression
of this neutron evaporation energy spectrum is:

dN (En)

dEn
= Kw�c (A� 1; Z : En)Ene�

En
T (1.1)

where �c (A� 1; Z : En) is the capture cross section of nuclide (A� 1; Z) for a neutron of energy
En; Kw is a constant that normalises the spectrum to contain a speci�c number of neutrons;
and T is the "nuclear temperature" associated with the daughter nucleus that remains after the
neutron has been emitted. Over the portion of the spectrum where this expression is valid, �c
is a slowly varying function of En, so the evaporation spectrum displays a Maxwell-Boltzmann
distribution, being the angular distribution of the emitted neutrons isotropic. For the materials
of interest, the nuclear temperature lies typically between 0:5 and 1:5MeV and is a mild function
of the excitation energy. The average energy of the Maxwell-Boltzmann distribution, 2T , which
corresponds to its maximum, ranges between 1 < Eav < 3MeV.

Mainly three possibilities have to be considered which violate the compound-nucleus
hypothesis [4]:

1. Direct reactions, which are nuclear reactions that occur in a time (about 10�22 s) compa-
rable to the interaction time.

2. Fast processes or pre-equilibrium reactions leading to particle emission with a time scale
longer than the very rapid direct reactions but much shorter than the slower compound
nucleus reactions.

3. Slow dynamic evolution of shape, density or other global degrees of freedom, which create
time-dependent global conditions for the intrinsic degrees of freedom.

These three processes produce deviations from the spectrum given by equation (1.1) in
the high energy range, being the contribution of direct reactions the most important in our case.
The direct spectrum of photoneutrons produced by a monoenergetic photon beam would consist
of a series of discrete lines. In contrast to the isotropic angular distribution of the "statistical
decay" neutrons described by equation (1.1), the angular distribution of the "direct" neutrons
is usually anisotropic with respect to the photon beam direction. The consequence of all these
possible reactions is that photoneutron spectrum can be approximated by assuming that, for
monoenergetic photons, E
 , it is given by an evaporation spectrum plus a discrete peak at an
energy En = E
 � Sn and containing 10 � 20% of the neutrons in the evaporation spectrum,
[1] and [5]. The spectrum of neutrons produced by a bremsstrahlung spectrum, as in a LINAC
accelerator, with a maximum energy Eb is then given by integrating over the photon energy the
spectrum produced at each photon energy weighted with the bremsstrahlung spectrum. Because
of the assumption that the direct-neutron spectrum consists of ground-state neutrons only, the
resulting spectrum errs on the side of having somewhat higher-energy neutrons that will be
found in a measured spectrum.
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1.2.2. Neutron transport in LINACs

Transport in the accelerator head

The typical linear accelerator for radiotherapy purposes has massive photon shielding
(collimator, �attening �lter, �xed and/or mobile jaws) around the target, which, when the
accelerator is energised, produces a collimated beam of X-rays. Neutrons originated inside the
head are approximately isotropic and penetrate the shielding in all directions. The photon
shielding material is usually some heavy metal such as W or Pb; the head also contains a
certain amount of iron and copper in bending magnets. Although these materials provide good
photon shielding, the only signi�cant mechanisms of neutron energy loss in these materials are
inelastic scattering and (n; 2n) reactions, as for the energies involved reactions giving more
than two neutrons are highly improbable. The inelastic scattering dominates energy losses at
lower energies and the (n; 2n) reactions dominate at higher energies. The energy loss in any
inelastic collision cannot be determined or predicted exactly, but there is a minimum energy
loss which equals the energy of the lowest excited state of the shielding material. In the (n; 2n)
reaction, the minimum energy loss is equal to the binding energy of a neutron, and, since the
energies of the two emerging neutrons tend to be similar, this reaction produces large number
of low energy neutrons. Therefore, a typical primary neutron penetrating the photon shielding
material undergoes several collisions. In addition, a large amount of elastic scattering takes place
in these materials at these energies. The elastic scattering results in negligible energy loss but
has the e¤ect of increasing the path length of the neutrons in the shielding material and o¤ering
greater opportunity for the inelastic and (n; 2n) reactions to occur. All these reactions produce
a degraded neutron spectrum, quite di¤erent from the primary neutron spectrum produced at
the target.

Two e¤ects of the head shielding on the primary neutron spectrum can be identi�ed:

i) The average energy of the neutron spectrum decreases almost exponentially with increas-
ing shielding thickness. The slope of this exponential decrease is much steeper for W than
for Pb, and it becomes steeper with increasing spectral energy, see 1.2 and 1.3. Since these
materials become very transparent to neutrons with energy below that of the �rst excited
state of the nucleus, the exponential decrease will eventually begin to level o¤ and the
average energy will remain almost constant for transmission through further thicknesses of
Pb or W. Therefore, once the neutron energy has been reduced by the shielding to values
below that of the �rst excited state of the nucleus, increasing shielding thicknesses will
not be able to further reduce the neutron average energy. However, for the thicknesses en-
countered in medical accelerators, the exponential decrease is a reasonable approximation.
It should be noticed, that the decrease in the average energy also produces a decrease in
the absorbed dose or the dose equivalent to the patient.

ii) A small attenuation of the neutron �uence in the accelerator head should be expected,
since capture cross sections for the heavy metals are small except at thermal neutron
energies. In fact, there may be a small build up of neutron �uence due to the multiplying
e¤ect of (n; 2n) reactions. Considerable attenuation of the neutron �uence can be achieved
by adding some borated hydrogenous shielding outside the photon shielding.
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Figure 1.2. The average energy of various neutron spectra as a function of the thickness of a
spherical shield of lead surrounding the source, from [1].

Figure 1.3. The average energy of various neutron spectra as a function of the thickness of a
spherical shield of tungsten surrounding the source, from [1].
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Transport in the concrete room

Linear accelerator machines are placed inside shielded rooms, most made of concrete,
with the access door separated from the accelerator by a maze. Neutrons striking the concrete
undergo mostly elastic scattering. Hydrogen in the concrete thermalises the neutrons rapidly
and are captured, usually with accompanying gamma ray emission. Many of the neutrons
may backscatter out of the walls and traverse the room several times before being captured.
Eisenhauer et al. [6] were able to deduce that the typical neutron traverses � 2:4 times the
room before it is captured or its energy falls below the Cd cut-o¤ energy (0:4 eV). The resulting
neutron spectrum everywhere in the room has a low energy scattered component, which is almost
constant. The total neutron �uence will then consist of a direct component, given by the fast
neutrons produced in the LINAC head, summed with a scattered constant component from the
walls and a thermal component:

�total = �dir +�sc +�th (1.2)

McCall et al. [5] provided an empirical method of estimating �dir, �sc and �th. They
studied the e¤ects of a concrete room on the neutron spectrum with Monte Carlo techniques
and obtained the following empirical relationships:

�dir =
aQ

4�d2
(1.3)

�sc = 5:4
aQ

S
(1.4)

�th = 1:26
Q

S
(1.5)

where the quantity a is the transmission factor for neutrons that penetrate the LINAC head
shielding ( a = 1 for Pb, a = 0:85 for W). The quantity S refers to the treatment room inner
surface area in cm2, and Q is the neutron strength in neutrons from the head per X-ray dose
(Gy) delivered at isocenter. Finally, d is the distance in cm from the target to the point where
the direct �uence is evaluated. A complete study of Q values for several LINAC models and
operating energies can be found in [7]. From this expressions, it can be seen that the direct
component is expected to follow the inverse square distance law, and that both the scattered
and thermal components depend on the inner surface of the treatment room and not on its exact
geometry.

We can conclude that a typical neutron spectrum inside a LINAC treatment room will
display a peak around 1MeV (direct or primary component), another peak around 0:025 eV
(thermal component) and a much less abundant epithermal component of neutrons with inter-
mediate energies (scattered component). All these neutrons will contribute to the unwanted
dose delivered to the patient outside the treated organ (peripheral dose). As doses deliverd by
neutrons depend highly on their energy, a correct estimation of this contribution can only be
achieved if spectral information is available.
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1.3. Neutron production in positron emission tomography cy-
clotrons

1.3.1. Overview

Radioisotopes of di¤erent types are commonly used in medicine for therapeutic and di-
agnostic purposes. For diagnose they have become a standard method of noninvasive exploration
and of study of a patient�s condition [8]. There are two di¤erent production processes, depend-
ing on the usage of reactors or accelerators to induce radioactivity from stable elements. The
invention of the cyclotron by Ernest Lawrence in 1934, a machine able to accelerate deuterons
to very high speeds, showed that the production of the nuclear instability necessary to gen-
erate radioactivity was possible. During the years from 1935 to the end of World War II,
particle accelerators and in particular cyclotrons became very important in the preparation of
radioisotopes. Immediately after World War II, almost all the radioisotopes in use were made
in reactors, and the use of accelerators became less important. In the 1950s, the discovery that
201Tl could be used as an ideal tracer for detecting myocardial perfusion and other improve-
ments in radiotracing techniques generated a growing demand of radionuclides to which reactors
could not answer. Consequently, the production of radioisotopes in cyclotrons for medical ap-
plications revived. The preparation of �uorodeoxyglucose (18FDG) in the mid-1970s and its use
for studying glucose metabolism was a major breakthrough, leading to the development of the
now widely used imaging modality called Positron Emission Tomography (PET), in which �+

emitter radioisotopes are used. The use of 18FDG along with a PET camera yields excellent
quality images of the brain (for studying functional abnormalities), heart (for studying viability
function) and tumors (for detection of metastases). A large number of other 18F and 11C labelled
radiopharmaceuticals were developed subsequently, and the quest for newer and more e¤ective
ones continues at present.

The applications of isotopes produced in cyclotrons have been expanding at a much
faster pace in the last 15 years, as indicated by the large number of new machines being installed
for isotope production. Some cyclotrons are dedicated to the production of a single isotope such
as 18F or 103Pd. In Spain, a total of 5 (out of 262 in the world) cyclotrons for production of
PET radioisotopes where operative in November 2005, when the International Atomic Energy
Agency (IAEA) compiled an updated cyclotron directory between all the 39 Member States of
the Agency [9].

In order to be used in diagnosis, radionuclides and compounds to which they are
attached must obey some criteria [10]:

1. Radionuclides must have suitable physical properties: for example emission energies related
to high detection e¢ ciencies, compatible with the lowest possible radiation dose delivered
to the patient.

2. Compunds must also have suitable biochemical properties like interacting with the system
to be probed in a known and reproducible way and not altering or perturbing the system
in any measurable manner.

Moreover, most of the radioisotopes used in vivo should have relatively short half-lives
(less than a few hours to at most a few days) and the decay should occur preferably via IT, EC or
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Table 1.1. Routine methods of prouction of some commonly used positron-emitting isotopes in
PET studies, data adapted from cite Qaim and cite Vega-Carrillo

Production data �+ emitter data
Nuclear Q� value Energy range Thick target yield Radionuclide T1=2
reaction (MeV) (MeV) MBq (mCi) = �Ah (min)
14N(p; �) �2:922 3� 13 3820 11C 20:4
16O(p; �) �5:217 7� 16 1665 13N 10:0
15N(p; n) �3:536 0� 10 2220 15O 2:0
14N(d; n) +5:073 0� 8 2368 15O 2:0
18O(p; n) �2:437 3� 16 2960 18F 109:8
20Ne(d; �) +2:792 0� 14 1110 18F 109:8

�+ emission. There are de�nite advantages in using short lived radionuclides; for example, there
is a low radiation dose associated with each study, serial studies are possible and radioactive
waste disposal problems are minimized if not eliminated. The disadvantages are the need for an
accelerator nearby or within easy shipping distance for the longer lived species (a few hours),
and for rapid chemical procedures, especially for formation of more complex compounds.

As shown in table 1.1, PET radionuclides are produced from either proton or deuteron
nuclear reactions. Since most PET research was performed at major research laboratories having
accelerators capable of proton or deuteron production, these reactions were the standard. How-
ever, in the early 1980s, small compact proton-only cyclotrons became available, and cyclotrons
speci�cally designed for producing PET radionuclides were installed in many hospitals.

Cyclotron technology has improved signi�cantly since the 1980s. Cyclotrons are now
stable machines, controlled by computers, which can produce a wide variety of radioisotopes.
Hospital based machines, which are generally dedicated to the production of the standard PET
radioisotopes (11C, 13N, 15O and 18F), accelerate protons in the 10 � 19MeV range, and some
also produce deuterons with an energy of about half that of the protons (5� 9MeV) [10].

1.3.2. Neutron �elds around PET cyclotrons

Cyclotron machines accelerate charged particles (protons or deuterons mainly) that
follow circular trajectories, originating bremsstrahlung radiation. In addition, as a consequence
of the interactions between the charged particle beam and surrounding media radiation is pro-
duced. Thus, bremsstrahlung and characteristic X-rays, prompt 
-rays, neutrons and delayed
radiation (� and 
) are produced making the radiation �elds around cyclotron machines com-
plex, mixed and very intense. In particular, neutrons are produced as secondary particles and
their contribution, in the operation of biomedical cyclotrons, is generally the most important
one to the radiation �eld around the accelerator, driving shield calculations [11]. Neutrons
are produced in nuclear reactions involving several materials and components of the cyclotron
system:

� in the isotope of interest from the cyclotron target material, through the reaction channel
producing the desired radioisotope;

� in the isotope of interest from the cyclotron target material, from concurrent reaction
channels that do not produce the desired radioisotope, i.e. from non useful nuclear reac-
tions;
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� in isotopes from the cyclotron target material other than the isotope of interest;

� in the components of the target assembly, like the body enclosing the target material, or
the target foils insulating it from the vacuum chamber of the cyclotron;

� in the collimator system, purposely hit by the beam to delimit its shape during irradiation;

� in other structures of the cyclotron that may be hit by tails of the beam or by stray ions.

The energy and angular distributions of the neutrons produced are consequence of all
these reactions, which are initiated by charged particles, unlike the LINAC case. Although the
exact mechanism of nuclear reactions is not yet completely understood, the compound nucleus
reaction model is applicable if one takes into account that, from classical mechanics, a reaction
between a charged particle and a nucleus cannot take place if the centre-of-mass energy of the
two bodies is less than the Coulomb barrier. In fact, these reactions take place at energies well
below this barrier due to the e¤ects of quantum tunnelling. Because the compound nucleus
model is valid, one expects the neutron �eld to be characterised by the decay of the compound
nuclei created. At the low energies of interest in PET cyclotrons, deexcitations of compound
nuclei take place mainly through evaporation processes, so the neutron energy spectrum can be
described by a Maxwellian distribution with a peak in the MeV order, like in the LINAC case.
These primary neutrons will then undergo scattering reactions in the target, in the structural
cyclotron materials and in the bunker walls, so a thermal neutron component will also exist.
The experimental determination of neutron �elds around PET cyclotron facilities is a di¢ cult
task due to complexity of the radiation �elds encountered.

1.4. Scope of the study

The present work deals with the need of characterising experimentally the neutron
�elds generated in LINAC and PET medical facitilties. These �elds may be pulsed, intense
and mixed with high energy predominant photon component, where active instruments may
experiment some limitations such as pulse pile-up, dead-time and radiofrequency interferences.
To overcome these di¢ culties, a passive Bonner sphere spectrometer (BSS), using pure gold foils
as central detectors, has been recently developed in the laboratory of the Grup de Física de les
Radiacions at the UAB. This spectrometer should tolerate exposures in extreme environment
conditions of temperature and humidity, and should be able to measure neutron spectra in such
environments independently on their direction of incidence and over a wide energy range (from
1meV up to 20MeV).

The present manuscript describes the design, characterisation and application of the
new UAB neutron passive Bonner sphere spectrometer, and is structured in 9 chapters and 4
appendixes:

� Chapter 1 gives an introduction about the neutron production in LINACs and PET facil-
ities and the scope of the study is presented.

� Chapter 2 is dedicated to review neutron properties and their interaction mechanisms
and to summarise the di¤erent types of neutron workplace �elds. Radiation protection
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quantities are introduced and the need of neutron spectrometry to estimate correctly
limiting quantities is discussed.

� Chapter 3 provides an overview of neutron spectrometry techniques. Special attention is
dedicated to Bonner sphere spectrometers and their response functions and a review of
unfolding techniques is given. The parameters a¤ecting measurements in real irradiatons,
like all parasitic e¤ects of neutron scattering and the geometric features due to source
and/or instrument dimensions, are presented.

� In chapter 4 the major limitations of the UAB active BSS in presence of LINACs neutron
�elds are analysed. An introduction to Bonner spectrometry with activation detectors as
central thermal neutron detectors is given and the criteria needed to design a passive BSS
are outlined. The last part of the chapter is dedicated to describe the design of the new
UAB passive BSS developed in this thesis.

� In chapter 5, the calculation procedure used to obtain the UAB passive BSS response
matrix is explained. The dependence of the response functions on several factors, such as
the neutron incidence direction, the mass density of the polyethylene spheres and the gold
foil geometry is also studied.

� Chapter 6 is dedicated to the experimental characterisation of the UAB passive BSS. The
calibration factor and the overall uncertainty of the response functions are determined.
The results obtained from validation to monoenergetic neutron beams are also presented.

� In chapter 7 the performance of the UAB passive BSS in the neutron �elds for which it has
been designed, has been tested in various measurement campaigns. This chapter presents
the neutron spectra obtained from measurements with the UAB passive BSS in several
LINAC and PET facilities, under a wide variety of irradiation conditions.

� The conclusions and perspectives derived from the present work are given in chapter 8.

Complementary information is given in the appendixes.
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CHAPTER 2.

General concepts

2.1. Neutron physics and interactions

2.1.1. General properties

Neutrons, together with protons, play a fundamental role in the study of nuclear forces
and the formation of the atomic nucleus [12]. Their existence was predicted by Ernest Rutherford
in 1920. However, the �rst experimental evidence came a decade after, when Walther Bothe
and Herbert Becker bombarded berylium (and also boron and lithium) with �-particles from
a 210Po radioactive source. They observed the emission of a very penetrating but nonionizing
radiation, which they assumed to be high-energy photons. Around 1931, Irène Joliot-Curie
and Fréderic Joliot-Curie noticed that, when this radiation fell on a para¢ n target, energetic
(5:3MeV) protons were emitted. They estimated, using the Compton scattering formula, that
the photons originating these protons would be at least 52MeV. However, the emission of
such photon energy seemed extremely unlikely at that time. One year later, James Chadwick
repeated the same experiment with other recoil nuclei and he provided the correct explanation,
identifying the mysterious radiation as electrically neutral with nearly the same mass as that of
the proton. Chadwick named this particle "neutron" and he is credited until today with being
its discoverering father.

Neutrons are composed of three quarks (uud), so that they interact through strong
nuclear forces. They have a rest mass of 939:573MeV=c2, slightly greater than that of pro-
tons, and have no net electric charge and spin 1=2. However, the inner distribution of positive
and negative charges gives rise to electromagnetic momenta. Extremely weak electromagnetic
forces may appear when these momenta are coupled with the charge and spin of atomic orbital
electrons. Therefore, neutrons can travel appreciable distances in matter until a "collision" or
interaction takes place with a surrounding nucleus due to nuclear forces leading to scattering
or capture processes [13]. Generally, neutrons are stable when they are well bounded within
the atomic nucleus, but they can decay sometimes into a proton, an electron and an electron
anti-neutrino. The lifetime of free neutrons outside the atomic nucleus is about 886 s.
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Table 2.1. Energy classi�cation for neutrons.
Neutron Type Energy Range

Thermal 10�3 eV � 1 eV
Intermediate 1 eV � 100 keV

Fast 100 keV � 20MeV
High-energy > 20MeV

The probability that an interaction takes place between an incident neutron and a
target nucleus is expressed through the concept of the cross-section, �, of this particular type
of interaction, which has the dimensions of area and is commonly expressed in barns (1b=
10�24 cm2). If a large number of neutrons of the same energy are directed into a given material
layer, some of them may pass through with no e¤ects, others may have interactions that change
their directions and energies, and the last portion may be fully captured. On the other hand, they
do not produce primary ionization when passing through matter due the their lack of Coulomb
interactions with atoms and molecules of the medium. The only way to detect them is through
the secondary charged particles released from nuclear interactions in a given material. These
secondary particles are able to produce electrical signals or pulses, which can, then, be easily
processed by practically any of the available radiation detectors or measurement instruments
[14].

2.1.2. Classi�cation

Neutrons are usually classi�ed on the basis of their kinetic energies but without clear
established limits. As these limits depend on the application �eld considered, table 2.1 lists the
main categories that are commonly used in neutron dosimetry and spectrometry.

Relativistic neutrons with energies above 10MeV [15] interact mainly through inelastic
scattering (n; n0) with high Z (atomic number) materials and are able to induce spallation
reactions like (n; xn) or (n; np). In the range between 10MeV and 100 keV, they may undergo
elastic scattering (n; n) with low Z materials like hydrogen, carbon and oxygen, transferring
part of their energy to the recoil nuclei. However,.inelastic interactions could become important
for the higher energies of this range or for materials with high Z. Neutrons may therefore be
slowed down, via multiple and/or successive elastic collisions with the nuclei of the medium,
becoming intermediate neutrons with an energy distribution or spectrum proportional to 1=En
(being En the neutron energy). At this stage, neutron resonance processes, due mainly to (n; 
),
(n; p) ; (n; �) and (n;�ssion) reactions, may also take place. Below 1 eV, neutrons reach thermal
equilibrium with the surrounding atoms or molecules of the medium, displaying a Maxwellian
energy distribution. The most probable energy for these thermal neutrons is given by:

E0 = kB � T (2.1)

where kB is the Boltzmann constant and T the medium absolute temperature. At a room
temperature of 20 �C, the most probable energy for thermal neutrons is:

E0 � 25:3 m eV (2.2)

which corresponds to a velocity v0 � 2200 m s�1. A single thermal neutron is able to gain and
lose small amounts of energy through many elastic scatterings until it is absorbed by a neighbour
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nucleus. For almost all stable elements absorption takes place through radiative capture (n; 
)
reactions, whereas for some low Z nuclei nuclear reactions like (n; p) or (n; �) are also possible.
In most nuclei, the (n; 
) cross-section is inversely proportional to the neutron velocity. In which
follows, we describe in detail all the neutron interaction mechanisms with nuclei.

2.1.3. Neutron interactions with matter

As stated above, the interaction of neutrons with matter is quite di¤erent from that of
charged particles or gamma radiation because of the absence of electric charge. Electromagnetic
interaction is negligible and neutrons must enter the nucleus or come su¢ ciently close to it
to interact via nuclear forces, so neutron interactions are always at a nuclear scale. Many
processes are involved and depend highly on the neutron energy; but two main categories can
be established: scattering and capture processes [16], [14], [17], [13].

a) Scattering processes

- Elastic scattering (n; n): This process, which is the major responsible for neutron
moderation or thermalization, occurs when part of the incident neutron energy is transfered to a
nucleus that recoils without acquiring any excited state. After interaction, the recoil nucleus may
cause atomic ionization and excitation in the surrounding material, until it �nally stops. The
relationships between the energies and the scattering angles for the emitted neutron (E

0
n; �n) and

those of the recoil nucleus (EA; �A), in the laboratory (LAB) reference system, can be obtained
through basic kinematics:

E0n =
�mn

4mA
En

0@cos �n +
s�

mA

mn

�2
� sin �n

1A2 (2.3)

EA = �En cos
2 �A where � =

4mAmn

(mA +mn)
2 (2.4)

sin �n =

r
�

1� � cos2 �A
mA

mn
cos �A sin �A (2.5)

It can be observed, according to these expressions, that in the case of an hydrogen
nucleus (� ' 1) and scattering angle �A = 0, the recoil nucleus or proton is ejected with
the same energy (E0n = En) as that of the incident neutron. In general, the average energy
transferred to a recoil proton is 50% that of the incident neutron, which is enough to break
the chemical bonds and to ionize the medium. Moreover, it is an experimental fact that below
10MeV all neutrons are scattered following an isotropic angular distribution in the centre-of-
mass (CM) reference system, which means that the number of emitted neutrons is proportional
to the solid angle d
 and that the scattering probability inside a certain solid angle, P (
), is:

P (
) =
d


4�
=
1

2
sin�d� (2.6)

being � the scattering angle of the emitted neutrons in the CM reference system.
The recoil nucleus energy depends on the atomic mass number of the target, on the

incident neutron energy and also on the scattering angle. In fact, the energy tranferred from
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an incident neutron as well as the elastic scattering cross-section decrease when the mass of
the target nucleus increases. Neutrons of any energy can interact by elastic scattering as no
threshold is needed for this reaction.

- Inelastic scattering (n; n0): In this process, the incident neutron is captured by
the target nucleus and a new unstable compound nucleus is immediately formed. This compound
nucleus releases rapidly another neutron of less energy than that of the incident neutron, leaving
the residual nucleus in a given excited state, which subsequently returns to its ground state after
liberating one or more 
 rays. All these steps last less than 10�14 s. Applying the conservation
laws for energy and momentum, the following relationship for the energy of the emitted neutron
is obtained:

E0n =
1

(1 +A)2
h
!
p
En �

p
En (!2 +A2 � 1)�A (A+ 1)Ei

i2
(2.7)

! =
1

2

 
(A+ 1)

r
E0n
En

� (A� 1)

s
En
E0n

+
AEip
EnE0n

!
(2.8)

where Ei is the energy of the i -th excited level of the residual nucleus and A represents the
quotient between the target nucleus mass and the neutron mass. For E0n to be real and positive,
the next condition should be imposed:

En
�
!2 +A2 � 1

�
�A (A+ 1)Ei � 0 (2.9)

This puts into evidence that inelastic scattering processes only occurs if the incident
neutron energy is above a given threshold, which must be at least equal to the energy of the
excited state of the residual nucleus formed. It should be point out that the energy level of the
excited state of the residual nucleus decrease with increasing mass number. This is why neutron
inelastic scattering is more probable for heavier nuclei than for lighter ones. As a consequence,
the cross-sections of inelastic scatterings increase with the incident neutron energy and their
threshold values are between some MeV for light nuclei and some keV for heavy ones.

b) Capture reactions

- Radiative capture reaction (n; 
): In this process, the target nucleus absorbs
the incident neutron and becomes a compound nucleus at an excited state. The compound
nucleus does not take longtime to reach its ground state with the subsequent release of the
corresponding 
 rays. However, the newly formed nucleus is normally a radioactive isotope able
to decay afterwards mostly with the emission of 
- rays and/or �-particles. Radiative capture
reactions are always exothermic (positive Q-values) since the binding energy of the newly formed
isotope is larger than the sum of the binding energy of the original target nucleus and the energy
of the incident neutron. The radiative capture cross-section is quite high for the majority of
nuclei, showing most of them a 1=v dependence (being v the neutron velocity) for thermal
neutrons, whereas others display very pronounced resonances at intermediate energies.

- Non-elastic or Non-radiative capture reaction: A non-elastic capture reac-
tion occurs when the result of a neutron absorption by a target nucleus is the emission of

16



Table 2.2. Some exoenergetic capture reactions.
Capture reaction Q-value (MeV) �0 (barns)

�

3
2He(n; p)

3
1H 0:7637 5400� 300

14
7 N(n; p)

14
6 C 0:626 1:76� 0:05

35
17Cl(n; p)

35
16S 0:62 0:79� 0:05

6
3Li(n; �)

3
1H 4:785 945� 5

10
5 B(n; �)

7
3Li 2:791 4017� 32

� For the most probable thermal neutron energy 25.3 meV

protons, deuterons, alpha particles, tritons, etc. In principle, the emission of any charged parti-
cle (p; �; d; t; :::) would only be possible if it acquires enough energy to overcome the Coulomb
barrier of the compound nucleus, but these reactions take place at energies below this barrier
due to the e¤ects of quantum tunnelling. As Q-values for these reactions are commonly negative,
the processes are usually endoenergetic. However, the capture reaction could be exoenergetic
for some speci�c nuclei like 3He, 6Li and 10B, and for these nuclei capture is possible even for
thermal incident neutrons, see table 2.2.

c) Spallation reaction (n; xn) or (n; np)

Spallation is a nuclear reaction in which the initial collision between the incident neu-
tron and the target nucleus leads to a series of direct reactions (intranuclear cascade). During
interaction, individual nucleons or small groups of them are fully ejected from the compound
nucleus. After this intranuclear cascade phase, the residual nucleus is left in an excited state
and it subsequently relaxes to its ground state by "evaporating" nucleons, mostly neutrons. As
stated before, spallation reactions are predominant for relativistic neutrons, i.e., with energies
above 10MeV.

d) Fission reaction (n;�ssion)

Interactions of neutrons with heavy nuclei (Z > 90) may originate compound nuclei
that split into two �ssion unequal fragments. This process, which takes place to avoid the
high Coulomb repulsion force between protons of the nucleus, is always accompanied by prompt
emission of one or more neutrons that may lead to further �ssions of other nuclei resulting in a
chain reaction. Fission reaction are likely for several isotopes of thorium, uranium, neptunium,
plutonium, and higher mass actinides. It is possible for all incident neutron energies, although
the cross-section is considerably greater for thermal neutrons in the case of 233U, 235U and 239Pu.
For 232Th and 238U, the �ssion reaction only takes place above 1MeV and they are commonly
used in dosimetry to separate the fast neutron component form the thermal one.

2.2. Neutron �elds in workplaces

On 2nd december 1942 and under Fermi�s direction, the �rst man-made nuclear reactor
went onto criticality. Since then, many techniques of pro�ting neutrons have been developed
for di¤erent purposes, although sometimes neutrons are presented as an unwanted radiation. A
great variety of neutron �elds, generally mixed with photons, can be found in nuclear technology,
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Figure 2.1. Examples of neutron spectra in workplace environments [18].

at research laboratories, at medical facilities, at places where radionuclide sources are used for
testing and process control, and in the environment, particularly at high altitudes [18]. Clearly,
all these di¤erent types of sources produce neutrons that cover a wide energy range, from 1meV
(or less) to hundreds of MeV (or more). Neutrons are always accompanied by 
 radiation, leading
to n� 
 mixed �elds, due to the photon emissions from most of their nuclear interactions with
nuclei of the medium. As an example, several neutron spectra are shown in �gure 2.1. Neutron
�elds can be divided into several categories, related to their production mechanisms.

2.2.1. Neutron �elds in the nuclear power industry

Neutrons originated from spontaneous or neutron-induced �ssion and from (�; n) sources
could be found at fuel production and reprocessing plants, power plants, around nuclear fuel
transport containers as well as at their intermediate and �nal storage sites. As these neutrons
may be shielded with many absorbing and moderating materials (water, polyethylene, heavy
water, graphite, iron, concrete, etc.), their spectra outside the shields consist commonly of ther-
mal, intermediate and fast components. These spectra may reach up to a few MeV and they
often have a fast component with a maximum located at several hundreds of keV.

2.2.2. Neutron �elds based on radioactive sources

Radioactive neutron sources have to be manufactured in specialist plants and are used
for a number of applications (moisture gauging, geological prospection, material activation analy-
sis, instrument calibration in radiation protection, etc.). They are based mainly on spontaneous
�ssion (such as the 252Cf and 244Cm source) and (�; n) processes. Although they are physically
small, the total neutron emission rate can range from less than 1 s�1 to 1010 s�1. The location
of their primary high-energy peak may vary between 500 keV and 5MeV depending on the
considered radionuclide and, in the case of (�; n) sources, on the target used.

18



2.2.3. Neutron �elds at nuclear research laboratories

Charged particle accelerators are widely used in both fundamental and applied research
laboratories. They typically operate at high energy (up to GeV) and neutrons may be generated
from (p; n) or (d; n) reactions. Behind the shielding of beam dumps, or in the vicinity of
neutron-producing targets, neutron �elds are encountered with energies from the keV region up
to 100MeV or even GeV. A special mention should be paid to the plasma fusion experiments
(for example the ITER thermonuclear experimental reactor), which may yield excessive neutron
�uxes with energies around 2.5 MeV in the case of deuterium-deuterium discharge reaction and
around 14MeV for that of triton-deuterium.

2.2.4. Neutron �elds in medical facilities

As stated in chapter 1., neutrons may be generated by positron emission tomography
(PET) cyclotrons and linear electron accelerators (LINACs). In the �rst type of facilities, protons
(up to 40MeV) or deuterons (up to 20MeV) hit label organic compounds to produce short half-
life positron emitting radionuclides, which are used to diagnose physiologically active compounds
within the human body. LINACs are mostly utilised in radiotherapy for cancer treatment,
producing high-energy (up to 25MeV) electron or Bremsstrahlung photon beams. Primary
neutrons may be scattered within the PET cyclotron vault or within the LINAC treatment
room, giving rise to a broad energy distribution ranging from thermal to a few MeV. Neutron
production is also observed in hadron and ion therapy facilities.

2.2.5. Cosmic neutron �elds in the atmosphere

Earth is continually exposed to high-energy ionizing radiation that arises from sources
outside the solar system. It consist of about 87% protons, 12% helium, 2% electrons and 1%
heavier ions. The majority of these nuclei have kinetic energies between 100MeV and 10GeV.
These energies are enough to penetrate the magnetic �elds of the Earth and to initiate secondary
particle showers in the atmosphere, mainly with nitrogen and oxygen, producing neutrons,
protons, pions, photons, electrons and muons. The neutron �eld originated is complex and
isotropic and varies with many environmental factors such as geomagnetic latitude, altitude,
atmospheric pressure and solar activity.

Cosmic neutron �elds in atmosphere generally present a broad spectrum with two peaks
around 1MeV and 100MeV. The former is attributed to neutrons emitted by the evaporation
process, whereas the latter is attributed to those produced by the pre-equilibrium and intranu-
clear cascade processes. The thermal component can be found only in spectra at ground level,
since it is due predominantly to the Earth�s albedo neutrons.

2.3. Radiation protection quantities

The aim of radiological protection is to control exposure to ionising radiation for pre-
venting acute damage and for limiting the risk of long term e¤ects in humans to acceptable
levels. This can be achieved only through the establishment of a protection system, able to
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allow the quanti�cation of the extent of exposure to ionising radiation from both whole and
partial body external irradiation and from intakes of radionuclides.

It was the International Commission on Radiation Protection (ICRP) who de�ned, in
its Publication 60 [19] (ICRP60), a radiation protection system that has been implemented in
almost all national regulations and which contemplates three main objectives:

� The characterisation of the radiation �elds and their interactions with matter from physical
and measurable quantities; the so-called primary quantities.

� The de�nition of limiting quantities, able to estimate the biological risk due to radiation
exposures at low doses and from which legal limits to the public and professional radiation
exposures can be created.

� The establishment of a series of operational quantities, to be used in practical mea-
surements, as limiting quantities can not be applied directly since they are not directly
measurable.

All these quantities are related with each other and de�ne a clear hierarchy, as it can
be seen in �gure 2.2, being the e¤ective dose the limiting quantity in terms of which dose limits
for workers and population are de�ned, playing then a central role in radiological protection.
Some of the ICRP60 recommendations as well as the radiation and tissue weighting factors were
replaced and updated recently by the Commission in its publication 103 [20] (ICRP103). This
publication also gives an additional guidance on the control of exposure from ionising radiation.

2.3.1. Primary standard quantities

A radiation �eld is completely described by the number of particles, their energy and
directional distribution, and their spatial and temporal distribution de�ned through scalar and
vectorial quantities. The three quantities most widely used for dosimetric applications are:
�uence, kerma and absorbed dose, all of them scalar quantities. These quantities charac-
terize the radiation �elds and their interaction with matter. They are also de�ned as physical
quantities without considering any speci�c aspect of radiation protection. The vector quantities
providing information on direction distributions concern only the radiation transport theory and
calculations.

Fluence

Radiation �eld quantities are de�ned at any point in a radiation �eld. There are two
classes of radiation �eld quantities referring either to the number of particles, such as �uence �,
or to the energy transported by them, such as �uence energy distribution or spectrum �E = d�

dE .
Fluence, �, is the quotient of the number of particles dN incident upon a small sphere

of cross-sectional area dS, thus

� =
dN

dS
(2.10)

The SI unit of �uence is cm�2 and is independent of the direction distribution of the
particles entering the sphere. In calculations, �uence is often alternatively expressed in terms of
the length of trajectories of particles passing through a small volume dV as follows
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Figure 2.2. Hierarchy of radiation protection quantities [21].
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� =
dl

dV
(2.11)

where dl is the sum of the lengths of trajectories through this volume dV .
Fluence is a quantity used to describe external radiation �elds. It is not, however,

practicable for general use in radiological protection and the de�nition of limits. Fluence al-
ways needs the additional speci�cation of the particle and particle energy as well as direction
distributions. Its correlation with the radiation detriment is very complex.

Kerma

The transfer of energy from uncharged particles (indirectly ionising particles, e.g.,
photons or neutrons) to matter is performed by the subsequent liberation and slowing down of
secondary charged particles in this matter. This leads to the de�nition of the quantity kerma, K,
which is the quotient of the sum of the kinetic energies, dEtr, of all charged particles liberated
by uncharged particles in a mass dm of material, and the mass dm. It is given by:

K =
dEtr
dm

(2.12)

The SI unit of kerma is J kg�1 and its special name is Gray (Gy). It is a non-stochastic
quantity in which dEtr is seen to be the expectation value of the sum of the energies of the
liberated charged particles.

Absorbed dose

In radiation biology, clinical radiology and radiological protection the absorbed dose,
D, is the fundamental physical quantity and it is used for all types of ionising radiation and any
irradiation geometry. It is de�ned as the quotient of the mean energy, d�", imparted by ionising
radiation to matter of mass dm, and the mass dm:

D =
d�"

dm
(2.13)

Similarly to kerma, the SI unit of the absorbed dose is the Gray (Gy). The value of
kerma depends only on the local interactions in the material of mass element dm, but the value
of absorbed dose also takes into account the secondary charged particles which are released
in the surroundings of the mass element dm and which enter this element. Absorbed dose is
derived from the mean value of the stochastic quantity of energy imparted, ", and does not
re�ect the random �uctuations of the interaction events in tissue. While it is de�ned at any
point in matter, its value is obtained as an average over a mass element dm and hence over
many atoms or molecules of matter.

The de�nition of absorbed dose has the scienti�c rigor required for a basic physical
quantity. It implicitly takes account of the radiation �eld as well as of all of its interactions
with matter inside and outside the speci�ed volume. It does not, however, take account of the
atomic structure of matter and the stochastic nature of the interactions. Absorbed dose is a
measurable quantity and primary standards exist to allow its determination by measurement.
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2.3.2. Limiting quantities

In practical protection applications, absorbed doses are often averaged over larger tissue
volumes. The mean absorbed dose, DT,R , due to a radiation type R and averaged over a speci�c
organ or tissue T is de�ned by

DT,R =

R
T DR(x; y; z)�(x; y; z)dVR

T �(x; y; z)dV
(2.14)

where V is the volume of the organ or tissue region, DR(x; y; z) the absorbed dose at a point
(x; y; z) in that region and �(x; y; z) the mass density at this point.

Nevertheless, this quantity is unable to estimate, by de�nition, the radiation risk due
to induced stochastic health e¤ects. It also depends both on the type of organ or tissue and
on the di¤erent radiation �elds. For that reason, additional quantities have been de�ned to
take into account variations in the biological e¤ectiveness of radiations as well as the di¤erent
sensitivities of organs and tissues of the human body to each ionising radiation.

Equivalent dose

The protection quantity equivalent dose in an organ or tissue, HT , is de�ned by

HT =
P
R
wRDT,R (2.15)

where wR is the radiation weighting factor for radiation R. The sum is performed over all types
of radiations involved. The SI unit of equivalent dose is J kg�1 and has the special name Sievert
(Sv).

The values of wR were de�ned largely on the basis of the relative biological e¤ectiveness
(RBE) of the di¤erent radiations. They are speci�ed in terms of type and, in the case of neutrons,
in terms of energy of radiation either incident on the human body or emitted by radionuclides
residing in the body, see table 2.3. The following continuous function in neutron energy is
recommended for the calculation of their weighting factors [20]:

wR =

8><>:
2:5 + 18:2 exp(� [ln(En)]2

6 ), En < 1MeV

5:0 + 17:0 exp(� [ln(2En)]2

6 ), 1MeV � En � 50MeV
2:5 + 3:25 exp(� [ln(0:04En)]2

6 ), En > 50MeV

(2.16)

Figure 2.3 displays the wR(E) function de�ned in ICRP103 compared to those de�ned
in ICRP60.

E¤ective dose

The relationship between equivalent dose and the probability of stochastic e¤ects is
found to vary also with the organ or tissue irradiated. For that purpose, ICRP60 introduced
the notion of e¤ective dose, E, which is de�ned by weighted sum of tissue equivalent doses as:

E =
P
T
wTHT =

P
T
wT
P
R
wRDT;R (2.17)

where wT is the tissue weighting factor for tissue T with
P
T wT = 1. The sum is performed

over all organs and tissues of the human body considered to be sensitive to the induction of

23



Table 2.3. Radiation weighting Factors, from [20].
Type and Radiation weighting

energy range factor, wR
Photons 1
Electrons 1
Muons 1
Protons 2
Charges pions 2
Alpha particles 20
Fission fragments 20
Heavy ions 20
Neutrons wR(E) (see Eq. 2.16)

Figure 2.3. Radiation weighting factor, wR , for neutrons versus neutron energy. Step function
and continuous function given in ICRP60 [19] and function adopted in ICRP103 [20].
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Table 2.4. Recommended tissue weighting factors [20].
Tissue wT

P
T
wT

Bone-marrow (red), Colon, Lung, Stomach, 0:12 0:72
Breast, Remainder tissues*
Gonads 0:08 0:08
Bladder, Oesophagus, Liver, Thyroid 0:04 0:16
Bone surface, Brain, Salivary glands, Skin 0:01 0:04

Total 1:00
* Remainder tissues: Adrenals, Extrathoracic (ET) region,
Gall bladder, Heart, Kidneys, Lymphatic nodes, Muscle, Oral
mucosa, Pancreas, Prostate (#), Small intestine, Spleen, Thymus,
Uterus/cervix ($).

Table 2.5. Speci�ed Q(L) relationships, from [19].
L
�
KeV��m�1

�
Q(L)

< 10 1
10� 100 0:32L� 2:2
> 100 300=

p
L

stochastic e¤ects. The wT values are chosen to represent the contributions of individual organs
and tissues to overall radiation detriment from stochastic e¤ects. The unit of e¤ective dose is
the Sievert (1 Sv = 1 J kg�1). This unit is the same for equivalent dose and e¤ective dose as
well as for operational dose quantities (see Section 2.3.3.). Therefore, care must be taken to
ensure that the quantity being used is clearly stated.

The new recommended wT values for di¤erent organs and tissues are given in ICRP103
[20] and shown in table 2.4. They are based on the last epidemiological data for cancer induction.

2.3.3. Operational quantities

Neither the e¤ective dose E nor the equivalent dose HT are quantities that can be mea-
sured in a straight forward manner and therefore cannot be used directly in radiation monitoring.
This circumstance has forced the development of operational quantities, which are measurable
and traceable to metrology standards.

Operational quantities are de�ned for radiation monitoring in situations of external
exposure, with the goal of providing an estimate or upper limit for the value of the protection
quantities related to an exposure or potential exposure of persons under most irradiation con-
ditions. They are often used in practical regulations or guidance. In general, the quantity dose
equivalent, H, is de�ned by

H = Q D (2.18)

where D is the absorbed dose at the point of interest in tissue and Q the corresponding quality
factor at this point, the value of which is determined by the type and energy of the charged
particles passing a small volume element at this point. It is well known that the biological
e¤ectiveness of a radiation is correlated with the ionisation density along the track of charged
particles in tissue. Therefore, Q is de�ned as a function of the unrestricted linear energy transfer,
L1 (often denoted as L or LET), of charged particles in water (table 2.5).
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Table 2.6. Operational quantities for di¤erent radiation protection tasks.
Task Operational quantities

Area monitoring Individual monitoring
Control of e¤ective dose Ambient dose equivalent Personal dose equivalent

H� (10) Hp (10)
Control of doses to skin, Directional dose equivalent Personal dose equivalent
hand, feet and eye lenses H 0 (0:07;
) Hp (0:07)

The functions given in this table are the outcome of judgements taking account of
results of radiobiological investigations on cellular and molecular systems as well as on the
results of animal experiments. The quality factor Q at a point in tissue is then given by:

Q =
1

D

Z 1

L=0
Q(L)DLdL (2.19)

where DL = dD
dL is the distribution of the absorbed dose in the linear energy transfer for the

charged particles contributing to absorbed dose at the point of interest. This function is partic-
ularly important for neutrons because various types of secondary charged particles are produced
in tissue by neutron interactions.

Di¤erent operational dose quantities are required for di¤erent tasks in radiological
protection. These include area monitoring for controlling the radiation in workplaces and for
de�ning controlled or restricted areas, and individual monitoring for the control and limitation
of individual exposures. While measurements with an area monitor are preferably performed
free in air, personal dosimeters are worn on the body. As a consequence, in a given situation,
the radiation �eld �seen�by an area monitor free in air di¤ers from that �seen�by a personal
dosimeter worn on the body where the radiation �eld is strongly in�uenced by the backscatter
and absorption of radiation in the body.

The use of di¤erent operational dose quantities re�ects these di¤erences. To describe
the application of the di¤erent operational dose quantities for the di¤erent tasks of monitor-
ing of external exposures, three operational quantities are de�ned, see table 2.6. Using the
scheme of this table, it is not necessary to use the terms �strongly penetrating radiation�(also
called �penetrating radiation�) and �low-penetrating radiation�(also called �weakly penetrating
radiation�) in specifying the range of application of the operational quantities. The Interna-
tional Commission on Radiation Units and Measurements (ICRU) in its Report 51 (ICRU51)
stated that H� (10) and Hp (10) are designed for monitoring strongly penetrating radiation, e.g.,
photons (above about 12 keV) and neutrons, while H 0 (0:07;
) and Hp (0:07) are applied for
monitoring low-penetrating radiation, e.g., beta particles [22]. Furthermore, Hp (0:07) is also
used for monitoring the doses to the hands and feet from all ionising radiation.

There are situations in which individual monitoring is not used and where area mon-
itoring or computational methods are applied to assess individual exposures. These situations
include the assessment of doses to aircrew, prospective dose assessments and assessment of doses
in workplaces and the natural environment.

Operational quantities for area monitoring

Two operational quantities are considered for area monitoring to assess e¤ective dose;
the ambient dose equivalent, H� (10) ; which is appropriate for strongly penetrating radiation
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(photons above 12 keV, neutrons) and the directional dose equivalent, H 0 (d;
), only suitable
for weakly penetrating radiation (� or � particles). Their de�nitions are as follows [20]:

� Ambient dose equivalent, H� (10), at a point in a radiation �eld, is the dose equivalent
that would be produced by the corresponding expanded and aligned �eld in the ICRU
sphere at a depth, 10mm, on the radius opposing the direction of the aligned �eld.

� Directional dose equivalent, H 0(d;
), at a point in a radiation �eld, is the dose equiv-
alent that would be produced by the corresponding expanded �eld in the ICRU sphere
at a depth d, on a radius in a speci�ed direction 
 . For low-penetrating radiation the
recommended depth is 0:07mm and the directional dose equivalent must be H 0 (0:07;
).

For a complete understanding of these de�nitions, two concepts have to be clari�ed:

i) ICRU sphere phantom:

For all types of external radiation, the operational quantities for area monitoring are de-
�ned on the basis of a dose equivalent value at a point in a simple phantom, the ICRU
sphere. It is as a sphere of tissue-equivalent material that adequately approximates the
human body as regards the scattering and attenuation of the radiation �elds under consid-
eration. It has 30 cm in diameter, a density of 1 g cm�3 and a mass composition of: 76:2%
oxygen, 11:1% carbon, 10:1% hydrogen and 2:6% nitrogen.

ii) Aligned and expanded radiation �eld:

The operational quantities for area monitoring de�ned in the ICRU sphere should retain
their character of a point quantity and the property of additivity. This is achieved by
introducing the terms "expanded" and "aligned" radiation �eld in the de�nition of these
quantities. An expanded radiation �eld, de�ned as a hypothetical �eld, is a radiation
�eld in which the spectral and the angular �uence have the same value in all points of
a su¢ ciently large volume equal to the value in the actual �eld at the point of interest.
The expansion of the radiation �eld ensures that the whole ICRU sphere is thought to be
exposed to a homogeneous radiation �eld with the same �uence, energy distribution and
direction distribution as in the point of interest of the real radiation �eld.

If all radiation is aligned in the expanded radiation �eld so that it is opposed to a radius
vector 
 speci�ed for the ICRU sphere, the aligned and expanded radiation �eld is obtained.
In this hypothetical radiation �eld, the ICRU sphere is homogeneously irradiated from one
direction, and the �uence of the �eld is the integral of the angular di¤erential �uence at the
point of interest in the real radiation �eld over all directions. In the expanded and aligned
radiation �eld, the value of the dose equivalent at any point in the ICRU sphere is independent
of the direction distribution of the radiation in the real radiation �eld. Conversion coe¢ cients
relating radiation �eld quantities to the operational quantities are usually calculated assuming
vacuum outside of the phantom considered.

Operational quantities for individual monitoring

Individual monitoring of external exposure is usually performed with personal dosime-
ters worn on the body, and the operational quantity de�ned for this application takes this

27



situation into account. The true value of the operational quantity is determined by the irra-
diation situation near the point where the dosimeter is worn. The operational quantity for
individual monitoring is the personal dose equivalent, Hp (d).

� Personal dose equivalent, Hp (d), is the dose equivalent in ICRU (soft) tissue at an
appropriate depth, d, below a speci�ed point on the human body. The speci�ed point is
usually given by the position where the individual dosimeter is worn. For the assessment
of e¤ective dose a depth d = 10mm is recommended, and for assessing equivalent dose to
the skin, and to the hands and feet, the recommended depth is d = 0:07mm. In special
cases of monitoring the dose to the lens of the eye, it has been proposed that a depth
d = 3mm would be appropriate.

An operational quantity for individual monitoring should allow the e¤ective dose to
be assessed or should provide a conservative estimate under nearly all irradiation conditions.
This, however, requires that the personal dosimeter be worn at a position on the body which
is representative with respect to the exposure. For a dosimeter position in front of the trunk,
the quantity Hp (10) mostly furnishes a conservative estimate of the e¤ective dose even in cases
of lateral or isotropic radiation incidence on the body. In cases of exposure from the back only,
however, a dosimeter worn at the front side and correctly measuringHp (d) will not appropriately
assess E. Also in cases of partial body exposures the reading of a personal dosimeter may not
provide a representative value for the assessment of e¤ective dose.

2.3.4. Relationship between quantities

The relationships between all the quantities introduced so far were evaluated by a joint
ICRP/ICRU task and published in ICRU Report 57 [23] and ICRP Report 74 [21]. They were
obtained from Monte Carlo calculations, which simulated the behaviour of particles in a human
body phantom in order to determine the spatial distribution of the limiting and operational
quantities. In the case of neutrons, the conversion coe¢ cients (up to 200MeV for neutrons and
up 10MeV to for photons) to be used in practice are normalised to unit �uence or unit air kerma,
and they are much more well de�ned for primary standard quantities and for area monitoring
operational quantities (H� (d) , H 0 (d)) than for Hp (d). As an example, and as in this work we
are concerned with area monitoring, the H�(10)=� conversion factors for neutrons as a function
of the particle energy, usually named h��, are given in �gure 2.4 and the H

� (10) =Kair conversion
factors for photons are given in �gure 2.5.

2.4. Need of neutron spectrometry

Neutrons with which we are concerned cover a wide energy range that extends from
below 1meV to more than hundreds of MeV. Independently of the fact that neutrons may come
from natural sources or be produced by human activities and that, for particular applications,
the neutron energy range can be restricted to few orders of magnitude, instrumentation used for
neutron dosimetry should cover the whole range of energies. This fact has clear implications in
the performance of a good neutron dosimetry, which is always a complex radioprotection task
due to several factors, starting with the de�nition of the operational quantities themselves, and
ending in instrument design and calibration.
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Figure 2.4. Neutron energy dependence of the H� (10) =� conversion factor for neutrons [21].

Figure 2.5. Photon energy dependence of the H� (10) =Kair conversion factor [21].
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Figure 2.6. The ratio H� (10) =E for several irradiation geometries as a function of neutron
energy [21].

2.4.1. The role of operational quantities

Operational quantities were designed to provide an adequate approximation of the lim-
iting quantities for irradiation from external sources, while avoiding underestimation or excessive
overestimation of the quantity. The performance of the operational quantities as predictors of
the limiting quantities can be dine by examining the relationships between operational and lim-
iting quantities, particularly with respect to e¤ective dose E for area monitoring. Figure 2.6
shows the H� (10) =E ratio as a function of neutron energy.

It can be seen that in general E is overestimated byH� (10), except in few energy ranges
mainly for the AP irradiation geometry. Although these di¤erent regions and, as in practice,
irradiation by monoenergetic neutrons rarely occurs, the ambient dose equivalent is usually a
conservative estimate for the e¤ective dose. Accordingly, knowledge of the neutron spectrum
is always recommended in situations where the operational quantities approach or exceed the
limits.

2.4.2. The role of instrumentation

The analysis of the instrumentation and its performance clearly show another main
problem in neutron dosimetry, i.e. the impossibility of designing instruments able to correctly
estimate doses from their readings for all incident neutron energies and angles [24]. Two main
factors contribute to this fact: the complexity of neutron interactions with matter and the
dramatic dependence of the �uence to dose conversion coe¢ cients, which vary a factor 40 for
neutron energies ranging from 1 keV to 1MeV. The responses in terms of dose equivalent of per-
sonal and area dosemeters are highly energy dependent. In addition, the detection mechanisms
are very di¤erent than the processes of energy deposition in tissue. As a consequence, neutron
instrumentation is usually able to respond with a �at response only within a restricted energy
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interval. In fact, the reading M from a given neutron monitor having a response function R(E)
as a function of the incident neutron energy, when exposed to a given neutron �eld with �uence
distribution �E (E), is given by:

M =

Z
R (E) �E (E) dE (2.20)

The instrument response function is called �at when it is proportional to h�� conver-
sion coe¢ cients, i.e. R (E) = kh��;8E. If this is the case, the instrument reading would be
proportional to the ambient dose equivalent H�(10) as:

M =

Z
kh���E (E) dE = k

Z
h���E (E) dE = kH

�(10) (2.21)

and an adequate instrument calibration would allow to determine the k proportionality constant
value between the reading and the value of H�(10). In any other case, no simple relationship
exists between M and H�(10), and an adequate methodology should be used to infer H�(10)

from M , with the need of determining �E (E) and, therefore, to perform neutron spectrometry.
Frequently used area monitors, such as rem counters with spherical (Leake type)

or cylindrical (Anderson-Braun type) moderators, or tissue equivalent proportional counters
(TEPC), show satisfactory responses in the MeV region, but their performances in the interme-
diate energy region are very poor. This can be observed for several neutron monitors in �gure
2.7, where the readings per unit �uence as a function of the neutron energy are plotted to be
compared with the h�� conversion coe¢ cients [25].

The suitability of a neutron monitor will consequently depend on the speci�c environ-
ment where it is to be used; for example Berthold LB6411 and Leake 0949 have similar responses
in the fast region, but LB6411 would give smaller overestimations if the workplace spectrum lays
mainly on the intermediate range. That is why that the variability of the response with neu-
tron energy becomes a key factor in the performance of any neutron monitor. Usually some
spectrometric information and calibration in front of sources representative of the workplace
spectra are needed for a correct estimation of the di¤erent quantities. As the response functions
of neutron survey instruments do not behave like h�� (E) in all the neutron energy range, impor-
tant over/underestimations of H� (10) may be obtained if instruments are calibrated in neutron
�elds that do not represent the workplace �elds.

Notwithstanding, as the available instrumentation used for neutron dosimetry is not
able to cover all the energy range of interest due to the large variability of neutron �elds (see
�gure 2.1), a reliable H� (10) value may be derived from the spectrometric measurements using
the following relation:

H� (10) =

Z Emax

Emin

h�� (E) �E (E) dE (2.22)

where �E (E) = d�
dE is the energy distribution of the neutron �uence (usually called neutron

spectrum) and h�� (E) the �uence to ambient dose equivalent conversion coe¢ cient for neutron
of energy E. In cases where an accuracy higher than that achievable by these instruments is
required, H� (10) must be evaluated via the determination of the spectrum �E (E).

Finally, it is clear that a good neutron spectrometer for radiation protection purposes
should accomplish as many of the following features as possible [26]:

31



Figure 2.7. Ambient dose equivalent to �uence conversion coe¢ cients as a function of neu-
tron energy compared with the readings per unit �uence of di¤erent types of neutron moni-
tors; (blue line) Berthold LB6411; (orange line) Leake 0949; (violet line) NM2B; (pink line)
STUDSVIK22202D. Data from [25].

� It must be portable, or at least transportable.

� It should cover an energy range as wide as possible.

� It should have an isotropic or nearly isotropic response.

� It must be able to provide reliable results even under extreme environmental conditions.

� It must be insensitive to gamma radiation, or at least able to distinguish e¤ectively between
neutron- and photon-induced events.

� It has to maintain its accuracy in intense neutron �elds (few mSv=h) but also under very
low exposures (a few nSv=h).
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CHAPTER 3.

Neutron spectrometry

3.1. Overview

Neutron spectrometry is as old as the famous Chadwick experiments in which the
neutron revealed itself to us [27]. In those experiments, the neutron energies were obtained from
the scattering recoil experiments in hydrogen and nitrogen. All neutron spectrometry techniques
are based on the detection of secondary particles, charged particles or photons, created through
the interaction of neutrons with matter. Methods of neutron spectrometry can be classi�ed into
seven groups based on the principle used to detect or measure the neutron energy [28]:

1. Neutron scattering and measurement of the energies of recoil nuclei.

2. Measurement of the energies of charged particles released in neutron-induced nuclear re-
actions.

3. Methods in which the velocity of neutrons is measured.

4. Threshold methods, in which the appearance of a neutron-induced e¤ect such as radioac-
tivity or other e¤ects indicates that the neutron energy is, at least, at a given value.

5. Methods in which the neutron energy distribution is determined by unfolding a set of
readings of several detectors that di¤er in the energy-dependence of their response to
neutrons.

6. Neutron di¤raction.

7. Measurement of the time-distribution of the slowing down of a short burst of high energy
neutrons in a suitable medium.

Groups 6 and 7 and some methods in group 3 are pulsed-beam methods that need the
use of a pulsed neutron source, whereas the remaining methods measure continuous neutron
beams.

33



Many neutron spectrometers used today are based on methods introduced before 1960,
like nuclear emulsions, recoil telescopes, proportional counter, organic scintillators and cloud
chambers [28]. At that time, methods based on measuring energies of reaction products included
3He proportional counter spectrometers and 6LiI(Eu) scintillation crystals. Also time-of-�ight
and threshold radioactivation methods were used.

In 1960 notable developments were introduced with the Bonner sphere spectrometer
method (BSS, group 5) and with the advances made in techniques based on gaseous ionization
detectors and scintillation detectors. The Bonner sphere method is based on a thermal neutron
sensor placed at the center of polyethylene spheres of di¤erent diameters. Iterative unfolding
methods were introduced for the inference of the neutron spectrum from the readings of the
di¤erent spheres during these years. Semiconductor based spectrometers were introduced in
1963, and superheated drop detectors were �rstly used by Apfel in 1979.

Since the 80�s, considerable technological progress was achieved but probably, the most
important improvement was the impact of computers in neutron dosimetry: Monte Carlo codes
were used to generate the response functions of the detectors, and iterative algorithms were
applied to unfold the neutron spectra from the spectrometer readings.

3.1.1. Current techniques

In addition to the BSS technique, which will be reviewed in the following section,
several techniques are widely used at present:

a) Spectrometry of recoil nuclei

Recoil spectrometers are detectors based on the production of secondary charged par-
ticles by the incident neutrons in the spectrometer material and collect the recoil particles
emerging at all angles from it. On the other hand, recoil telescopes collect only recoil particles
emerging at a particular angle. Typical energy ranges are from 50 keV to 4MeV; peak-energy
resolution is typically about 10% for 1MeV neutrons. Wider energy ranges, up to 200MeV,
can be achieved with telescope detectors or organic scintillator based instruments. Reviews of
spectrometers based on proportional counters and liquid scintillators are given in [29] and [30].

b) Nuclear reaction based spectrometers

This type of spectrometers is used to determine the neutron energy by measuring the
energies of charged reaction products originated by neutron induced nuclear reactions (exo- and
endothermic). The main candidates for use in this type of spectrometers are 3He(n; p)3H (Q =
0:764MeV), 6Li(n; �)3H (Q = 4:79MeV), 10B(n; �)7Li (Q = 2:79MeV) and 12C(n; �)9Be (Q =
�5:70MeV) and 28Si(n; �)25Mg (Q = �1:65MeV). The most popular reaction is 3He(n; p)3H,
which allows to cover an energy range from 50 keV to 5MeV with energy resolutions of 15 �
40 keV.

c) Time-of-�ight (TOF) methods

In this method, the neutron energy is determined by measuring the neutron �ight time
over a known distance [28]. When the neutron source is not pulsed, start and termination signals

34



Table 3.1. Some of the elements used for threshold spectrometry with the relevant reactions and
threshold energies. Source: ENDF/B-VI.8 [33]

Element Reaction T1=2 ( s) Emin (MeV)

F 19F(n; 2n)18F 6586:2� 2:9 11:5

Mg 24Mg(n; p)24Na 52772� 14 4:9

Al 27Al(n; �)24Na 52772� 14 3:2

Al 27Al(n; p)27Mg 567:72� 0:66 1:9

Fe 56Fe(n; p)56Mn 9282:6� 2:2 3:0

Co 59Co(n; �)56Mn 9282:6� 2:2 3:9

Ni 58Ni(n; 2n)57Ni (1283:4� 1:8)� 102 12:4

Cu 63Cu(n; 2n)62Cu 584:4� 1:2 11:0

Cu 65Cu(n; 2n)64Cu 45723:6� 7:2 10:0

In 115In(n; n0)115mIn 16150� 14 0:3

I 127In(n; 2n)126In (1124:9� 6:0)� 103 9:2

Au 197Au(n; 2n)196Au (53421:0� 8:6)� 102 8:7
Li Li(n; �n0)t (389:1� 1:9)� 106 2:8

have to be provided. Two methods are used to generate the start signal. In the �rst method,
the neutron is scattered in a start detector, for example an organic scintillator, and the time
of �ight to a second detector at a known distance and the angle is measured. In the second
method, the start signal is provided by an associated particle or quantum that is emitted from
the neutron source at the same time as the neutron. Typical energy range is from 1 to 15MeV,
with a 5% peak-energy resolution at 2:5MeV.

d) Threshold methods

Radioactivation methods based on endoenergetic neutron-induced nuclear reactions
(Q < 0) are known as threshold methods. Neutrons with energies above the reaction threshold
are detected by the presence of radioactive products or daughters. An appropriate set of nuclear
reactions with well known threshold energies can be used for neutron spectrometry. See table
4.4 for a relation of the most common threshold reactions [31]. Activation foil techniques and
superheated drop detectors spectrometry [32] are based on this principle. Superheated drop
detectors spectrometry can be used in energy ranges from 0:1 to 20MeV.

3.2. Bonner sphere spectrometers

3.2.1. Overview

Forty years after its �rst description by Bramblett et al. in 1960, the multi-sphere, or
the Bonner sphere spectrometer (BSS), remains widely used in the �eld of neutron spectrometry
and dosimetry by more laboratories than any other method [34]. Its almost isotropic response,
its wide energy range from thermal to GeV neutrons when compared to other spectrometer
instruments, see �gure 3.1, and its easy operation make this type of spectrometer still being
useful [35].

Any Bonner sphere spectrometer consists of a thermal neutron sensor placed at the
center of a number of moderating spheres with di¤erent diameters and which may contain
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di¤erent materials. Thermal sensors are used to detect moderated neutrons as direct fast neutron
detection is complex and the related cross sections show lower values than those of thermal
neutrons. Moreover, there is a considerable number of thermal neutron detectors with high
sensitivity and good gamma rejection. As the size of the sphere increases, thermalisation is
more e¤ective for higher incident neutron energies, so that the maximum response of the sphere-
detector assembly is shifted to upper energies. The neutron spectrum can be derived from
the detector readings obtained with a given set of spheres, although this derivation is not a
straight-forward process (see Section 3.3.).

The response of a given sphere-detector assembly i to an incident neutron of energy E
is generally de�ned as the ratio of the instrument reading to the neutron �uence that induced
the reading, is known as the �uence response, Ri (E)

Ri (E) =
Mi

� (E)
(3.1)

where Mi is the instrument reading (given in counts) and � (E) is the neutron �uence (in
neutrons cm�2) at the point where the center of the sphere is placed, but in the abscence of the
sphere. This de�nition includes the requirement that the sphere must be uniformly illuminated
by neutrons. This requierement is obviously full�lled for measurements in a homogeneous plane-
parallel neutron �eld. As the diameter of the sphere may be large, the homogeneity of the
illumination is an important condition not easy to satisfy in certain experimental situations,
as in irradiations with a point neutron source placed at small distances. The �uence response
de�ned in equation 3.1 can be equally calculated if Mi is given as a count rate, using neutron
�uence rates in the denominator.

The main operating principle of a BSS is the moderation of neutrons within the spheres,
mainly via elastic scattering with hydrogen nuclei. Figure 3.2 illustrates the most frequent
interactions of neutrons entering a Bonner sphere. According to this �gure, neutron 1 escapes
the sphere after its �rst elastic interaction. Neutron 2 escapes the sphere after being slowed down
by several elastic collisions. Neutron 3 undergoes many interactions within the sphere and it is
�nally thermalised, but it is captured by a hydrogen nucleus before reaching the central detector.
The resulting 2:2MeV gamma ray may escape the sphere or produce an ionization electron in the
central detector itself or in its walls and mounting structure. Finally, neutron 4 is thermalised
inside the sphere and enters the detector sensitive volume, where the probability of detection
approaches unity [36]. The proportion in which the four types of neutron interactions occur
depends on the incident neutron energy and on the sphere diameter. For small spheres, low-
energy neutrons produce a great number of processes leading to detection, whereas high-energy
neutrons generally escape. For larger spheres, there is a considerable moderation, so low-energy
neutrons are basically of type 3 and the detector response is low. However, high-energy neutrons
have a great probability of being thermalised and detected.

Several well documented BSSs are actually in use in Europe with sets of spheres that
go from 2 in (or even bare detector) to 12 in (or 18 in in the case of PTB) [37], [38], [39], [31] and
[40]. These diameters allow to measure neutrons from thermal to 20 � 30MeV, although the
energy resolution in the keV region is particularly poor because the few spheres having a response
maximum in this region show very broad peaks. Including outer shells of di¤erent thickness of
thermal neutron-absorbing materials (B, Li or Cd) has the e¤ect of moving the peak in the
response function to increasingly higher energies as the absorber thickness is increased. Several
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Figure 3.2. Neutron interactions in a Bonner sphere. The grey sphere represents the central
thermal neutron sensor which is surrounded by a polyethylene sphere (yellow) [35].

authors have investigated this approach ([41], [42]) and have produced sphere con�gurations
with response functions that peak in the low- and intermediate-energy range, although their
overall sensitivity is unfortunately reduced.

High energy neutron �elds (> 20MeV) can be found at high energy particle accelerators
or in cosmic rays. This fact leads to the need of improving the BSS response functions at higher
energies. A possible solution is to include, into the polyethylene spheres, some high atomic
number materials (Pb, Cu, Fe, W, etc.) that exhibit high (n; xn) reaction cross sections (see
�gure 3.3) [43]. The idea was theoretically developed by Kryuchkov et Semenova [44] and Hsu
et al. [45] and experimentally tested by Birattari et al. [46] for a commercial extended range
rem counter.

3.2.2. BSS response function

As it has been stated above, each sphere-detector combination i has a unique response
function, Ri, that is a continous function of the neutron energy, E. When exposing the BSS
in a neutron �eld with a �uence spectrum �E (E) =

d�
dE , the reading Mi of the sphere-detector

combination i is related to its response Ri (E) and to �E (E), through their adequate folding

Mi =

Z
Ri (E) �E (E) dE (3.2)

The inverse process, known as unfolding, allows to derive the neutron spectrum from the
readings, provided that the corresponding response functions are well known. Mathematically,
equation 3.2 is formally known as linear Fredholm integral of the �rst kind. As it is di¢ cult to
evaluate continuous functions from a �nite number of measurements, for calculation purposes
the following discretisation approach is applied

Mi =

nEX
i=1

Ri;j�j (3.3)
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Figure 3.3. Parts of the set of modi�ed spheres extending the PTB �C�BSS to measurements in
high energy neutron �elds, taken from [36]

where �j = �E (Ej)�Ej is the neutron �uence rate in the j-th energy group of width �Ej
centered on Ej and Ri;j = Ri (Ej) is the response function (calculated by Monte Carlo or other
techniques) of the sphere-detector combination i for an energy Ej of the incident neutron. The
number of energy groups, nE , must be large enough to cover the entire energy range and to
allow a reasonable description of �E (E) without a¤ecting the accuracy of the results. Ej and
�Ej are usually de�ned in a logarithmic scale.

The information related with the neutron spectrum is contained in a vector ~� with nE
components �j (i = 1; 2; : : : ; nE). If measurements are taken with nD spheres, nD readings are
obtained that can be written as a vector ~M . This set of nD equations form a matrix equation:

~M = R ~� (3.4)

where the nD�nE rectangular matrixR is the �uence response matrix of the BSS set. Therefore,
it should be possible to determine, from the BSS measurement data, the nE components of ~� if
the response matrix R is well known and if an appropriate unfolding procedure is used.

3.3. Unfolding procedures

In general, the problem of unfolding in Bonner sphere spectrometry is that the number
of individual measurements, nD, is largely smaller that the number of unknowns, nE . In addi-
tion, BSS individual measurements cannot be considered as truly independent since, as shown
in �gure 3.4, the sphere response functions are broad smooth curves which overlap in extended
neutron energy intervals. Such an under-determined problem has an in�nite number of mathe-
matical solutions, many of them without an acceptable physical meaning. As a consequence, to
obtain a meaningful solution from BBS measurements, one must restrict the space of solutions
by including some a priory information about the sought neutron spectrum. This information
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Figure 3.4. Fluence response matrix of the PTB Bonner sphere spectrometer [35].

is usually related to the laws governing the production of neutrons and their subsequent inter-
actions with the surrounding materials. In general, there are two ways of implementing the a
priori information about the measured neutron spectrum for almost all the unfolding codes:

1. By taking an initial guess or default spectrum, with non-negative values �DEFj at each of
the chosen neutron energy bins Ej , to start the iteration process.

2. By representing the unknown spectrum with a parameterized function based on physical
meaning.

For the �rst case, the initial guess spectrum can be obtained from Monte Carlo simula-
tions of the given situation or from previous measurements performed in limited energy ranges
with complementary neutron spectrometry systems. In the second case, the chosen parameters
must not exceed the number of available meaurements, nD, and should be enough to describe
correctly the main features of the neutron spectrum.

To date, the problem of the neutron spectrum unfolding from the BSS measurements
has been extensively studied, giving rise to a number of independent methods, based on least-
square, Monte Carlo, maximum entropy and Bayesian approach procedures as well as on genetic
and neutral network algorithms. Examples of unfolding codes using these techniques can be
found in [47], [48], [49], [50], [51], [52], [53] and [54].

Many attempts were carried out in our group to develop our own unfolding codes,
namely MITOM [55], CDM [56] and FRUIT [57]. The latter, which was developed in the
framework of a collaboration with the Frascati (INFN-LNF) laboratory, is speci�cally designed
for spectrometric measurements in workplaces, where detailed a priori information about the
neutron �elds is often unavailable. Among its main features, we should highlight the following
aspects:
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� It models any neutron spectrum as the superposition of up to four elementary (thermal, ep-
ithermal, fast and high energy) components, fully described by a set of positive parameters
with physical meaning.

� It needs a limited amount of a priori information to obtain meaningful solutions. The user
is only asked to provide qualitative information on the type of radiation environment. No
default spectrum is asked to the user because the code generates it itself on the basis of
the radiation environment selected by the user.

� Its iterative convergence procedure is based on Monte Carlo method to vary the above
parameters and to derive the �nal spectrum according to pre-established convergence cri-
teria.

� It has an user-friendly and visual operation, under the Labview environment, which con-
tinuously displays all quantities involved in the unfolding process and their variations
together with a plot of the sought spectrum.

� It is equipped with a tool to evaluate the probability distribution for the estimated para-
meters, such as the neutron �uence and the peak energy. Uncertainties are evaluated from
16% to 84% interval of the cumulative probability [58].

Relevant achievements of the FRUIT code are: i) a high level of interactivity, allowing
the user to follow and modify the convergence process, ii) the possibility to modify the conver-
gence tolerances during the run, allowing a rapid achievement of meaningful solutions, and iii)
the reduced dependence of the results from the initial hypothesis.

When using FRUIT one must provide the response matrix of the system used, the BSS
measurements and their relative uncertainties. Then, the type of radiation environment must
be selected among the following options:

1. Fission-like �elds, like those in the vincinity of nuclear reactors or fuel elements.

2. Radionuclide neutron sources.

3. Fields produced by evaporation processes; such those produced in medical linear elec-
tron accelerators (LINACs) or accelerators producing radioisotopes for Positron emission
tomography (PET cyclotrons).

4. High-energy electron accelerators.

5. High-energy hadron accelerators.

6. Monoenergetic Gaussian �elds.

7. User-de�ned �eld providing other parameters than the ones de�ning the former cases.

According to the speci�ed radiation environment, the code selects the appropiate
physical model: �ssion (1; 2), evaporation (3), evaporation and high-energy components (4; 5),
Gaussian (6). In case (7), the user choses the model. Thereafter, the code normalises the sphere
readings to their weighted average, using their relative uncertainties as weighting factors. This
allows working only with unit spectra.
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The iterative process starts when the code generates automatically an initial parameter
array depending on the radiation environment chosen. From this array, the code derives a �rst
trial unit spectrum. Then, the measured count rates are compared with those calculated by
folding the trial unit spectrum with the BSS response matrix to obtain a set of convergence
indexes. In each iteration, the code generates a new spectrum by randomly changing one of the
parameters used to model the neutron spectrum on the basis of a variable tolerance. This toler-
ance may be changed by the user according to the progress of the run. If the new parameter set
ful�lls the acceptance criteria de�ned in FRUIT, the new spectrum is accepted as a new solution.
The user can, at any moment, interrupt the process and re-start it using this accepted solution,
increasing or decreasing the tolerance. This allows to rapidly restrict the whole parameter space
to a meaningful subspace containing the �nal solution. After few interventions, the solution is
found and the user can stop the code and get the results. The code provides three output �les,
containing the �nal spectrum parameters, the numerical unit spectrum and the summary of all
results. The latter contains:

� The sphere counts and their relative uncertainties.

� The physical model adopted, the spectrum parameters and their meaning according to the
model used.

� The numerical unit spectrum in the speci�ed energy binning.

� The sphere responses per unit �uence, Ri.

� The �uence estimated from each single spheres �i.

� The best estimation of the �uence � and its uncertainty.

� The best estimation of the ambient dose equivalent H�(10) and its uncertainty.

� The �nal value of the deviation between measured and calculated normalized readings.

� The mean �uence to ambient dose equivalent conversion coe¢ cient �h�� and its uncertainty,
calculated using the following expression:

�h�� =

R Emax
0 �E (E)h

�
� (E) dER Emax

0 �E (E) dE
(3.5)

� The �uence or dose equivalent averaged mean energy, �E� or �EH respectively, characterising
the hardness of the measured neutron spectrum. These quantities are de�ned as:

�E� =

R Emax
0 �E (E)EdER Emax
0 �E (E) dE

(3.6)

�EH =

R Emax
0 h�� (E)EdER Emax
0 h�� (E) dE

(3.7)

In this work, neutron spectra from di¤erent neutron production methods (radionuclide
neutron sources, quasi mono-energetic neutron beams, neutrons present in medical linear electron
accelerators, and those produced at Positron Emision Tomography dedicated cyclotrons) were
used or studied. All of them were obtained by unfolding the sphere readings with the FRUIT
code by selecting the adequate radiation environment in each case.
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3.4. Experimental validation at known neutron �elds

Calibration procedures always consist of the irradiation of a measurement device under
very precise and reproducible conditions in order to determine a correction factor f that relates
the system reading with the reference value for that measurement position. This factor should
depend only on the measurement instrument and the neutron spectrum but not on any other
aspect characterising the irradiation device.

Compatibility with standard irradiation conditions, used in the de�nition of opera-
tional magnitudes, would mean to irradiate in vacuum and with plane-parallel beams. These
conditions can never be satis�ed because of the use of extended sources inside irradiation rooms
with �nite dimensions and scattering walls. Moreover, the presence of air inside these rooms and
the unavoidable use of supports, to conveniently �x the source and the instrument at the consid-
ered positions, leads to the fact that gross readings provided by instruments are generally very
dependent on irradiation conditions. In order to minimise the e¤ect of all these factors a series
of recommendations have been developed by the International Organization for Standardization
(ISO) [59].

3.4.1. Deviation from the inverse square law

The reading of a given instrument must be corrected for all parasitic e¤ects of neutron
scattering and the geometric features due to source and/or instrument dimensions which deviate
the behaviour instrument readings from the inverse square distance law. In fact, any instrument
reading in presence of a �eld composed of direct and scattered neutrons, after linearity corrections
are introduced, can be expressed as [59]:

MT =
BR�F1 (�)

4�l2

�
F1 (l)

FA (l)
+ F2 (l)� 1

�
(3.8)

where

l is the distance between the source center and the reference point where the mea-
surement is done

B is the total emission rate of the source (in 4� sr)

F1 (�) is source anisotropy correction factor

R� is the instrument response or sensitivity in terms of neutron �uence

F1 (l) is the geometric factor

FA (l) is the air outscatter and/or attenuation correction factor

F2 (l) is the correction function that represents the additional contribution of the
inscattered neutrons

The geometric factor F1 (l) takes into account the detector �nite dimensions that induce
its readings to be above the 1=l2 expected behaviour. It is clear that plane-parallel beam geome-
tries can only be achieved for long distances between the source and the detector. However, as l
increases scattering and times needed for irradiation also increase. In practice, if l > 2rD; being
rD the detector radius, F1 (l) is close to 1. The neutron �uence at the point of measurement
decreases almost linearly as l increases due to outscatter interactions and/or nuclear reactions
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with the surrounding air. This e¤ect is accounted for by the term FA (l). However, the most
important correction factor is F2 (l), as the major deviations from the 1=l2 behaviour are given
by the presence of inscatter neutrons. Inscatter neutrons are those that are not initially emitted
towards the detector but can return back due to scattering in the room walls, �oor and air vol-
ume. Again, the additional contribution of these neutrons to the instrument readings increases
linearly as l increases. The inscatter neutron contribution to instrument readings can be deter-
mined experimentally under controlled speci�c irradiation conditions, with the shadow-cone or
polynomial techniques.

3.4.2. Methods of evaluation of the scattered radiation

The shadow-cone procedure

In the shadow cone procedure, one or several shadow-cones able to remove any direct
radiation are positioned between the neutron source and the detector for the experimental
determination of the inscattered contribution. In the case of Bonner sphere spectrometers, each
sphere is exposed in both "total spectrum" and "shadowed" con�guration. The contribution of
the direct �uence to the reading of the ith-sphere can be calculated as:

Mi =M
tot
i �M s

i (3.9)

beingM s
i the inscattered reading behind the shadow cone (assumed to completely remove direct

radiation), and M tot
i the total reading obtained with no shadow-cone.

According to [59], shadow-cones consist of two sections; a 20 cm iron front part followed
by a 30 cm polyethylene block (plus � 5% of Boron) in their rear part. To correctly apply this
technique, the following requirements should be full�lled:

� Large irradiation rooms, where the increase in instrument readings due to scattered radi-
ations do not exceed 40%.

� The source-to-detector distance should be greater than twice the shadow-cone length.

� The obscured area at the reference point should ideally be equal to that of the considered
sphere. In practice, an over-obscuration up to a factor two is acceptable. Higher values are
not recommended since in over-shadowed geometries scattered radiation is underestimated
and direct radiation overestimated.

� The distance between the source and the cone�s front face should be accurately and ex-
perimentally optimised.

The polynomial procedure

When the shadow-cone technique cannot be used, a second approach can be applied
to estimate the contribution of the scattered radiation. The polynomial procedure relies on the
hypothesis that the total reading M tot

i for any given sphere deviates from the 1=l2 behaviour as:

M tot
i � l2
F1 (l)

=M1m
i

�
1 +Al + Sl2

�
(3.10)
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where F1 (l) is the geometric factor de�ned in section 3.4.1. and where M1m
i represents the

reading of the sphere due only to the direct contribution of the �eld at 1m from the source.
This reading obviously decreases with distance following the inverse square law. The terms Al
and Sl2 represent air scatter and room scatter contributions respectively.

If a series of measurements of the "total �eld" are performed at di¤erent source-to-
detector distances and the left term of equation 3.10 is calculated for each sphere and distance,
then M1m

i ; A and S can be derived by second degree interpolations as function of l.

45



46



CHAPTER 4.

Development of the passive Bonner sphere spectrometer

4.1. The UAB active neutron spectrometer

From the late 90�s, one of the projects of the Grup de Física de les Radiacions of
the Universitat Autònoma de Barcelona was characterizing neutron spectra at several Spanish
nuclear power plants [60], [61] by means of Bonner sphere spectrometry. A new BSS was designed
for that purpose which uses an active1 detector [31] able to work in extreme environmental
conditions. In what follows, the main features of this spectrometer are described.

4.1.1. Main features

Polyethylene spheres

As stated in section 3.2., a Bonner sphere spectrometer consists of a thermal neutron
detector placed in the center of a set of moderating spheres. For the BSS developed by the
GFR-UAB, a set of 11 polyethylene or polyethylene/cadmium spheres with diameters 2:5 in,
3 in, 4:2 in, 5 in, 6 in, 8 in, 10 in, 12 in, 2:5 in + 1:5mm Cd, 3 in + 1:5mm Cd, 4:2 in + 1:5mm
Cd, were precisely manufactured with high quality polyethylene (density 0:920 g cm�3). The
complete set of spheres and their associated polyethylene holders, used to place the detector at
the center of each sphere, are shown in �gure 4.1. The cadmium shell is used because cadmium
presents a heavy cut in its neutron cross section at 0:4 eV and allows to obtain information
about the thermal component of the neutron spectrum.

Central neutron detector

The central thermal neutron detector is a 3He proportional counter, 0.5NH1/1KI type,
manufactured by Eurisys Measures [62]. The High Voltage tension is supplied by a HV source
model 556 from EG&ORTEC, which allows to connect two detectors at the same time. This

1An active detection system is that requiring some kind of external electronic conexion and power supply to
operate.
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Figure 4.1. Set of polyethylene spheres and Cd shell to be used as neutron moderators with the
UAB active Bonner sphere system

feature is used in facilities where it is important to monitor the neutron production rate by con-
necting a second 3He detector with an additional single 4:2 in sphere. As it can be seen in �gure
4.2, the 0.5NH1/1KI proportional counter is a cylinder of MonelTM (a metal alloy, primarily
composed of nickel, up to 67%, and copper, with some iron and other trace elements) of 4:4 cm
height and 1 cm diameter. The sensible volume is on top of the Monel cylinder and it is also
cylindric in shape (1 cm height and 0:9 cm diameter), as it can be seen in the detailed internal
schema shown in �gure 4.2. It consists of a mixture of 3He (99; 7% in isotopic composition at
8 bar), Krypton (2 bar) and a small quantity of CO2 at 100mbar to avoid discharge and, theo-
retically, it is sensible enough to provide 0:5 pulses per detected thermal neutron. Experimental
calibrations with the SIGMA neutron source at IRSN Cadarache (France) allowed to obtain an
experimental sensitivity of 0:36 pulses/n cm2 which agrees with calculations made by Caizergues
and Poulot [63].

It should be mentioned that gamma radiation associated to neutron beams may induce
a parasitic signal of electronic origin when interacting with the detector heavy materials (cath-
ode) leading to a "wall e¤ect" [14]. In order to avoid the wall e¤ect without interfering with
neutron detection, one takes into account that the total absorption cross section for photons
decreases rapidly with photon energy and with atomic number of the medium. In our case, a
lead cap (1mm thick) is placed inside the polyethylene holders used to center the detector inside
the spheres, shielding the detector from the unwanted secondary gamma radiation.

Electronics

The environmental conditions in which the spectrometer was to be used implied that,
many times, the operator could not stay near the measuring point but had to move behind
shieldings, several meters away from the measuring point. The electronics was consequently
chosen to be able to amplify the 3He proportional counter signal and to transport it to distances
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Figure 4.2. The 3He proportional counter, 0.5NH1/1KI type, and its internal details used as
neutron detector for the UAB active Bonner sphere spectrometer.
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Figure 4.3. The electronics with its inputs and outputs and the proportional counter �xed on
top.

up to 100m, where the acquisition system was placed. It can be used both as a simple counter
or as a signal treatment unit as it consists of:

� a charge ampli�er ACHMC98 type, specially conceived for Bonner sphere neutron spec-
trometry,

� a high voltage �lter,

� a preampli�er,

� an ampli�cation section,

� a shape circuit with discriminator,

� and a height pulse discriminator.

This set of electronic components is placed inside an aluminium box to ensure electro-
magnetic shielding, see �gure 4.3, with a metal screw below that allows to �x it in a tripod. The
3He proportional counter is �xed in top of this aluminium box. The voltage for the electronics
is provided by a home made +12V=� 12V source.

Data acquisition system

A logical pulse counter from Novelec, model E720, is normally used during measurement
campaigns to count the number of pulses provided by the detector in a speci�ed time interval.
This counter has up to 8 inputs which allow to monitorise simultaneously several units. A
multichannel analyzer (MCA) is also used when analogic pulses must be analysed.
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Discrimination of photon pulses

The electronics described above contains a height pulse discriminator that sets a thresh-
old level below which pulses are rejected. Neutron detection with an 3He proportional counter
takes place through the capture reaction 3He(n; p)T with a Q value of 764 keV whereas gamma
particles leave very few energy inside the detector. These facts, together with the wall e¤ect,
explain the typical height pulse distribution in �gure 4.4 [14]. This distribution contains two
main parts separated by a valley that can be used as discrimination level in order to avoid
gamma induced pulses to be counted.

Figure 4.4. Typical pulse height distribution obtained with the UAB active BSS spectrometer

4.1.2. Response functions

It has been said in section 3.2.2. that each sphere-detector combination has a unique
response, Ri (E), which is a continous function of the neutron energy. The response functions for
the UAB active Bonner sphere spectrometer were calculated by Monte Carlo techniques with
the MCNP4B code [64] considering a realistic representation of the detection system, which
was achieved by a radiography examination with X-rays and the information provided by the
manufacturer. A total of 31 cells have been de�ned as it can be seen in �gure 4.5 [31].

The in�uence of the polyethylene density in the response functions was also studied
using the 6 in sphere and introducing 3% variations in the density value [31]. The variations
obtained in the sphere response were less than 11% in the whole energy range. As a conse-
quence, the tolerance on the nominal density provided by the manufacturer, which was 0:4%,
was considered to have no e¤ect on the response functions.

The response functions obtained for all the spheres and for neutrons with energies
ranging from thermal to fast regions can be seen in �gure 4.6.

4.1.3. Experimental validation

The response functions are usually obtained by simulation. Consequently, the results
obtained by calculation may not coincide with those obtained experimentally. The most used
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Figure 4.5. Representation of the active BSS detection system used for simulation of the response
functions with MCNP4B

Figure 4.6. Response functions for the whole set of spheres used as Bonner sphere system active
neutron spectrometer
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method to adjust these discrepancies is to apply a scale factor to the response functions, allowing
to minimize the di¤erences between the calculated values and the experimental ones. The ideal
situation is to �nd a common multiplicative factor for the complete set of response functions.

The performance of the active Bonner sphere spectrometer was tested with neutron
reference �elds at IRSN (Institut de Radioprotection et de Sûreté Nucléaire, France), and
with monoenergetic neutron beams at Physikalisch-Technische Bundesanstalt (PTB, Germany)
[31].From a comparison of the measured BSS measurement data and those calculated by folding
the reference spectra with the BSS response matrix, a calibration factor of 0:99� 0:03 was ob-
tained for all the sphere-detector combinations and reference spectra. However, the sensitivity
of the 3He proportional counters must be checked from time to time, specially because little
variation on the 3He pressure may lay to signi�cant variations on the measurements. Periodic
checks of the calibration factor have taken place, the last one in March 2010.

4.1.4. Limitations of the active BSS in intense and pulsed 
-neutron mixed
�elds

The performance of the UAB active Bonner sphere spectrometer in intense and pulsed

-neutron mixed �elds was tested with a Varian 2100CD radiotherapy LINAC of 18MV nominal
acceleration potential at the Germans Trias i Pujol hospital, in the area of Barcelona. The
spheres were centered at 50 cm distance from the isocenter2 and at its same height. The output
signal of the central 3He proportional counter was monitored with a multichannel analyser.
Pulse height distributions like those presented in �gure 4.4 were expected.

Nonetheless, the measured pulse height distributions, as shown in �gure 4.7, presented
many alterations related to the own characteristics of the LINAC environment �eld. Two unex-
pected phenomena were observed: the photons wall e¤ect and pulse pile-up. Both phenomena
may be explained by the following reasons:

� The primary photon �eld is very intense and pulsed in time, so that a large number of pulses
are generated inside the 3He proportional counter with a time separation below its dead
time. The 3He proportional counter is unable to separate these pulses and counts them as
a unique golbal pulse, with a total energy equivalent to the sum of the delivered energies.
This �nally distorts the output pulse-heigh distribution. Many times, the corresponding
energy of the global pulse is so high that it is not processed at all and a �nal sum peak
appears in the last MCA channel.

� The detector wall e¤ect phenomenon becomes important if the photon rate and energy
increases, as is the case.

� A small amount of undesirable photonuclear reactions like 3He(
; n)2H and 3He(
; 2p)n
may also take place within the detector and may a¤ect its readings.

� The radiofrequency waves generated in the klystrons that guide the electron beam may
interfere with the associated detector electronics leading to its incorrect working.

2A reference position located along the LINAC beam axis at 100 cm distance from the target and around
which the gantry can rotate completely.
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Figure 4.7. Output signals obtained with a multichannel analyser when the UAB active BSS was
tested with an 18MV medical LINAC at 50cm distance from isocenter and at its same height.
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All these limitations discourage the use of the active BSS in such severe irradiation
environments. There were many attemps to unfold the active BSS readings but all of they
completly failed.

4.2. Passive neutron spectrometry

Determination of neutron spectra with BSS in presence of very important gamma
�elds becomes specially di¢ cult when active detectors are used. One way to overcome all the
associated di¢ culties in these cases is using passive3 detectors able to detect thermal neutrons
together with the set of polyethylene spheres. An overview of neutron passive detectors, their
implications on spectrometry and the selection of an adequate passive detector ([14], [65] and
[66]) are developed in the following subsections.

4.2.1. Neutron passive detectors

Several types of passive neutron detectors exist with clear di¤erent characteristics.

Nuclear emulsion �lms

Related to the discovery of X-rays, at the end of 19th century, nuclear emulsion �lms
remain a widespread technique for neutron personal dosimetry. These �lms consist of an emulsion
of silver bromide grains suspended in a gelatine matrix, supported in turn with a backing of glass
or cellulose acetate polymers. The action of ionising radiation (charged particles or photons)
in the emulsion is similar to that of visible light. Hence, neutrons can be registered only if an
appropriate converter originating charged particles is used.

The nuclear emulsion �lms are divided into two categories: those in which a general
darkening of the emulsion is recorded due to the cumulative e¤ects of many interactions, and
those in which trajectories of single ionising radiation particles are individually recorded. How-
ever, the main drawbacks of these detectors are that they are highly sensitive to photons, they
may present problems of emulsion saturation and their precision is not enough to be used in
neutron spectrometry with the Bonner sphere method.

Thermoluminescent crystals

Thermoluminescent crystals are based on the properties of some inorganic materials
doped by inherent impurities to trap all the electron-hole pairs created as a result of irradiation
to ionising radiation. If the TLD material is heated thereafter, all trapped electrons may return
to the conduction band and they may migrate to the nearest trapped hole, where they can
recombine with the emission of photons in the form of prompt �uorescence. The intensity of
photon emission can be measured with a photomultiplier tube and is proportional to the number
of electrons liberated. This process provides a measure of the energy delivered to the TLD crystal
by the ionising radiation. 6LiF is the most popular thermoluminescence crystal used to measure
thermal neutrons. Since this crystal is sensitive to photons, pairs of 6LiF and 7LiF must be used

3A detection system is passive when it does not require any external external electronic conexion or power
supply.
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in mixed n � 
 �elds, as 7LiF only measures the photon component. It must be said that the
method is reliable only when the neutron/gamma ratio is high enough, which is not the case in
LINAC and PET workplaces �elds.

Superheated drop liquids

A superheated drop liquid detector consists of a pocket-size tube �lled with a transpar-
ent gel, equivalent to tissue in composition, containing tiny dichlorodi�uoromethane (halocarbon,
CCl2F2) droplets. When one of these droplets is hit by a neutron, it immediately vaporises and
a visible gas bubble is trapped inside the gel. The number of bubbles trapped inside the gel is
directly countable and provides a measure of the neutron �uence. Their main advantages are the
low detection limit for the neutron dose, the zero sensitivity to photons, the isotropic angular
response and good energy dependence and the fact that they are reusable. However their are
not sensitive to thermal neutrons and can be easily a¤ected by ambient temperature variations.

Solid state nuclear track detectors

In most dielectric materials �including minerals, crystals and plastics �the passage of
a heavily charged particles creates damage zones, on an atomic scale, along their paths called
latent tracks. In the case of plastics, an eventual treatment of these latent tracks using chemical
or electrochemical etching allows their visualisation under optical microscopes or by a naked eye,
respectively. Polyallyl di-glycol carbonate (PADC) polymers are the most popular since they are
used in combination with a 6Li, 10B and 14N converter for thermal neutrons and a hydrogenated
one for fast neutrons. Being insensitive to photons, they are particularly suitable for use in mixed
n � 
 �elds. In each con�guration, the counted track density can be related to the number of
incident neutrons if a proper calibration is conveniently performed. Nonetheless, they have some
negative aspects, as for instance the high variability of the number of tracks due to background
e¤ects, poor statistics and the existence of a critical angle that limits the registration of incident
particles. Moreover, they reveal track saturation problems when using electrochemically etched
plastics and, similarly to nuclear emulsion �lms, the analysis of chemically etched tracks is very
tedious and complicated.

Activation materials

Thermal neutron detection is also possible by measuring the radioactivity induced in
some materials as a result of their nuclear reactions. The resulting activation products are �, �
and 
 emitters which activities can be measured with conventional instruments. A key point for
this technique is to choose materials with high cross sections but with small thicknesses to avoid
perturbation of the neutron �ux. The main advantage of this technique is that measurements
are not severely a¤ected by the presence of photons and it can be used in pulsed and/or very
intense �elds.

From all the types of passive neutron detectors described above, activation detectors
can be considered the most adequate for the Bonner sphere technique.
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4.2.2. Bonner sphere spectrometry with activation detectors

The principle of Bonner sphere spectrometry was introduced in section 3.2., where it
was stated that the neutron spectrum can be derived from measurements, provided the response
matrix of the BSS is well known. Neutron exposure originates a given radionuclide of interest
when the activation detector is irradiated. Measurement of the radioactivity of this induced
radionuclide allows to derive the incident neutron spectrum. In fact, if an activation foil is thin
enough to avoid unwanted perturbation of the neutron �elds, the formation rate r ( s�1) of the
radionuclide products at a given incidence energy is given by:

r = V �act _� = V �at�act _� (4.1)

where _�
�
cm�2 s�1

�
is the neutron �uence rate averaged over the foil surface, �act

�
cm�1

�
is

the macroscopic cross-section of the radiative capture (n; 
) reaction, V is the foil volume, �at�
cm�3

�
is the foil atomic density and �act( cm2) is the radiative capture microscopic cross-

section.
When exposing the foil to a uniform neutron �eld with spectral energy distribution

_�E (E) =
d _�
dE , the formation rate becomes

r = V �at

Z
�act(E) _�E (E) dE (4.2)

In the case that the activation foil is put in the centre of a given sphere-detector
combination i, we must consider only the energy distribution of the neutrons inside this sphere,
_�iE(E), that reach this central position after moderation within the sphere volume.

r = V �at

Z
�act(E) _�

i
E (E) dE (4.3)

As it is not possible to have information about _�iE(E), a connection between the for-
mation rate of the induced radionuclides in the central activation foil and the energy distribution
of the external incident neutrons, _�E (E) ; is used instead in the following form:

r =

Z
Ri (E) _�E (E) dE (4.4)

where Ri (E) (cm2) has the same meaning as in equation 3.2.
On the other hand, whilst the activation material is irradiated, the radionuclide product

that is formed undergoes radioactive decay. The total number of radioactive nuclei, N , present
in the sample varies in time and is given by the di¤erence between the formation and decay
rates (r and �N , respectively, bieng � the decay constant of the radionuclide product). Thus,

dN

dt
= r � �N (4.5)

If the neutron �ux does not vary during exposure, the activity of the foil (assuming
N = 0 at t = 0) is :

A(t) = r
�
1� e��t

�
(4.6)
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Figure 4.8. Time variation of the radioactivity induced in the activation material after being
exposed to a neutron �ux.

As shown in �gure 4.8, this induced activity builds up with time and approaches as-
ymptotically a saturation activity, A1, which is equal to the formation rate (equation 4.4), such
that

A1 = r =

Z
Ri (E) _�E (E) dE (4.7)

Comparing this equation with equation 3.2 allows to identify the reading of the sphere-
detector combination i with the saturation activity of its corresponding gold foil. Discretasing
equation 4.7 leads to an equation equivalent to 3.3

Ai1 =

nEX
i=1

Ri;j _�j (4.8)

where it becomes apparent that for an activation based BSS the response matrix Ri;j gives the
relationship between the incident neutron �uence rate and the gold foil saturation activity.

Usually, irradiation takes place during a time interval ti = t2 � t1 after which the foil
is removed from the sphere with an activity:

A0 = A (t2) = A1
�
1� e��ti

�
(4.9)

that is measured with an appropriate radiation counter. As the activity is continuously decaying
during measurement, careful recording of times is needed. In fact, if the counting is carried out
between t3 and t4 (measurement time, tm = t4 � t3), the number of the net counts will be:

C = q"

Z t4

t3

A0e
��(t�t2)dt (4.10)
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where q is the production yield of the decay channel and " the overall counting e¢ ciency.
A convenient change of variable can be introduced by de�ning the time between the end of
irradiation and the end of counting as t0 = t4 � t2. Doing so, the net count rate can be
approximated by:

_C ' C

t4 � t3
=

q"

t4 � t3

Z t4�t2

t3�t2
A0e

��t0dt0 =
q"

tm

Z te+tm

te

A0e
��t0dt0 (4.11)

where te = t3� t2 is the time elapsed between the end of exposure and the beginning of counting
and tm = t4� t3 is the measurement time interval. By substituting A1 with its value calculated
from equation 4.9 and solving the integral, we �nd:

A1 ( Bq) =
�tm _C

q"

e�te

(1� e��ti) (1� e��tm) (4.12)

Finally, if we divide by the foil mass m, we obtain:

A1
�
Bqmg�1

�
=
�tm _C

mq"

e�te

(1� e��ti) (1� e��tm) (4.13)

4.2.3. Selection of an activation material

A theoretical research study was performed, in collaboration with the IRSN laboratory
[66], to choose the most appropriate activation material to be used as a thermal neutron detector
within the passive BSS. The summary of the criteria considered in the subsequent selection is
given as follows:

1. Shape and magnitude of the cross section

Thermal neutrons are able to activate almost any stable element through radiative capture
reactions, but the selection was limited only to those with the largest cross-sections and
with a de�nite 1=v dependence behaviour in the region of interest (from 10�3 to 1 eV).

2. Decay constant of the induced activity

The half-life of the induced species should be neither too short nor too long. Half-lives
between several hours and few days are near the optimum. Long half-lives require the use
of long irradiation times in order to approach saturation. Very short half-lives compared
to the time needed to transfer the foil to the counter or to the counting time lead to
di¢ culties.

3. Purity and interfering activities

Very high purity of the material is often required to avoid interference from other neutron-
induced reactions due to the presence of impurities. It should contain one unique stable
isotope or, at least, should have a dominating isotope so that nuclear reactions with other
family members can be neglected.

4. Nature of the induced activity

Only activation materials, which neutron induced radionuclide products emit 
 radiation,
were chosen because the penetrating nature of this radiation minimises the self-absorption
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e¤ect within the sample. Furthermore it is far easier to perform gamma spectroscopy, so
that interfering activities and background can be discriminated easily. The decay scheme
of the induced species must also be as simple as possible.

5. Physical properties

The activation material should be solid, preferably in form of metallic disc or wires easy to
handle and to adapt to the Bonner spheres in use with the active spectrometer. It should
be also commercially available at reasonable prices and it must be not toxic for human
health.

Taking into account all these criteria, 197Au was selected from the 120 stable nuclear
species that can be activated through radiactive capture processes by thermal neutrons. Other
relevant characteristics of 197Au are its high chemical stability, its good mechanical resistance
and its commercially availability, with almost any desirable shape, at an acceptable cost. The
radiative capture reaction involved is 197Au(n; 
)198Au. The main induced activation prod-
uct, 198Au, has a simple and well de�ned 
 spectrum and has a very adequate half-life value�
T1=2 ' 2:7days

�
.

4.3. The new passive BSS

A new UAB passive neutron spectrometer based on the Bonner sphere technique has
been designed in this work after selecting 197Au as the best passive activation detector for
this particular purpose. The polyethylene spheres in use with the active UAB BSS neutron
spectrometer have been adapted to allocate the gold foils in their central position as thermal
neutron detectors. Figure 4.9 shows the appropriate polyethylene holders and the metallic
support used to place the spheres at the measurement point. The same set of 11 polyethylene
or polyethylene/cadmium spheres with diameters 2:5 in, 3 in, 4:2 in, 5 in, 6 in, 8 in, 10 in, 12 in,
2:5 in + 1:5mm Cd, 3 in + 1:5mm Cd, 4:2 in + 1:5mm Cd is used for this passive spectrometer.

A total of 60 disc foils of 197Au where acquired from Goodfellow
R

with 99:99% purity,

0:10mm thickness, 15mm diameter and an approximate mass of 0:35 g. When the gold foils are
exposed to a thermal neutron �eld an activation process takes place through radiative capture
(n; 
) reactions with a cross-section value of 98:88b for the thermal neutron reference energy
of 0:025 eV. Activation gives rise to formation of 198Au, which is a �� emitter with a half-
life of (2:6956� 0:0003) d and has a decay scheme that is given in �gure 4.10. 198mAu may
also be formed with extremely small probability, which leads to emission of a non detectable
amount of 312:2 keV 
 rays with T1=2 = 124 ns. Beta decay of 198Au leads to the formation of
the ground state and 2 excited states of 198Hg with the branching ratios shown in the �gure,
and the subsequent emission of 
 rays of energy 411:8 keV, with a production yield of 95:5%,
675:9 keV, with a production yield of 0:8%, and 1087:7 keV, with a production yield of 0:16%:
The production of 675:9 keV and of 1087:7 keV gamma rays can be neglected due to their small
yields.

For each irradiation point where the neutron spectrum is to be obtained, the 11 sphere-
detector combinations of the BSS are irradiated sequentially. After irradiation of each con�gura-
tion, the 411:8 keV 
-ray photopeak emitted by the corresponding gold foil is measured using a
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Figure 4.9. Polyethylene holders and methalic support adapted for the new gold foils

Figure 4.10. Decay scheme of 198Au produced by thermal neutron activation from 197Au. Source:
wikipedia.

61



NaI(Tl)4 detector in order to determine the subsequent saturation activity. This detector, even
having a moderate energy resolution when compared to HPGe semiconductors, has in contrast
the extra bene�ts of being sensitive, cheap, rugged, and does not need cryogenic cooling with
liquid nitrogen.

Two NaI(Tl) detectors, �xed and portable, are currently in use for this purpose.

� Fixed NaI(Tl) detector

The �xed NaI(Tl) detector, see �gure 4.11, is a Canberra
R

unit (model 802) with an

integrated photomultiplier tube and a preampli�er. This unit is connected to a standard

PC via a 2 kBits memory ORTEC
R

plug-in multi-channel analyzer (MCA) board, model

AccuSpec/NaI plus, which provides the high-voltage power supply as well as the pulse
shaping ampli�cation, gain stabilization and analog-to-digital conversion. The scintillation
crystal, of cylindrical shape (diameter = height = 7:62 cm), has a nominal relative energy
resolution of � 7:5% for the 137Cs 661:66 keV 
-ray emissions.

The NaI(Tl) detector is placed vertically, head up, inside a cylindrical heavy (450 kg)
lead shield (60 cm height, 30 cm outer diameter and 10 cm thick) that provides an e¢ cient
reduction of the environment radiation. Between the Pb shield and the detector, graded
Z plates, made successively of Zn and Cu, of respective thicknesses of 1:5mm and 1mm,
are added to suppress the emissions of the Pb K-shell �uorescence X-rays that result from
the photoelectric interactions of incident photons with the Pb shield inner walls.

� Portable NaI(Tl) detector

The portable NaI(Tl), model Nanospec provided by MGI
R

, has also an identical cylindri-

cal scintillation crystal (diameter = height = 7:62 cm) covered with a 7mm thick protective
plastic material of 7mm, see �gure 4.12. Its nominal energy resolution is � 8:0% for the
137Cs 661:66 keV 
-ray emissions. All the associated electronic components (photomul-
tiplier tube, HV power supply, preampli�er, shaping ampli�er, gain stabilizer, analog-to-
digital converter and multi-channel analyzer) are incorporated into a compact module that
can be connected to a PC using a serial interface. It includes also a microprocessor that
permits stand-alone measurements. The complete unit is placed vertically, head down, in-
side a 30 kg Pb shield box (30 cm height and 3 cm thick) that may be transported outside
our laboratory wherever it is convenient to perform in situ measurements.

Energy calibrations of both NaI(Tl) were performed using four certi�ed standard
sources (137Cs, 60Co, 22Na and 133Ba). Monte Carlo simulations with MCNPX 2.5.0 and sub-
sequent validation with the above standard sources were the basis of e¢ ciency calibration [67].
The general characteristics of both detectors are summarised in table 4.1.

Gold foils are used for activation in the passive BSS under study, therefore the satura-
tion activity obtained from a given sphere-detector combination i is calculated from expression
4.13:

Ai1 =
�tm _Ci
mq"

e�te

(1� e��ti) (1� e��tm)
�
Bqmg�1

�
(4.14)

4Sodium iodide doped with thallium
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Figure 4.11. The �xed NaI(Tl) gamma-ray detector inside the Pb shield

Figure 4.12. The portable NaI(Tl) gamma-ray detector inside its transport suitcase. On the
left, its portable Pb shielding.
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Table 4.1. Summary of characteristics for both NaI(Tl) in use for the determination of gold foil
speci�c saturation activities at the GFR-UAB

Fixed Portable
HV 1000V 555V

# channels 2048 1024
R137Cs � 7:5% � 8:0%
"412 keV 0:2412� 0:0010 0:1918� 0:0009
"333 keV 0:2833� 0:0013 0:2247� 0:0010
"356 keV 0:2698� 0:0012 0:2139� 0:0010
"426 keV 0:2335� 0:0011 0:1852� 0:0008

with � = 2:97 � 10�6 s�1 the 198Au decay constant, m the gold foil mass in mg, q (0:9550)
the production yield of the emitted 
-rays (412 keV) of interest, " the corresponding NaI(Tl)
detector e¢ ciency and _Ci the net count rate of the 411:8 keV 198Au photo-peak, after background
continuum subtraction and dead time correction.

4.3.1. Correction for photonuclear (
; n) reactions

Additional photoneutron production on the gold foil

Although gold can be quali�ed as being generally insensitive to photons, it should
be noticed that in presence of photon �elds with energies above 8:07MeV, the photoneutron
absorption reaction 197Au (
; n)196Au can also take place [67]. In this case, the subsquent
disintegration of 196Au, with T1=2 = 6:18 d, results in the emission of 66 keV, 76 keV, 333 keV,
356 keV and 426 keV 
-rays with di¤erent production yields (0:59300, 0:16310, 0:22855, 0:86900
and 0:07213; respectively). The photo-peaks originated by these 
�rays can overlap the 198Au
photo-peak at 412 keV when using NaI(Tl) detectors. Figure 4.13 gives an example of the 198Au
photo-peak contamination by 196Au radionuclides when measured with the NaI detector, after
background continuum subtraction. Consequently, if no corrections are taken into account, the
saturation activities of 198Au will be overestimated in presence of intense gamma �elds above
8:07MeV.

To overcome this possible overestimation, the contamination due to 196Au 412 keV 
-
ray emissions must be quanti�ed. This can be done if a method of peak separation is available.
In our case, Origin c
, a data analysis software, allows to separate between two main peaks, PI
and PII , as shown in �gure 4.14, by performing a multi-Gaussian �t of the measured pulse-height
distribution. If one compares �gure 4.13 with �gure 4.14, it can be asumed that PI is formed by
the 333 keV and 356 keV 
�ray emissions of 196Au, and that the 426 keV (196Au) and 412 keV
(198Au) 
�rays contribute to the peak PII ; so that:

PII = _C3 + _C4 (4.15)

PI = _C1 + _C2 (4.16)

where _C1; _C2; _C3 and _C4 are the net count rates originated from the 333 keV (196Au), 356 keV
(196Au), 426 keV (196Au) and 412 keV (198Au) 
�ray emissions, respectively. Besides, _C1; _C2
and _C3 are related to each other as they depend on the same number of 196Au radionuclides
created during irradiation. The relationship between them can be determined by equaling the
196Au saturation activities derived from the eventual individual net count rates of its emitted
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Figure 4.13. The 198Au 412 k eV photo-peak contaminated by the presence of 196Au in the
measured gold foil when using NaI(Tl) detectors after background continuum subtraction.

Figure 4.14. Multi-Gaussian �t of the pulse-height distribution obtained with NaI(Tl) detectors
and performed by Origin c
 after background and Compton subtraction
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�ray energies. Then, by using an identical expression to equation 4.13, the saturation activity
of 196Au can be estimated from each of the emitted 
-rays as:

A1
�
196Au

�
=

�tm _C1
mq1"1

e�te

(1� e��ti) (1� e��tm) (4.17)

A1
�
196Au

�
=

�tm _C2
mq2"2

e�te

(1� e��ti) (1� e��tm) (4.18)

A1
�
196Au

�
=

�tm _C3
mq3"3

e�te

(1� e��ti) (1� e��tm) (4.19)

where qi and "i are the production yield and the detection e¢ ciency of the ith 
 ray. From these
equations the relationship between the individual net count rates can be written as:

_C1 =
q1"1
q2"2

_C2 (4.20)

_C3 =
q3"3
q2"2

_C2 (4.21)

Combining these last expressions with equation 4.16, and taking into acount the e¢ -
ciency values given in table 4.1 for the �xed NaI(Tl) detector, we obtain:

_C3 =
q3"3

q1"1 + q2"2
PI = 0:0563PI (4.22)

which means that the contribution of 196Au 426 keV 
-rays to the 198Au photo-peak (PII) when
measured with the �xed or portable NaI detector is related to the net area of the �rst peak PI
(see �gure 4.14) and represents 5:63% of this peak. Therefore, for a correct estimation of the
saturation activity of 198Au in presence of photon �elds above 8:07MeV, the net count rate due
to 198Au emissions must be estimated as:

_C4 = PII � 0:0563PI (4.23)

Similar results are obtained for the portable NaI(Tl), using the adequate detection
e¢ ciencies from table 4.1.

Additional photoneutron production in the Cd shell

In neutron measurements, cadmium is normally used to absorb all neutrons with ener-
gies below its characteristic cut-o¤ value of 0:4 eV. In our case, a 1:5mm Cd shell is additionally
used with the small spheres (2 in, 3 in and 4:2 in). Nevertheless, due to its photonuclear (
; n)
reaction in presence of photon �elds with energies above 8:07MeV, the Cd �lter may generate
extra neutrons. Hence, there is a possibility that the saturation activities of the gold foils placed
at the center of the small spheres covered with cadmium are higher than expected.

E¤orts have been made recently [68] to evaluate the cadmium contribution to the
saturation activities when these sphere-detector combinations are used to measure the neutron
spectrum at the isonceter of a 18MV Varian 2100CD radiotherapy LINAC machine operating in
photon mode. Firstly, taking into account the geometrical details of the LINAC head, the photon
spectrum at the isocenter was estimated with the MCNPX code, starting from a primary 18MeV
electron pencil beam. Secondly, the photon energy distribution obtained was used as input to
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simulate the photoneutron production in the Cd shell and its contribution to the response of each
of the small polyethene spheres (2 in, 3 in and 4:2 in). These computed contributions (expressed
in units of activity saturation in, Bqmg�1) from the eventual photonuclear reactions in the Cd
shell were normalised to the LINAC beam yield.
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CHAPTER 5.

Simulation of the passive BSS response matrix

5.1. Introduction

The knowledge of the energy dependence of the response function for each of the UAB
passive BSS sphere-detector combinations is essential for characterising correctly the neutron
�elds measured, as it was commented in 3.2.2.. In fact, as the neutron spectrum is derived with
an unfolding process that relies on a set of di¤erent sphere readings, an indetermination a¤ecting
a single response function would propagate over the whole unfolding process. Variations up to
�15% for the neutron �uence and up to �40% for the mean neutron energy have been found
when evaluating the same set of BSS readings with 5 di¤erent response functions that where
independently determined [69].

As we advanced in 3.2.2., good approximations of the response functions of the pas-
sive BSS can be obtained by Monte Carlo calculations and experimental validations at ISO
radioactive neutron sources and/or monoenergetic neutron �elds.

In this chapter, the calculation procedure used to obtain the UAB passive BSS response
functions by means of the MCNPXTM code [70] is explained. The dependence of the response
functions on several factors, such as the neutron incidence direction, the mass density of the
polyethylene spheres and the gold foil geometry is also studied. Results of the experimental
validation of the calculated response matrix will be shown in the following chapter.

5.2. Calculation procedure

5.2.1. Overview

In the early work with Bonner sphere spectrometers (1960s, 1970s and even the 1980s),
when a lot of work was done, computing speed was a severe restriction on the use of Monte Carlo
techniques and they could not be e¤ectively used for the calculation of the response functions.
These calculations were, therefore, performed using one-dimensional neutron transport codes,
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which provided an approximate solution to the neutron transport equation and which ran much
faster. The most commonly used one-dimensional code in those years was ANISN [71]. This code
uses the discrete ordinates, or Sn, method to solve the steady state one-dimensional Boltzmann
transport equation which relates losses of neutrons to gains within volumes in space. Although
a one-dimensional code, it can treat problems with spherical symmetry such as Bonner spheres.
ANISN became for a number of years the most used code for calculating BSS response functions
because i) the method is computationally fast and reasonably reliable and ii) it can be run in
adjoint mode, where the source term is not an external neutron �uence but the cross section
for the reaction, occurring in the central sensor, which gives rise to neutron detection. The
calculation can almost be thought of as a conventional transport calculation run in reverse, and
it represented a considerable reduction in overall computing time.

The results of these calculations were used without experimental checks, but gradu-
ally the importance of validation was realised. The combination of measurement and ANISN
calculations provided much more reliable response functions than those that could be obtained
from either approach separately. With improved experimental accuracy and more detailed com-
parisons, certain discrepancies were revealed between measurement and calculation, particularly
in the thermal energy region. These discrepancies were never fully resolved and, as computing
speeds improved rapidly in the 1980s and 1990s, the use of Monte Carlo codes, which performed
point energy calculations and enabled the geometry to be modelled in detail, gradually took
over as the standard approach for calculating response functions.

In contrast to the discrete ordinate transport codes, Monte Carlo codes do not solve
an explicit transport equation but rather simulate the statistical process of interactions with
matter and are useful for solving complex problems that cannot be modelled using deterministic
methods. The fast development of computers meant that by the 1990s complete sets of BSS
responses could be calculated with adequate accuracy.

5.2.2. MCNPXTM simulation code

The MCNPXTM simulation code is a general purpose Monte Carlo transport code
which, quoting version 2.4.0. manual, tracks all particles at all energies. It comes from a series
of Monte Carlo transport codes that began at Los Alamos during the 50�s [72], and it is constantly
developing more accurate and complete versions. One of its main advantages, besides the big
number of particle types that it tracks, is its capability to work with 3D complex geometries in
a very user friendly way.

In MCNPXTM , each space region de�ned by a given material constitutes a cell. Cells
are de�ned by intersections, unions and complementary space regions, which are limited by
surfaces. These limiting surfaces can be de�ned by �xing their analytical equation coe¢ cients
or by establishing points belonging to them. A plotting routine is available to check geometries
easily. Each particle is tracked from the emission source by sampling all the possible random-
walk interactions until it interacts with a terminal event (such as absorption, escaping from
the geometry boundaries, capture, etc.). Cross section tables and physical models are used in
order to sample all generated particles random-walk interactions according to the probabilities
of di¤erent mechanisms.

The code permits to specify which type of information is to be gained from the Monte
Carlo calculation through the de�nition of tally cards. Several types of tallies can be de�ned
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such as current across a surface, �ux at a point, heating in a region, track length over a cell
volume, etc. Tally events can be classi�ed into subgroups like, for example, energy intervals
or incidence angle over a speci�ed surface. The result of a tally is estimated as a mean value
of the scored quantity x with a relative standard uncertainty �x=x (of statistical origin only)
averaged over the N tally values obtained from the N individual starting stories. It is also
usually normalised per unit of source emitting particle.

In order to run MCNPXTM Monte Carlo code, the user must provide an input �le with
the geometry speci�cations of the problem, the source characteristics and the quantities that
are to be determined. A detailed description of MCNPXTM input �les can be found in the code
manual [70] and only the most relevant aspects related to the UAB passive BSS simulation �les
are commented below.

5.2.3. The UAB passive BSS input �le

In order to correctly simulate the real spectrometer, the system must be modelled as
accurately as possible. This can be achieved by throughout knowledge of the system geometry,
from its materials to the physics involved in the detection mechanism.

The input MCNPX �les to simulate the UAB passive Bonner sphere system can be
found in appendix B. The model geometry is de�ned in the �rst 36 lines for Cd uncovered
spheres and 45 for those covered with the Cd shell. A total of up to 10 cells and 25 surfaces
were de�ned matching the exact dimensions of the gold foil and the sphere (with or without
the Cd shell) as well as the hollow steel support. Each cell was de�ned by intersections and/or
unions of di¤erent surfaces and was associated with a given material and a density value. The
chemical composition and densities of the di¤erent materials used in the simulation are shown in
table 5.1, together with the cross-section parameters for each element. The polyethylene density
provided by the manufacturer was comprehended between 0:918 and 0:922 g cm�3. However,
this density was veri�ed from a representative sample at our laboratory and a nominal value of
0:920 g cm�3 was considered for simulation [31]. The in�uence of the polyethylene density on
the response functions will be discussed later.

The neutron source was modeled as an expanded and aligned beam emerging from a
plane disk perpendicular to the neutron beam direction and to the plane de�ned by the gold
foil, in a parallel irradiation geometry. Its diameter matches that of the sphere and the neutron
starting positions were sampled uniformly over the disk surface. As it can be seen in table 5.3, a
total of 104 logarithmic equidistant energy values (10 per decade) were selected for the incident
mono-energetic neutron beams ranging from 10�9 to 20MeV. The space between the neutron
source and the sphere were de�ned as void, consequently no neutron interactions occur before
neutrons reach the polyethylene sphere.

Cross-section libraries for neutron interaction with the elements composing the sphere,
the gold foil, the Cd shell and the steel support were extracted from the evaluated nuclear data
�le, ENDF/B-VI release 8, and are detailed in table 5.1. In order to take into account the
hydrogen binding energy in polyethylene, that a¤ects thermal neutron scattering, the S(�; �)
treatment option was activated and the corresponding cross-section poly.01t table used.

The response, Ri;j in cm2mg�1, for each sphere-detector combination i to an incident
neutron energy Ej , was estimated as the number of 197Au(n; 
)

198Au radiative capture reactions
inside the gold foil cell per unit of mass and neutron �uence. To obtain the number of 197Au
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Table 5.1. Detailed decription of the materials used for the simulation of the BSS spectrometer
response functions. Isotopic compositions, densities and cross section libraries employed are
shown. The temperature indicated in the last column corresponds to the temperature at which
each cross section is given.

Material Density Isotopic composition Cross-section parameters
( g cm�3) Element % Element Id Library Year T (K)

16O 24:21 8016.60c ENDF60 1990 293:6
Dry 1:293� 10�3 14N 75:53 7014.60c ENDF60 1992 293:6
Air 12C 0:21 6012.50c DRMCCS 1977 293:6

ArNAT 0:05 18000.35c RMCCSA < 1985 0

1H 67 1001.60c ENDF60 1989 293:6
Polyethylene 0:920 12C 33 6012.50c DRMCCS 1977 293:6

S(�; �) treatment! poly.01t TMCCS1 1985 300

50Cr 0:8 24050.60c ENDF60 1989 293:6
52Cr 15:1 24052.60c ENDF60 1989 293:6
53Cr 1:7 24053.60c ENDF60 1989 293:6
54Cr 0:4 24054.60c ENDF60 1989 293:6
54Fe 3:9 26054.60c ENDF60 1989 293:6
56Fe 63:4 26056.60c ENDF60 1989 293:6

Steel 7:960 57Fe 1:5 26057.60c ENDF60 1989 293:6
58Fe 0:2 26058.60c ENDF60 1989 293:6
58Ni 6:7 28058.60c ENDF60 1989 293:6
60Ni 2:7 28060.60c ENDF60 1989 293:6
61Ni 0:1 28061.60c ENDF60 1989 293:6
62Ni 0:4 28062.60c ENDF60 1989 293:6
64Ni 0:1 28064.60c ENDF60 1989 293:6
Monel 3 42000.60c ENDF60 1979 293:6

Pure Gold 19:300 197Au 100 79197.60c

Cadmium 8:640 CdNAT 100 48000.51c RMCCS 1974 293:6
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Table 5.2. Multiplication factors to be used to obtain the �uence response, per unit of gold foil
mass, from the MCNPX tally for the UAB passive BSS

Sphere-detector Source radii Multiplication factor
combination ( cm) �r2 n� in Eq. 5.1

2:5 in 3:175 9:683� 10�5
3 in 3:810 1:394� 10�4
4:2 in 5:334 2:733� 10�4
5 in 6:350 3:873� 10�4
6 in 7:620 5:577� 10�4
8 in 10:160 9:915� 10�4
10 in 12:700 1:549� 10�3
12 in 15:240 2:231� 10�3

2:5 in + Cd 6:800 4:441� 10�4
3 in + Cd 6:800 4:441� 10�4
4:2 in + Cd 6:800 4:441� 10�4

radiative capture reactions inside the gold foil from the MCNPX simulation a track length
estimate tally (tally type F4) is de�ned for the gold foil cell. The tally provides the estimated
values of the energy distribution of neutrons reaching the gold foil normalised to one source
particle, _�iE , from which the response can be obtained as:

Ri;j = �r
2
i

n

�

Z Ej

0

_�iE(E)�act(E)dE (5.1)

where ri ( cm) is the neutron source radius chosen to match that of the sphere or the Cd shell,
�act is the microscopic radiative capture cross section (labelled by MCNPX with an identi�er
number 102) for gold, and n and � are the gold foil atomic and mass densities, respectively. The
term �r2 n� is a multiplication factor which values for the di¤erent sphere-detector combinations
are given in table 5.2. This values are provided as input using a FM card [70].

A total of 11� 104 simulation �les were prepared, one for each sphere-detector combi-
nation i and neutron incident energy Ej . The results of the simulations using these �les provided
the response matrix values for the UAB passive BSS, which are presented in the following sec-
tion. In all cases, the number of histories simulated was set to obtain statistical uncertainties
below 1%.

5.3. Results

5.3.1. Response matrix of the UAB passive BSS

The response values obtained from simulation for each sphere-detector combination
and neutron energy are shown in �gure 5.1 as a 3-dimensional graph. This �gure does not
include the three con�gurations with the Cd shell, which will be commented later. The values
of the �uence response were tabulated for all 11 con�gurations and can be found in appendix
C, they are expressed in cm2mg�1.

In �gure 5.2, the same �uence responses are shown as a function of the neutron energy,
in a 2-dimensional plot. Data are available for the 104 discrete energy values used for simulation
and are represented by sphere symbols. Curves obtained by cubic spline interpolation between
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Figure 5.1. Calculated response matrix for the UAB passive BSS in a 3D representation, as a
function of neutron energy and sphere diameter
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Figure 5.2. UAB passive BSS response matrix ina 2-dimensional plot. Simulated values are rep-
resented as spheres and cubic spline interpolations for each sphere are also shown as continuous
lines.

points are also indicated. It is observed that the energy dependence of the �uence response is
di¤erent for each sphere and that responses shift to higher energies when increasing the sphere
diameter. It can be also seen that from the thermal energy range up to 20MeV there is always
at least one sphere having high response, so that the BSS is able to cover a wide energy range,
extending over 9 energy decades. Most of the responses shown in �gure 5.2 present maximum
values which lie somewhere between 2:5�10�4 and 4�10�4 cm�2mg�1. The detection e¢ ciency,
understood as the ratio between the reading of the detector and the incident neutron �uence,
decreases systematically with increasing sphere diameter, as indicated by fact that areas below
the curves decrease with increasing sphere diameter [36].

Another interesting way of plotting the response matrix values can be seen in �gure
5.3, where response is plotted as continuous functions of sphere diameter, for several values of
neutron energy. Data available for the 8 discrete values of the sphere diameter are indicated
by solid circle symbols and cubic spline interpolations between them allow to plot continuous
curves. Cubic spline interpolation in diameter seems to produce correct response values for
sphere diameters not available from calculations or experiment [36].

The �uence response values for the 3 con�gurations including the Cd shell (2:5 in+Cd,
3 in+Cd and 4:2 in+Cd) are shown in the bottom part of �gure 5.4. The response values for the
same sphere without the Cd shell are also plotted for comparison. Cadmium presents a high
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Figure 5.3. The simulated �uence response matrix of the UAB passive Bonner spectrometer.
The responses are represented as functions of the sphere diameter for di¤erent neutron energies.
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Figure 5.4. Response matrix of the sphere used with the Cd shell. Below, the simulated �uence
respose values of 2.5", 3" and 4.2" spheres are shown with and without the Cd shell as spheres
with cubic splines interpolations shown as lines. Above, the ratio between the response values
with and without Cd for each sphere is represented

capture cross section for neutrons below 0:4 eV making the response fall dramatically for thermal
neutrons. In the upper part of �gure 5.4, the ratios between the Cd covered and the uncovered
spheres with equal diameter are shown. These ratios are nearly equal to 1 for neutrons energies
above 0:4 eV and for all the 3 con�gurations. The oscillations around the keV region can be
explained by resonance peaks in the Cd capture cross section. The increase present above 1MeV
can be related to the (n; 2n) spallation nuclear reactions in Cd, which cross-sections increase at
these energies.

5.3.2. In�uence of the neutron incidence direction

One of the most important characteristics of any Bonner sphere spectrometer is that
its response should be isotropic. Isotropy of the moderation process of neutrons that reach the
center of the polyethylene spheres is granted from spherical symmetry. Nevertheless, the fact
that gold foils have plane-cylindrical geometry breaks this spherical symmetry compromising the
isotropy of the whole system. The validity of using response matrixes to unfold measurements
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Figure 5.5. Schematic representation of the irradiation geometries calculated. On the left, the
parallel beam geometry, on the right, the normal beam irradiation geometry, and between them,
the isotropic irradiation geometry.

may be questioned when a real irradiation is carried out with neutron beam geometries di¤erent
from those speci�ed when calculating the response matrixes.

To check the validity of the isotropic behaviour of the UAB passive BSS and the in-
dependence of the response functions from the incident neutron beam irradiation geometry, an
isotropy study was performed. For this study, the response functions for di¤erent incident neu-
tron beam geometries were calculated for the 10 in, 4:2 in and the 2:5 in. The worst, most asym-
metric possible conditions are reached when the smallest sphere available (2:5 in) is directionally
irradiated. Figure 5.5 gives a schematic representation of the irradiation geometries calculated:
isotropic irradiation, normal beam irradiation and the parallel beam irradiation, which is the
irradiation geometry used for calculating the response matrix, as described in section 5.2.3..

No appreciable di¤erence is found between the results for the three irradiation geome-
tries of the incident neutron beam, even for the smallest (2:5 in) sphere, as they present deviations
smaller than the combined uncertainties. Figure 5.6 shows the response functions for the 2:5 in
sphere calculated for the three irradiation conditions, as well as the ratios between parallel and
isotropic responses and between normal and isotropic responses. The most important deviations
are found for the energies where the response function has its smallest values, although these
deviations are comparable to uncertainties.

These results con�rm that the passive UAB passive BSS response functions do not
depend on the irradiation geometry of the the incident neutron beam and present an isotropic
behaviour. This corroborates that thermalisation of neutrons inside the spheres eliminates the
anisotropies given by any incidence privileged direction.

5.3.3. Other aspects

In�uence of the polyethylene density

As Alevra and Thomas indicate [36], changes in polyethylene mass density (PEMD)
produce considerable changes in responses, which depend on both sphere diameter and energy.
One should expect that the largest e¤ects appear for diameters and energies where the response
values are low. Nevertheless relative changes in response, which are three times larger than
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the relative changes in PEMD, are still observed in regions where the response values are high
enough.

Many authors have used Monte Carlo techniques to evaluate the changes in response
values for BSS very similar to ours, when PEMD varies. Amgarou [73], considered 0.5% vari-
ations in PEMD for di¤erent sphere diameters (3 in; 6 in; 8 in and 12 in) and found that the
overall in�uence of these changes could be neglected in the energy regions where response values
reached their maximum. In agreement with Alevra and Thomas, Amgarou also found that for
the biggest sphere, severe discrepancies (up to �5%) appeared in the energy regions with low
response values even when applying a variation of only 0:5% to the nominal PEMD value.

The in�uence of PEMD variations for the polyethylene sphere set used with the UAB
passive and active spectrometers was studied by Bakali [31] with Monte Carlo techniques and for
the 6 in sphere. The results obtained showed that a 3% deviation on the PEMD value produced
variations below 11% in the response function values of this sphere. It was concluded that the
0:4% relative uncertainty in the nominal PEMD value provided by the manufacturer could be
considered negligible. Consequently, no corrections due to PEMD variations have been included
in this work.

In�uence of the gold foil geometry

One could expect that for a �xed gold foil shape variations in diameter and thickness
may have an in�uence in the response functions. The in�uence of these variations have been
studied by Amgarou [73] for gold foils from the same manufacturer and shape as those used for
the UAB passive BSS, with equal diameter but 2:5 times thicker. It was shown that diameter
variations up to �1mm can be completely neglected. It was also observed that increasing
the gold foil thickness an amount equal to the tolerance given by the manufacturer (10%) will
lead to an overall shifting of �3% of the passive BSS response functions. Conversely, a 10%
thickness diminishing will have the contrary consequence (i.e., a +3% shift of the response
matrix). However, although this dependence is included within the overall uncertainty of the
passive BSS response functions, this parameter should always be well controlled for each of the
gold foils used to better ascertain the neutron spectra measurements.
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CHAPTER 6.

Experimental validation of the passive BSS response matrix

6.1. Introduction

The term quality assurance, when applied to measurements of spectral and directional
distributions of radiation �elds, covers all the activities undertaken to validate the performance
of the devices used for measurements and to ensure that the �nal results are of adequate quality,
i.e. they are reliable (correct) and of the required accuracy. Quality assurance, which is a
hard and time-consuming process, is thus closely linked to the estimation of the uncertainties in
the measurements including both the experimental calibration of the device response function
and determination of the requested �eld quantity. Comparisons of Bonner sphere spectrometry
[74] and simulation studies [75] have highlighted the very signi�cant errors introduced by using
incorrect response functions. It is thus mandatory to have an accurate knowledge of the response
matrix to obtain accurate results in terms of neutron spectra and dosimetric quantities.

As it has been seen in the previous chapter, greatest e¤orts have been needed to
calculate the full response matrix of the UAB passive BSS and it is vital for the evaluated
response functions to be as near correct as possible. Some general comments can be made about
the factors in�uencing these calculations:

1. Cross sections: all spectrometer response function calculations require access to good
cross-section data and these are available for the majority of materials used in neutron
spectrometers. In our case, responses were calculated using a modern Monte Carlo code
such as MCNPX, which uses up-to-date evaluated cross sections. It is, however, very
important to ensure that molecular binding e¤ects at thermal energy are included.

2. Materials: when calculating response functions, the complete instrument, and not just the
radiation-sensitive part, should be included in the computational model to allow sampling
all the possible random-walk interactions. Therefore, it is important that material com-
positions of all the material constituents are known and that accurate drawings of their
geometry details are available. However, simulated geometries are always an approach to
reality.
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3. Critical parameters: it is important to know accurately those parameters on which the
response function depends strongly, in our case the mass and shape of the gold foils or the
polyethylene density.

With modern computing speeds the statistical uncertainties can be small, but it is
di¢ cult to estimate the realistic uncertainties in calculations. A way of doing it is to verify the
response matrix ([36], [38]) through irradiation in reference neutron �elds as those speci�ed in
ISO Standard 8529-1 [76], for which irradiation conditions are reproducible and well controlled.
Since the response matrix of a BSS is de�ned as a function of the neutron energy, a way to verify
it is to expose the BSS to a known neutron �uence in well-characterized mono-energetic beams.
The advantage of this test is the possibility to evaluate the accuracy of the response matrix
in the same condition of the simulation (monochromatic energy and uniform irradiation of the
sphere), allowing a punctual veri�cation of the Monte Carlo model of the BSS. The disadvantage
is that this test can be carried out on a very limited number of energies. By contrast, the same
test performed with continuous spectra, as those of the ISO recommended sources (241Am-Be,
241Am-B, 252Cf or D2O moderated 252Cf), allows checking the response matrix, even if in integral
form, over a rather large energy interval. Whilst the test with radionuclide sources is probably
the most suited to estimate the overall uncertainty of the response matrix, that performed in
monochromatic energies is useful to understand whether this overall uncertainty is adequate for
a more restricted energy range.

The validation of any set of response functions can be achieved by comparing the
response in terms of �uence of each sphere-detector combination with a reference spectrum with
known �uence and energy distribution. The calibration factor, fi, for a given sphere-detector
combination is de�ned as:

fi =
Ai1
��
meas

Ai1jcal
(6.1)

where Ai1
��
meas is the saturation activity obtained from the measured induced activity (equation

4.14) for the sphere-detector combination i after being exposed to a reference �eld with total
�uence �ref, and Ai1

��
cal is the calculated saturation activity for the same combination obtained

by folding the corresponding response function with the reference neutron spectrum (equation
4.7). In general, a given unit neutron spectrum ' (E) is obtained as the corresponding absolute
neutron spectrum, � (E), divided by the total neutron �uence, �:

' (E) =
� (E)

�
=

� (E)R
� (E) dE

(6.2)

Consequently, the calculated saturation activity Ai1
��
cal for a given reference �eld with total

�uence �ref and unit �uence spectrum 'ref (E) ; can be written from equations 4.7 and 4.8 as:

Ai1
��
cal = �ref

Z
Ri (E)'

ref (E) dE ' �ref
nEX
j=1

Ri;j'
ref
j �Ej (6.3)

Therefore:

fi =
Ai1
��
meas

�ref
nEP
j=1

Ri;j'refj �Ej

(6.4)
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Ideally, all fi values corresponding to a given BSS should be equal to 1 if the calculated
response functions represent exactly the real responses of the spectrometer. In the real case,
fi may take any value, as response functions are calculated approximating and scaling reality.
In addition, fi for the di¤erent sphere-detector combinations of a given BSS may �uctuate. To
account for this �uctuation, an average value fbest and its associated standard deviation are
calculated to estimate the overall calibration factor of a given BSS and its uncertainty.

A value of measured �uence �meas is obtained from unfolding the measured saturation
activities Ai1

��
meas. Equation 6.4 can then be written as

fi =

�meas
nEP
j=1

Ri;j'
meas
j �Ej

�ref
nEP
j=1

Ri;j'refj �Ej

(6.5)

As 'measj and 'refj are both unit spectra and fbest is an average of all fi values, this equation can
be approximated as

fbest '
�meas
�ref

(6.6)

Once the overall calibration factor fbest for a given BSS has been obtained, the true
value of any unknown neutron �uence can be estimated from the measured (unfolded) �uence
�measby substituting �ref with �est in equation 6.6, so that

�est =
�meas
fbest

(6.7)

The accuracy of the response function for a given sphere-detector combination i, in a
given reference �eld, with a total (integrated) neutron �uence �ref, can be evaluated as:

ri;ref =
�est
�ref

����
i

=
�meas
fbest�ref

����
i

(6.8)

The average of all ri;ref values obtained for a BSS should be 1 if calibration has been
done correctly and the standard deviation of all ri;ref values can be associated to the overall
uncertainty of the response matrix.

In our case, the calibration factor and the overall uncertainty of the response functions
of the UAB passive BSS were obtained from irradiations at the Cadarache 252Cf standard neutron
source. The response functions were later validated at the Cadarache AMANDE facility, which
provides monoenergetic neutron beams. Results obtained for the calibration factor and for the
overall uncertainty of the response functions are presented in the following section. Experimental
validation to monoenergetic neutron beams are presented in the second section of this chapter.

6.2. Exposure to an ISO 252Cf standard source

6.2.1. Irradiation conditions

The 252Cf ISO standard source at IRSN Cadarache center (France) was used to obtain
the UAB passive BSS calibration factor and the overall uncertainty of the response functions.
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Figure 6.1. Neutron spectrum at the measurement point for calibration to 252Cf at IRSN
Cadarache (France).

The irradiation room (25m � 12m � 8m) has been conceived to minimise scattered radiation
and built with aluminium walls for this purpose. Monte Carlo simulations and experimental
measurements con�rmed the negligible neutron scattering e¤ect in the room [77]. Therefore,
no corrections for irradiation geometry and for the scattered contribution have been applied to
the measurements. The source was placed at the reference irradiation point, at 3:2m height,
with a remote control device. The measurement point was at 75 cm from the source and at the
same height. The reference neutron spectrum at the measurement point was provided by the
IRSN Cadarache, see �gure 6.1, with a total reference �uence rate _�ref = 3868 � 128 cm�2 s�1
(�3:3%).

Eleven sphere-detector combinations were exposed to the 252Cf �eld. The induced
radioactivity for each gold foil was measured with our portable NaI(Tl) detector and the corre-
sponding saturation activities were derived after background continuum subtraction and dead
time correction.

6.2.2. Results

The calibration factor of the spectrometer was estimated for each sphere-detector com-
bination i using equation 6.4 with the reference 252Cf unit neutron spectrum and �uence rate.
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Table 6.1. Evaluation of the accuracy of the repsonse matrix with the 252Cf reference neutron
�eld. Speci�c saturation activities uncertainties are calculated at 1� level.

Sphere Ai1
�
Bqmg�1

�
R
252Cf
i

�
cm2mg�1

�
_�est

�
cm�2 s�1

�
fi ri;ref

2:5 in 0:1789 � 0:0038 4:81� 10�5 3763 0:961 0:973
3 in 0:3099 � 0:0078 8:39� 10�5 3736 0:955 0:966
4:2 in 0:763 � 0:014 1:91� 10�4 4041 1:032 1:045
5 in 0:964 � 0:016 2:53� 10�4 3854 0:985 0:997
6 in 1:174 � 0:019 3:01� 10�4 3949 1:009 1:021
8 in 1:150 � 0:017 3:03� 10�4 3835 0:980 0:992
10 in 0:942 � 0:015 2:43� 10�4 3928 1:004 1:016
12 in 0:659 � 0:012 1:73� 10�4 3864 0:987 0:999

2:5 in+ Cd 0:1757 � 0:0031 4:90� 10�5 3625 0:926 0:937
3 in+ Cd 0:3375 � 0:0080 8:60� 10�5 3970 1:014 1:026
4:2 in+ Cd 0:761 � 0:014 1:93� 10�4 3990 1:019 1:032

The results are summarised in table 6.1, where R
252Cf
i =

nEP
j=1

Ri;j'
252Cf
j �Ej ; represents the ex-

pected response of each sphere-detector combination in presence of the 252Cf reference neutron
spectrum.

The best estimation of the calibration factor for the UAB passive spectrometer, fbest,
was obtained as a weighted average of the fi values derived from all sphere-detector combinations.
The inverse square of the uncertainties was used as weighting factor. The result obtained is:

fbest = 0:988� 0:033 (6.9)

The uncertainty, �3:4% at 1� level, is estimated as the quadratic sum of two terms:
the statistical contribution from the weighted average process (which only takes into account
the saturation activity uncertainties with a total contribution of �0:5%) and the systematic
uncertainty arising from the reference neutron �uence (�3:3%). In �gure 6.2 the measured
�uence from each sphere is compared to the reference value �ref. It is observed that the mea-
sured �uences obtained �uctuate around the reference.value with amplitudes comparable to the
uncertainties.

The distribution of the ri;ref values presented in table 6.1 has a mean value and standard
deviation of 1:000� 0:032. Consequently, the uncertainty contribution due to the Monte Carlo
modeling and simulation of the response matrix can be estimated to be �3:2%. In the worst
case, the discrepancy between �est and �ref is 6:3% for the 12 in sphere.

6.3. Validation with monoenergetic reference neutron beams

6.3.1. Irradiation conditions

AMANDE is a tandem accelerator able to accelerate protons and deuterons in an energy
range from 100 keV up to 4MeV, located at the IRSN Cadarache center in France. Neutrons
can be produced through nuclear interactions of these charged particles with adequate target
materials. At AMANDE, thin targets of scandium, lithium, deuterium or tritium in titanium are
used for this purpose. Targets are placed at the end of the beamline and neutrons are produced
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Figure 6.2. Comparison between the measured neutron �uences obtained with every sphere-
detector combination and the reference value provided by IRSN Cadarache. The reference value
is shown by the straight dark cyan line, also �1� and �2� deviations are shown by the dark
cyan dashed and dot lines respectively.

88



Table 6.2. Targets used at AMANDE accelerator during the UAB passive BSS irradiations with
monoenergetic neutron beams

Target Thickness Nuclear Neutron energy Peak FWHM
Composition

�
mg cm�2

�
reaction (MeV) (MeV)

LiF 0:1568 7Li(p; n)7Be 0:144 0:021
LiF 0:1568 7Li(p; n)7Be 0:565 0:014
TiT 1:974 3H(p; n)3He 1:2 0:15
TiD 0:8252 2H(d; n)3He 5:0 0:11

in all directions. The neutron energy and emission angle depends on the charged particle energy,
which was selected with appropriate magnets.

A total of two weeks have been scheduled for the UAB to validate the UAB passive
BSS with 144 keV, 565 keV; 1:2MeV and 5MeV neutron monoenergetic beams. Experimental
conditions allowing the maximum possible �uence rate were needed, so thickest targets and the
maximum authorised current on each target were chosen.

Targets used during the irradiations are described in table 6.2. Neutron energy distri-
butions, obtained with the TARGET code and measured with the SP2 and BC501A detectors,
were provided by Cadarache.

As comented in 3.4.1., several constraints have to be applied to irradiation conditions
to perform a correct validation. For example, the reading of a given instrument must be cor-
rected for the geometric e¤ects due to source and/or instrument dimensions which deviate the
instrument readings from the inverse square law behaviour. In our case, maximal �uences were
needed due to the low e¢ cency of the UAB passive BSS, so the target-to-sphere distance was
reduced down to which is reasonably possible:

1. To irradiate in a incident parallel neutron beam.

2. To keep the geometric factor F1 (l) as close to 1 as possible.

The incident parallel neutron beam irradiation geometry was ensured by keeping the
half apex angle of the solid angle subtended by each sphere to an arbitrary value of 10o: The
second condition can be achieved if the source-to-detector distance is kept above 2rD; being rD
the sphere radius in our case [59]. Two di¤erent target-to-sphere distances were �nally chosen;
50:0� 0:2 cm for 2:5 in, 3 in, 4:2 in, 5 in, 6 in and 8 in spheres; and 75:0� 0:2 cm for the 10 in and
12 in spheres, ensuring both conditions 1 and 2 are preserved. The three Cd con�gurations were
not used due to irradiation time limitations.

Another important question is the existence of scattered neutrons in the measurement
point. Two main origins of scattered neutrons can be identi�ed:

� Neutron scattering in the target holder and backing,

� Neutron scattering in the air and in all the other elements constituting the experimental
hall.

The experimental hall can be seen in 6.3. It is a 20m� 20m� 16m room surrounded
mostly by metallic walls to minimize neutron scattering. A �oor grating is placed at 6m above
the ground, over the entire hall surface with the exception of a 6m radius hole where the
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Figure 6.3. AMANDE accelerator experimental hall.

experimental area is. The neutron-producing target is centered in this hole at the end of the
beamline, 7:2m above the experimental hall ground. An automated transportation system with
3 arms is dedicated to place the detector and moveable access platforms are also available.

It was not necessary to estimate experimentally the scattered contribution because of
the room con�guration. Instead, Cadarache provided us the total neutron �uence rate and the
reference spectrum at the place of measurement.

6.3.2. Results for the 144 keV neutron beam

Only the small spheres, placed at 50 cm, were tested with this monoenergetic beam due
to the very long times needed for irradiation of the bigger spheres at 75 cm. As the total current
varied for each sphere, the total reference �uence rate in each case is given in table 6.3, together
with the experimental value determined with our passive BSS. When uncertainties are taken
into account, all experimental values agree correctly with the corresponding reference �uence.

The neutron spectrum per unit total �uence obtained by unfolding the measurements
from our BSS can be seen in �gure 6.4 in lethargic representation, together with the reference
spectrum provided for the AMANDE 144 keV neutron beam at 50 cm. The total neutron �uence,
given as �uence per monitor unit (MU), associated to the unfolded spectrum is �144 keVest =

(6:001� 0:086) cm�2MU�1, in agreement with the corresponding reference value, �144 keVref =

(5:79� 0:32) cm�2MU�1.
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Table 6.3. Validation of the repsonse matrix with the AMANDE 144 keV reference neutron
�eld. Saturation activities uncertainties are calculated at 1� level
Sphere Ai1

�
Bqmg�1

�
R144 keVi

�
cm2mg�1

�
_�ref

�
cm�2 s�1

�
_�est

�
cm�2 s�1

�
2:5 in 0:2904� 0:0058 1:48� 10�4 (2:73� 0:15)� 107 (2:86� 0:14)� 107
3 in 0:4372� 0:0075 2:16� 10�4 (2:14� 0:12)� 107 (2:21� 0:11)� 107
4:2 in 0:6824� 0:0097 3:30� 10�4 (2:13� 0:12)� 107 (2:26� 0:11)� 107
5 in 0:785� 0:012 3:42� 10�4 (2:17� 0:12)� 107 (2:26� 0:11)� 107
6 in 0:7610� 0:0069 3:01� 10�4 (2:27� 0:13)� 107 (2:30� 0:11)� 107
8 in 0:3188� 0:0036 1:68� 10�4 (2:73� 0:15)� 107 (2:76� 0:13)� 107

Figure 6.4. Comparison between the reference spectrum and that obtained by unfolding the
UAB passive BBS readings for the AMANDE 144 k eV monoenergetic beam. Spectra are given
in equilethargic representation and per unit total �uence.
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Table 6.4. Validation of the repsonse matrix with the AMANDE 565 keV reference neutron
�eld. Saturation activities uncertainties are calculated at 1� level
Sphere Ai1

�
Bqmg�1

�
R565 keVi

�
cm2mg�1

�
_�ref

�
cm�2 s�1

�
_�est

�
cm�2 s�1

�
2:5 in 0:2688� 0:0061 8:52� 10�5 (2:98� 0:16)� 107 (2:30� 0:15)� 107
3 in 0:4771� 0:0094 1:44� 10�4 (2:67� 0:14)� 107 (2:41� 0:16)� 107
4:2 in 1:130� 0:018 2:92� 10�4 (2:77� 0:15)� 107 (2:82� 0:18)� 107
5 in 1:508� 0:020 3:54� 10�4 (3:13� 0:17)� 107 (3:10� 0:20)� 107
6 in 1:409� 0:020 3:71� 10�4 (2:76� 0:15)� 107 (2:77� 0:18)� 107
8 in 1:312� 0:020 2:83� 10�4 (3:31� 0:18)� 107 (3:38� 0:22)� 107
10 in 0:313� 0:0059 1:61� 10�4 (1:630� 0:086)� 107 (1:421� 0:096)� 107

6.3.3. Results for the 565 keV neutron beam

In the case of the 565 keV neutron beam, spheres 2:5 in; 3 in; 4:2 in; 5 in; 6 in and
8 in were placed at 50 cm from the target and the 10 in sphere was placed at 75 cm. As the
total current varied for each sphere, the total reference �uence rate for each sphere is given in
table 6.4, together with the corresponding experimental value determined with our passive BSS.
If uncertainties are taken into account, all experimental values agree with their corresponding
reference �uence rate, with the exception of the 2:5 in sphere. The experimental value calculated
from this sphere is below the reference one. The deviation may be explained by the fact that the
saturation activity obtained for this sphere was close to its associated detection limit (de�ned
in Section 6.4.).

For all the spheres exposed at 50 cm the unfolded spectrum per unit of total �uence was
obtained with the FRUIT code and it is presented in 6.5 in lethargic representation, together
with the reference spectrum for the AMANDE 565 keV neutron beam. In this case, the total
neutron �uence, given as �uence per monitor unit (MU), associated to the unfolded spectrum
is �565 keVest = (6:84� 0:47) cm�2MU�1, in agreement with the 565 keV neutron beam reference
value, �565 keVref = (6:99� 0:37) cm�2MU�1.

6.3.4. Results for the 1:2 MeV neutron beam

All sphere con�gurations were exposed to the 1:2MeV neutron beam. The biggest
spheres (10 in and 12 in) were exposed at 75 cm from the target. In table 6.5, the saturation
activities, Ai1, the response for the 1:2MeV neutron beam, R1:2 MeV

i , the total �uence rate
reference value, _�ref, and the �uence rate determined experimentally, _�est, for each sphere are
presented. As for the 565 keV neutron beam, all sphere con�gurations provide correct estimations
of the total �uence rate when uncertainties are taken into account, except the 2:5 in con�guration.
This may be explained because of the low response that this sphere has for 1:2MeV neutron
energy spectrum.

The unfolded spectrum per unit of total �uence obtained is presented in �gure 6.6, as
a lethargy plot, together with the reference spectrum provided by AMANDE for the 1:2MeV
neutron beam. The total neutron �uence, given as �uence per monitor unit (MU), associated to
the unfolded spectrum is �1:2MeVest = (6:93� 0:75) cm�2MU�1, in agreement with the 1:2MeV
neutron beam reference value, �1:2MeVref = (6:67� 0:34) cm�2MU�1.
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Figure 6.5. Comparison between the reference spectrum and that obtained by unfolding the
UAB passive BBS readings for the AMANDE 565 k eV monoenergetic beam. Spectra are given
in equilethargic representation per unit total �uence.

Table 6.5. Validation of the repsonse matrix with the AMANDE 1.2 MeV reference neutron
�eld. Saturation activities uncertainties are calculated at 1� level
Sphere Ai1

�
Bqmg�1

�
R1:2MeVi

�
cm2mg�1

�
_�ref

�
cm�2 s�1

�
_�est

�
cm�2 s�1

�
2:5 in 0:887� 0:018 5:33� 10�5 (4:89� 0:25)� 107 (3:74� 0:24)� 107
3 in 2:046� 0:036 9:71� 10�5 (7:34� 0:37)� 107 (7:68� 0:49)� 107
4:2 in 5:691� 0:074 2:33� 10�4 (8:41� 0:43)� 107 (8:91� 0:56)� 107
5 in 7:345� 0:083 3:10� 10�4 (8:00� 0:41)� 107 (8:64� 0:54)� 107
6 in 8:674� 0:084 3:63� 10�4 (7:99� 0:41)� 107 (8:72� 0:54)� 107
8 in 7:947� 0:090 3:40� 10�4 (7:85� 0:40)� 107 (8:53� 0:53)� 107
10 in 1:914� 0:038 2:38� 10�4 (3:00� 0:16)� 107 (2:94� 0:20)� 107
12 in 1:483� 0:028 1:43� 10�4 (3:57� 0:19)� 107 (3:77� 0:25)� 107
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Figure 6.6. Comparison between the reference spectrum and that obtained by unfolding the
UAB passive BBS readings for the AMANDE 1:2MeV monoenergetic beam. Spectra are given
in equilethargic representation per unit total �uence.
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Table 6.6. Validation of the repsonse matrix with the AMANDE 5 MeV reference neutron �eld.
Saturation activities uncertainties are calculated at 1� level
Sphere Ai1

�
Bqmg�1

�
R5MeVi

�
cm2mg�1

�
_�ref

�
cm�2 s�1

�
_�est

�
cm�2 s�1

�
4:2 in 0:425� 0:010 8:26� 10�5 (4:35� 0:15)� 107 (3:75� 0:20)� 107
5 in 0:792� 0:016 1:32� 10�4 (4:49� 0:15)� 107 (4:38� 0:23)� 107
6 in 1:153� 0:019 1:89� 10�4 (6:90� 0:23)� 107 (6:70� 0:34)� 107
8 in 1:649� 0:011 2:68� 10�4 (4:64� 0:16)� 107 (4:48� 0:22)� 107
10 in 0:815� 0:013 2:88� 10�4 (2:473� 0:094)� 107 (2:06� 0:11)� 107
12 in 0:919� 0:017 2:64� 10�4 (2:482� 0:094)� 107 (2:53� 0:14)� 107

6.3.5. Results for the 5:0 MeV neutron beam

The highest energy neutron reference beam used to validate the response function was
a 5MeV neutron beam. The two smallest spheres (2:5 in and 3 in) were not used due to the long
times needed to activate the gold foils with these con�gurations. The results obtained for this
beam are presented in table 6.6. Experimental values of the total �uence rate are similar to the
reference ones, although 4:2 in and 10 in spheres provide values smaller than expected.

The unfolded spectrum per unit of total �uence is presented in lethargy terms in �gure
6.7, together with the reference spectrum. The total neutron �uence, given as �uence per unit
monitor (MU), associated to the unfolded spectrum was �5MeVest = (12:34� 0:59) cm�2MU�1, in
agreement with the 5MeV neutron beam reference value, �5MeVref = (11:38� 0:39) cm�2MU�1.

6.4. Detection limit of the UAB passive neutron spectrometer

6.4.1. Introduction

The minimum detectable neutron �uence rate needs to be estimated to characterise
fully the spectrometer. However, the de�nition of such a limit is not obvious when a complex
procedure, involving unfolding, is required. Several factors need to be carefully taken into
account for obtaining a reliable estimation.

In the particular case of the UAB passive Bonner sphere spectrometer, neutron �uence
rate is derived from an unfolding procedure using the FRUIT code, which takes into account
the saturation activities obtained for each sphere-detector combination (up to 11 values) and
the system response matrix. It should be noticed that these saturation activities are determined
from the net count rates of the corresponding 198Au 412 keV photo-peaks for each sphere
con�guration. These count rates are obtained with a NaI(Tl) detector. Hence, the minimum
detectable �uence or ambient dose equivalent rates are related with the ability of the NaI(Tl)
detector to discriminate the 198Au photo-peak from background contribution.

A clear conclusion arise: although the minimum detectable net count rate for a given
NaI(Tl) detector is a quantity that only depends on the detector background level, di¤erent
saturation activities can be derived if di¤erent irradiation, ti, elapsed, te, and measurement, tm,
times are considered. Low neutron �uence rates will produce small saturation activities, which
will be better determined with long irradiation and measuring times as well as small elapsed
times.

With all these considerations, several steps were undertaken to estimate the minimum
detectable neutron �uence rates for the UAB passive BSS;
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Figure 6.7. Comparison between the reference spectrum and that obtained by unfolding the
UAB passive BBS readings for the AMANDE 5MeV monoenergetic beam. Spectra are given in
equilethargic representation per unit total �uence.
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1. The background count rate, _B � � _B, for the ROI (region-of-interest) channels where the
198Au photo-peak is always present, was evaluated with a long measurement time.

2. A set of several hypothetical irradiation times, ti, elapsed times, tm; and counting times,
tm, were chosen to study how the detection limit depends on them.

3. The detection limit, expressed as the minimum net count rate, _LD, needed from an hy-
pothetical 198Au source to ensure a false-negative rate not larger than 5% and with a
false-positive rate not greater than 5%, is estimated for the di¤erent sets of counting times
chosen, according to Currie�s equation [78]:

_LD =
1

tm
(4:653�NB + 2:706) (6.10)

where �NB stands for the standard deviation of the background counts, estimated in
practice from a known background count rate _B assuming Poisson counting statistics,
that would be obtained during the counting time, tm. It should be noticed that Currie�s
equation is obtained under the null hypothesis, i.e. that the true value of the estimated
quantity is equal to zero.

4. A set of minimum detectable saturation activities, AMD1 , is derived, according to equation
4.14, from all the minimum net count rate _LD values taking into account the di¤erent
irradiation and elapsed times chosen.

5. Assuming that the AMD1 value obtained for a given combination of times would not de-
pend on the sphere-detector combination, the minimum measurable neutron �uence rate,
_�MD, is derived by unfolding with the FRUIT code. Thus, the same minimum detectable
saturation activity is associated to the 11 sphere-detector combinations.

6. The unfolding procedure is repeated for all sets of saturation activities obtained in step 4,
and a set of minimum detectable neutron �uence rates is derived for the di¤erent irradiation
conditions considered.

This procedure was applied for both (�xed and portable) NaI(Tl) detectors in use at
our laboratory, as they present di¤erent background count rates.

6.4.2. Results

Pulse height distributions were obtained with a month reading time using as blank sam-
ples two gold foils, which have never been previously irradiated, for determining the background
for both NaI(Tl) detectors. Several photo-peaks can be identi�ed for both NaI(Tl) detectors, as
it can be seen in �gures 6.8 and 6.9, consequence of naturally occurring radioactive decay of 40K
as well as of 238U and 232Th series present as impurities in almost all the materials surrounding
the two NaI detectors [79].

The background count rate in the channels corresponding to 198Au photo-peak obtained
with the �xed NaI(Tl) detector was _BFixed = 0:57933� 0:00043 cps, whereas with the portable
detector it was _BPortable = 2:13488� 0:00082 cps. The big di¤erence between both background
levels is explained by the particular Pb shielding used for each NaI(Tl) detector.
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Figure 6.8. Pulse height distribution obtained with the �xed NaI(Tl) gamma-ray detector in
use at our laboratory from a blank sample of 197Au. The Region of Interest (ROI) de�ned for
the determination of the 198Au photo-peak is shown in grey.

Figure 6.9. Pulse height distribution obtained with the portable NaI(Tl) gamma-ray detector
in use at our laboratory from a blank sample of 197Au. The Region of Interest (ROI) de�ned
for the determination of the 198Au photo-peak is shown in grey.
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As explained above, several irradiation, elapsed and measurement times were chosen
to estimate the detection limit of the spectrometer. According to the short half-life of gold
and from previous experience in di¤erent measurement campaigns, it is recommend that, for
low neutron �uences, irradiation and measurement times to be as large as possible and elapsed
times to be as short as possible. Following this criteria three di¤erent scenarios were studied:

� Best scenario: with an irradiation time of 12 h (a complete night irradiation since longer
times are not usual), a short elapsed time of 1 h and a long measuring time of 7 d.

� An average scenario, representing the most common irradiation conditions, with ti =
10min; te = 1h and a measuring time tm = 1h.

� Worst scenario, de�ned by very short irradiation times and long elapsed times, with ti =
5min; te = 7d and tm = 1h.

The detection limit in terms of net count rates for both NaI(Tl) detectors and for
the three scenarios are shown in table 6.7. The di¤erences between the minimum detectable
saturation activities associated to the three scenarios (up to a factor 1000) re�ect the importance
of the irradiation and measurement conditions in presence of low �uence rates.

The unfolding code FRUIT was used to obtain the minimum detectable neutron �uence
rates for all scenarios. As described in 3.3., the code is able to parametrise the neutron spectra
with di¤erent physical models. However the minimum detectable neutron �uence rates should
not depend on the physical model used for unfolding. In order to verify this independence, three
di¤erent radiation environments (nuclear power plant, medical LINAC and narrow spectrum)
were tested for the NaI(Tl) �xed detector for the best and average irradiation conditions. The
results obtained are presented in table 6.8 and allow to conclude that the detection limit does
not depend on the physical model used for unfolding.

Finally, the minimum detectable �uence rates for both NaI(Tl) detectors and for all
scenarios are summarised in table 6.9. The evaporation physical model was used for unfolding.
For a given detector clear di¤erences arise between di¤erent irradiation conditions as expected.
Variations between detectors for a given irradiation scenario are due to background contributions.

6.5. Conclusion

The results of the experimental validation of the response functions were presented in
this chapter. The sphere-detector combinations of the UAB passive BSS, developed in this work,
were exposed to a reference 252Cf ISO standard source at IRSN Cadarache (France). From these
measurements, an overall calibration factor was calculated for the spectrometer as the average
of the fi values for the all di¤erent sphere-detector combinations used. The best estimation of
the calibration factor for the UAB passive spectrometer is fbest = 0:988� 0:033:

The uncertainty of the response function matrix for the UAB passive BSS was also
estimated to be �3:2%. To do this, the accuracy of the response factors, ri;ref, were calculated
from the measurements of the ISO 252Cf neutron �eld at IRSN Cadarache for each sphere-
detector combination. An average value 1:000�0:032 was derived for all of them and its standard
deviation is assumed to be the uncertainty associated to the contribution of the response matrix
of the UAB passive BSS.
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Table 6.8. Detection limit �uence rates derived by unfolding with di¤erent physical models for
the �xed NaI(Tl) detector in the best and average scenarios.

Irradiation FRUIT Unfolding _�MD

conditions Radiation environment Physical model
�
cm�2 s�1

�
Nuclear power plant Fission 8:3

Best Medical LINAC Evaporation 8:4
Narrow spectrum Gaussian 7:3

Nuclear power plant Fission 3:3� 103
Average Medical LINAC Evaporation 3:3� 103

Narrow spectrum Gaussian 2:9� 103

Table 6.9. Minimum detectable �uence rates for the three sets of irradiation conditions studied
and for both NaI(Tl) detectors in use at our laboratory

NaI(Tl) Irradiation _�MD

detector conditions
�
cm�2 s�1

�
Best 8:4

Fixed Average 3:3� 103
Worst 3:9� 104

Best 20
Portable Average 8:3� 103

Worst 9:8� 104

The monoenergetic neutron beams available at the AMANDE facility (IRSN Cadarache,
France) were used to validate the UAB passive BSS response matrix. A total of 4 di¤erent energy
beams were tested: 144 keV, 565 keV, 1:2MeV and 5MeV. In general, the experimental results
obtained with our spectrometer agree with the reference spectra provided by AMANDE for all
sphere con�gurations and neutron energies. Consequently, the response function is considered
to be correctly validated.

The last section of the chapter is dedicated to the estimation of the minimum detectable
�uence rate of the UAB passive BSS. A procedure to obtain this detection limit was de�ned
taking into account the complex procedure, involving unfolding, required to obtain �uence rate
estimations from the BSS measurements. Three di¤erent scenarios re�ecting di¤erent irradia-
tion, elapsed and measurement times were considered. The minimum detectable net count rates,
for both NaI(Tl) detector in use at our laboratory, were determined and di¤erent minimum de-
tectable saturation activities, AMD1 , were estimated for the three scenarios. The AMD1 value
obtained for a given scenario was associated to the 11 sphere-detector combinations of the UAB
passive BSS and the minimum measurable neutron �uence rate, _�MD, was derived by unfolding
with FRUIT. The independence of the results from the physical model used for unfolding has
been proved. For a given detector clear di¤erences arise between di¤erent irradiation conditions
as expected, showing the in�uence of the conditions of irradiation and measurement in presence
of low �uence rates. The minimum detectable �uence rate, _�MD, obtained for the average sce-
nario condition is 3:3 � 103 cm�2 s�1 for �xed NaI(Tl) detector and 8:3 � 103 cm�2 s�1 for the
portable one.
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CHAPTER 7.

Application at LINAC and PET workplaces

The aim of this work is to develop a passive BSS useful in intense and pulsed neutron
�elds, even in presence of an important photon component. Examples of this type of workplace
�elds are those produced in facilities containing radiotherapy LINACs and PET dedicated cy-
clotrons. This chapter is dedicated to present the results obtained with the UAB passive BSS
in these type of facilities. The neutron spectra and global dosimetric quantities that have been
measured at three points inside a LINAC treatment room for comparison of the results obtained
between 3D and IMRT treatments are presented in the �rst part of the chapter. Measurements
around 6 LINACs, of di¤erent manufacturers and nominal energies, that have been performed
in the framework of the NEUTOR project are presented in the second part of the chapter. The
third part is dedicated to the study of the neutron �eld around an unshielded PET cyclotron
facility, in Pamplona (Spain). Finally, the results obtained around a self-shielded PET cyclotron
facility in Keele (UK) are presented. Brief introductions about each facility characteristics are
provided in each section.

7.1. Neutron �elds measured in 3D and IMRT radiotherapy
treatments

7.1.1. Radiotherapy

Cancer represents currently one of the most important diseases in developed societies.
Around eleven million of new cancer cases were diagnosed during year 2002 [80], [81]. The
World Health Organization predicts that around 15 million new patients will be diagnosed dur-
ing year 2020 [82]. Radiotherapy represents one of the most useful tools available to cure cancer,
together with surgery and chemotherapy. Usually these therapeutic modalities are used in com-
bination, with an overall 65% fraction of total diagnoses undergoing radiation therapy. Although
radiotherapy techniques are progressively more e¢ cient for cancer cure, there is also a grow-
ing concern about the risk of secondary radiation induced tumours [83]. Epidemiologic studies

103



have shown that for radiation dose exposures above 50� 100mSv the secondary cancer risk for
prostate and breast treatments is signi�cantly higher in a 30 year interval after the therapy [84].
In a recent work, that includes a 40 year interval survey, it is indicated a signi�cantly greater
risk of secondary cancer for cervix tumour patients [85]. For this reason, it seems necessary to
develop additional methods in order to provide an adequate radiation protection to the patient,
that allow to evaluate the best strategy for the treatment and take into account the risk-bene�t
balance due to the peripheral dose delivered. ICRP publication 103 [20] makes recommendations
about this subject. In many of the radiation therapy procedures the peripheral unwanted dose
is due to photons and neutrons. Although photon doses have been deeply studied, following well
known experimental procedures, the neutron contamination from high energy photon beams is
still a subject of research and discussion.

Figure 7.1. Schematic diagram of a clinical linear electron accelerator (LINAC) showing the
acceleration section, the rotating gantry, the collimator and the treatment couch.

When radiotherapy planning is done using X-rays. images of tumours in two dimen-
sions (2D), width and height, are obtained. Treatments performed from this planning are usually
called 2D tretments. With computer technology it�s now possible to see the tumour in three
dimensions (3D); width, height and depth, using scans from computer axial tomography or mag-
netic ressonance imaging. The information from these scans feeds directly into the radiotherapy
planning computer, so the treatment area is seen in 3 dimensions. The computer programme
then designs radiation beams that �conform�more closely to the shape of the tumour and avoid
healthy tissue as far as possible. This is called 3D conformal radiotherapy (3D CRT). There is
another type of conformal radiotherapy called intensity modulated radiotherapy (IMRT). Like
3D conformal radiotherapy, IMRT shapes the radiation beams to closely �t the area where
the cancer is. But it also alters the radiotherapy dose depending on the shape of the tumour.
This means that the central part of the cancer receives the highest dose of radiotherapy and a
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surrounding area of tissue gets lower doses. Multileaf collimators, moving around the patient
together with the LINAC head, shape the beams of radiotherapy to �t the tumour. IMRT can
be static, if the LINAC gantry is �xed while the multileaf collimators are moving to conform the
�eld, or dynamic, if the gantry rotates while the collimators move. Figure 7.1 shows a schematic
representation of a LINAC.

Despite the capability of planning in radiotherapy and calculating doses accurately to
within millimeters, it is not possible at to identify microscopic disease with such accuracy. The
logistic di¢ culties of immobilizing a patient for the duration of an IMRT treatment (typically
15 � 30min) also limit the treatment accuracy. Patients and tumors move both as a result of
voluntary movement and visceral motion such as respiration and digestion. Additionally, tumors
shrink with treatment. Patients may lose weight over the course of the treatment, which will
further alter their geometry and therefore dosimetry. The next direction in radiation oncol-
ogy is to account for this movement, and this is being called four-dimensional (4D) conformal
radiotherapy (CRT), a logical progression from 3D CRT [86].

In the isocenter of the linac for a reference IMRT treatment the neutron �uence can
reach values of 0:55� 106, 9:2� 106 and 15� 106 cm�2Gy�1 for 10, 15 and 18MV respectively
[87]. In terms of neutron ambient dose equivalent, an IMRT technique delivering 45Gy could
represent 300mSv, while in a conventional treatment it can be reduced to approximately 100mSv
[88].

7.1.2. Measurement campaign at Hospital Plató, Barcelona

A measurement campaign took place at the Hospital Plató in Barcelona for comparing
the neutron ambient dose equivalent delivered in realistic 3D and IMRT radiotherapy treatments.
Two equivalent treatments for the same prostate tumour, one for 3D conformal radiotherapy and
the other one for static IMRT, have been planned using an ECLIPSE Varian treatment planning
system with an HELIOS IMRT module. These treatments have been delivered with a 18MV
Varian 2100CD LINAC, with a 120 Millenium multi-leaf collimator (�gure 7.2). Figure 7.3 shows
schematically how the multi-leaf collimator shapes the photon irradiation �eld. Exposures were
made at rates of 600 cGy/min of photon irradiation measured in the isocenter (all 3D treatments
and point at 135 cm in the IMRT treatment) and of 400 cGy/min (isocenter and point at 70 cm
in the IMRT treatment).

Neutron ambient dose equivalent measurements have been performed using the UAB
passive BSS, based on gold foil activation and described in this work, during the dummy appli-
cation of the planned treatments. Three points are monitored: i) the LINAC isocenter, where
the direct photon irradiation takes place; ii) a point at 70 cm from the isocenter, at its same
height and in the �head�direction and iii) a point at 135 cm from the isocenter, also at its same
height and in the �feet�direction. Photons and neutrons are present at the isocenter, while only
neutrons are expected at points ii and iii. Monitoring these points allows to test the photon
insensitivity of the passive BSS as well as to establish the variations of the neutron �eld as a
function of the distance (and direction) from the isocenter. Figure 7.4 displays one of the BSS
spheres situated on the LINAC couch, prepared for exposure at 135 cm from the isocenter.
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Figure 7.2. A 120 Millenium multi-leaf collimator from Varian (from the Varian webpage
http://www.varian.com).

7.1.3. Results and discussion

The saturation activities induced in the gold foils used in both treatments in Hospital
Plató, for each sphere-detector combination and each place of measurement, are presented in
table 7.1. Neutron unit �uence spectra in terms of lethargy obtained from unfolding with FRUIT
(section 3.3.) the saturation activities of the BSS gold foils exposed at the three measurement
points for the 3D and IMRT treatments are displayed in �gures 7.5 and 7.6 respectively. These
graphs show how the �uence spreads over the entire energy range of interest, but do not allow
comparing in absolute terms the neutron �elds present at the di¤erent points. It becomes
apparent from these graphs that the position of the evaporation peak (around a fraction of MeV)
does not depend of the treatment performed nor from the position of the point of measurement,
and that the relative contribution of the epithermal neutron component becomes more important
when the distance from the isocenter increases. This was expected, as the amount of primary
neutrons that scatter with the air in the treatment room and, therefore, loose energy, increases
with distance (see section 1.2.1.). It is also obvious that the position of the thermal peak
does not vary with treatment nor with position, as expected from the fact that this position is
only dependent of the temperature of the irradiation room, to which thermal neutrons are in
equilibrium.

Figures 7.7 and 7.8 show the unfolded absolute neutron �uence spectra in terms of
lethargy, at the three measurement points, respectively for the 3D and IMRT treatments. Spec-
tra are presented per unit photon absorbed dose (Gy) at the isocenter to allow comparison of
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Figure 7.3. Schematic diagram of how a multi-leaf colliamtor shapes the photon �eld in a LINAC
accelerator (from the Varian webpage http://www.varian.com).
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Figure 7.4. The 10 in sphere of the UAB passive BSS on the LINAC couch, prepared for exposure
at 135 cm from the isocenter.
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the e¤ects of irradiations to di¤erent integral doses. It is appreciated, in both �gures, that the
most important amount of fast (direct) neutrons appears, as expected, at the isocenter, while
this amount decreases as a function of the distance at the other points. This agrees with the
fact that the direct neutron component, coming from the accelerator head, decraeses with the
inverse square law of the distance to the production point. On the contrary, the thermal neutron
component at 70 and 135 cm are similar (almost equal in the IMRT treatments), indicating that
this component does not follow the inverse square law of the distance, as expected. The large
thermal component found at the isocenter may be explained by the in situ thermalisation of fast
neutrons that interact with the material located close to the isocenter (couch, . . . ).

Unfolded absolute neutron spectra in terms of lethargy and per unit delivered dose at
the isocenter, at 70 cm from the isocenter (head) and at 135 cm from the isocenter (feet) are
displayed, respectively, in �gures 7.9, 7.10 and 7.11. Spectra obtained for the two treatments (3D
and IMRT) are presented in each of these �gures. In all cases, for a given measurement point,
there is very small di¤erence between the spectra obtained for the 3D and IMRT treatments.
This result indicates that the neutron production processes in both situations are the same, and
that the fraction of neutrons which may originate in the multi-leaf collimator does not depend
in an appreciable way on the leaf�s position (open in the 3D treatment, or closed, de�ning
the geometry of the irradiation �eld, in the IMRT treatment). It is suggested that possible
di¤erences in neutron production between 3D and IMRT treatments may be due to the presence
or absence of the multi-leaf collimator in di¤erent accelerator units rather than to the treatment
itself and the usage or not of the IMRT technique. For studying this situation, new exposures
should be planned allowing to compare results from IMRT treatments in accelerators having the
multi-leaf collimators with these obtained from 3D treatments in accelerators not having the
collimator units.

Table 7.2 shows the values of the global dosimetric quantities obtained at all irradiation
points, for both treatments. For all measurement points, it is con�rmed that the values of the
global dosimetric quantities obtained for the 3D and IMRT treatments are indistinguishable one
from each other. The values obtained for the neutron �uences and ambient dose equivalents per
unit prescribed dose completely agree with those found by Howell et al [89].

7.2. Measured neutron �elds at NEUTOR Project radiotherapy
LINACs

7.2.1. The NEUTOR project

The NEUTOR project was set up in Spain by a group of about 20 scientists from dif-
ferent Spanish universities, institutions and hospitals, with the support of the Spanish National
Nuclear Safety Council (CSN). The �nal goal of this project is to estimate the neutron equivalent
doses that a patient subject to a given radiotherapy treatment has received in several relevant
organs in a given session from the readings of a new digital device located inside the treatment
room, in a place where it does not interfere with usual clinical procedures. The project started
in 2007 and is still in development. The �rst task was developing a new digital neutron detector,
based on the fact that Single Event Upsets (SEU) in digital SRAM memories occur when the
device is placed inside a thermal neutron �eld [90], [91]. An anthropomorphic female phantom
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Table 7.2. Global neutron dosimetric quantities for both 3D and IMRT treatments at the three
points of measurement.

3D treatment IMRT treatment
Isocenter
�
�
cm�2Gy�1

�
(2:849� 0:085)� 107 (2:85� 0:17)� 107

H� (10)
�
mSvGy�1

�
3:14� 0:21 3:27� 0:22

�E� (MeV) 0:23 0:20
�EH� (MeV) 0:67 0:55

70 cm from isocenter (head)
�
�
cm�2Gy�1

�
(1:838� 0:062)� 107 (1:797� 0:069)� 107

H� (10)
�
mSvGy�1

�
2:11� 0:12 2:21� 0:12

�E� (MeV) 0:16 0:20
�EH� (MeV) 0:41 0:53

135 cm from isocenter (head)
�
�
cm�2Gy�1

�
(1:374� 0:069)� 107 (1:371� 0:097)� 107

H� (10)
�
mSvGy�1

�
1:224� 0:087 1:27� 0:11

�E� (MeV) 0:18 0:16
�EH� (MeV) 0:68 0:58

(NORMA), tissue equivalent for photon irradiation, has been constructed and �lled with several
types of passive neutron detectors (TLDs, PADCs, gold foils, . . . ) at 16 di¤erent places, see
�gure 7.12, and irradiated to several �standard�radiotherapy treatments at a number of LINAC
accelerators of di¤erent energies (between 6 and 23MV) and makes.

The neutron �elds in the 16 measurement points inside NORMA have been evaluated
from simulation for a large number of irradiation conditions (LINAC nominal energies, positions
of the phantom, treatment conditions, room geometries,. . . ) and published in [92]. These
simulated neutron �elds need to be experimentally validated. For this task, the UAB passive
Bonner sphere spectrometer developed in this thesis has been chosen. The results obtained
have been recently published in [93] and are one of the contributions of the UAB group to the
NEUTOR project.

7.2.2. Irradiation conditions at NEUTOR LINACs

A set of irradiations has been performed at 6 LINAC accelerators, chosen to explore
as many di¤erent makes, nominal energies, room (or bunker) geometries and sizes as possible:

� Two 15MV Siemens Primus from the Hospital Universitario Virgen de la Macarena, lo-
cated inside two geometrically distinct rooms. Bunker 1 is a relatively big bunker, while
bunker 2 is a much smaller one. They have been selected to study the possible in�uence
of the irradiation room size and geometry on the neutron �eld.

� One 18MV Siemens Primus LINAC at the Hospital General Universitario in València.

� One 23MV Siemens Mevatron LINAC at the Universitätsklinikum in Heidelberg.
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� One 15MV Varian CLINAC 2100 from the Hospital Puerta de Hierro.

� One 15MV Elekta Synergy LINAC from the Hospital Ramón y Cajal.

In all cases, the SEU-based digital detector was placed inside the treatment room in
a point along the gantry rotation axis where it does not interfere with the patient or with the
gantry movement. Typical distances from the isocenter to this location vary typically from
3m to 6m, depending on the room geometry and size. Spectrometric measurements have been
performed employing a static (10 � 10) cm2 �eld at 0 �, in a reference point located at 50 cm
from the isocenter, at its same height, without the presence of the anthropomorphic phantom
at the couch, as well as the place where the digital device is located, with the phantom at the
couch. All �standard treatments� have been set to 1000 �monitor units� (MU), as speci�ed
and measured in the control console. One monitor unit corresponds to a photon dose of 1 cGy
measured at the depth of maximum dose (source to surface distance, SSD = 100 cm) in a water
cube, along the photon beam axis. The dose rate, related to the accelerator beam intensity, has
ranged from 300 to 600MU=min. Giving the results �per MU�or �per Gy�enables comparing
neutron production from treatments and accelerators supplying di¤erent photon doses.

After irradiation, the activities induced in the irradiated gold foils have been measured
with the UAB NaI(Tl) detectors. Both �xed and portable NaI(Tl) detectors have been used
in parallel to reduce the elapsed time between irradiation and measurement. In the Heidelberg
campaign only the portable NaI(Tl) has been used because of the timing of the campaign. Mea-
suring times have been optimised to ensure a relative uncertainty as close to 1% as possible. The
saturation activities have been calculated for each sphere-detector combination. The neutron
energy distributions and their global dosimetric quantities have been obtained for all points by
unfolding with the FRUIT code, using the LINAC enviroment option.

7.2.3. Experimental neutron �elds at NEUTOR LINACs

The saturation activities induced in the gold foils, for each sphere-detector combination
and each place of measurement, are presented in tables 7.3 and 7.4. The average relative
uncertainty is 1:8%, with a maximum of 10:9% and a minimum of 0:6%: At 50 cm from the
isocenter, the saturation activity smoothly increases with sphere diameter up to the 5" sphere,
after which it decreases. For the Digital Device place a similar behaviour is observed. However,
the sphere presenting a maximum in those cases is the 4:2". This is consistent with the energy
dependence of the response matrix and with the fact that the neutron energy distribution is
expected to be softer at the place where the Digital Device is located than at 50 cm from the
isocenter.

The lethargy neutron spectra (per Gy of photon irradiation) at 50 cm from the isocen-
ter, for the LINACs and rooms under study, are represented in �gure 7.13 . In all cases the
fast neutron component is dominant close to the isocenter, whereas the thermal component is
relatively small. Of particular interest is the fact that for the Elekta accelerator no thermal
component (or a very small one) is found at this measurement point, probably because the com-
position and geometry of its head di¤ers signi�cantly from the other LINACs. For the remaining
accelerators, the presence of bigger thermal components is related to smaller treatment rooms.

The neutron �uence energy distributions obtained for the Siemens accelerators studied
and operating at di¤erent energies are displayed in �gure 7.14, for clarity. As expected, primary
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electron energy is the key parameter for neutron production when similar accelerators are com-
pared. From the fact that spectra obtained for bunkers 1 and 2 in Sevilla are indistinguishable
in practice, it is inferred that neutrons present at this measurement point (50 cm from isocenter)
are mainly coming from the accelerator head, originated in the target or in materials surrounding
it, and are not in�uenced by the geometry of the treatment room.

Conversely, shown in �gure 7.15 are the neutron spectra obtained at 50 cm from the
isocenter for the equal nominal energy (15MV) LINACs studied. It results that the Varian
Clinac accelerator is that originating more neutron contamination, followed by the Siemens
Primus and the Elekta Synergy ones. These di¤erences in neutron production arise from the
structural disparities from one model to another and, in which respects the Elekta accelerator,
are in agreement with the structure reported by [94].

Lethargy neutron spectra per unit �uence at 50 cm from the isocenter are presented
in �gure 7.16. The most prominent fact from this �gure is that the spectra shown are almost
independent on accelerator type and energy. All spectra display a maximum around 0:2MeV,
thus indicating that the neutron production mechanism is energy independent, con�rming the
prominence of an evaporation process in front of a direct neutron emission. Furthermore, this
production mechanism does not depend on the speci�c geometry of the target irradiation nor
on the primary electron energy. The small variation in the evaporation peak energy found for
the Elekta LINAC in comparison to the others may also be explained as a consequence of the
di¤erent target and surrounding material composition reported by [94].

Figure 7.17 represents the lethargy neutron spectra per Gy of photon irradiation at
the place where the digital device stands, inside the di¤erent treatment rooms under study. In
this place, the thermal component dominates over the less abundant fast component. However,
distinct behaviours are observed for each of these components: while the fast component is more
abundant when the accelerator nominal energy increases, as it was the case at 50 cm from the
isocenter, the thermal component does not show this behaviour. Comparing spectra from Sevilla
bunker 1 and bunker 2 irradiations it becomes clear that bunker size plays a prominent role on
the neutron spectra at the place of the digital device. In fact, the fast component is bigger for
the small bunker as the place of the digital device is closer to the accelerator target (distance
inverse square law for the neutron direct component), and the thermal component is also bigger
for the small bunker as bunker walls, where this component is mainly originated, are also closer
to the accelerator target so that they receive a higher �uence of direct neutrons, which become
then thermalised. The amount of thermal neutrons at the place of the digital device is, then,
mainly a¤ected by the irradiation room size, increasing for smaller rooms.

The unit lethargy neutron spectra at the Digital Device places are plotted in �gure
7.18, where it is observed that these unit spectra are di¤erent one from each other, so that
the contribution of thermal, intermediate and fast neutrons to the total �uence depends on the
accelerator and room characteristics.

Finally, table 7.5 shows a summary of the global dosimetric quantities (neutron �uence,
neutron dose equivalent, mean energy of the neutron spectrum, and e¤ective energy of the
spectrum, i.e. the energy averaged over dose) characterizing the neutron �eld at 50 cm from
the isocenter and at the place of the digital device, obtained from the UAB passive Bonner
sphere spectrometer measurements. It is apparent that both the neutron �uence and dose
equivalent per monitor unit increase for increasing accelerator energies, indicating that neutron
photoproduction rises with energy for constant photon production, as expected and in agreement
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Table 7.5. Global dosimetric quantities obtained with the UAB passive BSS for the neutron
�elds at 50 cm from the isocenter (50 cm from ISO) and at the place of the digital device
(Place of DD), for all the LINACs studied for the NEUTOR project. Fluence and ambient
dose equivalent are normalised to unit prescribed dose. Also given are the mean energy and the
e¤ective energy of each neutron spectrum

�
�
cm�2Gy�1

�
H� (10)

�
mSvGy�1

�
�E� (MeV) �EH� (MeV)

Sevilla Bunker 1 (15MV, Siemens Primus)
50 cm from ISO (3:797� 0:043)� 106 0:532� 0:019 0:27 0:61
Place of DD (1:001� 0:015)� 106 0:0488� 0:0073 0:086 0:57

Sevilla Bunker 2 (15MV, Siemens Primus)
50 cm from ISO (3:864� 0:038)� 106 0:539� 0:017 0:27 0:62
Place of DD (1:421� 0:017)� 106 0:0640� 0:0075 0:048 0:22

València (18MV, Siemens Primus)
50 cm from ISO (4:632� 0:044)� 106 0:595� 0:016 0:19 0:40
Place of DD (1:605� 0:020)� 106 0:1188� 0:0015 0:14 0:57

Heidelberg (23MV, Siemens Mevatron)
50 cm from ISO (1:277� 0:013)� 107 1:846� 0:053 0:29 0:66
Place of DD (3:446� 0:044)� 106 0:2323� 0:0030 0:13 0:70

Puerta de Hierro (15MV; Varian Clinac 2100)
50 cm from ISO (5:157� 0:15)� 106 0:769� 0:040 0:30 0:67
Place of DD (1:630� 0:068)� 106 0:0873� 0:0067 0:086 0:48

Ramón y Cajal (15MV, Elekta Synergy)
50 cm from ISO (2:131� 0:028)� 106 0:403� 0:012 0:42 0:77
Place of DD (0:518� 0:028)� 106 0:0292� 0:0028 0:067 0:27

with the plot in �gure 7.13. Nevertheless, the fact that unit spectra close to the isocenter are
machine independent, with a maximum around 0:2MeV, indicate that the neutron production
mechanism is energy independent, con�rming the prominence of an evaporation process in front
of a direct neutron emission. In addition, the fact that e¤ective energies are always bigger than
mean energies puts into evidence that the dose contribution of low energy neutrons is small
in front of that of higher energy neutrons, as inferred from the values of the �uence to dose
conversion coe¢ cients.

7.3. Measured neutron �eld around an unshielded PET cyclotron

7.3.1. Irradiation conditions

The study of the neutron �eld of an unshielded PET cyclotron has been performed in
a cyclotron facility at the Clínica Universitaria de Navarra in Pamplona, Spain. The cyclotron,
shown in �gure 7.19, is a negative ion accelerator by Ion Beam Application Radioisotopes (IBA),
model Cyclone 18/9, able to accelerate protons and deuterons up to 18MeV and 9MeV, respec-
tively. The maximum charged particle current is 60�A, with approximate extraction e¢ ciencies
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Table 7.6. Saturation activities for all sphere con�gurations irradiated in Point C inside the
PET cyclotron vault, at the Clínica Universitaria de Navarra

Sphere Saturation activities in Point C
con�guration Ai1

�
Bqmg�1

�
2:5" 2040� 14
3" 2559� 18
4:2" 3771� 27
5" 4160� 27
6" 3812� 25
8" 3052� 21
10" 1944� 14
12" 1271� 11

2:5"+ Cd 1828� 15
3"+ Cd 2452� 18
4:2"+ Cd 3472� 24

of 80% for protons and 60% for deuterons.
The cyclotron is located in the hospital basement and housed in a concrete vault

(480 � 400 � 363 cm3) with wall thicknesses ranging from 180 cm to 200 cm. The ceiling is
100 cm thick and the cyclotron vault is accessed through a 140 cm thick motor-driven concrete
door. A �oor plan of the bunker is given in �gure 7.20. The sample preparation room next
to the cyclotron vault where sta¤ usually works while cyclotron operation is also shown in this
�gure.

In order to study the neutron �eld produced with this cyclotron, all the sphere con�g-
urations of the UAB passive BSS have been sequentially irradiated at a speci�c point (Point C
in �gure 7.19) inside the cyclotron vault, located 1m away from the target in the same direction
of the proton incident beam. All measurements have been performed while the cyclotron was
producing 18F by bombarding a water target enriched with 18O, using a beam of 18MeV pro-
tons with nominal current 30�A. Each sphere has been irradiated until an integrated current of
5�Ah has reached the target, so irradiation times have been around 10min. After irradiation,
saturation activities have been measured and the neutron spectrum at Point C has been obtained
through unfolding with FRUIT, using the PET radiation environment. Points A and B in �gure
7.20 refer to measurement points outside the cyclotron vault where neutron spectra have been
also determined with the UAB active BSS. The results obtained in these two out-vault points
are beyond the scope of this work. More details can be found in [95].

7.3.2. Results

A summary of the induced saturation activities obtained from measurements at Point
C is provided in table 7.6.

The neutron �uence spectrum obtained by unfolding these saturation activities is shown
in �gure 7.21, in lethargic representation. The spectrum displays a large peak around 1MeV
plus a thermal component and an important epithermal contribution, which combined with
the 1MeV peak results in the quite asymetric form of the spectrum. As it was expected, the
shape of the spectrum is compatible with an evaporation model producing fast neutrons that
are moderated by the cyclotron structures and the vault walls. Fast neutrons (above 100 k eV)
are the major contribution to �uence, 56:9%, followed by the epithermal component, 34:2%,
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Table 7.7. Global magnitudes of the neutron spectrum at Point C for the PET cyclotron in
Clínica Universitaria de Navarra. Fluence and ambient dose equivalent are provided per second
and per target integrated charge.

Point C
�
�
cm�2 s�1

�
(1527� 43)� 104

�
�
cm�2= �A�h

�
(1769� 50)� 106

H� (10)
�
Sv h�1

�
10:96� 0:45

H� (10) (mSv= �A�h) 353� 15

�E� (MeV) 1:0
�EH� (MeV) 2:0

and � 9% thermal component. In terms of dose, 96% of it is delivered by the fast neutron
component, explaining the hardness of the neutron spectrum at Point C.

The global dosimetric quantities associated to the measured neutron spectrum are
provided in table 7.7. Fluence and ambient dose equivalent are also given in terms of charge
integrated in the target. The values encountered are in agreement with those published by other
authors ([96], [11], [97]).

7.4. Measured neutron �eld around a self-shielded PET cyclotron

7.4.1. Irradiation conditions

The cyclotron employed in the study of a self-shielded machine is a GE Medical System
PETtrace cyclotron located at the Molecular Imaging Institute (M2i) in Keele, UK. To date,
the cyclotron has been exclusively employed for the production of 18F, used in the synthesis
of [18F]FDG for PET studies. On a typical run, around 1:4 � 2:2ml of 18O enriched H2O are
irradiated for 90min with 16MeV protons (on target) and an average beam current of 50mA,
producing 150GBq of 18F. The PETtrace cyclotron and its self-shielding, consisting of a series
of polyethylene blocks (5 cm thick each one) placed around the target, can be seen in �gure
7.22. These polyethylene blocks were not present in the unshielded PET cyclotron described in
section 7.3..

The M2i self-shielded cyclotron is housed in a (390 � 486 � 285 cm3) concrete vault
with wall thicknesses between 30 cm and 179 cm and it is accessed through a maze with 2 bends,
81:5 cm wide. Three points inside the cyclotron vault have been selected to determine the
associated neutron spectra, see �gure 7.23 for clarity. The �rst place, labelled Point 1, can be
seen in �gure 7.24 and it is in direct sight from the target; Point 2 is close to the target but
behind the polyethylene shielding, see �gure 7.25; �nally Point 3 is in the maze and shown in
�gure 7.26. The whole set of spheres of the UAB passive BSS have been irradiated in each point
in dedicated exposures, so the activity of a total of 33 gold foils have been counted to determine
their saturation activities. In each irradiation a proton beam of 15MeV with a nominal current of
40�A hitting the target during 10min. On-target average integrated current has been 6:7�Ah.
Neutron spectra at each point have been obtained by unfolding the saturation activities induced
in the gold foils using the PET environment of the FRUIT code.
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Figure 7.24. View of the GE medical system PETtrace cyclotron and of the irradiation place
Point 1, situated in direct view of the target with no polyethylene shielding.
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Figure 7.25. View of the GE medical system PETtrace cyclotron and of the irradiation place
Point 2, situated behind the polyethylene shielding and next to target.
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Figure 7.26. View of the GE medical system PETtrace cyclotron and of the irradiation place
Point 3, in the maze.
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Table 7.8. Saturation activities for all sphere con�gurations irradiated in Points 1&2 inside the
PETtrace cyclotron vault, at M2i Institute in Keele (UK)

Sphere Ai1
�
Bqmg�1

�
con�guration Point 1 Point 2

2:5" 2140� 18 880:7� 7:1
3" 2623� 20 972:7� 7:8
4:2" 3724� 29 1056:3� 8:2
5" 4003� 33 952:0� 6:1
6" 4129� 25 823:0� 7:4
8" 3417� 24 510:4� 4:4
10" 2322� 18 284:3� 2:3
12" 1542� 13 149:5� 1:3

2:5"+ Cd 1701� 12 565:3� 3:3
3"+ Cd 2310� 15 692:0� 5:9
4:2"+ Cd 3442� 24 852:2� 5:3

7.4.2. Results

The saturation activities measured for Points 1 and 2 around the PETtrace are shown in
table 7.8. The saturation activities for Point 3 are not displayed as they are below the detection
limit of the NaI(Tl) portable detector, which has been the only one used in this experimental
campaign.

Table 7.9 summarizes the global dosimetric quantitys of the spectra found for the
in-vault PETtrace places, Points 1 and 2. Results obtained for Point 1 are comparable to
those encountered inside the vault at the Clínica Universitaria the Navarra, Point C, as both
irradiation places are in direct view of the target with no further shielding. It should be noticed
that the mean and e¤ective energy obtained in Point 1 are almost the same than those obtained
for the Clínica de Navarra unit. On the other hand, the values in Point 2, being smaller
than in Point 1, con�rm the e¤ect of the polyethylene shielding. The decrease found in the
total �uence and ambient dose equivalent, together with the lower values for the mean and
e¤ective energies when compared with Point 1, is a consequence of a degraded and softer neutron
spectrum with smaller total �uence. For the third point under study, Point 3 placed in the maze,
the total neutron �uence was below the detection limit of the UAB passive BSS. According
to the procedure indicated in section 6.4., it is found that the neutron �uence in Point 3 is
�P3 � 8:6� 103 cm�2 s�1.

Neutron spectra obtained for Points 1 and 2 are presented in �gure 7.27 in terms of
lethargy and normalised to unit �uence rate. It can be observed that an important thermalisa-
tion of neutrons occur at Point 2 with respect to Point 1 due to the presence of the polyethylene
shielding. This thermalisation was expected and it is indicated by the change in their mean and
e¤ective energies. In addition, spectra at both points display a main peak around 1MeV, inde-
pendently of the presence of shielding, con�rming that neutrons are produced in the evaporation
of the compound nuclei formed during irradiation.

Figure 7.28 displays the absolute value of the neutron �uence energy spectra (also in
terms of lethargy) at Points 1 and 2. Again, the in�uence of the polyethylene shield is clear
as, although the thermal component remains almost invariable for both points, the fast neutron
component present at Point 1 has almost disappeared at Point 2. The fact that measurements
obtained in Point 3 are below the detection limit con�rms that both the polyethylene blocks
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and the maze geometry act as very good neutron shielding, as expected.

7.5. Conclusions

The UAB passive Bonner sphere spectrometer has been used in a measurement cam-
paign that took place at the Hospital Plató in Barcelona for comparing the neutron ambient dose
equivalent delivered in realistic 3D and IMRT radiotherapy treatments. Three points inside the
treatment room have been monitored for the two treatment techniques:. It was found that, in
a given measurement point, there is very small di¤erence between the neutron spectra obtained
for the 3D and IMRT treatments. This result indicates that the neutron production processes
in both situations are the same and that the fraction of neutrons, which may originate in the
multi-leaf collimator, does not depend in an appreciable way on the leaf�s position.

The UAB passive BSS has also been chosen to measure the neutron spectra at several
LINACs under di¤erent irradiation conditions, in two points inside the treatment room: at
50 cm from the isocenter and at the place where the digital device from the NEUTOR project is
located. Global dosimetric quantities (�uence and ambient dose equivalent) have been obtained
from these measurements. It has been found that unit neutron spectra near the isocenter do
not depend on the accelerator energy, having a maximum around 0:2MeV, and that neutron
photoproduction increases with energy, as expected. In addition, it was found that, for LINACs
operating at the same energy (15 MV) and in similar treatment rooms, the smallest neutron
production was measured for the Elekta Synergy LINAC followed by the Siemens Primus and by
the Varian Clinac 2100C. On the other hand, spectra at the place of the digital device are much
dependent on the treatment room geometry and size, in addition to the characteristics of the
accelerator. The UAB passive BSS has proved a good performance in the mixed photon/neutron
�elds present in LINAC facilities.

Cyclotrons dedicated to the production of short-lived radioisotopes for Positron Emis-
sion Tomography are usually installed in dedicated facilities near or inside medical imaging units.
They produce complex workplace radiation �elds with high intensities and mixing of di¤erent
components, whose main contribution comes from neutrons. The complexity of the radiation
�elds discards the usage of active systems for the determination of the neutron �uence energy
spectra and their associated magnitudes. The UAB passive BSS has been used to measure the
neutron spectra present at di¤erent points around 2 PET cyclotrons, the �rst an unshielded
cyclotron and, the second, a self-shielded one. Spectra and their global dosimetric quantities
have been obtained for both PET cyclotrons consistently obtaining a harder spectrum for the
unshielded cyclotron. The e¤ect of the polyethylene shielding in the M2i Institute machine has
also been clearly identi�ed by the softer spectrum found in its Point 2. The high neutron �uence
and ambient dose equivalent values found inside both vaults indicate that measurements with
usual neutron monitors may not perform well in these environments due to saturation e¤ects.
In the self-shielded PET cyclotron facility, the total neutron �uence measured in the maze was
below the detection limit of the UAB passive BSS (8:6� 103 cm�2 s�1), indicating the adequacy
of the facility design for radioprotection purposes.
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CHAPTER 8.

Conclusions & Perspectives

8.1. Conclusions

The present work describes the design, characterisation and application of the new
UAB neutron passive Bonner sphere spectrometer. This spectrometer is useful to perform
experimental characterizations of complex and/or pulsed neutron �elds in workplaces, where in
addition they can be mixed with photons and where active detectors cannot be used. These
�elds include those generated in LINAC and PET medical facitilities as well as those generated
in high energy research or industry accelerators. The main conclusions of this work are:

1. The response functions of the UAB passive Bonner sphere spectrometer, which has been
completely designed and characterised in this work, have been simulated with the MCNPXTM

code using a realistic geometry and the most updated cross-sections.

2. The UAB passive BSS response functions do not depend on the irradiation geometry of
the incident neutron beam and present an isotropic behaviour as no appreciable di¤erence
is found between the results for the three irradiation geometries (isotropic, normal beam
and parallel beam) tested.

3. It was found from MCNPX simulations that the 0:4% relative uncertainty in the nominal
polyethylene density value of the passive BSS spheres as provided by the manufacturer
could be considered negligible. However, mass and dimensions of each gold foil used
should always be well controlled for reducing measurement uncertainties.

4. The response functions have been tested experimentally and the best estimation of the
calibration factor is fbest = 0:988 � 0:033, calculated from exposure of all the sphere-
detector combinations of the UAB passive BSS to a reference 252Cf ISO standard source
at IRSN Cadarache (France).

5. The uncertainty of the response function matrix for the UAB passive BSS was estimated to
be �3:2%. To do this, the accuracy of the response factors, ri;ref, were calculated from the
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measurements of the ISO 252Cf neutron �eld at IRSN Cadarache for each sphere-detector
combination. An average value 1:000� 0:032 was derived for all of them and its standard
deviation is assumed to be the uncertainty associated to the contribution of the response
matrix of the UAB passive BSS.

6. The monoenergetic neutron beams available at the AMANDE facility (IRSN Cadarache,
France) were used to validate the UAB passive BSS response matrix. A total of 4 di¤erent
energy beams were tested: 144 keV, 565 keV, 1:2MeV and 5MeV. The experimental results
obtained with our spectrometer agree with the reference spectra provided by AMANDE
for all sphere con�gurations and neutron energies.

7. A procedure to obtain this detection limit was de�ned taking into account the complex
procedure, involving unfolding, required to obtain �uence rate estimations from the BSS
measurements. Three di¤erent scenarios re�ecting di¤erent irradiation, elapsed and mea-
surement times were considered. The minimum detectable �uence rate, _�MD, obtained
for the average scenario condition is 3:3 � 103 cm�2 s�1 for �xed NaI(Tl) detector and
8:3 � 103 cm�2 s�1 for the portable one. The independence of these minimum detectable
�uence rates from the physical model used for unfolding has been proved.

8. Several measurement campaigns were undertaken to determine the neutron spectra present
at LINAC and PET facilities using the UAB passive Bonner sphere spectrometer. In one
of these campaigns (Hospital Plató in Barcelona) it was found that, in a given measure-
ment point, there is very small di¤erence between the spectra and the global dosimetric
quantities obtained for the 3D and IMRT radiotherapy treatments studied. This result
indicates that the neutron production processes in both situations are the same, and that
the fraction of neutrons which may originate in the multi-leaf collimator does not depend
in an appreciable way on the leaf�s position.

9. In another campaign, the neutron spectra at 6 LINACs of di¤erent makes, nominal ener-
gies, room (or bunker) geometries and sizes were measured with the UAB passive BSS.
It has been found that unit neutron spectra near the isocenter do not depend on the ac-
celerator energy, having a maximum around 0:2MeV, and that neutron photoproduction
increases with energy, as expected.

10. Spectra measured at the place of the digital device are much dependent on the treatment
room geometry and size, in addition to the characteristics of the accelerator.

11. In the same campaign, it was found that, for LINACs operating at the same energy (15
MV) and in similar treatment rooms, the smallest neutron production was measured for
the Elekta Synergy LINAC followed by the Siemens Primus and by the Varian Clinac
2100C.

12. The neutron spectra were measured at di¤erent points around 2 PET cyclotrons, one un-
shielded and another one self-shielded, showing that the e¤ect of the polyethylene shielding
of the second machine leads to a softer neutron spectrum, whereas a harder neutron spec-
trum was measured for the unshielded cyclotron.
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13. The UAB passive BSS has proved a good performance in the PET cyclotron facilities,
where active instruments cannot be used because of saturation and pulse pile-up e¤ects
given the extremely high neutron �uence rates present inside the vaults of the these facil-
ities.

14. In the self-shielded PET cyclotron facility, the total neutron �uence measured in the maze
was below the detection limit of the UAB passive BSS (8:6� 103 cm�2 s�1), indicating the
adequacy of the facility design for radioprotection purposes.

8.2. Perspectives

As commented in section 3.2. the range of application of any Bonner sphere spec-
trometer can be extended into the high-energy region (above 20MeV) by adding several spheres
with inner metallic shells. Following this procedure, two new con�gurations have been designed
and constructed by our group which are based on a 7 in polyethylene sphere which can incorpo-
rate lead and copper shells, 1 in thick, inside. An important di¢ culty is that no reference high
energy neutron �eld, allowing to validate the response functions of the new con�gurations, is
yet de�ned. In fact, high-energy �elds available are not fully characterised, although important
international e¤orts are in progress in order to establish standards for high-energy neutron spec-
tra evaluation. Our group is participating in this �eld through the EURADOS organisation.
The extended range UAB Bonner sphere spectrometers will be of great utility to characterize
the neutron spectra induced by cosmic rays in the atmosphere, i.e. at di¤erent altitudes or
during large duration transoceanic �ights, as well as those produced at high-energy particle ac-
celerators, syncrotrons and cyclotrons. In addition, proton- and hadron-therapy beams produce
complex neutron �elds with an important high energy component. Extension of the range of
validity of our Bonner sphere spectrometers to high energy neutrons will allow them to be used
in these �elds. Characterising all these types of neutron spectra is of key importance to study
the possible operating failures and defects induced by these neutrons in electronic circuits and
to quantify the subsequent potential radiological risk for the working sta¤ and for the patients.
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APPENDIXA

Manufacturing control parameters for the Bonner spheres set

The polyethylene used for the Bonner spheres has a nominal density value of 0:920 g cm�3.
The manufacturing parameters Ø and F are de�ned in �gure A1. Their nominal values and
manufacturing tolerances, together with the measured values obtained after production at our
laboratory, are provided in tables A1 and A2.

Maximum and minimum values of the mass of each sphere have been calculated from
the polyethylene density value and the nominal parameters Ø, F and their tolerances for each
sphere. These calculated masses and the measured values obtained at our laboratory after
production are presented in table A3.

Figure A1. The parameters Ø and F used for manufacturing the polyethylene spheres.
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Table A1. Nominal and tolerance values of the parameter Ø of the manufactured polyethylene
spheres together with their corresponding measured values.

Diameter Ø (mm)
Nominal value ( in) Nominal value (mm) Tolerance Measured

2:5 63:50 0:05 63:50
3 76:20 0:10 76:15
4:2 106:68 0:10 106:67
5 127:00 0:10 126:80
6 152:40 0:15 152:40
8 203:20 0:20 203:50
10 254:00 0:25 254:20
12 304:08 0:30 305:08

Table A2. Nominal and tolerance values of the F parameter for all the manufactured polyethylene
spheres together with their corresponding measured values.

Sphere diameter Ø F (mm)
Nominal value ( in) Nominal value Tolerance Measured

2:5 21:70 0:06 21:67
3 28:03 0:08 27:86
4:2 43:29 0:11 43:28
5 53:35 0:13 53:24
6 66:15 0:15 66:12
8 91:70 0:20 91:64
10 117:05 0:25 117:02
12 142:49 0:30 142:48

Table A3. Maximum and minimum values of the mass of each sphere calculated from the
polyethylene density value, the nominal values of parameters Ø, F and their tolerances. The
measured values obtained at our laboratory after production are also presented.

Sphere diameter Ø Calculated mass ( g) Measured mass ( g)
Nominal value ( in) Max Min

2:5 113:13 108:44 110
3 199:00 197:16 200
4:2 583:84 580:22 579
5 964:85 959:85 961
6 1681:43 1671:00 1670
8 3994:11 3970:22 4000
10 7839:02 7792:34 7850
12 13620:86 13539:85 13659
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APPENDIXB

Input simulation �les for MCNPX

Input �les for simulation of the response functions of the UAB passive BSS. Incident
neutron energy is set to EMeV and the number of (n; 
) reaction rate producing 198Au, per unit
of gold foil mass and incident neutron �uence, is tallied.

161



R
E
SP
O
N
SE

SIM
U
L
A
T
IO
N
F
O
R
2.5in

C
O
N
F
IG
U
R
A
T
IO
N

CC
�
C
E
L
L
D
E
F
IN
IT
IO
N
S
�

1
0
1
-2
3
-4
5
-6
#
2
#
3
#
4
#
5
#
6

$
U
N
IV
E
R
SE
:
A
void

cub
e

2
2
-0.920000

-7
#
3
#
4
#
5
#
6

$
P
olyethylene

sphere
cell

3
3
-7.960000

(-16
15
13
-9):(-17

16
-12

5):&
(-16

9
-8):(-16

-14
5)
#
6

$
C
ell
de�ning

the
steel

supp
ort

4
4
-19.30000

-18
-10

11
$
G
old

foil
cell

5
1
-0.001293

(-17
16
12
-8)

$
A
ir
cell

b
etw
een

sphere
and

supp
ort

6
1
-0.001293

(-15
-9
14):(-16

15
-13

14)
$
A
ir
cavity

cell
inside

supp
ort

10
0
-1:2:-3:4:-5:6

$
O
utside

universe
C
E
nd
of
cell

de�niton
CC
�
SU
R
FA
C
E
S
�

1
py
-18.000

$
V
oid

cub
e
face

at
-Y

2
py
18.000

$
V
oid

cub
e
face

at
+
Y

3
px
-18.000

$
V
oid

cub
e
face

at
-X

4
px
18.000

$
V
oid

cub
e
face

at
+
X

5
pz
-18.000

$
V
oid

cub
e
face

at
-Z

6
pz
18.000

$
V
oid

cub
e
face

at
+
Z

7
so
3.1750

$
surface

of
the

2.5in
p
olyethylene

sphere
8
pz
-1.4000

$
Supp

ort�s
top

plane
external

surface
9
pz
-1.5000

$
U
pp
er
surface

of
supp

ort�s
air

cavity
10
pz
0.0055

$
G
old

foil�s
upp

er
plane

surface
11
pz
-0.0055

$
G
old

foil�s
low
er
plane

surface
12
pz
-6.4000

$
Surface

connecting
supp

ort�s
top

and
b
ottom

parts
13
pz
-6.5000

$
Surface

connecting
top

and
b
ottom

parts
of
supp

ort�s
air

cavity
14
pz
-12.000

$
L
ow
er
surface

of
supp

ort�s
air

cavity
15
cz
0.5000

$
L
ateral

surface
for

supp
ort�s

air
cavity,

upp
er
part

16
cz
0.6000

$
L
ateral

surface
for

the
low
er
part

of
the

supp
ort�s

air
cavity

C
and

for
supp

ort�s
top

part
17
cz
0.7000

$
L
ateral

surface
for

supp
ort�s

b
ottom

part
18
cz
0.7500

$
L
ateral

surface
of
the

gold
foil

C
E
nd
of
surface

de�nition
C
Follow

ing
line

m
ust

b
e
a
blank

line

162



M
O
D
E
N

$
O
nl
y
ne
ut
ro
ns
w
ill
b
e
tr
an
sp
or
te
d

IM
P
:N
1
1
1
1
1
1
0

$
N
eu
tr
on
im
p
or
ta
nc
es
in
ea
ch
ce
ll

C C
�
SO
U
R
C
E
D
E
F
IN
IT
IO
N
�

C sd
ef
su
r=
1
p
os
=
0
-1
8
0
ra
d=
d1
di
r=
1
ve
c=
0
1
0
&

$
A
pl
an
e
di
sc
ne
ut
ro
n
so
ur
ce
of
E
M
eV

en
er
gy
ce
nt
er
ed

er
g=
E
M
eV

pa
r=
1
w
gt
=
1

$
at
(0
,-
18
,0
)c
m
w
it
h
ra
di
us
de
�n
ed
on
si
1

si
1
0
3.
81
0

$
So
ur
ce
ra
di
us

C C
�
T
A
L
LY

D
E
F
IN
IT
IO
N
�

C F
4:
N
4

$
N
eu
tr
on
�u
x
av
er
ag
ed
ov
er
ce
ll
4
ta
lly
(p
ar
t/
cm
^
2)

F
Q
4
e
m

$
P
ri
nt
hi
er
ar
ch
y,
e=
en
er
gy
,
m
=
m
ul
ti
pl
ie
r

F
M
4
(1
.3
94
E
-0
4
4
10
2)

$
M
ul
ti
pl
ic
at
io
n
fa
ct
or
fo
r
m
at
er
ia
l
4
an
d
10
2

C
cr
os
s
se
ct
io
n,
de
ta
ile
d
in
se
ct
io
n
5.
2.
3.

C
F
C
4
�r
ea
ct
io
n
ra
te
p
er
un
it
of
go
ld
fo
il
m
as
s
an
d
ne
ut
ro
n
�u
en
ce
�
$
C
om
m
en
t
to
b
e
pr
in
te
d
w
it
h
ta
lly
F
4
re
su
lt
s

C C
�
M
A
T
E
R
IA
L
D
E
F
IN
IT
IO
N
�

C m
1
80
16
.6
0c
-0
.2
42
1
70
14
.6
0c
-0
.7
55
3
60
12
.5
0c
-0
.0
02
1&

18
00
0.
35
c
-0
.0
00
5

$
A
ir

m
2
10
01
.6
0c
0.
67
60
12
.5
0c
0.
33

$
P
ol
ye
th
yl
en
e
(C
H
2)
n

m
t2
p
ol
y.
01
t

$
Id
en
ti
�e
r
fo
r
S(
�
,�
)
th
er
m
al
ne
ut
ro
n
tr
ea
tm
en
t

m
3
24
05
0.
60
c
-0
.0
08
24
05
2.
60
c
-0
.1
51
24
05
3.
60
c
-0
.0
17
&

24
05
4.
60
c
-0
.0
04
26
05
4.
60
c
-0
.0
39
26
05
6.
60
c
-0
.6
34
&

26
05
7.
60
c
-0
.0
15
26
05
8.
60
c
-0
.0
02
28
05
8.
60
c
-0
.0
67
&

28
06
0.
60
c
-0
.0
27
28
06
1.
60
c
-0
.0
01
28
06
2.
60
c
-0
.0
04
&

28
06
4.
60
c
-0
.0
01
42
00
0.
60
c
-0
.0
3

$
St
ee
l

m
4
79
19
7.
60
c
1

$
P
ur
e
go
ld

C C
�
O
T
H
E
R
P
A
R
A
M
E
T
E
R
S
�

C P
H
Y
S:
N
20
.0
0.
0

$
U
pp
er
lim
it
fo
r
ne
ut
ro
n
en
er
gy
is
20
.0
M
eV

C
U
T
:N
1E
+
34

C N
P
S
15
00
00
0

$
H
is
to
ry
nu
m
b
er

P
R
D
M
P
15
00
00
0
-1
20
1
1
0

$
P
lo
tt
in
g
ca
rd

P
R
IN
T
40
50
10
0
11
0
12
0
12
6
13
0
14
0
16
0
20
0

$
L
is
t
of
in
fo
rm
at
io
n
ta
bl
es
to
b
e
pl
ot
te
d

163



R
E
SP
O
N
SE

SIM
U
L
A
T
IO
N
F
O
R
3.0in

C
O
N
F
IG
U
R
A
T
IO
N

CC
�
C
E
L
L
D
E
F
IN
IT
IO
N
S
�

1
0
1
-2
3
-4
5
-6
#
2
#
3
#
4
#
5
#
6

$
U
N
IV
E
R
SE
:
A
void

cub
e

2
2
-0.920000

-7
#
3
#
4
#
5
#
6

$
P
olyethylene

sphere
cell

3
3
-7.960000

(-16
15
13
-9):(-17

16
-12

5):&
(-16

9
-8):(-16

-14
5)
#
6

$
C
ell
de�ning

the
steel

supp
ort

4
4
-19.30000

-18
-10

11
$
G
old

foil
cell

5
1
-0.001293

(-17
16
12
-8)

$
A
ir
cell

b
etw
een

sphere
and

supp
ort

6
1
-0.001293

(-15
-9
14):(-16

15
-13

14)
$
A
ir
cavity

cell
inside

supp
ort

10
0
-1:2:-3:4:-5:6

$
O
utside

universe
C
E
nd
of
cell

de�niton
CC
�
SU
R
FA
C
E
S
�

1
py
-18.000

$
V
oid

cub
e
face

at
-Y

2
py
18.000

$
V
oid

cub
e
face

at
+
Y

3
px
-18.000

$
V
oid

cub
e
face

at
-X

4
px
18.000

$
V
oid

cub
e
face

at
+
X

5
pz
-18.000

$
V
oid

cub
e
face

at
-Z

6
pz
18.000

$
V
oid

cub
e
face

at
+
Z

7
so
3.810

$
surface

of
the

3.0in
p
olyethylene

sphere
8
pz
-1.4000

$
Supp

ort�s
top

plane
external

surface
9
pz
-1.5000

$
U
pp
er
surface

of
supp

ort�s
air

cavity
10
pz
0.0055

$
G
old

foil�s
upp

er
plane

surface
11
pz
-0.0055

$
G
old

foil�s
low
er
plane

surface
12
pz
-6.4000

$
Surface

connecting
supp

ort�s
top

and
b
ottom

parts
13
pz
-6.5000

$
Surface

connecting
top

and
b
ottom

parts
of
supp

ort�s
air

cavity
14
pz
-12.000

$
L
ow
er
surface

of
supp

ort�s
air

cavity
15
cz
0.5000

$
L
ateral

surface
for

supp
ort�s

air
cavity,

upp
er
part

16
cz
0.6000

$
L
ateral

surface
for

the
low
er
part

of
the

supp
ort�s

air
cavity

C
and

for
supp

ort�s
top

part
17
cz
0.7000

$
L
ateral

surface
for

supp
ort�s

b
ottom

part
18
cz
0.7500

$
L
ateral

surface
of
the

gold
foil

C
E
nd
of
surface

de�nition
C
Follow

ing
line

m
ust

b
e
a
blank

line

164



M
O
D
E
N

$
O
nl
y
ne
ut
ro
ns
w
ill
b
e
tr
an
sp
or
te
d

IM
P
:N
1
1
1
1
1
1
0

$
N
eu
tr
on
im
p
or
ta
nc
es
in
ea
ch
ce
ll

C C
�
SO
U
R
C
E
D
E
F
IN
IT
IO
N
�

C sd
ef
su
r=
1
p
os
=
0
-1
8
0
ra
d=
d1
di
r=
1
ve
c=
0
1
0
&

$
A
pl
an
e
di
sc
ne
ut
ro
n
so
ur
ce
of
E
M
eV

en
er
gy
ce
nt
er
ed

er
g=
E
M
eV

pa
r=
1
w
gt
=
1

$
at
(0
,-
18
,0
)c
m
w
it
h
ra
di
us
de
�n
ed
on
si
1

si
1
0
3.
17
5

$
So
ur
ce
ra
di
us

C C
�
T
A
L
LY

D
E
F
IN
IT
IO
N
�

C F
4:
N
4

$
N
eu
tr
on
�u
x
av
er
ag
ed
ov
er
ce
ll
4
ta
lly
(p
ar
t/
cm
^
2)

F
Q
4
e
m

$
P
ri
nt
hi
er
ar
ch
y,
e=
en
er
gy
,
m
=
m
ul
ti
pl
ie
r

F
M
4
(9
.6
83
E
-0
5
4
10
2)

$
M
ul
ti
pl
ic
at
io
n
fa
ct
or
fo
r
m
at
er
ia
l
4
an
d
10
2

C
cr
os
s
se
ct
io
n,
de
ta
ile
d
in
se
ct
io
n
5.
2.
3.

C
F
C
4
�r
ea
ct
io
n
ra
te
p
er
un
it
of
go
ld
fo
il
m
as
s
an
d
ne
ut
ro
n
�u
en
ce
�
$
C
om
m
en
t
to
b
e
pr
in
te
d
w
it
h
ta
lly
F
4
re
su
lt
s

C C
�
M
A
T
E
R
IA
L
D
E
F
IN
IT
IO
N
�

C m
1
80
16
.6
0c
-0
.2
42
1
70
14
.6
0c
-0
.7
55
3
60
12
.5
0c
-0
.0
02
1&

18
00
0.
35
c
-0
.0
00
5

$
A
ir

m
2
10
01
.6
0c
0.
67
60
12
.5
0c
0.
33

$
P
ol
ye
th
yl
en
e
(C
H
2)
n

m
t2
p
ol
y.
01
t

$
Id
en
ti
�e
r
fo
r
S(
�
,�
)
th
er
m
al
ne
ut
ro
n
tr
ea
tm
en
t

m
3
24
05
0.
60
c
-0
.0
08
24
05
2.
60
c
-0
.1
51
24
05
3.
60
c
-0
.0
17
&

24
05
4.
60
c
-0
.0
04
26
05
4.
60
c
-0
.0
39
26
05
6.
60
c
-0
.6
34
&

26
05
7.
60
c
-0
.0
15
26
05
8.
60
c
-0
.0
02
28
05
8.
60
c
-0
.0
67
&

28
06
0.
60
c
-0
.0
27
28
06
1.
60
c
-0
.0
01
28
06
2.
60
c
-0
.0
04
&

28
06
4.
60
c
-0
.0
01
42
00
0.
60
c
-0
.0
3

$
St
ee
l

m
4
79
19
7.
60
c
1

$
P
ur
e
go
ld

C C
�
O
T
H
E
R
P
A
R
A
M
E
T
E
R
S
�

C P
H
Y
S:
N
20
.0
0.
0

$
U
pp
er
lim
it
fo
r
ne
ut
ro
n
en
er
gy
is
20
.0
M
eV

C
U
T
:N
1E
+
34

C N
P
S
15
00
00
0

$
H
is
to
ry
nu
m
b
er

P
R
D
M
P
15
00
00
0
-1
20
1
1
0

$
P
lo
tt
in
g
ca
rd

P
R
IN
T
40
50
10
0
11
0
12
0
12
6
13
0
14
0
16
0
20
0

$
L
is
t
of
in
fo
rm
at
io
n
ta
bl
es
to
b
e
pl
ot
te
d

165



R
E
SP
O
N
SE

SIM
U
L
A
T
IO
N
F
O
R
4.2in

C
O
N
F
IG
U
R
A
T
IO
N

CC
�
C
E
L
L
D
E
F
IN
IT
IO
N
S
�

1
0
1
-2
3
-4
5
-6
#
2
#
3
#
4
#
5
#
6

$
U
N
IV
E
R
SE
:
A
void

cub
e

2
2
-0.920000

-7
#
3
#
4
#
5
#
6

$
P
olyethylene

sphere
cell

3
3
-7.960000

(-16
15
13
-9):(-17

16
-12

5):&
(-16

9
-8):(-16

-14
5)
#
6

$
C
ell
de�ning

the
steel

supp
ort

4
4
-19.30000

-18
-10

11
$
G
old

foil
cell

5
1
-0.001293

(-17
16
12
-8)

$
A
ir
cell

b
etw
een

sphere
and

supp
ort

6
1
-0.001293

(-15
-9
14):(-16

15
-13

14)
$
A
ir
cavity

cell
inside

supp
ort

10
0
-1:2:-3:4:-5:6

$
O
utside

universe
C
E
nd
of
cell

de�niton
CC
�
SU
R
FA
C
E
S
�

1
py
-18.000

$
V
oid

cub
e
face

at
-Y

2
py
18.000

$
V
oid

cub
e
face

at
+
Y

3
px
-18.000

$
V
oid

cub
e
face

at
-X

4
px
18.000

$
V
oid

cub
e
face

at
+
X

5
pz
-18.000

$
V
oid

cub
e
face

at
-Z

6
pz
18.000

$
V
oid

cub
e
face

at
+
Z

7
so
5.334

$
surface

of
the

4.2in
p
olyethylene

sphere
8
pz
-1.4000

$
Supp

ort�s
top

plane
external

surface
9
pz
-1.5000

$
U
pp
er
surface

of
supp

ort�s
air

cavity
10
pz
0.0055

$
G
old

foil�s
upp

er
plane

surface
11
pz
-0.0055

$
G
old

foil�s
low
er
plane

surface
12
pz
-6.4000

$
Surface

connecting
supp

ort�s
top

and
b
ottom

parts
13
pz
-6.5000

$
Surface

connecting
top

and
b
ottom

parts
of
supp

ort�s
air

cavity
14
pz
-12.000

$
L
ow
er
surface

of
supp

ort�s
air

cavity
15
cz
0.5000

$
L
ateral

surface
for

supp
ort�s

air
cavity,

upp
er
part

16
cz
0.6000

$
L
ateral

surface
for

the
low
er
part

of
the

supp
ort�s

air
cavity

C
and

for
supp

ort�s
top

part
17
cz
0.7000

$
L
ateral

surface
for

supp
ort�s

b
ottom

part
18
cz
0.7500

$
L
ateral

surface
of
the

gold
foil

C
E
nd
of
surface

de�nition
C
Follow

ing
line

m
ust

b
e
a
blank

line

166



M
O
D
E
N

$
O
nl
y
ne
ut
ro
ns
w
ill
b
e
tr
an
sp
or
te
d

IM
P
:N
1
1
1
1
1
1
0

$
N
eu
tr
on
im
p
or
ta
nc
es
in
ea
ch
ce
ll

C C
�
SO
U
R
C
E
D
E
F
IN
IT
IO
N
�

C sd
ef
su
r=
1
p
os
=
0
-1
8
0
ra
d=
d1
di
r=
1
ve
c=
0
1
0
&

$
A
pl
an
e
di
sc
ne
ut
ro
n
so
ur
ce
of
E
M
eV

en
er
gy
ce
nt
er
ed

er
g=
E
M
eV

pa
r=
1
w
gt
=
1

$
at
(0
,-
18
,0
)c
m
w
it
h
ra
di
us
de
�n
ed
on
si
1

si
1
0
5.
33
4

$
So
ur
ce
ra
di
us

C C
�
T
A
L
LY

D
E
F
IN
IT
IO
N
�

C F
4:
N
4

$
N
eu
tr
on
�u
x
av
er
ag
ed
ov
er
ce
ll
4
ta
lly
(p
ar
t/
cm
^
2)

F
Q
4
e
m

$
P
ri
nt
hi
er
ar
ch
y,
e=
en
er
gy
,
m
=
m
ul
ti
pl
ie
r

F
M
4
(2
.7
33
E
-0
4
4
10
2)

$
M
ul
ti
pl
ic
at
io
n
fa
ct
or
fo
r
m
at
er
ia
l
4
an
d
10
2

C
cr
os
s
se
ct
io
n,
de
ta
ile
d
in
se
ct
io
n
5.
2.
3.

C
F
C
4
�r
ea
ct
io
n
ra
te
p
er
un
it
of
go
ld
fo
il
m
as
s
an
d
ne
ut
ro
n
�u
en
ce
�
$
C
om
m
en
t
to
b
e
pr
in
te
d
w
it
h
ta
lly
F
4
re
su
lt
s

C C
�
M
A
T
E
R
IA
L
D
E
F
IN
IT
IO
N
�

C m
1
80
16
.6
0c
-0
.2
42
1
70
14
.6
0c
-0
.7
55
3
60
12
.5
0c
-0
.0
02
1&

18
00
0.
35
c
-0
.0
00
5

$
A
ir

m
2
10
01
.6
0c
0.
67
60
12
.5
0c
0.
33

$
P
ol
ye
th
yl
en
e
(C
H
2)
n

m
t2
p
ol
y.
01
t

$
Id
en
ti
�e
r
fo
r
S(
�
,�
)
th
er
m
al
ne
ut
ro
n
tr
ea
tm
en
t

m
3
24
05
0.
60
c
-0
.0
08
24
05
2.
60
c
-0
.1
51
24
05
3.
60
c
-0
.0
17
&

24
05
4.
60
c
-0
.0
04
26
05
4.
60
c
-0
.0
39
26
05
6.
60
c
-0
.6
34
&

26
05
7.
60
c
-0
.0
15
26
05
8.
60
c
-0
.0
02
28
05
8.
60
c
-0
.0
67
&

28
06
0.
60
c
-0
.0
27
28
06
1.
60
c
-0
.0
01
28
06
2.
60
c
-0
.0
04
&

28
06
4.
60
c
-0
.0
01
42
00
0.
60
c
-0
.0
3

$
St
ee
l

m
4
79
19
7.
60
c
1

$
P
ur
e
go
ld

C C
�
O
T
H
E
R
P
A
R
A
M
E
T
E
R
S
�

C P
H
Y
S:
N
20
.0
0.
0

$
U
pp
er
lim
it
fo
r
ne
ut
ro
n
en
er
gy
is
20
.0
M
eV

C
U
T
:N
1E
+
34

C N
P
S
15
00
00
0

$
H
is
to
ry
nu
m
b
er

P
R
D
M
P
15
00
00
0
-1
20
1
1
0

$
P
lo
tt
in
g
ca
rd

P
R
IN
T
40
50
10
0
11
0
12
0
12
6
13
0
14
0
16
0
20
0

$
L
is
t
of
in
fo
rm
at
io
n
ta
bl
es
to
b
e
pl
ot
te
d

167



R
E
SP
O
N
SE

SIM
U
L
A
T
IO
N
F
O
R
5.0in

C
O
N
F
IG
U
R
A
T
IO
N

CC
�
C
E
L
L
D
E
F
IN
IT
IO
N
S
�

1
0
1
-2
3
-4
5
-6
#
2
#
3
#
4
#
5
#
6

$
U
N
IV
E
R
SE
:
A
void

cub
e

2
2
-0.920000

-7
#
3
#
4
#
5
#
6

$
P
olyethylene

sphere
cell

3
3
-7.960000

(-16
15
13
-9):(-17

16
-12

5):&
(-16

9
-8):(-16

-14
5)
#
6

$
C
ell
de�ning

the
steel

supp
ort

4
4
-19.30000

-18
-10

11
$
G
old

foil
cell

5
1
-0.001293

(-17
16
12
-8)

$
A
ir
cell

b
etw
een

sphere
and

supp
ort

6
1
-0.001293

(-15
-9
14):(-16

15
-13

14)
$
A
ir
cavity

cell
inside

supp
ort

10
0
-1:2:-3:4:-5:6

$
O
utside

universe
C
E
nd
of
cell

de�niton
CC
�
SU
R
FA
C
E
S
�

1
py
-18.000

$
V
oid

cub
e
face

at
-Y

2
py
18.000

$
V
oid

cub
e
face

at
+
Y

3
px
-18.000

$
V
oid

cub
e
face

at
-X

4
px
18.000

$
V
oid

cub
e
face

at
+
X

5
pz
-18.000

$
V
oid

cub
e
face

at
-Z

6
pz
18.000

$
V
oid

cub
e
face

at
+
Z

7
so
6.350

$
surface

of
the

5.0in
p
olyethylene

sphere
8
pz
-1.4000

$
Supp

ort�s
top

plane
external

surface
9
pz
-1.5000

$
U
pp
er
surface

of
supp

ort�s
air

cavity
10
pz
0.0055

$
G
old

foil�s
upp

er
plane

surface
11
pz
-0.0055

$
G
old

foil�s
low
er
plane

surface
12
pz
-6.4000

$
Surface

connecting
supp

ort�s
top

and
b
ottom

parts
13
pz
-6.5000

$
Surface

connecting
top

and
b
ottom

parts
of
supp

ort�s
air

cavity
14
pz
-12.000

$
L
ow
er
surface

of
supp

ort�s
air

cavity
15
cz
0.5000

$
L
ateral

surface
for

supp
ort�s

air
cavity,

upp
er
part

16
cz
0.6000

$
L
ateral

surface
for

the
low
er
part

of
the

supp
ort�s

air
cavity

C
and

for
supp

ort�s
top

part
17
cz
0.7000

$
L
ateral

surface
for

supp
ort�s

b
ottom

part
18
cz
0.7500

$
L
ateral

surface
of
the

gold
foil

C
E
nd
of
surface

de�nition
C
Follow

ing
line

m
ust

b
e
a
blank

line

168



M
O
D
E
N

$
O
nl
y
ne
ut
ro
ns
w
ill
b
e
tr
an
sp
or
te
d

IM
P
:N
1
1
1
1
1
1
0

$
N
eu
tr
on
im
p
or
ta
nc
es
in
ea
ch
ce
ll

C C
�
SO
U
R
C
E
D
E
F
IN
IT
IO
N
�

C sd
ef
su
r=
1
p
os
=
0
-1
8
0
ra
d=
d1
di
r=
1
ve
c=
0
1
0
&

$
A
pl
an
e
di
sc
ne
ut
ro
n
so
ur
ce
of
E
M
eV

en
er
gy
ce
nt
er
ed

er
g=
E
M
eV

pa
r=
1
w
gt
=
1

$
at
(0
,-
18
,0
)c
m
w
it
h
ra
di
us
de
�n
ed
on
si
1

si
1
0
6.
35
0

$
So
ur
ce
ra
di
us

C C
�
T
A
L
LY

D
E
F
IN
IT
IO
N
�

C F
4:
N
4

$
N
eu
tr
on
�u
x
av
er
ag
ed
ov
er
ce
ll
4
ta
lly
(p
ar
t/
cm
^
2)

F
Q
4
e
m

$
P
ri
nt
hi
er
ar
ch
y,
e=
en
er
gy
,
m
=
m
ul
ti
pl
ie
r

F
M
4
(3
.8
73
E
-0
4
4
10
2)

$
M
ul
ti
pl
ic
at
io
n
fa
ct
or
fo
r
m
at
er
ia
l
4
an
d
10
2

C
cr
os
s
se
ct
io
n,
de
ta
ile
d
in
se
ct
io
n
5.
2.
3.

C
F
C
4
�r
ea
ct
io
n
ra
te
p
er
un
it
of
go
ld
fo
il
m
as
s
an
d
ne
ut
ro
n
�u
en
ce
�
$
C
om
m
en
t
to
b
e
pr
in
te
d
w
it
h
ta
lly
F
4
re
su
lt
s

C C
�
M
A
T
E
R
IA
L
D
E
F
IN
IT
IO
N
�

C m
1
80
16
.6
0c
-0
.2
42
1
70
14
.6
0c
-0
.7
55
3
60
12
.5
0c
-0
.0
02
1&

18
00
0.
35
c
-0
.0
00
5

$
A
ir

m
2
10
01
.6
0c
0.
67
60
12
.5
0c
0.
33

$
P
ol
ye
th
yl
en
e
(C
H
2)
n

m
t2
p
ol
y.
01
t

$
Id
en
ti
�e
r
fo
r
S(
�
,�
)
th
er
m
al
ne
ut
ro
n
tr
ea
tm
en
t

m
3
24
05
0.
60
c
-0
.0
08
24
05
2.
60
c
-0
.1
51
24
05
3.
60
c
-0
.0
17
&

24
05
4.
60
c
-0
.0
04
26
05
4.
60
c
-0
.0
39
26
05
6.
60
c
-0
.6
34
&

26
05
7.
60
c
-0
.0
15
26
05
8.
60
c
-0
.0
02
28
05
8.
60
c
-0
.0
67
&

28
06
0.
60
c
-0
.0
27
28
06
1.
60
c
-0
.0
01
28
06
2.
60
c
-0
.0
04
&

28
06
4.
60
c
-0
.0
01
42
00
0.
60
c
-0
.0
3

$
St
ee
l

m
4
79
19
7.
60
c
1

$
P
ur
e
go
ld

C C
�
O
T
H
E
R
P
A
R
A
M
E
T
E
R
S
�

C P
H
Y
S:
N
20
.0
0.
0

$
U
pp
er
lim
it
fo
r
ne
ut
ro
n
en
er
gy
is
20
.0
M
eV

C
U
T
:N
1E
+
34

C N
P
S
15
00
00
0

$
H
is
to
ry
nu
m
b
er

P
R
D
M
P
15
00
00
0
-1
20
1
1
0

$
P
lo
tt
in
g
ca
rd

P
R
IN
T
40
50
10
0
11
0
12
0
12
6
13
0
14
0
16
0
20
0

$
L
is
t
of
in
fo
rm
at
io
n
ta
bl
es
to
b
e
pl
ot
te
d

169



R
E
SP
O
N
SE

SIM
U
L
A
T
IO
N
F
O
R
6.0in

C
O
N
F
IG
U
R
A
T
IO
N

CC
�
C
E
L
L
D
E
F
IN
IT
IO
N
S
�

1
0
1
-2
3
-4
5
-6
#
2
#
3
#
4
#
5
#
6

$
U
N
IV
E
R
SE
:
A
void

cub
e

2
2
-0.920000

-7
#
3
#
4
#
5
#
6

$
P
olyethylene

sphere
cell

3
3
-7.960000

(-16
15
13
-9):(-17

16
-12

5):&
(-16

9
-8):(-16

-14
5)
#
6

$
C
ell
de�ning

the
steel

supp
ort

4
4
-19.30000

-18
-10

11
$
G
old

foil
cell

5
1
-0.001293

(-17
16
12
-8)

$
A
ir
cell

b
etw
een

sphere
and

supp
ort

6
1
-0.001293

(-15
-9
14):(-16

15
-13

14)
$
A
ir
cavity

cell
inside

supp
ort

10
0
-1:2:-3:4:-5:6

$
O
utside

universe
C
E
nd
of
cell

de�niton
CC
�
SU
R
FA
C
E
S
�

1
py
-18.000

$
V
oid

cub
e
face

at
-Y

2
py
18.000

$
V
oid

cub
e
face

at
+
Y

3
px
-18.000

$
V
oid

cub
e
face

at
-X

4
px
18.000

$
V
oid

cub
e
face

at
+
X

5
pz
-18.000

$
V
oid

cub
e
face

at
-Z

6
pz
18.000

$
V
oid

cub
e
face

at
+
Z

7
so
7.620

$
surface

of
the

6.0in
p
olyethylene

sphere
8
pz
-1.4000

$
Supp

ort�s
top

plane
external

surface
9
pz
-1.5000

$
U
pp
er
surface

of
supp

ort�s
air

cavity
10
pz
0.0055

$
G
old

foil�s
upp

er
plane

surface
11
pz
-0.0055

$
G
old

foil�s
low
er
plane

surface
12
pz
-6.4000

$
Surface

connecting
supp

ort�s
top

and
b
ottom

parts
13
pz
-6.5000

$
Surface

connecting
top

and
b
ottom

parts
of
supp

ort�s
air

cavity
14
pz
-12.000

$
L
ow
er
surface

of
supp

ort�s
air

cavity
15
cz
0.5000

$
L
ateral

surface
for

supp
ort�s

air
cavity,

upp
er
part

16
cz
0.6000

$
L
ateral

surface
for

the
low
er
part

of
the

supp
ort�s

air
cavity

C
and

for
supp

ort�s
top

part
17
cz
0.7000

$
L
ateral

surface
for

supp
ort�s

b
ottom

part
18
cz
0.7500

$
L
ateral

surface
of
the

gold
foil

C
E
nd
of
surface

de�nition
C
Follow

ing
line

m
ust

b
e
a
blank

line

170



M
O
D
E
N

$
O
nl
y
ne
ut
ro
ns
w
ill
b
e
tr
an
sp
or
te
d

IM
P
:N
1
1
1
1
1
1
0

$
N
eu
tr
on
im
p
or
ta
nc
es
in
ea
ch
ce
ll

C C
�
SO
U
R
C
E
D
E
F
IN
IT
IO
N
�

C sd
ef
su
r=
1
p
os
=
0
-1
8
0
ra
d=
d1
di
r=
1
ve
c=
0
1
0
&

$
A
pl
an
e
di
sc
ne
ut
ro
n
so
ur
ce
of
E
M
eV

en
er
gy
ce
nt
er
ed

er
g=
E
M
eV

pa
r=
1
w
gt
=
1

$
at
(0
,-
18
,0
)c
m
w
it
h
ra
di
us
de
�n
ed
on
si
1

si
1
0
7.
62
0

$
So
ur
ce
ra
di
us

C C
�
T
A
L
LY

D
E
F
IN
IT
IO
N
�

C F
4:
N
4

$
N
eu
tr
on
�u
x
av
er
ag
ed
ov
er
ce
ll
4
ta
lly
(p
ar
t/
cm
^
2)

F
Q
4
e
m

$
P
ri
nt
hi
er
ar
ch
y,
e=
en
er
gy
,
m
=
m
ul
ti
pl
ie
r

F
M
4
(5
.5
77
E
-0
4
4
10
2)

$
M
ul
ti
pl
ic
at
io
n
fa
ct
or
fo
r
m
at
er
ia
l
4
an
d
10
2

C
cr
os
s
se
ct
io
n,
de
ta
ile
d
in
se
ct
io
n
5.
2.
3.

C
F
C
4
�r
ea
ct
io
n
ra
te
p
er
un
it
of
go
ld
fo
il
m
as
s
an
d
ne
ut
ro
n
�u
en
ce
�
$
C
om
m
en
t
to
b
e
pr
in
te
d
w
it
h
ta
lly
F
4
re
su
lt
s

C C
�
M
A
T
E
R
IA
L
D
E
F
IN
IT
IO
N
�

C m
1
80
16
.6
0c
-0
.2
42
1
70
14
.6
0c
-0
.7
55
3
60
12
.5
0c
-0
.0
02
1&

18
00
0.
35
c
-0
.0
00
5

$
A
ir

m
2
10
01
.6
0c
0.
67
60
12
.5
0c
0.
33

$
P
ol
ye
th
yl
en
e
(C
H
2)
n

m
t2
p
ol
y.
01
t

$
Id
en
ti
�e
r
fo
r
S(
�
,�
)
th
er
m
al
ne
ut
ro
n
tr
ea
tm
en
t

m
3
24
05
0.
60
c
-0
.0
08
24
05
2.
60
c
-0
.1
51
24
05
3.
60
c
-0
.0
17
&

24
05
4.
60
c
-0
.0
04
26
05
4.
60
c
-0
.0
39
26
05
6.
60
c
-0
.6
34
&

26
05
7.
60
c
-0
.0
15
26
05
8.
60
c
-0
.0
02
28
05
8.
60
c
-0
.0
67
&

28
06
0.
60
c
-0
.0
27
28
06
1.
60
c
-0
.0
01
28
06
2.
60
c
-0
.0
04
&

28
06
4.
60
c
-0
.0
01
42
00
0.
60
c
-0
.0
3

$
St
ee
l

m
4
79
19
7.
60
c
1

$
P
ur
e
go
ld

C C
�
O
T
H
E
R
P
A
R
A
M
E
T
E
R
S
�

C P
H
Y
S:
N
20
.0
0.
0

$
U
pp
er
lim
it
fo
r
ne
ut
ro
n
en
er
gy
is
20
.0
M
eV

C
U
T
:N
1E
+
34

C N
P
S
15
00
00
0

$
H
is
to
ry
nu
m
b
er

P
R
D
M
P
15
00
00
0
-1
20
1
1
0

$
P
lo
tt
in
g
ca
rd

P
R
IN
T
40
50
10
0
11
0
12
0
12
6
13
0
14
0
16
0
20
0

$
L
is
t
of
in
fo
rm
at
io
n
ta
bl
es
to
b
e
pl
ot
te
d

171



R
E
SP
O
N
SE

SIM
U
L
A
T
IO
N
F
O
R
8.0in

C
O
N
F
IG
U
R
A
T
IO
N

CC
�
C
E
L
L
D
E
F
IN
IT
IO
N
S
�

1
0
1
-2
3
-4
5
-6
#
2
#
3
#
4
#
5
#
6

$
U
N
IV
E
R
SE
:
A
void

cub
e

2
2
-0.920000

-7
#
3
#
4
#
5
#
6

$
P
olyethylene

sphere
cell

3
3
-7.960000

(-16
15
13
-9):(-17

16
-12

5):&
(-16

9
-8):(-16

-14
5)
#
6

$
C
ell
de�ning

the
steel

supp
ort

4
4
-19.30000

-18
-10

11
$
G
old

foil
cell

5
1
-0.001293

(-17
16
12
-8)

$
A
ir
cell

b
etw
een

sphere
and

supp
ort

6
1
-0.001293

(-15
-9
14):(-16

15
-13

14)
$
A
ir
cavity

cell
inside

supp
ort

10
0
-1:2:-3:4:-5:6

$
O
utside

universe
C
E
nd
of
cell

de�niton
CC
�
SU
R
FA
C
E
S
�

1
py
-18.000

$
V
oid

cub
e
face

at
-Y

2
py
18.000

$
V
oid

cub
e
face

at
+
Y

3
px
-18.000

$
V
oid

cub
e
face

at
-X

4
px
18.000

$
V
oid

cub
e
face

at
+
X

5
pz
-18.000

$
V
oid

cub
e
face

at
-Z

6
pz
18.000

$
V
oid

cub
e
face

at
+
Z

7
so
10.160

$
surface

of
the

8.0in
p
olyethylene

sphere
8
pz
-1.4000

$
Supp

ort�s
top

plane
external

surface
9
pz
-1.5000

$
U
pp
er
surface

of
supp

ort�s
air

cavity
10
pz
0.0055

$
G
old

foil�s
upp

er
plane

surface
11
pz
-0.0055

$
G
old

foil�s
low
er
plane

surface
12
pz
-6.4000

$
Surface

connecting
supp

ort�s
top

and
b
ottom

parts
13
pz
-6.5000

$
Surface

connecting
top

and
b
ottom

parts
of
supp

ort�s
air

cavity
14
pz
-12.000

$
L
ow
er
surface

of
supp

ort�s
air

cavity
15
cz
0.5000

$
L
ateral

surface
for

supp
ort�s

air
cavity,

upp
er
part

16
cz
0.6000

$
L
ateral

surface
for

the
low
er
part

of
the

supp
ort�s

air
cavity

C
and

for
supp

ort�s
top

part
17
cz
0.7000

$
L
ateral

surface
for

supp
ort�s

b
ottom

part
18
cz
0.7500

$
L
ateral

surface
of
the

gold
foil

C
E
nd
of
surface

de�nition
C
Follow

ing
line

m
ust

b
e
a
blank

line

172



M
O
D
E
N

$
O
nl
y
ne
ut
ro
ns
w
ill
b
e
tr
an
sp
or
te
d

IM
P
:N
1
1
1
1
1
1
0

$
N
eu
tr
on
im
p
or
ta
nc
es
in
ea
ch
ce
ll

C C
�
SO
U
R
C
E
D
E
F
IN
IT
IO
N
�

C sd
ef
su
r=
1
p
os
=
0
-1
8
0
ra
d=
d1
di
r=
1
ve
c=
0
1
0
&

$
A
pl
an
e
di
sc
ne
ut
ro
n
so
ur
ce
of
E
M
eV

en
er
gy
ce
nt
er
ed

er
g=
E
M
eV

pa
r=
1
w
gt
=
1

$
at
(0
,-
18
,0
)c
m
w
it
h
ra
di
us
de
�n
ed
on
si
1

si
1
0
10
.1
60

$
So
ur
ce
ra
di
us

C C
�
T
A
L
LY

D
E
F
IN
IT
IO
N
�

C F
4:
N
4

$
N
eu
tr
on
�u
x
av
er
ag
ed
ov
er
ce
ll
4
ta
lly
(p
ar
t/
cm
^
2)

F
Q
4
e
m

$
P
ri
nt
hi
er
ar
ch
y,
e=
en
er
gy
,
m
=
m
ul
ti
pl
ie
r

F
M
4
(9
.9
15
E
-0
4
4
10
2)

$
M
ul
ti
pl
ic
at
io
n
fa
ct
or
fo
r
m
at
er
ia
l
4
an
d
10
2

C
cr
os
s
se
ct
io
n,
de
ta
ile
d
in
se
ct
io
n
5.
2.
3.

C
F
C
4
�r
ea
ct
io
n
ra
te
p
er
un
it
of
go
ld
fo
il
m
as
s
an
d
ne
ut
ro
n
�u
en
ce
�
$
C
om
m
en
t
to
b
e
pr
in
te
d
w
it
h
ta
lly
F
4
re
su
lt
s

C C
�
M
A
T
E
R
IA
L
D
E
F
IN
IT
IO
N
�

C m
1
80
16
.6
0c
-0
.2
42
1
70
14
.6
0c
-0
.7
55
3
60
12
.5
0c
-0
.0
02
1&

18
00
0.
35
c
-0
.0
00
5

$
A
ir

m
2
10
01
.6
0c
0.
67
60
12
.5
0c
0.
33

$
P
ol
ye
th
yl
en
e
(C
H
2)
n

m
t2
p
ol
y.
01
t

$
Id
en
ti
�e
r
fo
r
S(
�
,�
)
th
er
m
al
ne
ut
ro
n
tr
ea
tm
en
t

m
3
24
05
0.
60
c
-0
.0
08
24
05
2.
60
c
-0
.1
51
24
05
3.
60
c
-0
.0
17
&

24
05
4.
60
c
-0
.0
04
26
05
4.
60
c
-0
.0
39
26
05
6.
60
c
-0
.6
34
&

26
05
7.
60
c
-0
.0
15
26
05
8.
60
c
-0
.0
02
28
05
8.
60
c
-0
.0
67
&

28
06
0.
60
c
-0
.0
27
28
06
1.
60
c
-0
.0
01
28
06
2.
60
c
-0
.0
04
&

28
06
4.
60
c
-0
.0
01
42
00
0.
60
c
-0
.0
3

$
St
ee
l

m
4
79
19
7.
60
c
1

$
P
ur
e
go
ld

C C
�
O
T
H
E
R
P
A
R
A
M
E
T
E
R
S
�

C P
H
Y
S:
N
20
.0
0.
0

$
U
pp
er
lim
it
fo
r
ne
ut
ro
n
en
er
gy
is
20
.0
M
eV

C
U
T
:N
1E
+
34

C N
P
S
15
00
00
0

$
H
is
to
ry
nu
m
b
er

P
R
D
M
P
15
00
00
0
-1
20
1
1
0

$
P
lo
tt
in
g
ca
rd

P
R
IN
T
40
50
10
0
11
0
12
0
12
6
13
0
14
0
16
0
20
0

$
L
is
t
of
in
fo
rm
at
io
n
ta
bl
es
to
b
e
pl
ot
te
d

173



R
E
SP
O
N
SE

SIM
U
L
A
T
IO
N
F
O
R
10in

C
O
N
F
IG
U
R
A
T
IO
N

CC
�
C
E
L
L
D
E
F
IN
IT
IO
N
S
�

1
0
1
-2
3
-4
5
-6
#
2
#
3
#
4
#
5
#
6

$
U
N
IV
E
R
SE
:
A
void

cub
e

2
2
-0.920000

-7
#
3
#
4
#
5
#
6

$
P
olyethylene

sphere
cell

3
3
-7.960000

(-16
15
13
-9):(-17

16
-12

5):&
(-16

9
-8):(-16

-14
5)
#
6

$
C
ell
de�ning

the
steel

supp
ort

4
4
-19.30000

-18
-10

11
$
G
old

foil
cell

5
1
-0.001293

(-17
16
12
-8)

$
A
ir
cell

b
etw
een

sphere
and

supp
ort

6
1
-0.001293

(-15
-9
14):(-16

15
-13

14)
$
A
ir
cavity

cell
inside

supp
ort

10
0
-1:2:-3:4:-5:6

$
O
utside

universe
C
E
nd
of
cell

de�niton
CC
�
SU
R
FA
C
E
S
�

1
py
-18.000

$
V
oid

cub
e
face

at
-Y

2
py
18.000

$
V
oid

cub
e
face

at
+
Y

3
px
-18.000

$
V
oid

cub
e
face

at
-X

4
px
18.000

$
V
oid

cub
e
face

at
+
X

5
pz
-18.000

$
V
oid

cub
e
face

at
-Z

6
pz
18.000

$
V
oid

cub
e
face

at
+
Z

7
so
12.700

$
surface

of
the

10in
p
olyethylene

sphere
8
pz
-1.4000

$
Supp

ort�s
top

plane
external

surface
9
pz
-1.5000

$
U
pp
er
surface

of
supp

ort�s
air

cavity
10
pz
0.0055

$
G
old

foil�s
upp

er
plane

surface
11
pz
-0.0055

$
G
old

foil�s
low
er
plane

surface
12
pz
-6.4000

$
Surface

connecting
supp

ort�s
top

and
b
ottom

parts
13
pz
-6.5000

$
Surface

connecting
top

and
b
ottom

parts
of
supp

ort�s
air

cavity
14
pz
-12.000

$
L
ow
er
surface

of
supp

ort�s
air

cavity
15
cz
0.5000

$
L
ateral

surface
for

supp
ort�s

air
cavity,

upp
er
part

16
cz
0.6000

$
L
ateral

surface
for

the
low
er
part

of
the

supp
ort�s

air
cavity

C
and

for
supp

ort�s
top

part
17
cz
0.7000

$
L
ateral

surface
for

supp
ort�s

b
ottom

part
18
cz
0.7500

$
L
ateral

surface
of
the

gold
foil

C
E
nd
of
surface

de�nition
C
Follow

ing
line

m
ust

b
e
a
blank

line

174



M
O
D
E
N

$
O
nl
y
ne
ut
ro
ns
w
ill
b
e
tr
an
sp
or
te
d

IM
P
:N
1
1
1
1
1
1
0

$
N
eu
tr
on
im
p
or
ta
nc
es
in
ea
ch
ce
ll

C C
�
SO
U
R
C
E
D
E
F
IN
IT
IO
N
�

C sd
ef
su
r=
1
p
os
=
0
-1
8
0
ra
d=
d1
di
r=
1
ve
c=
0
1
0
&

$
A
pl
an
e
di
sc
ne
ut
ro
n
so
ur
ce
of
E
M
eV

en
er
gy
ce
nt
er
ed

er
g=
E
M
eV

pa
r=
1
w
gt
=
1

$
at
(0
,-
18
,0
)c
m
w
it
h
ra
di
us
de
�n
ed
on
si
1

si
1
0
12
.7
00

$
So
ur
ce
ra
di
us

C C
�
T
A
L
LY

D
E
F
IN
IT
IO
N
�

C F
4:
N
4

$
N
eu
tr
on
�u
x
av
er
ag
ed
ov
er
ce
ll
4
ta
lly
(p
ar
t/
cm
^
2)

F
Q
4
e
m

$
P
ri
nt
hi
er
ar
ch
y,
e=
en
er
gy
,
m
=
m
ul
ti
pl
ie
r

F
M
4
(1
.5
49
E
-0
3
4
10
2)

$
M
ul
ti
pl
ic
at
io
n
fa
ct
or
fo
r
m
at
er
ia
l
4
an
d
10
2

C
cr
os
s
se
ct
io
n,
de
ta
ile
d
in
se
ct
io
n
5.
2.
3.

C
F
C
4
�r
ea
ct
io
n
ra
te
p
er
un
it
of
go
ld
fo
il
m
as
s
an
d
ne
ut
ro
n
�u
en
ce
�
$
C
om
m
en
t
to
b
e
pr
in
te
d
w
it
h
ta
lly
F
4
re
su
lt
s

C C
�
M
A
T
E
R
IA
L
D
E
F
IN
IT
IO
N
�

C m
1
80
16
.6
0c
-0
.2
42
1
70
14
.6
0c
-0
.7
55
3
60
12
.5
0c
-0
.0
02
1&

18
00
0.
35
c
-0
.0
00
5

$
A
ir

m
2
10
01
.6
0c
0.
67
60
12
.5
0c
0.
33

$
P
ol
ye
th
yl
en
e
(C
H
2)
n

m
t2
p
ol
y.
01
t

$
Id
en
ti
�e
r
fo
r
S(
�
,�
)
th
er
m
al
ne
ut
ro
n
tr
ea
tm
en
t

m
3
24
05
0.
60
c
-0
.0
08
24
05
2.
60
c
-0
.1
51
24
05
3.
60
c
-0
.0
17
&

24
05
4.
60
c
-0
.0
04
26
05
4.
60
c
-0
.0
39
26
05
6.
60
c
-0
.6
34
&

26
05
7.
60
c
-0
.0
15
26
05
8.
60
c
-0
.0
02
28
05
8.
60
c
-0
.0
67
&

28
06
0.
60
c
-0
.0
27
28
06
1.
60
c
-0
.0
01
28
06
2.
60
c
-0
.0
04
&

28
06
4.
60
c
-0
.0
01
42
00
0.
60
c
-0
.0
3

$
St
ee
l

m
4
79
19
7.
60
c
1

$
P
ur
e
go
ld

C C
�
O
T
H
E
R
P
A
R
A
M
E
T
E
R
S
�

C P
H
Y
S:
N
20
.0
0.
0

$
U
pp
er
lim
it
fo
r
ne
ut
ro
n
en
er
gy
is
20
.0
M
eV

C
U
T
:N
1E
+
34

C N
P
S
15
00
00
0

$
H
is
to
ry
nu
m
b
er

P
R
D
M
P
15
00
00
0
-1
20
1
1
0

$
P
lo
tt
in
g
ca
rd

P
R
IN
T
40
50
10
0
11
0
12
0
12
6
13
0
14
0
16
0
20
0

$
L
is
t
of
in
fo
rm
at
io
n
ta
bl
es
to
b
e
pl
ot
te
d

175



R
E
SP
O
N
SE

SIM
U
L
A
T
IO
N
F
O
R
12in

C
O
N
F
IG
U
R
A
T
IO
N

CC
�
C
E
L
L
D
E
F
IN
IT
IO
N
S
�

1
0
1
-2
3
-4
5
-6
#
2
#
3
#
4
#
5
#
6

$
U
N
IV
E
R
SE
:
A
void

cub
e

2
2
-0.920000

-7
#
3
#
4
#
5
#
6

$
P
olyethylene

sphere
cell

3
3
-7.960000

(-16
15
13
-9):(-17

16
-12

5):&
(-16

9
-8):(-16

-14
5)
#
6

$
C
ell
de�ning

the
steel

supp
ort

4
4
-19.30000

-18
-10

11
$
G
old

foil
cell

5
1
-0.001293

(-17
16
12
-8)

$
A
ir
cell

b
etw
een

sphere
and

supp
ort

6
1
-0.001293

(-15
-9
14):(-16

15
-13

14)
$
A
ir
cavity

cell
inside

supp
ort

10
0
-1:2:-3:4:-5:6

$
O
utside

universe
C
E
nd
of
cell

de�niton
CC
�
SU
R
FA
C
E
S
�

1
py
-18.000

$
V
oid

cub
e
face

at
-Y

2
py
18.000

$
V
oid

cub
e
face

at
+
Y

3
px
-18.000

$
V
oid

cub
e
face

at
-X

4
px
18.000

$
V
oid

cub
e
face

at
+
X

5
pz
-18.000

$
V
oid

cub
e
face

at
-Z

6
pz
18.000

$
V
oid

cub
e
face

at
+
Z

7
so
15.240

$
surface

of
the

12in
p
olyethylene

sphere
8
pz
-1.4000

$
Supp

ort�s
top

plane
external

surface
9
pz
-1.5000

$
U
pp
er
surface

of
supp

ort�s
air

cavity
10
pz
0.0055

$
G
old

foil�s
upp

er
plane

surface
11
pz
-0.0055

$
G
old

foil�s
low
er
plane

surface
12
pz
-6.4000

$
Surface

connecting
supp

ort�s
top

and
b
ottom

parts
13
pz
-6.5000

$
Surface

connecting
top

and
b
ottom

parts
of
supp

ort�s
air

cavity
14
pz
-12.000

$
L
ow
er
surface

of
supp

ort�s
air

cavity
15
cz
0.5000

$
L
ateral

surface
for

supp
ort�s

air
cavity,

upp
er
part

16
cz
0.6000

$
L
ateral

surface
for

the
low
er
part

of
the

supp
ort�s

air
cavity

C
and

for
supp

ort�s
top

part
17
cz
0.7000

$
L
ateral

surface
for

supp
ort�s

b
ottom

part
18
cz
0.7500

$
L
ateral

surface
of
the

gold
foil

C
E
nd
of
surface

de�nition
C
Follow

ing
line

m
ust

b
e
a
blank

line

176



M
O
D
E
N

$
O
nl
y
ne
ut
ro
ns
w
ill
b
e
tr
an
sp
or
te
d

IM
P
:N
1
1
1
1
1
1
0

$
N
eu
tr
on
im
p
or
ta
nc
es
in
ea
ch
ce
ll

C C
�
SO
U
R
C
E
D
E
F
IN
IT
IO
N
�

C sd
ef
su
r=
1
p
os
=
0
-1
8
0
ra
d=
d1
di
r=
1
ve
c=
0
1
0
&

$
A
pl
an
e
di
sc
ne
ut
ro
n
so
ur
ce
of
E
M
eV

en
er
gy
ce
nt
er
ed

er
g=
E
M
eV

pa
r=
1
w
gt
=
1

$
at
(0
,-
18
,0
)c
m
w
it
h
ra
di
us
de
�n
ed
on
si
1

si
1
0
15
.2
40

$
So
ur
ce
ra
di
us

C C
�
T
A
L
LY

D
E
F
IN
IT
IO
N
�

C F
4:
N
4

$
N
eu
tr
on
�u
x
av
er
ag
ed
ov
er
ce
ll
4
ta
lly
(p
ar
t/
cm
^
2)

F
Q
4
e
m

$
P
ri
nt
hi
er
ar
ch
y,
e=
en
er
gy
,
m
=
m
ul
ti
pl
ie
r

F
M
4
(2
.2
31
E
-0
3
4
10
2)

$
M
ul
ti
pl
ic
at
io
n
fa
ct
or
fo
r
m
at
er
ia
l
4
an
d
10
2

C
cr
os
s
se
ct
io
n,
de
ta
ile
d
in
se
ct
io
n
5.
2.
3.

C
F
C
4
�r
ea
ct
io
n
ra
te
p
er
un
it
of
go
ld
fo
il
m
as
s
an
d
ne
ut
ro
n
�u
en
ce
�
$
C
om
m
en
t
to
b
e
pr
in
te
d
w
it
h
ta
lly
F
4
re
su
lt
s

C C
�
M
A
T
E
R
IA
L
D
E
F
IN
IT
IO
N
�

C m
1
80
16
.6
0c
-0
.2
42
1
70
14
.6
0c
-0
.7
55
3
60
12
.5
0c
-0
.0
02
1&

18
00
0.
35
c
-0
.0
00
5

$
A
ir

m
2
10
01
.6
0c
0.
67
60
12
.5
0c
0.
33

$
P
ol
ye
th
yl
en
e
(C
H
2)
n

m
t2
p
ol
y.
01
t

$
Id
en
ti
�e
r
fo
r
S(
�
,�
)
th
er
m
al
ne
ut
ro
n
tr
ea
tm
en
t

m
3
24
05
0.
60
c
-0
.0
08
24
05
2.
60
c
-0
.1
51
24
05
3.
60
c
-0
.0
17
&

24
05
4.
60
c
-0
.0
04
26
05
4.
60
c
-0
.0
39
26
05
6.
60
c
-0
.6
34
&

26
05
7.
60
c
-0
.0
15
26
05
8.
60
c
-0
.0
02
28
05
8.
60
c
-0
.0
67
&

28
06
0.
60
c
-0
.0
27
28
06
1.
60
c
-0
.0
01
28
06
2.
60
c
-0
.0
04
&

28
06
4.
60
c
-0
.0
01
42
00
0.
60
c
-0
.0
3

$
St
ee
l

m
4
79
19
7.
60
c
1

$
P
ur
e
go
ld

C C
�
O
T
H
E
R
P
A
R
A
M
E
T
E
R
S
�

C P
H
Y
S:
N
20
.0
0.
0

$
U
pp
er
lim
it
fo
r
ne
ut
ro
n
en
er
gy
is
20
.0
M
eV

C
U
T
:N
1E
+
34

C N
P
S
15
00
00
0

$
H
is
to
ry
nu
m
b
er

P
R
D
M
P
15
00
00
0
-1
20
1
1
0

$
P
lo
tt
in
g
ca
rd

P
R
IN
T
40
50
10
0
11
0
12
0
12
6
13
0
14
0
16
0
20
0

$
L
is
t
of
in
fo
rm
at
io
n
ta
bl
es
to
b
e
pl
ot
te
d

177



R
E
SP
O
N
SE

SIM
U
L
A
T
IO
N
F
O
R
2.5in

+
C
d
C
O
N
F
IG
U
R
A
T
IO
N

CC
�
C
E
L
L
D
E
F
IN
IT
IO
N
S
�

1
0
1
-2
3
-4
5
-6
#
2
#
3
#
4
#
5
#
6
#
7
#
8
#
9
#
11
#
12

$
U
N
IV
E
R
SE
:
A
void

cub
e

2
2
-0.920000

-7
#
3
#
4
#
5
#
6

$
P
olyethylene

sphere
cell

3
3
-7.960000

(-16
15
13
-9):(-17

16
-12

5):&
(-16

9
-8):(-16

-14
5)
#
6

$
C
ell
de�ning

the
steel

supp
ort

4
4
-19.30000

-18
-10

11
$
G
old

foil
cell

5
1
-0.001293

(-17
16
12
-8)

$
A
ir
cell

b
etw
een

sphere
and

supp
ort

6
1
-0.001293

(-15
-9
14):(-16

15
-13

14)
$
A
ir
cavity

cell
inside

supp
ort

7
5
-8.640000

-20
19
#
2
#
3
#
4
#
5
#
6

$
C
adm

ium
shell

8
5
-8.640000

-22
17
5
-24

#
3
#
5

$
C
adm

ium
shell

supp
ort

9
6
-2.702000

-21
20
#
2
#
3
#
4
#
5
#
6
#
8

$
A
lum

inium
cover

for
C
d
shell

11
6
-2.702000

-23
22
5
-25

#
3
#
5
#
8

$
A
lum

inium
cover

supp
ort

12
1
-0.001293

-19
7
#
2
#
3
#
4
#
5
#
6

$
A
ir
b
etw
een

C
d
shell

and
sphere

10
0
-1:2:-3:4:-5:6

$
O
utside

universe
C
E
nd
of
cell

de�niton
C

C
�
SU
R
FA
C
E
S
�

1
py
-18.000

$
V
oid

cub
e
face

at
-Y

2
py
18.000

$
V
oid

cub
e
face

at
+
Y

3
px
-18.000

$
V
oid

cub
e
face

at
-X

4
px
18.000

$
V
oid

cub
e
face

at
+
X

5
pz
-18.000

$
V
oid

cub
e
face

at
-Z

6
pz
18.000

$
V
oid

cub
e
face

at
+
Z

7
so
3.1750

$
surface

of
the

2.5in
p
olyethylene

sphere
8
pz
-1.4000

$
Supp

ort�s
top

plane
external

surface
9
pz
-1.5000

$
U
pp
er
surface

of
supp

ort�s
air

cavity
10
pz
0.0055

$
G
old

foil�s
upp

er
plane

surface
11
pz
-0.0055

$
G
old

foil�s
low
er
plane

surface
12
pz
-6.4000

$
Surface

connecting
supp

ort�s
top

and
b
ottom

parts
13
pz
-6.5000

$
Surface

connecting
top

and
b
ottom

parts
of
supp

ort�s
air

cavity
14
pz
-12.000

$
L
ow
er
surface

of
supp

ort�s
air

cavity
15
cz
0.5000

$
L
ateral

surface
for

supp
ort�s

air
cavity,

upp
er
part

16
cz
0.6000

$
L
ateral

surface
for

the
low
er
part

of
the

supp
ort�s

air
cavity

C
and

for
supp

ort�s
top

part

178



17
cz
0.
70
00

$
L
at
er
al
su
rf
ac
e
fo
r
su
pp
or
t�
s
b
ot
to
m
pa
rt

18
cz
0.
75
00

$
L
at
er
al
su
rf
ac
e
of
th
e
go
ld
fo
il

19
so
6.
50
00

$
In
ne
r
lim
it
of
th
e
C
d
sh
el
l

20
so
6.
65
00

$
O
ut
er
lim
it
of
th
e
C
d
sh
el
l

21
so
6.
80
00

$
O
ut
er
lim
it
of
th
e
A
l
co
ve
r

22
cz
0.
85
00

$
In
ne
r
lim
it
of
th
e
C
d
sh
el
l
su
pp
or
t

23
cz
1.
00
00

$
O
ut
er
lim
it
of
th
e
C
d
sh
el
l
su
pp
or
t

24
pz
-6
.6
15
0

$
U
pp
er
lim
it
of
th
e
C
d
sh
el
l
su
pp
or
t

25
pz
-6
.7
50
0

$
L
ow
er
lim
it
of
th
e
C
d
sh
el
l
su
pp
or
t

C
E
nd
of
su
rf
ac
e
de
�n
it
io
n

C
Fo
llo
w
in
g
lin
e
m
us
t
b
e
a
bl
an
k
lin
e

M
O
D
E
N

$
O
nl
y
ne
ut
ro
ns
w
ill
b
e
tr
an
sp
or
te
d

IM
P
:N
1
1
1
1
1
1
1
1
1
1
1
0

$
N
eu
tr
on
im
p
or
ta
nc
es
in
ea
ch
ce
ll

C C
�
SO
U
R
C
E
D
E
F
IN
IT
IO
N
�

C sd
ef
su
r=
1
p
os
=
0
-1
8
0
ra
d=
d1
di
r=
1
ve
c=
0
1
0
&

$
A
pl
an
e
di
sc
ne
ut
ro
n
so
ur
ce
of
E
M
eV

en
er
gy
ce
nt
er
ed

er
g=
E
M
eV

pa
r=
1
w
gt
=
1

$
at
(0
,-
18
,0
)c
m
w
it
h
ra
di
us
de
�n
ed
on
si
1

si
1
0
6.
80
0

$
So
ur
ce
ra
di
us

C C
�
T
A
L
LY

D
E
F
IN
IT
IO
N
�

C F
4:
N
4

$
N
eu
tr
on
�u
x
av
er
ag
ed
ov
er
ce
ll
4
ta
lly
(p
ar
t/
cm
^
2)

F
Q
4
e
m

$
P
ri
nt
hi
er
ar
ch
y,
e=
en
er
gy
,
m
=
m
ul
ti
pl
ie
r

F
M
4
(4
.4
41
E
-0
4
4
10
2)

$
M
ul
ti
pl
ic
at
io
n
fa
ct
or
fo
r
m
at
er
ia
l
4
an
d
10
2

C
cr
os
s
se
ct
io
n,
de
ta
ile
d
in
se
ct
io
n
5.
2 .
3.

C
F
C
4
�r
ea
ct
io
n
ra
te
p
er
un
it
of
go
ld
fo
il
m
as
s
an
d
ne
ut
ro
n
�u
en
ce
�
$
C
om
m
en
t
to
b
e
pr
in
te
d
w
it
h
ta
lly
F
4
re
su
lt
s

C

179



C
---

MATERIAL
DEFINITION

---
Cm1

8016.60c
-0.2421

7014.60c
-0.7553

6012.50c
-0.0021&

18000.35c
-0.0005

$
Air

m2
1001.60c

0.67
6012.50c

0.33
$
Polyethylene

(CH2)n
mt2

poly.01t
$
Identifier

for
S(
�
,
�
)
thermal

neutron
treatment

m3
24050.60c

-0.008
24052.60c

-0.151
24053.60c

-0.017
&

24054.60c
-0.004

26054.60c
-0.039

26056.60c
-0.634

&
26057.60c

-0.015
26058.60c

-0.002
28058.60c

-0.067
&

28060.60c
-0.027

28061.60c
-0.001

28062.60c
-0.004

&
28064.60c

-0.001
42000.60c

-0.03
$
Steel

m4
79197.60c

1
$
Pure

gold
m5

48000.51c
1

$
Cadmium

m6
13027.60c

1
$
Aluminium

CC
---

OTHER
PARAMETERS

---
CPHYS:N

20.0
0.0

$
Upper

limit
for

neutron
energy

is
20.0

MeV
CUT:N

1E+34
CNPS

1500000
$
History

number
PRDMP

1500000
-120

1
1
0

$
Plotting

card
PRINT

40
50

100
110

120
126

130
140

160
200

$
List

of
information

tables
to

be
plotted

180



R
E
S P
O
N
SE

SI
M
U
L
A
T
IO
N
F
O
R
3.
0i
n
+
C
d
C
O
N
F
IG
U
R
A
T
IO
N

C C
�
C
E
L
L
D
E
F
IN
IT
IO
N
S
�

1
0
1
-2
3
-4
5
-6
#
2
#
3
#
4
#
5
#
6
#
7
#
8
#
9
#
11
#
12

$
U
N
IV
E
R
SE
:
A
vo
id
cu
b
e

2
2
-0
.9
20
00
0
-7
#
3
#
4
#
5
#
6

$
P
ol
ye
th
yl
en
e
sp
he
re
ce
ll

3
3
-7
.9
60
00
0
(-
16
15
13
-9
):
(-
17
16
-1
2
5)
:&

(-
16
9
-8
):
(-
16
-1
4
5)
#
6

$
C
el
l
de
�n
in
g
th
e
st
ee
l
su
pp
or
t

4
4
-1
9.
30
00
0
-1
8
-1
0
11

$
G
ol
d
fo
il
ce
ll

5
1
-0
.0
01
29
3
(-
17
16
12
-8
)

$
A
ir
ce
ll
b
et
w
ee
n
sp
he
re
an
d
su
pp
or
t

6
1
-0
.0
01
29
3
(-
15
-9
14
):
(-
16
15
-1
3
14
)

$
A
ir
ca
vi
ty
ce
ll
in
si
de
su
pp
or
t

7
5
-8
.6
40
00
0
-2
0
19
#
2
#
3
#
4
#
5
#
6

$
C
ad
m
iu
m
sh
el
l

8
5
-8
.6
40
00
0
-2
2
17
5
-2
4
#
3
#
5

$
C
ad
m
iu
m
sh
el
l
su
pp
or
t

9
6
-2
.7
02
00
0
-2
1
20
#
2
#
3
#
4
#
5
#
6
#
8

$
A
lu
m
in
iu
m
co
ve
r
fo
r
C
d
sh
el
l

11
6
-2
.7
02
00
0
-2
3
22
5
-2
5
#
3
#
5
#
8

$
A
lu
m
in
iu
m
co
ve
r
su
pp
or
t

12
1
-0
.0
01
29
3
-1
9
7
#
2
#
3
#
4
#
5
#
6

$
A
ir
b
et
w
ee
n
C
d
sh
el
l
an
d
sp
he
re

10
0
-1
:2
:-
3:
4:
-5
:6

$
O
ut
si
de
un
iv
er
se

C
E
nd
of
ce
ll
de
�n
it
on

C
C
�
SU
R
FA
C
E
S
�

1
py
-1
8.
00
0

$
V
oi
d
cu
b
e
fa
ce
at
-Y

2
py
18
.0
00

$
V
oi
d
cu
b
e
fa
ce
at
+
Y

3
px
-1
8.
00
0

$
V
oi
d
cu
b
e
fa
ce
at
-X

4
px
18
.0
00

$
V
oi
d
cu
b
e
fa
ce
at
+
X

5
pz
-1
8.
00
0

$
V
oi
d
cu
b
e
fa
ce
at
-Z

6
pz
18
.0
00

$
V
oi
d
cu
b
e
fa
ce
at
+
Z

7
so
3.
81
0

$
su
rf
ac
e
of
th
e
3.
0i
n
p
ol
ye
th
yl
en
e
sp
he
re

8
pz
-1
.4
00
0

$
Su
pp
or
t�
s
to
p
pl
an
e
ex
te
rn
al
su
rf
ac
e

9
pz
-1
.5
00
0

$
U
pp
er
su
rf
ac
e
of
su
pp
or
t�
s
ai
r
ca
vi
ty

10
pz
0.
00
55

$
G
ol
d
fo
il�
s
up
p
er
pl
an
e
su
rf
ac
e

11
pz
-0
.0
05
5

$
G
ol
d
fo
il�
s
lo
w
er
pl
an
e
su
rf
ac
e

12
pz
-6
.4
00
0

$
Su
rf
ac
e
co
nn
ec
ti
ng
su
pp
or
t�
s
to
p
an
d
b
ot
to
m
pa
rt
s

13
pz
-6
.5
00
0

$
Su
rf
ac
e
co
nn
ec
ti
ng
to
p
an
d
b
ot
to
m
pa
rt
s
of
su
pp
or
t�
s
ai
r
ca
vi
ty

14
pz
-1
2.
00
0

$
L
ow
er
su
rf
ac
e
of
su
pp
or
t�
s
ai
r
ca
vi
ty

15
cz
0.
50
00

$
L
at
er
al
su
rf
ac
e
fo
r
su
pp
or
t�
s
ai
r
ca
vi
ty
,
up
p
er
pa
rt

16
cz
0.
60
00

$
L
at
er
al
su
rf
ac
e
fo
r
th
e
lo
w
er
pa
rt
of
th
e
su
pp
or
t�
s
ai
r
ca
vi
ty

C
an
d
fo
r
su
pp
or
t�
s
to
p
pa
rt

181



17
cz
0.7000

$
L
ateral

surface
for

supp
ort�s

b
ottom

part
18
cz
0.7500

$
L
ateral

surface
of
the

gold
foil

19
so
6.5000

$
Inner

lim
it
of
the

C
d
shell

20
so
6.6500

$
O
uter

lim
it
of
the

C
d
shell

21
so
6.8000

$
O
uter

lim
it
of
the

A
l
cover

22
cz
0.8500

$
Inner

lim
it
of
the

C
d
shell

supp
ort

23
cz
1.0000

$
O
uter

lim
it
of
the

C
d
shell

supp
ort

24
pz
-6.6150

$
U
pp
er
lim
it
of
the

C
d
shell

supp
ort

25
pz
-6.7500

$
L
ow
er
lim
it
of
the

C
d
shell

supp
ort

C
E
nd
of
surface

de�nition
C
Follow

ing
line

m
ust

b
e
a
blank

line

M
O
D
E
N

$
O
nly

neutrons
w
ill
b
e
transp

orted
IM
P
:N
1
1
1
1
1
1
1
1
1
1
1
0

$
N
eutron

im
p
ortances

in
each

cell
CC
�
SO
U
R
C
E
D
E
F
IN
IT
IO
N
�

Csdef
sur=

1
p
os=

0
-18

0
rad=

d1
dir=

1
vec=

0
1
0
&

$
A
plane

disc
neutron

source
of
E
M
eV

energy
centered

erg=
E
M
eV

par=
1
w
gt=

1
$
at
(0,-18,0)cm

w
ith

radius
de�ned

on
si1

si1
0
6.800

$
Source

radius
CC
�
T
A
L
LY

D
E
F
IN
IT
IO
N
�

CF
4:N

4
$
N
eutron

�ux
averaged

over
cell

4
tally

(part/cm
^
2)

F
Q
4
e
m

$
P
rint

hierarchy,
e=
energy,

m
=
m
ultiplier

F
M
4
(4.441E

-04
4
102)

$
M
ultiplication

factor
for

m
aterial

4
and

102
C

cross
section,

detailed
in
section

5.2.3.
C
F
C
4
�reaction

rate
p
er
unit

of
gold

foil
m
ass

and
neutron

�uence�
$
C
om
m
ent

to
b
e
printed

w
ith

tally
F
4
results

C

182



C
--
-
MA
TE
RI
AL

DE
FI
NI
TI
ON

--
-

C m1
80
16
.6
0c

-0
.2
42
1
70
14
.6
0c

-0
.7
55
3
60
12
.5
0c

-0
.0
02
1&

18
00
0.
35
c
-0
.0
00
5

$
Ai
r

m2
10
01
.6
0c

0.
67

60
12
.5
0c

0.
33

$
Po
ly
et
hy
le
ne

(C
H2
)n

mt
2
po
ly
.0
1t

$
Id
en
ti
fi
er

fo
r
S(
�
,�
)
th
er
ma
l
ne
ut
ro
n
tr
ea
tm
en
t

m3
24
05
0.
60
c
-0
.0
08

24
05
2.
60
c
-0
.1
51

24
05
3.
60
c
-0
.0
17

&
24
05
4.
60
c
-0
.0
04

26
05
4.
60
c
-0
.0
39

26
05
6.
60
c
-0
.6
34

&
26
05
7.
60
c
-0
.0
15

26
05
8.
60
c
-0
.0
02

28
05
8.
60
c
-0
.0
67

&
28
06
0.
60
c
-0
.0
27

28
06
1.
60
c
-0
.0
01

28
06
2.
60
c
-0
.0
04

&
28
06
4.
60
c
-0
.0
01

42
00
0.
60
c
-0
.0
3

$
St
ee
l

m4
79
19
7.
60
c
1

$
Pu
re

go
ld

m5
48
00
0.
51
c
1

$
Ca
dm
iu
m

m6
13
02
7.
60
c
1

$
Al
um
in
iu
m

C C
--
-
OT
HE
R
PA
RA
ME
TE
RS

--
-

C PH
YS
:N

20
.0

0.
0

$
Up
pe
r
li
mi
t
fo
r
ne
ut
ro
n
en
er
gy

is
20
.0

Me
V

CU
T:
N
1E
+3
4

C NP
S
15
00
00
0

$
Hi
st
or
y
nu
mb
er

PR
DM
P
15
00
00
0
-1
20

1
1
0

$
Pl
ot
ti
ng

ca
rd

PR
IN
T
40

50
10
0
11
0
12
0
12
6
13
0
14
0
16
0
20
0

$
Li
st

of
in
fo
rm
at
io
n
ta
bl
es

to
be

pl
ot
te
d

183



R
E
SP
O
N
SE

SIM
U
L
A
T
IO
N
F
O
R
4.2in

+
C
d
C
O
N
F
IG
U
R
A
T
IO
N

CC
�
C
E
L
L
D
E
F
IN
IT
IO
N
S
�

1
0
1
-2
3
-4
5
-6
#
2
#
3
#
4
#
5
#
6
#
7
#
8
#
9
#
11
#
12

$
U
N
IV
E
R
SE
:
A
void

cub
e

2
2
-0.920000

-7
#
3
#
4
#
5
#
6

$
P
olyethylene

sphere
cell

3
3
-7.960000

(-16
15
13
-9):(-17

16
-12

5):&
(-16

9
-8):(-16

-14
5)
#
6

$
C
ell
de�ning

the
steel

supp
ort

4
4
-19.30000

-18
-10

11
$
G
old

foil
cell

5
1
-0.001293

(-17
16
12
-8)

$
A
ir
cell

b
etw
een

sphere
and

supp
ort

6
1
-0.001293

(-15
-9
14):(-16

15
-13

14)
$
A
ir
cavity

cell
inside

supp
ort

7
5
-8.640000

-20
19
#
2
#
3
#
4
#
5
#
6

$
C
adm

ium
shell

8
5
-8.640000

-22
17
5
-24

#
3
#
5

$
C
adm

ium
shell

supp
ort

9
6
-2.702000

-21
20
#
2
#
3
#
4
#
5
#
6
#
8

$
A
lum

inium
cover

for
C
d
shell

11
6
-2.702000

-23
22
5
-25

#
3
#
5
#
8

$
A
lum

inium
cover

supp
ort

12
1
-0.001293

-19
7
#
2
#
3
#
4
#
5
#
6

$
A
ir
b
etw
een

C
d
shell

and
sphere

10
0
-1:2:-3:4:-5:6

$
O
utside

universe
C
E
nd
of
cell

de�niton
C

C
�
SU
R
FA
C
E
S
�

1
py
-18.000

$
V
oid

cub
e
face

at
-Y

2
py
18.000

$
V
oid

cub
e
face

at
+
Y

3
px
-18.000

$
V
oid

cub
e
face

at
-X

4
px
18.000

$
V
oid

cub
e
face

at
+
X

5
pz
-18.000

$
V
oid

cub
e
face

at
-Z

6
pz
18.000

$
V
oid

cub
e
face

at
+
Z

7
so
5.334

$
surface

of
the

4.2in
p
olyethylene

sphere
8
pz
-1.4000

$
Supp

ort�s
top

plane
external

surface
9
pz
-1.5000

$
U
pp
er
surface

of
supp

ort�s
air

cavity
10
pz
0.0055

$
G
old

foil�s
upp

er
plane

surface
11
pz
-0.0055

$
G
old

foil�s
low
er
plane

surface
12
pz
-6.4000

$
Surface

connecting
supp

ort�s
top

and
b
ottom

parts
13
pz
-6.5000

$
Surface

connecting
top

and
b
ottom

parts
of
supp

ort�s
air

cavity
14
pz
-12.000

$
L
ow
er
surface

of
supp

ort�s
air

cavity
15
cz
0.5000

$
L
ateral

surface
for

supp
ort�s

air
cavity,

upp
er
part

16
cz
0.6000

$
L
ateral

surface
for

the
low
er
part

of
the

supp
ort�s

air
cavity

C
and

for
supp

ort�s
top

part

184



17
cz
0.
70
00

$
L
at
er
al
su
rf
ac
e
fo
r
su
pp
or
t�
s
b
ot
to
m
pa
rt

18
cz
0.
75
00

$
L
at
er
al
su
rf
ac
e
of
th
e
go
ld
fo
il

19
so
6.
50
00

$
In
ne
r
lim
it
of
th
e
C
d
sh
el
l

20
so
6.
65
00

$
O
ut
er
lim
it
of
th
e
C
d
sh
el
l

21
so
6.
80
00

$
O
ut
er
lim
it
of
th
e
A
l
co
ve
r

22
cz
0.
85
00

$
In
ne
r
lim
it
of
th
e
C
d
sh
el
l
su
pp
or
t

23
cz
1.
00
00

$
O
ut
er
lim
it
of
th
e
C
d
sh
el
l
su
pp
or
t

24
pz
-6
.6
15
0

$
U
pp
er
lim
it
of
th
e
C
d
sh
el
l
su
pp
or
t

25
pz
-6
.7
50
0

$
L
ow
er
lim
it
of
th
e
C
d
sh
el
l
su
pp
or
t

C
E
nd
of
su
rf
ac
e
de
�n
it
io
n

C
Fo
llo
w
in
g
lin
e
m
us
t
b
e
a
bl
an
k
lin
e

M
O
D
E
N

$
O
nl
y
ne
ut
ro
ns
w
ill
b
e
tr
an
sp
or
te
d

IM
P
:N
1
1
1
1
1
1
1
1
1
1
1
0

$
N
eu
tr
on
im
p
or
ta
nc
es
in
ea
ch
ce
ll

C C
�
SO
U
R
C
E
D
E
F
IN
IT
IO
N
�

C sd
ef
su
r=
1
p
os
=
0
-1
8
0
ra
d=
d1
di
r=
1
ve
c=
0
1
0
&

$
A
pl
an
e
di
sc
ne
ut
ro
n
so
ur
ce
of
E
M
eV

en
er
gy
ce
nt
er
ed

er
g=
E
M
eV

pa
r=
1
w
gt
=
1

$
at
(0
,-
18
,0
)c
m
w
it
h
ra
di
us
de
�n
ed
on
si
1

si
1
0
6.
80
0

$
So
ur
ce
ra
di
us

C C
�
T
A
L
LY

D
E
F
IN
IT
IO
N
�

C F
4:
N
4

$
N
eu
tr
on
�u
x
av
er
ag
ed
ov
er
ce
ll
4
ta
lly
(p
ar
t/
cm
^
2)

F
Q
4
e
m

$
P
ri
nt
hi
er
ar
ch
y,
e=
en
er
gy
,
m
=
m
ul
ti
pl
ie
r

F
M
4
(4
.4
41
E
-0
4
4
10
2)

$
M
ul
ti
pl
ic
at
io
n
fa
ct
or
fo
r
m
at
er
ia
l
4
an
d
10
2

C
cr
os
s
se
ct
io
n,
de
ta
ile
d
in
se
ct
io
n
5.
2 .
3.

C
F
C
4
�r
ea
ct
io
n
ra
te
p
er
un
it
of
go
ld
fo
il
m
as
s
an
d
ne
ut
ro
n
�u
en
ce
�
$
C
om
m
en
t
to
b
e
pr
in
te
d
w
it
h
ta
lly
F
4
re
su
lt
s

C

185



C
�
M
A
T
E
R
IA
L
D
E
F
IN
IT
IO
N
�

Cm
1
8016.60c

-0.2421
7014.60c

-0.7553
6012.50c

-0.0021&
18000.35c

-0.0005
$
A
ir

m
2
1001.60c

0.67
6012.50c

0.33
$
P
olyethylene

(C
H
2)n

m
t2
p
oly.01t

$
Identi�er

for
S(�

,�
)
therm

al
neutron

treatm
ent

m
3
24050.60c

-0.008
24052.60c

-0.151
24053.60c

-0.017
&

24054.60c
-0.004

26054.60c
-0.039

26056.60c
-0.634

&
26057.60c

-0.015
26058.60c

-0.002
28058.60c

-0.067
&

28060.60c
-0.027

28061.60c
-0.001

28062.60c
-0.004

&
28064.60c

-0.001
42000.60c

-0.03
$
Steel

m
4
79197.60c

1
$
P
ure

gold
m
5
48000.51c

1
$
C
adm

ium
m
6
13027.60c

1
$
A
lum

inium
CC
�
O
T
H
E
R
P
A
R
A
M
E
T
E
R
S
�

CP
H
Y
S:N

20.0
0.0

$
U
pp
er
lim
it
for

neutron
energy

is
20.0

M
eV

C
U
T
:N
1E
+
34

CN
P
S
1500000

$
H
istory

num
b
er

P
R
D
M
P
1500000

-120
1
1
0

$
P
lotting

card
P
R
IN
T
40
50
100

110
120

126
130

140
160

200
$
L
ist
of
inform

ation
tables

to
b
e
plotted

186



APPENDIXC

Response function matrix for the UAB BSS passive spectrometer
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