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ABSTRACT 

 

There are many types of semiconductor detectors used in radiation detection 

and dosimetry. A common problem of these detectors under a wide energy spectrum is 

that their response in a radiation field depends on energy. In radiation protection-

applications, gamma and neutron are the most common primary radiation. Other forms 

of radiation, such as hadronic particles, are important in space applications, but are not 

included in the scope of this study because they deserve a separate examination. This 

study mainly focuses on the development of semiconductor dosimeters for mixed 

gamma-neutron, with an improved energy response achieved by an innovative design 

and packaging that can adjust the energy response of the detector for each application. 

Two detectors – were the metal-oxide-semiconductor field-effect transistor (MOSFET) 

for gamma dosimetry and the pixelated silicon diode detector, Medipix2 [1] for fast 

neutron dosimetry – were modelled using a Monte Carlo simulation developed in the 

GEometry ANd Tracking (GEANT4) application toolkit to improve their energy 

response. 

Since the MOSFET was introduced to the field of radiation detection, its 

packaging has undergone many evolutions to satisfy its intended working conditions. 

This study focuses on the optimisation of MOSFET packaging to adjust its energy 

response for personnel dosimeter applications. The aim of this optimisation was to 

reduce its tendency to over-respond at photon energy less than 100 keV. 

Medipix2 was first developed as a tracker of high-energy charged particles in 

HEP applications; it subsequently found a use as an X-ray imaging detector. In later 

developments Medipix2 demonstrated its ability in neutron imaging and detection [2], 

thereby showing its potential as a neutron dosimeter. This research proposed and 

developed a structured hydrogen-rich neutron converter coupled with Medipix2 to 

achieve an independent energy response. The converter was designed to allow 

Medipix2 to measure the ambient dose equivalent of neutrons [3]. The GEANT4 

simulation results were then compared to the preliminary experimental results on fast-

neutron sources. These promising results will help pave the way for future development 

of a novel fast-neutron detector. 
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CHAPTER 1  

INTRODUCTION 

1. 1 Dosimetry of ionising radiation 

The quanta of moving particles (with or without mass) that carry a distinct 

amount of energy have the ability to interact through electro-weak or hadronic 

interactions with the matter they traverse. Through this interaction they will ionise the 

matter either immediately or at a delayed time (decay). Thus they are regarded as 

ionising radiation. The two types of primary ionising radiation on which this study 

focuses are gamma and neutron. Gamma and neutron radiation, being uncharged 

particles, have a longer mean-free-path, and are thus of primary concern in most fields 

requiring radiation protection. A detector that detects ionising radiation, measures the 

energy deposited and translates the output proportional to the deterministic biological 

risk is called a dosimeter. 

 

1.1.1 Unit for measuring energy imparted by ionising radiation 

The basic physical quantity for measuring energy imparted by ionising radiation 

is absorbed dose. The ICRU Report 85 [4] defines the absorbed dose, D, as the quotient 

of ��� by dm, where ��� is the mean energy imparted by ionising radiation to matter of 

mass dm; thus:  

 

 � = ���
�� (1.1) 

 

where D is in unit of gray (Gy) or J kg-1. 
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1.1.2 Photon detection 

A photon is a quantum of electromagnetic energy. The quantum energy of 

photons is measured in electron volts (eV). X-ray and gamma radiation are photons 

with their quantum energies in the range above 120 eV and 100 keV, respectively. Both 

X-ray and gamma radiation could cause ionisation in matter with which they interact. 

With gamma it is understood that electromagnetic radiation usually originates from the 

nucleus due to a relaxation of the nucleus from an exited state to the ground state; in 

routine situations, gammas can come from Bremsstrahlung (e.g at the LHC), whereas 

X-rays can originate from the energy transition of electrons in an atom or from 

electrons accelerating (the Bremsstrahlung effect). In this thesis a photon will be 

regarded as having enough energy to cause ionisation in matter. Photons are detected 

through secondary electrons generated by the interaction of radiation with matter. 

These secondary electrons are generated from the photoelectric effect, Compton 

scattering and pair-production (a complete discussion on these interactions appears in 

Attix’s book [5]). 

The photoelectric effect is the process whereby an incident photon is absorbed 

by an atom, resulting in the emission of one of its previously bound electrons; this is 

then referred to as a photoelectron. The absorption of the photon with an energy Epe can 

cause the atom to eject an electron of inner atomic shells with bounding energy Eb < 

Epe. The kinetic energy Tpe given to the photoelectron is represented by: 

 

 

 ��	 = 
�	 − 
� (1.2) 

 

 

The equation assumes that no kinetic energy is given to the atom from which the 

photon was absorbed. If the previously bound electron was from K- or L-shell, there 

will be a possibility for a second photon emission through the prompt filling of this 

inner shell vacancy from other bound electrons from a less tightly bound shell. The 

secondary photon emission also can produce another photoelectron. The energy 

deposited by the photoelectron in matter contributes to the absorbed dose. This 

interaction is depicted in Figure 1.1. 



 

The resulting vacancy in the K

shells, in this case from L

accompanied by the 

shell and the L-shell 

the emission of fluorescent

 

 

 

Figure 1.1: The photoelectric effect o
and the electrons are denoted by amber and red circles, respectively.
 

 

 

The photoelectric interaction 

photons less than 0.1 MeV

 

 

 

 

 

where Z is the atomic number. The photoelectric effect is a dominant process in silicon 

for energy of incident photon
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The resulting vacancy in the K-shell is promptly filled by an electron from outer 

shells, in this case from L-shell, as shown in Figure 1.1. This filling process is 

the disposal of excessive energy from the different 

shell bounding energy level, respectively. It is disposed 

the emission of fluorescent X-rays or the ejection of Auger electrons.

photoelectric effect on a K-shell of a silicon atom.
and the electrons are denoted by amber and red circles, respectively.

The photoelectric interaction cross-section per atom aτ 

photons less than 0.1 MeV is represented by: 


� � ��
�
�	��   ���� ����⁄ � 

atomic number. The photoelectric effect is a dominant process in silicon 

for energy of incident photons below 70 keV, as shown in Figure 

shell is promptly filled by an electron from outer 

. This filling process is 

disposal of excessive energy from the different hvK – hvL of the K-

It is disposed through either 

n of Auger electrons. 

 

atom. The silicon nucleus 
and the electrons are denoted by amber and red circles, respectively. 

 at incident energy of 

(1.3) 

atomic number. The photoelectric effect is a dominant process in silicon 

Figure 1.2. 



 

 

 

 

Figure 1.2: The contribution of photoelectric effect, Compton effect and 
production to the coefficient
of incident photons from
 

 

 

 

 

 

The Compton effect 

electrons that are assumed to be unbound and stationary. 

effect is the dominant effect 

Figure 1.2. In this interaction, the energy 

kinetic energy Tcs to the stationary electron

with energy Es, as shown in
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ontribution of photoelectric effect, Compton effect and 
the coefficient of total mass attenuation of photons in silicon

s from 1 keV to 20 MeV [6]. 

Compton effect is derived from the interaction of photons with free 

assumed to be unbound and stationary. For silicon, the Compton

is the dominant effect on the energy of incident photon > 70 keV

nteraction, the energy Ecs of the incident photon 

to the stationary electron, and the other part to 

, as shown in Figure 1.3. 

 

ontribution of photoelectric effect, Compton effect and pair-
ass attenuation of photons in silicon for energy 

interaction of photons with free 

For silicon, the Compton 

energy of incident photon > 70 keV, as shown in 

of the incident photon is partly given as 

and the other part to a scattered photon 



 

 

Figure 1.3: The Compton effect o
scattered electron and photon are denoted by 
and the electrons are denoted by amber and red circles, respectively.

 

 

 

Assuming bounding energy of the valence electron 

 

 

 

The energy deposited by the scattered Compton electron in matter contributes to 

the absorbed dose. The Klein

is represented by: 

 

 

 

where eσ is the Klein

dependent on the energy of incidence photon.

below. 
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Compton effect on a valence shell of a silicon atom.
scattered electron and photon are denoted by θ and Φ respectively.
and the electrons are denoted by amber and red circles, respectively.

Assuming bounding energy of the valence electron Eb << 

��� = 
�� − �
�  
�� ! 
�� − 
� 

The energy deposited by the scattered Compton electron in matter contributes to 

the absorbed dose. The Klein-Nishina cross-section for the Compton effect per atom 

"� = � · "	   ���� ����⁄ � 

is the Klein-Nishina cross-section per electron per unit solid angle

dependent on the energy of incidence photon. The differential form of 

�	"
�Ω% = &'�2 )*+,

*+ -
�

)*+
*+,  *+,

*+ − ./0�1- 

 

shell of a silicon atom. The angles of 
respectively. The silicon nucleus 

and the electrons are denoted by amber and red circles, respectively. 

<< Es,  

(1.4) 

The energy deposited by the scattered Compton electron in matter contributes to 

Compton effect per atom aσ 

(1.5) 

per unit solid angle. The eσ is 

The differential form of eσ is given 

- (1.6) 



 

where Ecs = hv, Es = 

radius, with a value of 2.818 × 10

 

Pair-production

converted into an electron

place in a Coulomb force field near 

probability of pair-production

lower than near that 

threshold energy for this process is equal to the rest mass 

which is 2moc
2 = 1.02 MeV

light in vacuum. 

 

 

 

Figure 1.4: The pair
nucleus and the electrons are denoted by amber and red circles, respectively.

 

 

 

 

The kinetic energies given to the electron and positron pair on average are
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= hv’, Φ is photon scattering angle and r0 is 

value of 2.818 × 10-13 cm. 

production is an absorption process whereby an

n electron-positron pair, as shown in Figure 1.

Coulomb force field near either an atomic nucleus or 

production occuring in the Coulomb force field of 

 of the atomic nucleus; thus, it is not discussed here

threshold energy for this process is equal to the rest mass energy 

1.02 MeV, where mo is a rest mass of electron and 

pair-production interaction in a field of a silicon nucleus. The silicon 
nucleus and the electrons are denoted by amber and red circles, respectively.

The kinetic energies given to the electron and positron pair on average are

�2 = 
�� − 1.02 678
2  

is the classical electron 

an incident photon is 

.4. This process takes 

an atomic nucleus or an electron. The 

Coulomb force field of an electron is 

not discussed here. Therefore the 

energy of those products, 

electron and c is the speed of 

 

field of a silicon nucleus. The silicon 
nucleus and the electrons are denoted by amber and red circles, respectively. 

The kinetic energies given to the electron and positron pair on average are: 

(1.7) 
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where �2 is the average kinetic energy. The energies deposited by the scattered pair in 

matter contribute to the absorbed dose. The cross-section per atom aκ of the pair-

production is represented by: 

 

 9� = ":��;2  (��� ����⁄ ) (1.8) 

 

 

where σo = 5.8 × 10-28 cm2/electron, ;2 is a function of Epp and Z. For a silicon atom, the 

contribution of the pair-production is only significant (> 10-2 cm2/g) at an incident-

photon energy > 10 MeV, as shown in Figure 1.2. 

The cross-section of the interaction between those effects varies according to 

the energy of the photons and the material. As an example, at photon energy < 100 

keV, the semiconductor detector has a greater photoelectric absorption than water, 

which can cause an over-response in terms of dose in tissue or water(Figure 1.10). 

Thus, for photons, a dosimeter made from tissue-equivalent (TE) material is better in a 

spectrum of unknown photons, despite its being more difficult to realise. TE material 

has an effective atomic number Zeff near or equal to the effective atomic number of the 

corresponding tissue; thus, it responds to photon interaction in the same way as the 

tissue. 

 

1.1.3 Neutron detection 

Like photons, neutrons are indirectly ionising radiation that deposit ionising 

energy from secondary charged particles that are generated by the interaction of 

neutrons with a nucleus. Neutrons are categorised according to their kinetic energies, 

which from a dosimetry aspect are either fast, intermediate-energy or thermal neutrons. 

The energy range for these types of neutrons are > 10 keV, 0.5 eV – 10 keV and < 0.5 

eV [5], respectively. A cross-section of their interaction depends on the energy of the 

neutrons in a particular medium. 

These cross-sections, which can be either elastic or inelastic interactions, are not 

always smooth; they can show resonances, as shown for silicon in Figure 1.5. Elastic 



 

scattering is an interaction where the incident neutrons transfer

kinetic energy to the recoil nuc

entities unchanged and both kinetic energy and 

as shown in Figure 1

temporarily absorbed and the nucleus 

neutron with lower energy and a gamma ray

 

 

 

 

 

Figure 1.5: The interaction
(green line), and inelastic (red line) 
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scattering is an interaction where the incident neutrons transfer

kinetic energy to the recoil nucleus, with the internal energy state

unchanged and both kinetic energy and momentum conserved in the final state

1.6(a). In inelastic interactions of neutrons, the incident neutron

absorbed and the nucleus is excited [7]. This prompts an

neutron with lower energy and a gamma ray, as shown in Figure 1

The interaction cross-sections of neutrons in 28Si: total (blue line), elastic 
elastic (red line) cross-sections [8]. 

scattering is an interaction where the incident neutrons transfer small part of their 

states of both colliding 

conserved in the final state, 

the incident neutron is 

This prompts an emission of one 

1.6(b). 

 

total (blue line), elastic 



 

 

 

Figure 1.6: Neutrons
and Ta2 are the kinetic energies of the incident neutrons, scattered neut
target nucleus and recoil nucleus
inelastic interaction. 

 

 

 

 

The elastic scattering of neutron

of incident neutrons 

solely represented by 

eV to 1.8 MeV. In r

The excited nucleus 

different isotope with 

case, 28Si(n,γ)29Si.  

For an incident

represented partially
28Si(n,n+α)24Mg, 28Si(n,n+proton)
28Si(n,α)25Mg interactions. All these interaction 

1.7. The interactions 
28Si(n,2proton). Above 20 MeV

represented by a simplified term of 

Neutron Data File [8
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: Neutrons in (a) elastic interaction and (b) inelastic interaction. 
are the kinetic energies of the incident neutrons, scattered neut

and recoil nucleus, respectively. γ is the gamma ray emitted in an 
 

lastic scattering of neutrons in silicon is a dominant interaction for energy 

 from 10-5 eV to 5 MeV (Figure 1.5). The 

by a radiative capture for the energy of incident neutron

In radiative capture, a neutron is absorbed and the nucleus 

The excited nucleus decays through an emission of a gamma ray and becomes a

isotope with the addition of one atomic weight from its

incident-neutron energy from 1.8 to 20 MeV, 

ly by radiative capture, inelastic interaction, 

Si(n,n+proton)27Al, 28Si(n,proton)28Al, 28Si(n,deuteron)

Mg interactions. All these interaction cross-sections are

The interactions types that have not been plotted are 28Si(n,trit

Above 20 MeV energy of incident neutrons, 

simplified term of 28Si(n,anything) which is used by 

8]. 

 

(a) elastic interaction and (b) inelastic interaction. Tn1, Tn2, Ta1, 
are the kinetic energies of the incident neutrons, scattered neutrons, stationary 

 is the gamma ray emitted in an 

is a dominant interaction for energy 

he inelastic interaction is 

energy of incident neutrons from 10-5 

absorbed and the nucleus is excited. 

gamma ray and becomes a 

its predecessor, in this 

energy from 1.8 to 20 MeV, neutron interaction is 

radiative capture, inelastic interaction, 28Si(n,2n)27Si, 

Si(n,deuteron)27Al and 

are as shown in Figure 

Si(n,triton), 28Si(n,3He) and 

, neutron interaction is 

which is used by the Evaluated 



 

 

Figure 1.7: The partial contribution of 
inelastic, radiative capture,
28Si(n,proton)28Al, 28

SI-28(N,NON), SI
28(N,N+A)MG-24, SI
28(N,A)MG-25, respectively.
denoted as SI-28(N,X)

 

 

 

 

A semiconductor detector for neutron dosimetry is generally coupled to a 

material that contains a concentration of isotope for converting the incident neutron 

into detectable charged particles. 

energy response in term of 

tissue (Figure 1.8). 
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The partial contribution of the neutron interaction
inelastic, radiative capture, 28Si(n,2n)27Si, 28Si(n,n+α)24Mg, 

28Si(n,deuteron)27Al and 28Si(n,α)25Mg interactions are denoted as
28(N,NON), SI-28(N,INL)SI-28, SI-28(N,G)SI-29, SI-

24, SI-28(N,N+P)AL-27, SI-28(N,P)AL-28, SI-28(N,D)AL
25, respectively. The simplified term of 28Si(n, anything) interaction is 
28(N,X) [8]. 

A semiconductor detector for neutron dosimetry is generally coupled to a 

material that contains a concentration of isotope for converting the incident neutron 

into detectable charged particles. It has rarely been used without a 

in term of kinetic energy released per mass (KERMA

 

interaction [8]. The non-elastic, 
Mg, 28Si(n,n+proton)27Al, 

Mg interactions are denoted as 
-28(N,2N)SI-27, SI-
28(N,D)AL-27 and SI-

Si(n, anything) interaction is 

A semiconductor detector for neutron dosimetry is generally coupled to a 

material that contains a concentration of isotope for converting the incident neutron 

a converter because its 

KERMA) differs to that in 



 

 

Figure 1.8: The coefficients of KERMA for 
incident neutron [9]. 

 

 

 

 

Neutrons undergo multiple elastic 

become thermalised;

section of such a process is proportional to 1/
10B and 6Li are examples of 

association with semiconductor neutron detectors.

A charged alpha particle is produced from thermal neutron absorption in

converter that contains either
6Li(n,α)3H reactions, respectively

inelastic cross-section

(Figure 1.9). The alpha particle 

MeV (10B) or 2.05 MeV (

generated in the semiconductor detector when 

particle. 

 

 

11 

coefficients of KERMA for 28Si and ICRU muscle
 

s undergo multiple elastic scatterings in a moderator 

; increase its probability to be absorbed by a nucleus

of such a process is proportional to 1/v, where v is the velocity of the neutron. 

Li are examples of a good converter for this type of detection, particularly in 

association with semiconductor neutron detectors. 

A charged alpha particle is produced from thermal neutron absorption in

converter that contains either a 10B or 6Li isotope resulting from

s, respectively. These interactions have larger 

section in silicon at an energy range of incident neutron below 1 MeV

alpha particle from these interactions has an energy

2.05 MeV (6Li) [10]. The neutrons are detected through electronic signal

semiconductor detector when it is traversed by the charged alpha 

 

Si and ICRU muscle versus the energy of 

in a moderator before they 

probability to be absorbed by a nucleus. The cross-

is the velocity of the neutron. 

converter for this type of detection, particularly in 

A charged alpha particle is produced from thermal neutron absorption in a 

resulting from 10B(n,α)7Li and 

larger cross-sections than an 

of incident neutron below 1 MeV 

an energy of either 1.47 

. The neutrons are detected through electronic signal 

traversed by the charged alpha 



 

 

Figure 1.9: The comparison of 
line) and 10B(n,α)7Li 

 

 

 

 
10B has a natural isotopic abundance of 19.8%, whereas 

isotopic abundance of 7.4% 

dopant in a p-type silicon or as a layer of 

detector simultaneously serving as a p

also be deposited on a semiconductor detector in the form of L

thermo-luminesence LiF dosimeter (TLD)

dosimetry. The 6Li isotope inside 

Other way to detect

polyethylene (PE) to convert neutron

scattering. The energy 
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: The comparison of cross-sections of 1H elastic (blue line)
Li (red line) to inelastic interaction of silicon (grey line)

B has a natural isotopic abundance of 19.8%, whereas 

isotopic abundance of 7.4% [10]. 10B is usually found in a semiconductor detector as a 

type silicon or as a layer of p+ silicon on top of the semiconductor 

detector simultaneously serving as a p-n junction and converter. A 

also be deposited on a semiconductor detector in the form of L

luminesence LiF dosimeter (TLD); this is widely used for thermal ne

Li isotope inside a TLD 600 has up to 95.6% concentration

o detect fast neutrons is by using a hydrogen-

polyethylene (PE) to convert neutrons into recoil protons resulting from

The energy of the recoil protons is represented by: 

 

(blue line), 6Li(n,α)3H (green 
(grey line) [8]. 

B has a natural isotopic abundance of 19.8%, whereas 6Li has a natural 

miconductor detector as a 

silicon on top of the semiconductor 

n junction and converter. A 6Li converter can 

also be deposited on a semiconductor detector in the form of LiF, or be present in a 

is widely used for thermal neutron 

has up to 95.6% concentration [11].  

-rich converter such as 

resulting from elastic 
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� = 
<��.�= (1.9) 

 

where Ep is the energy of the recoil proton, En is the energy of the incident neutron and 

θ is the recoil angle in a laboratory frame. From Figure 1.9, it is clear that the 

hydrogen-rich converter, due to its large cross-section of interaction (which contributes 

to a higher detection efficiency of neutrons), is favourable in fast-neutron dosimetry 

applications. 

 

1.1.4 The relevance of the Bragg-Gray cavity theory to semiconductor detectors 

The advantage of semiconductor detectors in medical radiation dosimetry lies in 

their small sensitive volume (SV), whereas most secondary electrons produced by 

photons in water or tissues have a range that is larger than the average chord of 

sensitive volume. The response of the detector with a small sensitive volume is driven 

by the Bragg-Gray relation: 

 

 �>�� = ?�>?�� = ?��> (1.10) 

 

where Dw is the dose in surrounding water, Ds is the dose in the silicon, ?�> and ?�� are 

the mass collision stopping power averaged over charge particle spectrum, for water 

and silicon respectively and ?��> is the ratio of ?�> over ?��. 

It is assumed that a semiconductor detector satisfies the Bragg-Gray cavity 

condition such as it does not perturb the charged-particle field and the absorbed dose in 

the sensitive volume is deposited entirely by the charged particles that are crossing it 

[5]. Even if a situation where charged-particle equilibrium (CPE) is absent, Equation 

(1.10) is still valid. 

The sensitive volume considered in this thesis for a semiconductor detector is 

made from either silicon or silicon oxide (SiO2). In the photon field, the secondary 

charged particles are mostly secondary electrons; this could cause ionisation in the 

sensitive volume if they have a minimum energy of 3.6 eV in silicon and either 18.4 eV 

[12], 18 eV [13] or 17 eV [14] in SiO2. The advantage of a silicon detector is that the 

ratio of the mass stopping power of water to silicon and silicon oxide, ?��> as presented 
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Figure 1.10: The ratios of electron
to silicon oxide are almost constant over 
MeV. The ratio of photon mass energy absorption coefficient of silicon to
an increase at lower 
than in water. 

 

14 

quite constant over a wide electron-energy range

the application of the semiconductor detector in 

. Thus in the region where Compton scattering 

semiconductor detector is proportional to that in water

the semiconductor detector is not composed of TE material, it 

to measure an absorbed dose in water. However

secondary electrons is lower, and where the size of a sensitive volume 

range of secondary electrons, dose enhancement can essentially 

photons absorbed in a sensitive volume; that is, the

mass energy absorption coefficient of silicon to that of water is strongly dependent on 

of the photon (Figure 1.10). 

: The ratios of electron’s mass stopping power of water to silicon and 
silicon oxide are almost constant over the energy of electrons from

MeV. The ratio of photon mass energy absorption coefficient of silicon to
an increase at lower photon energies due to higher photoelectric absorption in silicon 

energy range, which leads to a 

detector in the megavoltage 

. Thus in the region where Compton scattering dominates, the energy 

semiconductor detector is proportional to that in water. Hence even if 

 can still be used as a 

However, where the energy of 

sensitive volume is comparable 

essentially be due to the 

he effect of the ratio of 

water is strongly dependent on 

 

s mass stopping power of water to silicon and water 
of electrons from 10 keV to 20 

MeV. The ratio of photon mass energy absorption coefficient of silicon to water shows 
photoelectric absorption in silicon 
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1. 2 Dosimetry in radiation protection 

Radiation protection, sometimes known as radiological protection, is the science 

of protecting people and the environment from the harmful effects of ionising radiation, 

which includes both particle radiation and high-energy electromagnetic radiation [15]. 

In practical terms, radiation protection is the adoption of policies regarding exposure 

and providing shielding if necessary. Dosimetry is the act of monitoring the 

effectiveness of radiation-protection policies, and if done in real time can itself be 

incorporated into the policies. Four major international bodies develop standards for 

radiation protection: 

 

 

• International Commission on Radiation Units and Measurements (ICRU). 

The ICRU is responsible for developing internationally accepted quantities and 

units for radiation and radioactivity, suitable procedures for measuring and 

applying quantities of radiation and providing conversion factors for electron, 

photon and neutron radiation into the dosimetry unit of interest [16]. 

• International Commission on Radiological Protection (ICRP). 

The ICRP is an advisory body that provides guidance and recommendations for 

radiation protection [17]. The ICRP works closely with the ICRU to develop 

recommendations for radiation protection. The ICRP and ICRU produce 

complementary reports for application in radiation protection. 

• International Organization for Standardization (ISO). 

Under the ISO technical committee for Nuclear Energy, ISO/TC 85, and in the 

subcommittee for Radiation Protection, ISO/TC 85/SC 2, there are currently 

thirteen Working Groups (ISO/TC 85/SC 2/WG) developing a standard for 

radiation protection [18]. This standard will differ from those from the ICRU 

and ICRP in that it will aid the international exchange of radioactive goods and 

services, and develop a cooperative approach to radiation protection in the 

spheres of intellectual, scientific, technological and economic activity [19]. The 

ISO standard implements fundamental quantities and units defined by the ICRU 

and ICRP with respect to the availability of resources and apparatus used in 

real-world practice. 



 

16 

 

• International Atomic Energy Agency (IAEA). 

Practically, the IAEA uses standards from the ISO, ICRP, and ICRU to provide 

services and produce their Technical Report Series (IAEA TRS). They run the 

Primary Standard Laboratory (PSL) and Secondary Standard Dosimetry 

Laboratory (SSDL) to provide national reference standards based on those of 

the ISO, ICRP, and ICRU. 

 

 

1.2.1 Operational quantities 

The same dose of radiation from different particles has different effects on a 

biological tissue. To take this into account, new quantities of dose are defined as: 

 

 @A = BC�A,C (1.11) 

 

where HT is the dose equivalent in tissue T, DT,R is the average absorbed dose and wR is 

the weighting factor for radiation R. The HT SI unit is J kg-1, but its special name is 

Sievert (Sv) [20]. The HT is a protection quantity used to predict the radiobiological 

effect of ionising radiation. The effects depend on the Linear Energy Transfer (LET) of 

the particle in the biological tissue. 

The operational quantities in radiation protection are in two categories: the 

operational quantities for area monitoring and individual monitoring. The dose 

equivalent, H, for operational quantities, is defined as: 

 

 @ = E F�G� ∙ ��
�G ∙ �G

H
 (1.12) 

 

where Q(L) is the quality factor for the particle with a linear energy transfer (LET), L, 

and the (dD/dL)·dL is the absorbed dose produced by charged particles with LET 

between L and L+dL. The operational quantities are described at depth d in a phantom, 

as H(d). 

The operational quantities for area monitoring are specified by the ambient 

dose equivalent, H*(d) and the directional dose equivalent, H’(d,Ω), where Ω is the 
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incident radiation angle from the normal axis on the phantom surface. The operational 

quantities for individual monitoring are described by Hp(d). The depths commonly use 

in radiation protection for individual monitoring are Hp(0.07) for a skin dose and 

Hp(10) for an organ dose [3]. 

 

1.2.2 The use of phantoms in radiation protection 

The phantoms used in radiation protection serve two main purposes: first, as a 

theoretical medium to derive a conversion coefficient from physical quantities to 

operational quantities; and second, as the place to calibrate the dosimeter. The ICRU 

recommends a sphere phantom with a 30 cm diameter to calculate H*(d) and H’(d,Ω), 

and a slab phantom with 30 x 30 x 15 cm3 to measure and calculate Hp(d) [21]. 

Theoretically, phantoms should use ICRU tissue equivalent material with 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. 

In practice, the materials for the ICRU slab phantom can be made from 

polymethyl methacrylate (PMMA); in simulations they can be approximated by water. 

Backscatter from water as a material is similar to ICRU tissue [22, 23] at photon 

energies < 1 MeV. The ICRU slab phantom is the best practical approximation for a 

human trunk. 

Other mathematical anthropomorphic phantoms are also used to derive the 

conversion coefficient of photon and neutron-dose equivalent [24-26]. 

 

1.2.3 The Hp(0.07) and Hp(10) operational quantities for individual monitoring 

The quantities of Hp(0.07) and Hp(10) referred in this study are those 

recommended by the ICRP report 60 [27] for external dose protection. The special case 

of Hp(d) is that it defined a dose equivalent at d millimetres deep in tissue from the 

surface at the point where the dosimeter was worn. Thus the absolute value of Hp(d) 

depends on the the dosimeter’s particular location on the human body, the size of the 

cross-sectional scoring volume for measuring Hp(d) compared to the cross-section of 

the body surface, the size of the incident-radiation field and the incident-radiation 

angle. The standard procedures for deriving Hp(0.07) and Hp(10) use conversion factors 
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to convert the air KERMA or exposure measured at the surface of the phantom at the 

point of interest to the dose equivalent at a particular depth in a specified phantom. 

These conversion factors also take the build-up dose and attenuation into account. For 

normally incident photon beams with energies more than 30 keV, the difference in dose 

between Hp(0.07) and Hp(10) under CPE is less than 10%, while for low-energy 

photons Hp(0.07) can be essentially larger than Hp(10) [28]. 

Previously, the measurement of operational quantities for area monitoring of 

Hp(0.07) and Hp(10) by Busuoli et al. [29] was performed using a 20 x 20 x 15 cm3 slab 

of PMMA, as a standard phantom for measuring these quantities was unavailable until 

1992 [21]. To avoid uncertainty in Hp(0.07) and Hp(10) related to different phantom 

geometry and KERMA approximation issues for Hp(0.07) [24-26], this study further 

substituted them with Dw(0.07) and Dw(10), respectively. These quantities 

conservatively represent the absorbed photon dose at depths of 0.07 mm and 10 mm in 

the 30 x 30 x 30 cm3 water phantom as used in Chapter 3 and Chapter 4, respectively 

(close to that recommended in the ICRU Report 47 [21] of 30 x 30 x 15 cm3). Although 

the quantities Dw(0.07) and Dw(10) were used as surrogates for Hp(0.07) and Hp(10), 

they are still a close approximation. 

 

 

1. 3 The MOSFET as a dosimeter 

The Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET) device 

was introduced to the radiation detection community by Holmes-Siedel in 1974 for use 

in space dosimetry [30]. Since then, MOSFET has found its way as a dosimeter in 

radiotherapy [31-33], radiation monitoring in mixed gamma and neutron fields [34, 35], 

and space radiation monitoring [36-38]. The advantage of MOSFET as a dosimeter is 

its small sensitive volume, represented by 1 µm-thick gate oxide; this allows, for an 

active or passive mode of operation with and without gate bias [39] respectively, which 

can give a real-time [40, 41] or off-line [42-44] readout. 

 



 

1.3.1 Fundamental d

MOSFETs consist of a drain, source and gate on a 

1.11). A thin layer of 

Polysilicon or metal such as alumin

 

 

 

 

 

Figure 1.11: The basic structure of the 
source and G is the gate. Shown 
photoelectric interaction inside the 
MOSFET packaging
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Fundamental dosimetric characteristics of the MOSFET 

MOSFETs consist of a drain, source and gate on a silicon 

thin layer of SiO2 is grown on the top surface of the silicon substrate. 

etal such as aluminium is deposited on top of the SiO

: The basic structure of the n-MOSFET, where D is the drain, S is the 
source and G is the gate. Shown above is when the MOSFET is positively biased with 

c interaction inside the sensitive volume and Compton scattering from the 
packaging. Adapted from [45]. 

silicon substrate (Figure 

is grown on the top surface of the silicon substrate. 

is deposited on top of the SiO2 to form the gate. 

 

MOSFET, where D is the drain, S is the 
is when the MOSFET is positively biased with a 

Compton scattering from the 
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Figure 1.12 shows a diagram of the energy band for an ideal n-MOSFET. 

Without bias on the gate, the Fermi energy level EF, of the metal gate aligns to the 

Fermi energy level in p-Si. When a negative bias is applied to the gate, the EF of the 

metal increases. This causes the levels of p-silicon conductance energy, intrinsic energy 

and valence energy (represented by Ec, Ei and Ev, respectively) to bend upwards near 

the interface between Si-SiO2. The resulting concentration of holes near the Si-SiO2 

interface increases and the concentration of electrons decreases; this condition is called 

accumulation. Inversely, under a small positive bias, the Ec, Ei and Ev bend downwards, 

and the concentration of holes decreases near the Si-SiO2 interface while the 

concentration of electrons increases; this condition is called depletion. If the bias 

voltage keeps increasing, the concentration of electrons near the Si-SiO2 interface will 

eventually be higher than the concentration of holes (a condition called inversion), 

forming a very thin layer of n-Si. In an inversion state, if a potential difference exists 

between source and drain, a current will flow between them. The magnitude of the 

current depends on the thickness of the inversion layer, which depends on the bias 

applied to the gate. 
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Figure 1.12: n-MOSFET energy band diagrams: i) under no gate voltage bias 
(flatband), ii) negative gate bias (accumulation), iii) small positive gate bias (depletion) 
and iv) large positive gate bias (inversion) (adapted from [46]).  
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As a dosimeter, the MOSFET operates under either no applied gate voltage 

(passive mode) or with a bias voltage applied to the gate (active mode). Active mode 

with a positive bias on the gate offers greater sensitivity in radiation detection than 

passive mode due to less recombination of electron-hole pairs in the gate oxide [39]. 

MOSFETs record the dose of ionising radiation in the silicon oxide in the manner of 

charge trapping in the SiO2 and interface charge build up. When ionising radiation 

interacts with the SiO2 gate, electron-hole pairs are formed. With or without positive 

bias on the gate respectively, the holes produced by ionising radiation are swept 

towards the Si-SiO2 interface, where they are captured on traps and produce a positive 

sheet of charge. This charge leads to a negative shift in the gate voltage (∆Vth) in p-

MOSFET required to maintain a fixed current in the order of µA in a MOSFET channel 

[47]. The shift in threshold voltage is proportional to the absorbed dose in the SiO2. 

(More detailed theory of MOSFET dosimetry can be found in [46]). The change in 

threshold voltage (∆Vth) in a MOSFET is almost linear with low accumulated D, and 

can be described as: 

 

 

 ∆8JK = L ∙ � (1.13) 

 

 

where α is an experimental parameter [48]. Equation (1.13) held true for a simulation 

done in this study which considered that in most applications of interest in radiation 

protection, the expected accidental dose is less than 2-3 Gy; this is within the linear 

range of the passive p-MOSFET (developed at CMRP). For higher accumulated doses 

in the SiO2, the saturation effect takes place that makes ∆Vth = α (1 – e – βD), or 

alternatively, ∆Vth = kDn [39], where α, β, k and n are parameters determined 

experimentally. The response of the absorbed-dose linear range and sensitivity can be 

increased by positive bias on a gate during irradiation that reduces the recombination of 

electron-hole pairs produced in the gate oxide due to a stronger electric field [49]. 
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1.3.2 Types of MOSFET dosimeters 

As reported in the literature, some major manufacturers are producing MOSFET 

dosimeters: 

• RadFET [50] – This name, coined by Robert Hughes in 1985, is an abbreviation 

of Radiation-Sensing Field-Effect Transistor [51]. The dosimeter, which was 

invented by Andrew Holmes-Siedle, is produced by his company, REM Oxford 

Ltd. It is made from p-MOSFET with aluminium gate. The RadFET silicon 

substrate is 1 x 1 x 0.5 mm3 and contains four MOSFETs. The SiO2 is from 0.1 

to 1.25 µm-thick. The MOSFET chip is mounted on the polymeric substrate and 

encapsulated by black epoxy resin. The RadFET REM TOT-501C was reported 

in a simulation study with a 950 x 950 x 0.25 µm3 [52] of SiO2. The silicon 

substrate for the REM TOT-501C is 405 µm-thick. 

• TN-RD-70-W and TN-RD-90 [53, 54] – These dosimeters are built by Best 

Medical Canada. The old version of the TN-502RD, sold under the brand name 

Thomson and Nielsen Electronic Ltd, was equivalent to the Best Medical 

Canada’s TN-RD-70-W and it was simulated without dimensions given in a 

proton-dose measurement [55]. The TN-502RD was reported to have 1 x 1 x 0.5 

mm3 of silicon substrate, and 200 x 200 x 1 µm3 of SiO2 [56]. Other literature 

reports a simulation of the TN-502RD done with 50 µm-thick SiO2 [57]. A 

simulation on the other Thomson and Nielsen MOSFET, TN-1002RD, used 1 x 

1 x 0.525 mm3 of silicon substrate, 1 mm-thick epoxy, a 0.25 mm-thick by 2-

mm wide Kapton base and 200 x 200 x 1 µm3 of SiO2 [58-61]. 

• LAAS 1600 – Manufactured by the Laboratory of Analysis and Architecture of 

System of CNRS in France, the LAAS 1600 was reported in a simulation study 

to have 1900 x 1900 x 1.6 µm3 of SiO2 [52]. The silicon substrate for the LAAS 

1600 has the same area as SiO2, but with a thickness of 405 µm. 

• ESAPMOS4 – Manufactured by Tyndall National Institutes, this was formerly 

known as NMRC. The thickness of SiO2 in the literature reports is 0.4 µm, and 

the cross-sectional area is 0.015 mm2 [39, 40, 62]. 

• CMRP has extensive experience in clinical MOSFET dosimetry, and developed 

different versions of MOSFET-based dosimeters for photon- and neutron-

radiation dosimetry. The CMRP MOSkin [63-65] dosimeter was designed and 
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built at the Centre for Medical Radiation Physics, University of Wollongong. 

The MOSkin readout has a special computerised reader that was also built at 

CMRP [66]. This dosimeter was specially developed for skin dosimetry; it has 

oxide thicknesses of 0.55 – 1 µm and a substrate only 350 µm-thick. The chip is 

covered by a thin, reproducible layer of material equivalent to water, which 

provides a water-equivalent depth (WED) of 0.07 mm. The MOSkin has a 

special “drop in” packaging in a thin 2.5 mm-wide Kapton carrier. 

• Other MOSFETs include the SNL MOSFET, with 0.37 µm-thick oxide [67]; 

the RadFET-type MOSFET, for which simulation has been reported with a 1 

µm aluminium gate, 1 µm SiO2 and 500 µm-thick substrate [68]; Sicel 

Technologies’ implantable MOSFET [45] and OneDose [44, 69]. 

 

1.3.3 The effects of MOSFET configurations on dosimeter response 

Many configurations can affect the response of the MOSFET dosimeter in 

practice. Some of those will be described in this section. 

The sensitivity of the MOSFET depends on the thickness of SiO2, toxide. The 

∆Vth changes proportionally according to t2oxide [70, 71]. This dependence is important 

in the application of the MOSFET as a dosimeter. For an example, a MOSFET with 

toxide = 1 µm and positive gate bias of 30 to 50 V is able to give a reading in steps of 

mGy of dose [72]. Thus the MOSFET can provide a reliable reading under low dose 

measurement. 

The application of a voltage bias on the gate when the MOSFET is being 

irradiated tends to increase its sensitivity. A higher applied voltage bias means a higher 

electric field in the SiO2 and Si-SiO2 interface, which reduces the recombination of 

electron-hole, which in turn increases the sensitivity of the MOSFET. Also, the 

eventual build-up of traps at the Si-SiO2 interface of the MOSFET during irradiation 

known as radiation-induced interface traps [73], increases with applied positive bias on 

p-MOSFET during irradiation. More details of this effect have been compiled by 

Oldham [74]. However, because the traps in the SiO2 and Si-SiO2 interface are likely to 

fill up quicker than when in a non-bias condition, the lifespan of the MOSFET becomes 

shorter. The rates at which the traps fill up differ for different photon irradiation energy 

at the same gate bias. When irradiated with high-energy photons (order of MeV), the 
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MOSFET would have a longer lifespan than if irradiated with photons at lowerenergy 

(order of keV) for the same dose in tissue or water [43]. This is because there is a 

stronger photoelectric effect for lower-energy photons (below 120 keV) and a large 

deposited energy in SiO2 for the same tissue dose. However, the additional effect is a 

stronger charge recombination; this is due to a larger plasma density produced by lower 

energy electrons, which leads in turn to a stronger columnar recombination that 

depends on the electric field in a gate oxide. 

If the time between irradiation and readout is prolonged, a MOSFET dosimeter 

could lose some of its trapped charge when stored at room temperature, due to a 

random process of thermally induced excitation [75]. The fading of the zero gate bias 

MOSFET is negligible in comparison with that for an active mode MOSFET, which 

tends to show a slight increase in fading after irradiation [39]. 

The responses of the MOSFET are influenced by the LET of charged particles. 

Near a track of high LET particles, the densities of electron-hole pairs are very high. 

This effect increases the chances of a recombination between the pairs, and thus 

reduces the response of the MOSFET. The high LET particles are either charged 

particles with a high-atomic-number, low energy MeV range protons or low-energy 

electrons [76]. 

 

 

1.3.4 The challenge for the MOSFET as personnel dosimeter in the photon field 

The MOSFET is an excellent candidate for personal dosimetry, particularly for 

an instantaneous assessment of a gamma dose in an accident, and in military dosimetry, 

where radiation can be of a pulsed nature. The challenges in using the MOSFET for 

personnel dosimetry are its low sensitivity compared to TLD detectors, and energy 

dependence relative to its response to tissue dose. The former problem can be 

addressed with stacked MOSFETs [77, 78], and is not as important for accident and 

military dosimetry, where the absorbed doses of interest are more than 0.01 Gy. With 

regards to the latter, MOSFET dosimeters have been successfully used for military 

dosimetry, for example, in the United States army; the wristwatch dosimeter RADIACS 

AN/PDR-75 [79] is used in conjunction with a p-i-n diode neutron dosimeter in 

RADIACS AN/UDR-13 [80]. In these applications, the MOSFET dosimeter is being 
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used in close to free-air geometry because it can be worn on a belt, wrist or tie-clip, or 

placed in free air around nuclear facilities. In such applications, optimising the energy 

response of a MOSFET dosimeter suitable for operational quantities for personal 

monitoring of Hp(007) and Hp(10) in a photon field is not a trivial task. 

In previous work, MOSFET chips were packed in commercially available 

microelectronic packages of DIL, TO-5 and TO-8, which are less suitable for achieving 

a TE-penetrating dose response while being irradiated in free-air geometry [81, 82]. An 

early attempt to characterise the energy response of MOSFET for use as a military 

personal dosimeter with independent photon energy over the range of 80 keV to 1 MeV 

was undertaken by Brucker et al. [83]. In order for the MOSFET to be viable as a 

personal accidents dosimeter, particularly for detecting skin-absorbed doses from low-

energy photons, the minimum measureable photon energy should be around 15 keV. 

Thus, 15 keV was considered as a minimum photon energy when designing the 

MOSFET package and simulating its energy response. 

MOSFET detectors have been shown to over-respond to low-energy photons in 

free-air geometry, particularly below 100 keV [60]. This over-response stems from of 

the dose enhancement due to packaging materials with a high-atomic-number, and to 

stronger photoelectric interactions in SiO2 than in tissue. This over-response has been 

ascertained previously either experimentally [84-86] or with Monte Carlo simulation 

[58-60]. Initial experimental results by Rosenfeld et al. [34], and Brucker et al. [82, 83] 

showed a correlation between the packaging of MOSFET detectors and energy 

response for effective X-ray energies (an average energy in the X-ray spectrum) below 

250 keV. The essential dose-enhancement effect was related to an excessive creation of 

secondary electrons from commercial packaging's materials, which had high-atomic-

number, and from the aluminium gate electrode of the MOSFET. The experimental 

attempt to characterise and adjust the energy response of the MOSFET in free-air 

geometry for photon fields was undertaken for TO-5-packed n-MOSFETs with the 

kovar lead removed and the MOSFET chip covered with epoxy [34]. In all previous 

work, the comparison of the MOSFET responses was performed relative to the 

absorbed dose in tissue or water in the case of full electronic equilibrium. 
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1.3.5 Exploration of the MOSFET for personal accident dosimetry 

From the literature review and analysis of the existing MOSFET system, it is 

clear that the application of MOSFET for personal dosimetry has not been fully 

exploited, even though the MOSFET is very attractive substitution for TLD, optically 

stimulated luminescence (OSL) and radio-fotoluminescent (RFL) dosimeters for 

accident and military dosimetry. One of the aims of this work is to develop a MOSFET 

personal accident dosimeter for use in free-air (approximated with a vacuum) 

geometry, with a response that corresponds to wearing the detector as a dosimeter 

badge, rather than within a phantom application where full CPE is in place. The 

dosimeter should have an energy response proportional to the tissue energy response in 

terms of personal dose equivalent [87] for a large dynamic range of photon energies. 

Monte Carlo simulation was used to study the energy responses of the MOSFET under 

different configurations, as described in Chapter 2. The experience gained helped in the 

proposal of new MOSFET packaging designs, as described in Chapter 3 and Chapter 4, 

for improved MOSFET energy responses. The proposed methods include optimising 

the packaging for incident-photon energy above 15 keV and imitating backscatter as if 

the dosimeter were worn on the body. 

 

 

1. 4 The Medipix2 as a neutron dosimeter 

The Medipix2 [1] was the mutual outcome of 10 years of technological 

improvements in detector designs and knowledge gained through ongoing Medipix 

collaboration in scientific field instrumentation prior to Medipix1 [88]. As per 

Medipix1, Medipix2 was originally developed for X-ray radiography [89-91]. Later, 

Medipix2 was studied as an imaging device for electrons [92, 93], neutrons [94-98] and 

alpha radiation [99]. Medipix2 is actually a hybrid detector where a pixelated 

semiconductor detector is bump-bonded to the application-specific integrated circuit 

(ASIC) readout chip using flip-chip technology (Figure 1.13) [100, 101]. 
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Figure 1.13: Construction of the hybrid detector where the pixelated silicon detector is 
based on high-resistivity n-Si with p+ implanted pixels (sensor) is connected to an 
ASIC multi-channel readout chip matched to p+ pixels (from [101]). 
 

 

 

 

1.4.1 The Medipix2 system 

The Medipix2 has an array of 256 x 256 pixels of 0.25 µm CMOS ASIC 

readout chips, to which the over-layer silicon sensor with the same array of diode 

segments can be mounted. Small readout chips with 55 µm pitch incorporate charge-

sensitive amplifiers (CSA), a digital-to-analog converter (DAC), two discriminator 

thresholds, a pixel configuration register (PCR), a shift register and counter (SR/C) and 

double-discriminator logic [101]. The sensor over-layers can be any pixelated 

semiconductor made of Si, GaAs or CdTe and as thick as 1 mm. Figure 1.14 shows the 

detector used in this study, where the 300 µm-thick high-resistivity silicon was bump-

bonded to the ASIC chips. 
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Figure 1.14: The Medipix2 detector used in this study. Shown on the blue box is the 
USB symbol indicating that this device can use a USB connection for data acquisition. 
 

 

 

 

The active area of the Medipix2 is 14 x 14 mm2. The Medipix2 can achieve 1 

GHz of count rate at full array readout [97] and >1 kHz frame rate [98, 102]. The data 

acquisition is sent by USB to a personal computer, then processed by Pixelman 

software [103]. Figure 1.15 shows one of the Pixelman applications used to record 

clusters of pixels of collected charge formed from charged particles interacting in the 

silicon sensor. Simple analyses such as minimum and maximum size cluster filtration, 

minimum cluster roundness and cluster linearity are handled through this software. 

Details and explanation of cluster forming and handling relevant to neutron detection 

will be presented in Chapter 6. 
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Figure 1.15: The Pixelman data acquisition for Medipix2 shows data acquired from the 
14 MeV D-T neutrons, of which two-thirds of the Medipix2 is covered by 1 mm-thick 
PE. The red spots show higher counts obtained in the region where the converter is 
placed on the Medipix2 sensitive area. 
 

 

 

1.4.2 Fundamental dosimetric characteristics of the Medipix2 

When charged particles hit the sensor layer of a pixelated detector, they create 

electron-hole pairs along their tracks. The density of the pairs depends on the radial 

distance from the track and the effective charge and velocity of the charged particle. 

The electron-hole pairs along the track are eventually separated by the electric field 

established in the sensor layer. The hole will drift to the pixels of negative electrodes 
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and the electron will drift to the positive electrode (Figure 1.16). Holes will experience 

lateral diffusion on their drift to the negative electrodes. The total magnitude of this 

diffusion depends on the initial distance from a particular point on the track to the 

collecting electrodes. The further the holes originate from the collecting electrodes, the 

more collecting electrodes they will spread over, as shown by (a) as compared to (b) in 

Figure 1.16. 

 

 

 

 

Figure 1.16: A charged particle track creates electron-hole pairs denoted as black filled 
(electrons) and open (holes) circles. 
 

 

 

The Medipix detector was first accessed for its capability as a dosimeter in 

photon fields as the Medipix1 [104]. The technique of counting photons was used in the 

study, with 60 and 70 kilovolt peak (kVp) X-ray sources. The drawback of counting 

photons is the loss of counts through dead time in the detector. The minimum dead time 

achievable in Medipix1 was 0.8 ms, which corresponds to a 1.2 kHz counting rate. The 

uncorrected counts at 200 kHz would give 32% less than actual counts. This can has 

implications for the limit of the dose rate, specifically for low-energy photons, where 

the count rate increases due to the domination of the photoelectric effect. 
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The applicability of the second generation of Medipix detectors, Medipix2, in 

photon field dosimetry using the photon counting technique was investigated [105]. 

The study used low-energy X-ray, from 40 to 150 kVp, where the Hp(0.07) and Hp(10) 

per-photon fluences are relatively constant on this energy range. The report assumed 

that the absorbed dose is proportional to the number of counts. Thus, they showed that, 

using eight defined readout segments on the Medipix2 active area, the personal dose 

equivalent can be made proportional to the total weighted count of those segments, as 

shown in Equation (1.14). These eight segments have an equal area and are predefined 

with eight energy thresholds. 

 

 @�M = N OP
Q

PRS
TPM (1.14) 

 

where Hp
j is the personnel dose equivalent at mono-energetic photons, Ej, βi is the 

calibration factor for ith segment and Ni
j is the accumulated counts from ith segment 

after irradiation with photon energy, Ej. The eight βi values were obtained from 

calibration to five filtered (RQA) and four unfiltered (RQR) X-ray radiation qualities 

[106]. Hence, the βi depends on the experiment setup, detector characteristics and 

calibration energies. In photon-spectrum applications one would regard the spectrum as 

a superposition of mono-energetic photons; thus: 
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where Hp
spectrum is the personnel dose equivalent at a spectrum of photons, and ∑ 
MMXYZMRS  

, jmax indicates the highest mono-energetic photons in the spectrum. 

For dosimetry in neutron fields, the charged-particle-counting technique was 

used; this is analogous to the photon-counting technique described in Chapter 5. A 
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converter layer on the surface of the Medipix2 was used to convert the incident 

neutrons to charged particles. This can be a hydrogen-rich converter for fast neutrons, a 

converter enriched with 6Li and 10B for thermal neutrons or a combination. Selection of 

the converter depends on neutron-energy spectra and the physics of neutron interaction 

with matter, as described in Section 1.1.3. The next section will describe in detail the 

converters used in this study. The 100% efficiency of the Medipix2 sensor in detecting 

charged particles makes it the best candidate for neutron dosimetry. 

 

1.4.3 The challenge for neutron dosimetry with a silicon detector 

In a radiation field of mixed gamma-neutron, separation of the components of 

the field in terms of dose is always challenging. In fast-neutron dosimetry, a silicon 

detector is used to detect charged particles that are escaping from the layered converter 

to the depletion layer of the detector at reverse biased p-n junctions. The amounts of 

energy deposited by the charged particles (protons in the case of a polyethylene 

converter) depend on the charged-particle energy and thickness of the depleted layer. In 

most neutron dosimetry applications, the detector is fully depleted. 

There are two options for measuring neutron dose purely by counting the recoil 

protons. In the first option, the incident neutron spectrum can be unfolded by measuring 

the microdosimetric energy spectrum of the recoil protons measured from ∆E-E stages 

silicon detector. The accuracy of this technique depends strongly on estimating the 

average distribution of chord lengths of the charged particles inside the detector [107-

109]. This spectrum is then convolved with coefficients that depend on neutron energy 

to determine a neutron dose for a given neutron fluence. 

In the second option, the neutron dose is simply measured by counting the 

recoil-proton events. However, direct interactions of gammas and neutrons inside 

silicon also produce background counts. The Compton and photoelectric interaction by 

gammas produce continuous spectrum at low-energy channels in a multi-channel 

analyser, which can easily be discriminated from the events of the recoil proton at high-

energy channels. This is not the case at increasing rate of gamma dose, because the 

pile-up effect raises the pulses of the gamma events. The inelastic interaction of fast 

neutrons in the detector produces different types of charged particles. These 

background events are mixed with the events from recoil protons in silicon. This 
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separation of gamma and neutron components in a mixed

below around the 1 MeV threshold in neutron spectra 

 shows the spectrum of deposited energy events in

× 14 mm2 area and 300 µm-thick from energy of

GEANT4. This result is in good agreement with experimental results that 

about 800 keV maximum deposited energy [112]; this indicates

kground counts from high-energy gamma inside a silicon detector.

: A GEANT4 (the Monte Carlo tool is described in Section 
channel analyser in a silicon detector for 60Co

Energy bins 1 keV wide were used. 

e purpose of military emergency-response dosimetry applications, the 

typical radiation field expected is likely to comprise a mixed field of neutrons, with 

= 14 MeV and 15 keV to 662 keV energies gamma

l of radioisotopic sources. Low-energy (< 100 keV) photons

in a mixed-radiation field is 

 [110-112]. 

of deposited energy events in a Medipix 

energy of 60Co radiation 

experimental results that 

this indicates the significant of 

energy gamma inside a silicon detector. 

 

: A GEANT4 (the Monte Carlo tool is described in Section 1. 5) simulated 
Co energy gamma-ray. 

response dosimetry applications, the 

a mixed field of neutrons, with 

= 14 MeV and 15 keV to 662 keV energies gamma-ray components, 

photons have a higher cross-
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section ratio of photoelectric to Compton scattering than the 60Co gamma-rays; thus a 

higher background count is anticipated than the one shown in Figure 1.17. It is again 

emphasised that dosimetry of fast neutrons by counting recoil protons in a single silicon 

detector requires a high-energy threshold to avoid pile-up effects. 

For isolating the response of neutrons in a mixed gamma-neutron field, 

Barelaud et al. [113] used a subtraction method from two passivated ion implanted 

silicon (PIPS) detectors, where one of the PIPS detectors was covered with 1 mm-thick 

polyethylene and the other was left uncovered. The study was performed for H*(10)= 

1.9 mSv under an Am-Be neutron source. Figure 1.18 shows that the ratio of neutron 

response to gamma and background response depends on the thickness of the depleted 

region in the silicon detector. This demonstrates a benefit of having thinner detectors to 

reduce gamma and background counts. However, in this case the number of events 

from the recoil protons that deposit full energy (stopper in depleted region) was 

reduced, which put a limit on unfolding the spectra of high-energy neutrons. 

 

 

 

 

 

Figure 1.18: The ratio of neutron responses to gammas and background responses 
inside the depleted region of varying thicknesses [113]. 
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Additionally, an even higher threshold value is required to discriminate charged 

particles produced by elastic and inelastic neutron interactions directly with the silicon 

nuclei. Elastically scattered silicon atoms produced continuous spectra with a 

maximum energy 0.133En: 

 

 
� = 4�6
�6  ��� 
<��.�= (1.17) 

 

where En is the incident energy of the neutron, Es is the kinetic energy of the scattered 

silicon atom, m is the neutron rest mass, M is the silicon-atom rest mass and θ is the 

scattered angle of the silicon atom. In the case of the spectra of fission neutrons, most 

relevant to military and accidental neutron dosimetry, this background demands a 

threshold energy of about 1.8 MeV, and is mostly independent of the thickness of the 

detector due to the short range of the recoil silicon atoms. Figure 1.5 shows the elastic 

and non-nelastic cross-sections of neutron interaction in silicon. The inelastic 

interaction starts to produce heavy charged particles at around 4 MeV to 20 MeV from 
28Si(n,charged particles) interaction, as shown in Figure 1.7. In contrast, the elastic 

interaction remains significant up to 15 MeV, which is the maximum neutron energy 

considered in this study. Thus, a very high-energy threshold is further required for 

incident neutrons above 4 MeV, as both neutron interactions produce high-energy 

charged particles. 

Figure 1.19 and Figure 1.20 show a GEANT4 Monte Carlo simulated spectrum 

of elastic and non-nelastic events from 14.5 MeV parallel neutron beam incident 

normal to a silicon slab with thicknesses of 10 µm (Figure 1.19) and 100 µm (Figure 

1.20). The maximum energy gained by secondary particles depends on neutron energy, 

regardless of the thickness of the silicon slab. Contribution from the elastically recoiled 

silicon atoms is most essential, followed by contribution from inelastic reactions, which 

produce atom isotopes, alpha particles and protons. Contribution of alpha particles is 

less pronounced for the 10 µm slab, but increase for the 100 µm slab for deposited 

energies above 5 MeV. The important conclusion from these simulations is that the 

parasitic events from both gamma and neutron direct interactions with silicon can be 

achieved by reducing the thickness of the depletion layer of the silicon detector. 

Furthermore, the threshold energy must be equal to the maximum energy deposited by 
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Figure 1.19: The recoil 
thick silicon irradiated by 14.5 MeV neutron
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ticles, which for 10 and 100 µm-thick silicon are about 

a similar analysis using 10 µm-thick silicon was presented in 

: The recoil silicon and selected secondary particle 
irradiated by 14.5 MeV neutrons. 

thick silicon are about 10 MeV and 20 

thick silicon was presented in [114].   

 

 counts inside 10 µm-



 

 

 

 

Figure 1.20: The recoil 
thick silicon irradiated by 14.5 MeV neutron
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: The recoil silicon and selected secondary particle count
irradiated by 14.5 MeV neutrons. 

the problems mentioned above, the response of a silicon detector 

polyethylene converter in count mode should be independent 

ambient dose equivalent. It demands that 

) should be proportional to the fluence-to-dose conversion coefficient 

 as shown in Figure 1.21 [115]. The recommend

detector is 20% at dose detection increment steps of

 

counts inside 100 µm-

the response of a silicon detector 

independent of neutron energy 

that a detector response 

dose conversion coefficient 

he recommended precision for an 

of 10 µSv [116]. 



 

 

 

Figure 1.21: The equivalent 
Table A.42 ICRP Report 74
 

 

 

1.4.4 Proposed approach to neutron dosimetry 

Previously, Eisen 

uniform polyethylene 

equivalent. Their results showed

unable to produce an

Figure 1.22a, c, and e

an energy range of 1 to 15 MeV was achieved by 

polyethylene converter 

contribution of counts associated with direct interaction of 

0.7 MeV in silicon was not 

single silicon detector 

nor lower the threshold energy. This is due to 

interaction of gamma and neutron silicon.
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: The equivalent ambient dose conversion coefficient 
ICRP Report 74 for mono-energetic neutrons. 

approach to neutron dosimetry with a pixelated 

Previously, Eisen et al. [117] analytically analysed a single silicon detector with 

polyethylene converter in a count mode for measuring neutron

Their results showed that a uniform thickness of polyethylene 

unable to produce an energy-independent response for a neutron dosimeter

a, c, and e. Improvement of the response variation by

an energy range of 1 to 15 MeV was achieved by placing dual

converter onto a silicon detector as shown in 

contribution of counts associated with direct interaction of neutrons with energy 

silicon was not considered. Although the energy response 

detector could neither further reduce the variation in the 

lower the threshold energy. This is due to the unsolved problem 

gamma and neutron silicon. 

 

conversion coefficient reproduced from the 

pixelated silicon detector 

a single silicon detector with a 

ount mode for measuring neutron-dose 

polyethylene converter is 

dosimeter, as shown in 

by a factor of two over 

dual-thickness layers of 

as shown in Figure 1.22d. The 

neutrons with energy below 

the energy response improved, the 

further reduce the variation in the energy response 

problem of the direct 
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Figure 1.22: The calculations from Eisen et al. [117] show the response of the detectors 
under a combination of PE thicknesses: (a) 1 mm, (b) 0.1 mm (89%) + 1mm (11%), (c) 
0.1 mm, (d) 0.01 mm (94%) + 1 mm (6% ) and (e) 0.01 mm. 
 

 

 

To address the limitation of the single-readout detector, we proposed using a 

pixelated silicon detector coupled with multi-thicknesses of structured polyethylene 

converter on top of the detector. This approach is equivalent to multiple single silicon 

detectors with different thicknesses of uniform polyethylene converters, which leads to 

flexibility in refining the energy response of the dosimeter and in subtracting parasitic 

background counts. Further chapters will describe the design and optimisation of a fast-

neutron pixelated detector based on the Medipix2 with an active area of 14 x 14 mm2, 

which allows a high detection efficiency, as required for radiation protection related to 

neutron dosimetry applications. 
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1. 5 The GEANT4 Monte Carlo simulation 

GEANT4 is a free software package composed of tools that can be used to 

accurately simulate the passage of particles through matter [118]. The two major 

publications that summarise its development are published by Agostinelli et al.[119] 

and Allison et al.[120]. GEANT4, developed by the European Organization for Nuclear 

Research (CERN), was initially intended for use in high-energy (~ GeV) physics 

experiments such as the CERN Large Hadron Collider (LHC), the Main Injector 

Neutrino Oscillation Search (MINOS) at Fermilab and the BaBar experiment at SLAC. 

The first version of GEANT was written in the FORTRAN programming language. 

Current GEANT4 development is through international collaboration [121]. GEANT4 

has become established as a reliable simulation tool in space-radiation physics, medical 

-radiation physics and examinations of nuclear and accelerator radiation sources [122]. 

There are other Monte Carlo simulations for charged-particle tracking, such as 

PENetration and Energy LOss of Positron and Electron (Penelope), Electron Gamma 

Shower (EGSnrc) and Monte Carlo N-Particle (MCNP), which are all written in 

FORTRAN. In contrast, the open-source GEANT4 is written in C++, which has an 

object-oriented design structure. GEANT4 uses the Class Library for High Energy 

Physics (CLHEP) for its C++ utility libraries, which control the random-number 

generators, physics vectors, geometry, and linear algebra [123]. 

Because a large number of events (>108) must be simulated to get good statistical 

results, these GEANT4 simulations were executed on a multi-core of 2.4 GHz Intel 

Core 2 Quad PCs from hours to weeks. This means the workloads were distributed in a 

cluster of OpenSuse 10.3 Linux computers. The workloads distributed from the same 

simulation required the use of a random-number generator to initiate the run , which in 

this study was CLHEP RanecuEngine. This random-number generator has been 

reviewed in reference [124]. On each iteration of the same simulation, the random-

number generator was seeded with a different number. A seeded random number was 

used for two reasons: first, an intense computational simulation can be run with smaller 

events in multiple computer cores, which reduces the simulation time; second, 

GEANT4 can only support up to 231 events, or about 2.15 x 109. Thus, a simulation that 

needs events > 2.15 x 109 to achieve better statistics can run while multiplying with 

different random-number seeds. GEANT4 versions 9.1 and 9.2 were used in this study. 
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GEANT4 defines the secondary particle production energy threshold as a range 

cut for high-precision spatial energy deposition. This range cut is valid for secondary 

electron, positron and gamma production. As for photons, an approximate absorption 

cross-section of photons in a material is defined as, σabs. This σabs is the sum of the 

cross-section from pair-production, Compton scattering and the photoelectric effect, as 

these interactions change the photon energy. Then, an absorption length is defined as 

Labs = 5/σabs. This Labs is used as an approximation when converting the range cut into 

energy for dose deposition of photons in a material. 

The GEANT4 charged-particle physics processes are defined under the physics 

list. The two main physics processes are electromagnetic and hadronic. The physics list 

for the electromagnetic process has two specialised models: the standard 

electromagnetic and low-energy electromagnetic processes. The hadronic process has 

two major physics process models: the parameterised and string models. In this study, 

GEANT4 low-energy electromagnetic process was used for the work in Chapter 2, 

Chapter 3, and Chapter 4, and hadronic string modelling was used for the work in 

Chapter 5, and Chapter 6. 

 

 

1.5.1 Low-energy electromagnetic processes 

The low-energy electromagnetic process considered the importance of the 

atomic shell structure at low energy by applying shell cross-section data. These data 

sets were obtained from the Evaluated Photon Data Library (EPDL97) [125], the 

Evaluated Electron Data Library (EEDL) [126] and the Evaluated Atomic Data Library 

(EADL) [127], while the stopping-power data sets were from reference [128-131] and 

Scofield binding energy data [132]. The data sets were used to calculate the total cross-

section and to generate the final state for particles with energy from 250 eV to 100 GeV 

(covering elements with atomic numbers from 1 to 99). 

Table 1-1 gives the list of physics processes included in the low-energy 

electromagnetic process. 
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Table 1-1: Physics processes under the low-energy electromagnetic physics list 
Photons Electrons Hadrons and ions 

Compton scattering 

G4LowEnergyCompton 

Bremsstrahlung 

G4LowEnergyBremsstrahlung 

Ionisation and delta-ray 

production 

G4hLowEnergyIonisation 

Polarized Compton scattering 

G4LowEnergyPolarizedCompton 

Ionisation and delta-ray 

production 

G4LowEnergyIonisation 

 

Rayleigh scattering 

G4LowEnergyRayleigh 

  

Pair-production 

G4LowEnergyGammaConversion 

  

Photoelectric effect 

G4LowEnergyPhotoElectric 

  

 

 

 

1.5.2 String-model processes 

The string model used in this study was G4QGSP_BIC_HP, which stands for 

Quark-Gluon String Physics, Binary Cascade and High Precision Neutron model. This 

model used the string model for hadrons with energy 5 to 25 GeV, and the binary 

cascade model for primary protons and neutrons with energy < 10 GeV. 

The G4QGSP_BIC_HP cross-section for neutrons with energy <20 MeV is 

based on high-precision experimental data from the G4NDL3.13 data package that 

comes with the GEANT4 installation packages. The low-energy neutron interactions (< 

20 MeV) considered in the GEANT4 were elastic scattering, non-elastic scattering, 

inelastic scattering, radiative capture and fission. These interactions were treated as 

independent models. The evaluated neutron data libraries that come with the GEANT4 

installation packages are shown in Table 1-2. 
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Table 1-2: The evaluated neutron data libraries 
Evaluated library Description Reference 

Fusion Evaluated Nuclear Data Library, 

FENDL/E2.0 

This library is maintained by IAEA. [133] 

Evaluated Nuclear Data File, 

ENDF/B-VI 

This library is maintained by the 

National Nuclear Data Center, 

Brookhaven National Laboratory, 

USA. 

[134] 

Japanese Evaluated Nuclear Data Library, 

JENDL – 3.2 

This library is maintained by the 

Nuclear Data Center, Japan Atomic 

Energy Agency (JAEA). 

[135] 

Russian Evaluated Neutron Data Library, 

BROND – 2.1 

This library is maintained by the 

Russian Nuclear Data Centre (CJD) of 

the A.I. Leipunski Institute of Physics 

and Power Engineering (IPPE). 

[136] 

Joint Evaluated Fission and Fusion, 

JEF – 2.2 and EFF – 3 

This library is maintained by the 

OECD Nuclear Energy Agency (NEA). 

[137] 

Chinese Evaluated Neutron Data Library, 

CENDL – 2.2 

This library is maintained by the 

Chinese Nuclear Data Center, Institute 

of Atomic Energy 

[138] 

Medium Energy Nuclear Data Library, 

MENDL – 2 

This is the report produced by the 

Nuclear Data Services, IAEA. 

[139] 

 

 

The photon and electron physics processes in the G4QGSP_BIC_HP used the 

standard electromagnetic process physics list. The major sources for the physics 

process and the structure of GEANT4 package tools can be found in references [122], 

[140] and [141] and the documentation provided with the GEANT4 extended C++ 

libraries package. 

 

1. 6 GEANT4 Monte Carlo simulation for design and optimisation of 

semiconductor gamma and neutron personnel dosimeters: Outline 

Until now this study has discussed an approach to designing a gamma-neutron 

personal dosimeter with a MOSFET detector for gamma dosimetry and a silicon 

detector with polyethylene converter for neuron dosimetry. An approach to the 
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problems related to MOSFET dosimeter and silicon detectors coupled with 

polyethylene converters with technical specifications suitable for personal ambient 

dosimetry were proposed in Sections 1.3.4 and 1.3.5 for a gamma detector and Sections 

1.4.3 and 1.4.4 for a neutron detector.  

The following chapters relate to the extensive GEANT4 Monte Carlo modelling 

of gamma and neutron detectors based on the solutions proposed. Chapter 2 discusses 

GEANT4 modelling of the energy response of the conventional MOSFET for mono-

energetic gamma fields in a free-air geometry. This chapter introduces possible 

optimisations to improve the MOSFET energy response with filters on top of the 

aluminium gate of the MOSFET. Chapter 3 describes further optimisation of the 

conventional MOSFET packaging to obtain an energy response in free air that matches 

the MOSFET response on a water phantom surface. The multi-layer filter concept 

gained from the simulations described in Chapter 2 is used to improve the MOSFET 

response to mono-energetic gamma for energy < 100 keV. Chapter 4 further extends 

the simulation for optimising MOSFET packaging in Chapter 3, in the case of a dual-

MOSFET chip. This new approach improves the energy response of the MOSFET-

based personnel dosimeter by using a combination of responses of filtered and 

unfiltered MOSFETs. 

Chapter 5 discusses a new approach to fast-neutron personnel dosimetry using a 

pixelated silicon detector with a structured polyethylene converter solution. The 

neutron-detector design is optimised to replicate response correspondence with the 

neutron fluence-to-dose equivalent conversion factor. Optimising the structured 

converter to produce such an energy response was achieved using GEANT4 

simulations. The chapter also describes the algorithm proposed to lead to independence 

of energy response of the neutron-dose equivalent in a broad range of fast-neutron 

energy. 

Chapter 6 deals with the experimental validation of the optimised neutron 

dosimeter reported in Chapter 5. 

The studies on development of gamma-neutron personnel dosimeter are 

concluded in Chapter 7, including remarks on future work with the MOSFET and 

Medipix2 detectors. 
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CHAPTER 2  

CONVENTIONAL MOSFET ENERGY-RESPONSE SIMULATIONS 

2. 1 Introduction 

The conventional MOSFET dosimeter is usually covered by about a 1 mm-thick 

epoxy bubble. This chapter examines the energy response of a conventional MOSFET 

detector to photons in free-air geometry. A MOSFET with a layer of silicon oxide 

(sensitive volume) of 180 x 270 x 1 µm3 on top of a 1000 x 1000 x 500 µm3 layer of 

silicon substrate was modelled. The energy response of the MOSFET with a 

combination of different packaging setups was studied. In every case the energy 

response of the MOSFET with filter was studied in free-air geometry, with the aim of 

developing a personnel accidental dosimeter with a dose response in free-air geometry 

matching the absorbed dose in a standard phantom for operational quantities (described 

in Section 1. 2). 

 

2. 2 Simulation methods 

Conventional MOSFET packaging was first modelled with a simple geometry as 

described in Section 2. 1, with an additional 180 x 270 x 1 µm3 aluminium gate contact 

layer above the silicon oxide, a semi-spherical 1 mm-radius epoxy bubble covering the 

entire substrate, and Kapton carrier, 228 µm-thick by 2.5 x 2.5 mm2 cross-sectional 

area (Figure 2.1). This was a symmetrical geometry. The compositions of all the 

materials were taken from reference [142], while the definitions of their elements were 

taken from reference [143]. The material composition for the epoxy bubble was taken 

from reference [144]. 

 

 

 



 

 

 

Figure 2.1: The conventional MOSFET geometry 
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he conventional MOSFET geometry under GEANT
boxes are the silicon substrate and Kapton carrier, respectively. On top 
substrate are layers of SiO2 sensitive volume 

and magenta boxes, respectively. An epoxy bubble 
the entire silicon substrate. Shown above are 

incident perpendicular to the Kapton plane, coming from the left. 

EANT4 simulations, the electron-range cut-off 

different regions of the MOSFET detector. The smallest 0.1 µm electron range cut

was defined inside the sensitive volume and increased outside the 

proportionally to the distance from it. These techniques help reduce

time. GEANT4 version 9.1 was used for this simulation. 

 

under GEANT4 simulation. The red 
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 was different for the 
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The numbers of simulated events were from 1 x 108 to 6 x 109 to get > 95% 

statistical confidence level of two standard deviations (2σ). The simulations were done 

in free air approximated by a vacuum. Primary mono-energetic photon energies from 

10 keV to 2 MeV were considered. The physics list used, low-energy electromagnetic 

interactions, included the Bremsstrahlung effect, Rayleigh scattering, Compton 

scattering, photoelectric absorption, pair-production and positron annihilation. 

 

2.2.1 Energy response of the MOSFET with and without an epoxy bubble 

In this model, the epoxy-bubble material was first defined as air. The parallel 

beam of photons was incident on the MOSFET, as shown in Figure 2.1. The deposited 

dose was scored in the sensitive volume, the aluminium gate and 1 µm-thick layer of 

silicon substrate immediately below the sensitive volume. This silicon substrate scoring 

volume has the same cross-section as the sensitive volume.  

Second, the MOSFET energy responses with different materials of semi-spherical 

bubble were studied. The materials used were epoxy, water and Kapton. The chosen 

materials used the same 1 mm-radius of the bubble on top of the MOSFET, while an 

additional 0.9 mm-radius of the bubble was used for the epoxy bubble. Absorbed doses 

were scored in the sensitive volume of the MOSFET on all the packages for mono-

energetic photons from 10 keV to 2 MeV. 

 

2.2.2 Effects of the photon angle of incidence 

The MOSFET with a 1 mm epoxy bubble, as above, was used for the 

simulation. The energy responses of the MOSFET at photon incident angles θ of 45o, 

90o, 135o and 180o (photon incidence from the Kapton plane) were simulated using the 

GEANT4 code (Figure 2.2). All the doses were scored in the sensitive volume of the 

MOSFET for mono-energetic photons from 10 keV to 2 MeV. The angular responses 

of the MOSFET from 0o to 180o in steps of 15o were simulated for mono-energetic 

photons with 70 keV, 200 keV and 1.25 MeV energy. 

 

 

 



 

 

 

Figure 2.2
 

 

 

2.2.3 The particle and dose 

To understand the nature of 

additional simulations were performed to track the origin of 

dose in the sensitive volume

the electron, and provide

energy deposition by each electron.

The total dose 

also scored according to their 

physics processes through

for their parent ID, dose deposition

class recorded the sequence of each event

0, 1 and 2 were assigned to primary phot

respectively), and the region

a sensitive volume. 

each region and recorded 

sensitive volume. 
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2: The incidence angle of the photon θ, on the MOSFET.

particle and dose origin regions 

o understand the nature of electron scattering within MOSFET packaging, 

additional simulations were performed to track the origin of the electrons

sensitive volume. GEANT4 provided tools such as the

provide the user with all information to track down event

energy deposition by each electron. 

The total dose deposited by secondary electrons for 2 x 10

according to their region of origin. Information about 

through each step of the G4UserSteppingAction

for their parent ID, dose deposition and current region. Then the

class recorded the sequence of each event, such as the level of secondary

assigned to primary photon, secondary electron/positron

the region of origin for secondary particles that deposit 

 The G4UserRunAction class tallied the number of electrons for 

gion and recorded the contribution of each secondary electron

on the MOSFET. 

scattering within MOSFET packaging, 

electrons that deposit a 

the G4Step class to track 

to track down event-by-event 

secondary electrons for 2 x 109 photon events was 

t the secondary particle 

G4UserSteppingAction class was extracted 

the G4UserEventAction 

secondary particles (e.g, 

on, secondary electron/positron and delta ray 

that deposit their dose in 

number of electrons for 

electron to the dose of the 



 

2.2.4 The MOSFET response 

The filtrations applied on the gate of the MOSFET are 

three combinations of 

copper, aluminium and graphite, and 

graphite. The simulations were done with 

MeV. The absorbed dose

 

 

Figure 2.3: Three filter
irradiation beam is perpendicular 
 

 

2. 3 Results and discussion

2.3.1 Energy response of the 

Figure 2.4 shows 

aluminium gate of the MOSFET and 

below the sensitive volume

dose, while the difference in 

deposited in the aluminium 

the layer of silicon substrate 
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The MOSFET response covered by filters 

filtrations applied on the gate of the MOSFET are shown in

combinations of filters consist of (1) a single layer of copper, 

copper, aluminium and graphite, and (3) a combination of lead, aluminium and 

The simulations were done with mono-energetic photon

he absorbed dose was scored in the sensitive volume of the MOSFET.

: Three filters placed on the gate of the MOSFET. The
perpendicular to the filters. 

and discussion 

Energy response of the MOSFET with and without an epoxy bubble

shows the absorbed doses deposited inside the 

he MOSFET and in the 1 µm-thick layer of 

sensitive volume. The results clearly demonstrate the build

difference in the doses deposited in different layers is small

aluminium gate was always the lowest, whereas

substrate was always the highest. 

shown in Figure 2.3. The 

single layer of copper, (2) a combination of 

combination of lead, aluminium and 

photons from 15 keV to 2 

of the MOSFET. 

 

the gate of the MOSFET. The incident of the 

epoxy bubble 

the sensitive volume in an 

layer of substrate immediately 

build-up effects of the 

in different layers is small. The dose 

whereas the dose deposited in 



 

 

Figure 2.4: The MOSFET 
measured in the sensitive volume (SV)
substrate. 
 

 

The epoxy, water and 

equivalent effect under photon irradiation

epoxy bubble was closer to water at energy >

energy responses, the epoxy bubble and 

discrepancies with the response of the 

(24.6%), respectively

materials for energies from 

response of the MOS

there was not enough material

spherical bubble with 1 mm radius 

energy up to 400 keV
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: The MOSFET energy response without an epoxy bubble. The doses were 
sensitive volume (SV), the aluminium gate and the

The epoxy, water and Kapton materials of the semi-spherical bubble 

equivalent effect under photon irradiation (Figure 2.5). The energy response of the 

closer to water at energy > 400 keV than to 

, the epoxy bubble and Kapton bubble 

the response of the water bubble, at 60 keV (17.5%

, respectively. The response of the water bubble was 

for energies from 20 keV to 90 keV. Without the semi

MOSFET at energy > 100 keV would show a decreasing 

there was not enough material for dose build-up (Figure 2.4)

bubble with 1 mm radius provided a sufficient build

keV, and drove a greater energy response 

 

epoxy bubble. The doses were 
the 1 µm-thick layer of 

spherical bubble have an 

energy response of the 

to Kapton. With all the 

bubble showed the highest 

17.5%) and 1.25 MeV 

 higher than the other 

Without the semi-spherical bubble, the 

decreasing trend, because 

). The use of a semi-

sufficient build-up for photons with 

energy response than did to the bare 



 

MOSFET. An additional

same energy response 

keV, when it exhibited

 

 

Figure 2.5: The MOSFET energy response
of epoxy, water and 
shown. 
 

 

2.3.2 Effects of photon 

MOSFET energy 

free-air geometry. Figure 

angles of incidence 

spherical epoxy bubble 

photons with less than 30% 
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dditional simulation with a 0.9 mm-radius epoxy 

energy response as a 1 mm-radius, except where the photons energies

ed a lower response. 

MOSFET energy responses covered with a semi-
and Kapton. The result with a 0.9 mm-radius epoxy bubble

photon angle of incidence 

MOSFET energy responses are influenced by the packaging under 

Figure 2.6 shows that the MOSFET response change

 went from 0o to 45o, 90o, 135o and 180o. 

epoxy bubble can provide an identical energy response to normally incident 

photons with less than 30% discrepancy (occurring at 40 keV) 

radius epoxy bubble showed the 

photons energies were > 400 

 

-spherical bubble made 
radius epoxy bubble is also 

packaging under irradiation in 

changed as the photon 

 The MOSFET semi-

identical energy response to normally incident 

 for the whole energy 



 

range of photon incidence angles

than 45o on the MOSFET cause 

the photons, with a discrepancy

 

 

Figure 2.6: The MOSFET energy response
 

 

At photon energies

photoelectric absorption in 

the length of the attenuation path 

substrate, which explained the

180o. The energy deposited 

electrons due to the Compton

their range was short enough.

ranges of secondary electrons with energy < 20 keV in 
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incidence angles under 45o. Photon-beam incident

on the MOSFET cause an over- or under-response, depending on the

discrepancy of more than 30%. 

: The MOSFET energy responses under angled-incident photon beam

photon energies < 25 keV, the angular response was determined by 

photoelectric absorption in the packaging layers of the MOSFET. For 

attenuation path was maximal, and mostly driven by

which explained the reduced response of the MOSFET 

The energy deposited into the sensitive volume of the MOSFET 

the Compton-effect was minimal for this range of 

short enough. The continuous slowing down approximation (CSDA) 

ranges of secondary electrons with energy < 20 keV in an epoxy bubble and silicon 

beam incidents at angles larger 

depending on the energy of 

 

incident photon beams. 

determined by a strong 

packaging layers of the MOSFET. For an angle of 135o, 

and mostly driven by the silicon 

reduced response of the MOSFET at angles of 135o and 

of the MOSFET by scattered 

range of photon energy, while 

The continuous slowing down approximation (CSDA) 

epoxy bubble and silicon 
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substrate were less than 8 µm and 5 µm, respectively, which are notably short. At a 

higher energy range of photons – from 25 to 100 keV – the response of angled 

incidents was generally higher than at 0o. This can be explained by the increase of the 

Compton-effect contribution and the CSDA range of secondary electrons, which 

resulted in a larger deposited energy in the sensitive volume at bigger incidence angles. 

With an energy range of 150 to 500 keV, the response from the angled incidences 

decreased compared to normal photon incidence. This behaviour can be explained by 

the role of backscattered electrons in increasing energy from the photons. 

Backscattered electrons from the silicon substrate (at 0o incidence) clearly contributed 

more than those from the epoxy bubble (at 135o and 180o incidence) due to a silicon’s 

higher atomic number. 

A further increase in the energy of photons above 662 keV leads to the inverse 

effect. The increase in the response for larger angles of incidence is similar to the 

region 25 to 100 keV. This is related to dose enhancement due to scattered secondary 

electrons, which is stronger for these energies than the electron backscattering effect 

that leads to the energy responses in Figure 2.6. 

These results agree with the findings of Wang et al. [60], who modelled the 

response of the commercial MOSFET with an epoxy bubble used for radiotherapy 

dosimetry. Even though their simulations were under CPE conditions, they did not use 

any build-up material in their simulation of MOSFET response for energies below 200 

keV. Their results for photon incident normally on the epoxy side (0o) and the Kapton 

side (180o) showed the same energy response for energy up to 200 keV (Figure 2.6). 

Figure 2.7 shows the angular responses of the MOSFET at three mono-energetic 

photons of 70 keV, 200 keV, and 1.25 MeV. All the responses were normalised to a 0o 

incident angle. The responses for 70 keV and 1.25 MeV increased with an increase in 

the incident angle of the beam, whereas at 200 keV the response decreased at incident 

angles > 45o. The results in Figure 2.7 concur with the results in Figure 2.6. 

Additionally, at incident angles below 45o the discrepancies are < 30%, as mentioned 

above. The results also agree with Wang et al. [60], except for 1.25 MeV (Wang’s 

result was plotted inversely) as they used build-up material for their simulations. 

 

 

 



 

 

 

Figure 2.7: Angular responses of 
incidence. 
 

 

2.3.3 The particle and dose origin region

The origin of particles that deposit their energy in the MOSFET 

volume depends on two 

absorption and Compton scattering. Hence the discussion in this section wi

those interactions consider

to the MOSFET with an epoxy bubble.

As shown in 

interaction and the secondary Comp

at 15 keV), the most 
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ngular responses of MOSFET for three photon energies

article and dose origin regions 

The origin of particles that deposit their energy in the MOSFET 

depends on two of the most important interactions of photon

absorption and Compton scattering. Hence the discussion in this section wi

considering the normal incidence (at 0o incidence angle) of photons 

to the MOSFET with an epoxy bubble. 

n in Figure 2.8, where the photoelectric absorption 

interaction and the secondary Compton electrons are short-range 

most significant quantity of secondary electrons 

 

MOSFET for three photon energies normalised to 0o 

The origin of particles that deposit their energy in the MOSFET sensitive 

photons: photoelectric 

absorption and Compton scattering. Hence the discussion in this section will be around 

incidence angle) of photons 

photoelectric absorption is a dominant 

 (about 3 µm in silicon 

of secondary electrons originates from the 



 

sensitive volume for energies of photon from 15 to 

of the secondary electrons 

keV. 

 

 

Figure 2.8: The partial contributions to a total number of secondary electrons 
depositing doses in the 
(SV), silicon substrate, Kapton carrier

 

 

When the energy

the MOSFET sensitive volume

considered in this stu

substrate and Kapton

number of secondary 

increases with photon energy. As the 

more transparent because it is very thin, and

MeV, the number of 

close to 0%. This finding

that the response of the MOSFET is driven by surrounding materials.
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or energies of photon from 15 to 50 keV. Likewise, m

of the secondary electrons originates in the SiO2 layer for low-energy

: The partial contributions to a total number of secondary electrons 
in the sensitive volume that originated from the 

licon substrate, Kapton carrier and epoxy bubble plus the aluminium gate.

When the energy of the photons increases, more secondary electrons arrive 

sensitive volume and deposit their energy. For the whole energy range 

considered in this study, the contribution of backscatter electron

Kapton layers is < 50% of the total number of secondary electrons

secondary electrons originating from the epoxy bubble and 

increases with photon energy. As the photon energy increases, the SiO

because it is very thin, and eventually, as the photon

number of secondary electrons originating from the SiO

inding is supported by the Bragg-Gray cavity theory

response of the MOSFET is driven by surrounding materials.

Likewise, more than 50% 

energy photons up to 30 

 

: The partial contributions to a total number of secondary electrons 
that originated from the sensitive volume 

and epoxy bubble plus the aluminium gate. 

secondary electrons arrive at 

and deposit their energy. For the whole energy range 

electrons from the silicon 

of secondary electrons. The 

iginating from the epoxy bubble and aluminium gate 

energy increases, the SiO2 layer becomes 

, as the photon energy reaches 2 

ectrons originating from the SiO2 layer decreases to 

Gray cavity theory, which confirms 

response of the MOSFET is driven by surrounding materials. 



 

The partial contributions of different

deposited in the sensitive volume

the Figure 2.8 except for 

most of the secondary electron

high energy, while their LET is decreasing 

that their partial contribution to the dose in 

photon energies > 400 keV

 

 

Figure 2.9: The partial contribution 
the secondary electron
substrate, Kapton carrier and epoxy bubble plus 
 

 

It is important to mention that

simulation shows that

scattering dominates

MOSFET sensitive volume

due to multiple scatterings (three

long range. Thus, the directi

direction of the primary beam. In the 
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contributions of different origins of secondary electrons to the dose 

sensitive volume are presented in Figure 2.9; they

except for the silicon substrate. For incident photon 

of the secondary electrons originating from the epoxy bubble 

their LET is decreasing as the energy is increas

that their partial contribution to the dose in the sensitive volume

energies > 400 keV, even though their number is increasing

partial contribution to a total dose deposited in sensitive volume
the secondary electrons that originated from the sensitive volume (

carrier and epoxy bubble plus the aluminium gate.

It is important to mention that tracking the secondary electrons in Monte Carlo 

that at intermediate and high photon energies where Compton 

tes, the proportion of secondary electrons that deposit 

sensitive volume are not from primary secondary electrons

due to multiple scatterings (three or more) in the material or from delta

. Thus, the direction of secondary electrons does not 

direction of the primary beam. In the silicon substrate, the delta

origins of secondary electrons to the dose 

they match the result in 

photon energies > 400 keV, 

the epoxy bubble (Figure 2.8) have 

ncreasing. This is reflecting 

sensitive volume is decreasing for 

their number is increasing. 

 

sensitive volume from 
sensitive volume (SV), silicon 

gate. 

tracking the secondary electrons in Monte Carlo 

energies where Compton 

electrons that deposit a dose in the 

electrons. These events are 

from delta electrons with 

 necessarily reflect the 

delta electrons may be 
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produced from knocked-out ionisation from the other high-energy secondary electrons 

which are then scattered backwards to the SiO2 layer even with normal incidence of 

photon beams. This complicates the LET distribution of the secondary electrons that 

originated from the silicon substrate. As a result, the partial numbers of secondary 

electrons (Figure 2.8) from the silicon substrate for photon energies of 50 to 100 keV 

only match loosely with the partial contribution to the deposited dose in the sensitive 

volume (Figure 2.9), compared to the SiO2 layer and epoxy bubble plus aluminium 

gate. The Kapton layer maintains the lowest number of secondary electrons and its 

contribution to the dose deposited in the MOSFET sensitive volume is due to its 

relatively large distance from the SiO2 layer. 

These results agree with the finding of Wang et al. [60], showing a trend of an 

increasing number toward secondary electrons originating from the epoxy bubble as the 

photon energy increases. Our results also show an increase in the transparency of the 

SiO2 layer to the photons with increases in energy, again matching the Bragg-Gray 

theory. 

 

2.3.4 MOSFET responses under filtration 

The energy response of the MOSFET covered with a combination of filters on 

top of the gate was simulated. Figure 2.10 shows the energy responses under a 

combination of a single copper filter or multi-layered filter. The application of a single 

layer of 30 µm-thick copper attenuates the photons at energy < 20 keV in comparison 

with an unfiltered response (covered with epoxy bubble only). At energies from 20 keV 

to about 200 keV the response is higher than an unfiltered MOSFET, with a pronounce 

peak at 30 keV. This is due to increase in the energy of the secondary electrons 

produced from the photoelectric effect, and in the partial contribution of Compton 

scattering from the filter compared to the photoelectric effect alone. 

The results in Figure 2.10 show that a combination of filters (from top to bottom 

as shown in Figure 2.3) of copper, aluminium and graphite with thicknesses of 30 µm, 

30 µm and 50 µm, respectively, provide a lower response of the MOSFET at energies < 

40 keV compared to an unfiltered MOSFET. This combination of filters with lower-

atomic-number material such as aluminium and graphite also helps stop the secondary 

electrons that originated from the copper layer from reaching the sensitive volume for 



 

photon energy below

unfiltered MOSFET 

a combination of filter

µm and 200 µm, respectively

30 µm-thick aluminium

effectively than the copper

MOSFET match the 

photons. For photons at 

relatively larger than the thicknesses of the lower

creates a build-up effect 

response than an unfiltered epoxy

 

 

Figure 2.10: The energy response of the 
of the aluminium gate
with an epoxy bubble.
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below 100 keV. An even lower energy response in comparison with 

unfiltered MOSFET for photon with an energy range below 50 keV 

combination of filters of copper, aluminium and graphite, with thickness of 40 µm, 

, respectively. The use of thicker low-atomic-number material

aluminium and 200 µm-thick graphite, stops the secondary electron

copper layer at even higher photon energies. This make

match the energy response of an unfiltered MOSFET 

For photons at higher energy > 662 keV, the range of secondary electron

an the thicknesses of the lower-atomic-number materials

up effect from the filtered MOSFET; this, in turn

unfiltered epoxy-bubble MOSFET. 

energy response of the MOSFET with a combination
gate compared to the response of an unfiltered 

epoxy bubble. 

in comparison with an 

50 keV was achieved with 

with thickness of 40 µm, 30 

number material, such as 

secondary electrons more 

. This makes the filtered 

unfiltered MOSFET for higher-energy 

662 keV, the range of secondary electrons is 

number materials used, which 

in turn, leads to a higher 

 

with a combination of filters on top 
unfiltered MOSFET covered 



 

The results 

aluminium and graphite

in Figure 2.11. Generally, the 

decreases in proportion to

application of low-atomic

the lead up to energ

layer of lead and thicker layers of low

range from 70 to 662 keV 

keV), the same effect was 

filtered MOSFET were 

 

 

Figure 2.11: The energy responses of the 
of the aluminium gate. The MOSFET with 
without a filter is shown for comparison.
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The results for MOSFET energy responses under a 

aluminium and graphite filters (from top to bottom as shown in 

Generally, the response of the MOSFET at photon 

proportion to the thickness of lead relative to the unfiltered MOSFET

atomic-number materials helps stop the secondary electron

energy of 70 keV. The over-response of the MOSFET for the thinner 

thicker layers of low-atomic-number material

662 keV was reduced accordingly. At a higher photon energy 

, the same effect was observed (Figure 2.11), and where 

were generally larger than the unfiltered MOSFET

energy responses of the MOSFET for a combination of filters on top 
gate. The MOSFET with the energy response of the 

is shown for comparison. 

a combination of lead, 

 Figure 2.3) are shown 

photon energy < 40 keV 

unfiltered MOSFET. The 

stop the secondary electrons from 

of the MOSFET for the thinner 

number materials for a photon-energy 

higher photon energy (> 662 

where the response of the 

generally larger than the unfiltered MOSFET (Figure 2.10). 

 

combination of filters on top 
the energy response of the epoxy bubble 
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2. 4 Conclusion 

This chapter discussed the simulation study of the energy response for 

conventional MOSFET in free-air geometry approximated by a vacuum. The energy 

responses of the MOSFET depended strongly on how it was packaged, including the 

use of different filters and an epoxy bubble.  

It was demonstrated that a combination of different filters increased the 

possibility of engineering the energy response of the MOSFET. The use of high-

atomic-number filtering helped reduce the energy response for lower photon energies 

(< 30 keV). With higher photon energies, high-atomic-number filters are a source of 

secondary electrons, which can essentially increase the response of the MOSFET 

compared to a MOSFET with only an epoxy bubble. This excessive effect of secondary 

electrons from high-atomic-number filters can be compensated for by low-atomic-

number filters, which stop more electrons than they generate their own (Figure 2.10 and 

Figure 2.11), in an intermediate range of photon energy. For higher photon energies, 

the high-atomic-number filters lead to dose-enhancement phenomena when low-

atomic-number filters do not stop higher-energy secondary electrons as effectively. 

This was observed for photon energies more than 662 keV. 

These studies demonstrate that to effectively engineer the energy response of the 

MOSFET in free-air geometry, a combination of high- and low-atomic-number filters 

is important. As was demonstrated, the problem became even more complicated when 

considering an angular response that also depends on the packaging of the MOSFET. 

The effects of the epoxy bubble and filtration on the energy responses of the 

MOSFET set out in this chapter have paved the way for future simulations to develop 

MOSFET packaging that lead to an energy-independent, water-equivalent personal 

dosimeter that can be used in free-air geometry, as described in Chapter 3 and Chapter 

4. 
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CHAPTER 3  

OPTIMISING SINGLE-CHIP MOSFET PACKAGING TO IMPROVE 

ENERGY RESPONSE 

3. 1 Introduction 

Monte Carlo simulations of the energy responses in terms of ionising energy 

deposited in the sensitive volume per single photon of a conventionally packaged and 

filtered single MOSFET detector were performed in Chapter 2. Based on those results, 

this and the following chapters aim to optimise the MOSFET detector packaging to 

improve its energy responses for personnel accident or military dosimetry. Two 

different CMRP “drop-in” design packages for a single MOSFET detector were 

modelled and optimised using the GEANT4 Monte Carlo toolkit. Simulations of 

photon absorbed dose in the sensitive volume of the MOSFET dosimeter placed in free 

air, that correspond to the absorbed doses at depths of 0.07 mm (Dw(0.07)) and 10 mm 

(Dw(10)) in a water-equivalent phantom of 30 x 30 x 30 cm3 for photon energies of 

0.015 to 2 MeV, were performed. 

Simulations were performed to optimise the MOSFET design and packaging to 

minimise its over-response to low-energy photons up to 15 keV while retaining its 

tissue-equivalent dosimetry of high-energy photons. Normalisation to water and 2 MeV 

mono-energetic photons to obtain the response R, was performed according to the 

following equation. 

 

 

] =
^�_`abcA�> dc

       ^�_`abcA�>
d

� _	e

 (3.1) 

 

where DMOSFET is the absorbed dose in SiO2, Dw is the absorbed dose at particular depth 

in water phantom, and E is the photon energy. 
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Previously, the response of the MOSFET with TO-8 packaging in a mixed 

gamma neutron field was simulated using the Monte Carlo code (MCNP4A) [34]. The 

thickness of the SiO2 layer was intentionally increased to yield reasonable statistics 

with the computing power of that time; additionally, MCNP4A had not been 

specialised to model small sensitive volumes such as the gate oxide of the MOSFET. 

Another attempt was made to simulate full MOSFET packaging using MCNP 4C code 

[58-60]; however, the authors admitted that standard tallies in MCNP did not accurately 

determine the absorbed dose in a sensitive volume. They applied an “electron track-

length dose estimator”, first calculating a dose response function for a specific material, 

and then using it as a modifier to tally F4 (the track-length estimator used in MCNP to 

determine the average particle influence in a volume). Other studies have been 

performed that modelled the full MOSFET packaging geometry, using codes such as 

PENELOPE and GEANT4 [52, 57, 68, 144]. 

For this study, the GEANT4 version 9.1 toolkits were used to model a 

conventional MOSFET geometry, including the sensitive volume of SiO2. The 

dimensions of the sensitive volume did not need to be modified to acquire an absorbed 

dose of sufficient statistical accuracy in the SiO2 because the GEANT4 can track 

particles down to 250 eV (as described in Section 1.5.1) in very small volumes; it is 

thus feasible to directly tally energies deposited inside the sensitive volume. This study 

simulated the energy response of MOSFET to various normally incident mono-

energetic photon fields, with the goal of optimising the packaging over-layers above the 

sensitive volume of the single chip MOSFET to engineer an energy-independent TE 

gamma dosimeter. Neither the effects of electron-hole pair recombination in the SiO2 

nor the nonlinearity of the response associated with radiation damage of the MOSFET 

were taken into account. 

 

3. 2 Methods 

3.2.1 Optimisation of MOSFET packaging for Dw(0.07) and Dw(10) for E > 200 keV 

The first consideration in optimising the MOSFET packaging for a wide 

spectrum of photon energies is to match its responses to that of water at depths of 0.07 

mm and 10 mm for photon energies above 200 keV. Three models of MOSFET 
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packaging geometry were simulated (Figure 3.1): conventionally packaged, Dw(0.07) 

optimised packaging (OP-007) and Dw(10) optimised packaging (OP-10). A 

conventionally packaged MOSFET consists of a 180 x 270 x 1 µm3 SiO2 (sensitive 

volume) gate layer on top of a 1000 x 1000 x 500 µm3 silicon substrate, which 

corresponds to the commonly used MOSFET or RADFET chip. This MOSFET chip is 

mounted on top of a 228 µm-thick Kapton carrier, or a thin 0.2 mm PC board [144]. A 

semi-spherical epoxy bubble covers the whole MOSFET, the structure of which is 

shown in Figure 3.1a. 

 

 

 

 

Figure 3.1: Cross-sections of three different MOSFET packaging configurations used in 
this study: a) conventional packaging, b) OP-007 and c) OP-10. 
 

 

 

For an OP-007 MOSFET, silicon substrates 400 x 400 x 375 µm3 are embedded 

inside the Kapton carrier to a thickness of 0.525 mm; this is referred to as the CMRP 

MOSkin drop-in design [63], the dimensions of which are 1 x 1 x 0.525 mm3. The 

silicon substrates are positioned such that the distance from the surface of the gate to 

the surface of the Kapton box is approximately 150 µm above the SiO2 gate. The 

Kapton is placed inside a 1.4 x 1.4 x 0.75 mm3 graphite box, which in turn is encased in 

a 20 µm-thick lead sheet apart from the top surface (Figure 3.1b). The OP-10 MOSFET 

uses the same MOSFET chip and CMRP “drop-in” packaging in the Kapton box as per 

the OP-007 MOSFET. However, the Kapton carrier is placed 4 mm deep inside a 10 x 

10 x 7.5 mm3 graphite box. A 500 µm-thick sheet of aluminium is placed on top 

surface of the graphite box. All MOSFETs used in this study have identical sensitive-
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volume dimensions and a 1 µm-thick aluminium gate layer on top of the SiO2 gate 

(Figure 3.2). 

 

 

 

 

Figure 3.2: Filter layers on the MOSFET chip in OP-007 and OP-10. 
 

 

 

3.2.2 Optimisation of MOSFET packaging for Dw(0.07) and Dw(10) for E < 200 keV 

To optimise the filter for low-energy photons, two arrangements were modelled. 

First, a 30 µm-thick layer of copper was placed on top of the aluminium gate of the 

MOSFET, and then a combination of filters (30 µm copper, 20 µm aluminium and 50 

µm graphite) replaced the 30 µm copper-only layer. This configuration, shown in 

Figure 3.2, was used to package the OP-007 and OP-10. 

 

3.2.3 The GEANT4 simulations 

A large number of histories, up to 1011, were required to consider the full 

geometry of a 100 mm2 cross-section for OP-10, compared to the 0.0504mm2 cross-

section of the sensitive volume. This study used a larger field than either Wang et al. 

[60] or Beck et al. [68], and thus required more events to achieve the same statistical 

certainty. Panettieri et al. [57], reported the largest area of radiation field (10 x 10 cm2) 

for a MOSFET simulation at depth in a water phantom, and at most 7 x 1010 particles 
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were required. However, some modifications were made, particularly the use of 

variance-reduction techniques and a SiO2 sensitive volume 50 times thicker than that 

used in this study. In this study the energy of the photons was below 2 MeV. As such 

only the photoelectric effect, multiple scattering, Bremsstrahlung production, Rayleigh 

scattering, Compton scattering, low-energy ionisation and pair-production were 

considered in the physics interaction processes. 

To simulate the energy response of the MOSFET with the above packaging, as 

in Figure 3.1b and Figure 3.1c, the average absorbed dose in the SiO2 was compared to 

the doses in the water phantom at 0.07 mm and at 10.0 mm depth, respectively, per 

primary photon fluence. The simulated water phantom of 30 x 30 x 30 cm3 was 

irradiated with a 10 x 10 cm2 parallel beam of photons with incidence perpendicular to 

the surface. The dose scoring volumes were water cuboids 10 x 10 x 0.01 mm3 at 

depths of 0.07 mm and 10.0 mm, placed in the centre of the field. For the MOSFET 

simulations, each packaged MOSFET OP-007 and OP-10 was irradiated in free-air 

geometry, approximated by a vacuum with a parallel beam incident to the front face of 

the MOSFET. 

The error was estimated from tallying energy deposition from each event into 

total energy deposited Etotal and total squared energy deposited, E2
total. Then energy 

tallying was averaged to the photon fluence Φp, used in the simulation as < 
J:J�g > =

J:J�g Φj⁄  and <
J:J�g� > = 
J:J�g� Φjk . The calculation for one standard deviation σ is 

given by " = l< 
J:J�g� > − < 
J:J�g >�. The energy-deposition error for 2σ was 


	UU:U = 2"/lΦj. 

 

3. 3 Results 

3.3.1 Optimisation of MOSFET packaging for Dw(0.07) and Dw(10) for E > 200 keV 

Figure 3.3 shows the average absorbed dose per fluence primary photon 

simulated for incident mono-energetic photons with an energy range 15 keV to 2 MeV 

for different MOSFET configurations, and in water at depths of 0.07 mm and 10 mm. 

For convenience of comparison, each curve was scaled to the dose per fluence primary 

photon at 200 keV in the case of the water medium. The errors in simulated doses were 
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within ± 5%. The energy dependence of the absorbed dose per fluence primary photon 

at depths of 0.07 mm and 10 mm in the water phantom was visible. At low photon 

energy the absorbed dose at 0.07 mm deep was higher than at 10 mm deep because the 

lower-energy photons deposited their dose at shallower depths. For higher-energy 

photons above 200 keV, the dose at 0.07 mm was less than at 10 mm deep due to a lack 

of CPE in the build-up region.  

 

 

 

Figure 3.3: Absorbed dose per primary photon fluence in the sensitive volume of the 
MOSFET for conventional MOSFET packaging, OP-007 and OP-10, as well as dose in 
water at depths 0.07 mm and 10 mm. Shown inset are the effects of the thicknesses of 
Kapton and lead coating on the OP-007 response at the peak and the tail region, 
respectively. Ο − conventional MOSFET (x 0.81); ▲− OP-007 MOSFET (x 0.81); ■ − 
OP-10 MOSFET (x 0.8); X − water dose at depth 0.07 mm; Ж− water dose at depth 10 
mm; ····· – peak region;  ̶  ·  ̶  · − tail region 
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Conventional MOSFET packaging shows an over-response for photon energies 

E < 100 keV and E > 200 keV compared to the dose at 0.07 mm deep in water, due to a 

build-up effect produced by the 500 µm-thick epoxy bubble above the SiO2, in contrast 

to the 0.07 mm build-up of water. Both the epoxy bubble in the conventional MOSFET 

and the 150 µm-thick layer of Kapton in the OP-007 provided CPE to the SiO2 layer for 

energies up to 400 keV and 200 keV, respectively (Figure 3.3). This finding for the 

conventional MOSFET was greater than Wang et al.‘s [60] finding of 200 keV. In 

comparison to the dose deposited 10 mm deep in water, the conventional MOSFET 

essentially overestimated the dose for photon energies by less than about 70 keV, due 

to a lack of filtration of low-energy photons, whereas it mostly agreed at the energy 

intervals of 70 to 400 keV. As expected, higher photon energies, the conventional 

MOSFET packaging underestimated the dose compared to the dose in water 10 mm 

deep, due to a lack of build-up. 

Figure 3.4 shows the relative energy response R for the conventional MOSFET 

and OP-007 to a dose in water 0.07 mm deep, and normalised to the ratio of the 

MOSFET response to a dose in water at the same depth for 2 MeV photons, as per 

Equation (3.1), as well as for the OP-10 MOSFET to a dose in water 10 mm deep. 

While the responses of the OP-007 and OP-10 for energies above 100 keV were almost 

constant, there was a tendency for all the packages described above towards an 

increased sensitivity for energy below 100 keV. The highest over-response of the 

conventional MOSFET in this study was 4.74 for 15 keV photons, which was lower 

than that found by Wang et al. [60] (5.9), where they used normalisation to reference 

exposure with the CPE condition valid. The highest over-responses of the OP-007 and 

OP-10 were 7.36 and 6.62, respectively. A conventional MOSFET response could not 

match dose in water for both 0.07 and 10 mm depth for energy < 70 keV and > 400 

keV (Figure 3.3). 

 

 

 

 



 

Figure 3.4: Energy response of 
OP-007 relative to a 
dose 10 mm deep in water. All 
photon energy. 
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Energy response of a single MOSFET with conventional packaging and 
a dose 0.07 mm deep in water, and OP-10 MOSFET relative to 
in water. All were normalised to a ratio of responses at 2

 of MOSFET packaging for Dw(0.07) and Dw

shows the average absorbed dose per fluence primary particle for 

007 and OP-10 MOSFET with two filtering configurations s

keV photon energy. For the OP-007, filtration with a single layer of 

lowered the absorbed dose in the sensitive-volume response of 15

to that of water. But as the energy of the photons increased (> 15 

electrons created inside the copper could reach the sensitive volume

dose. Single filtration caused the over-response peak to shift to the higher

photons, creating more over-response (16.61) than with the unfiltered

 

single MOSFET with conventional packaging and 
10 MOSFET relative to a 

ratio of responses at 2 MeV 

(10) for E < 200 keV 

absorbed dose per fluence primary particle for 

10 MOSFET with two filtering configurations scaled at 200 

layer of copper initially 

response of 15 keV photons, close 

 keV), more secondary 

sensitive volume and deposited 

peak to shift to the higher-energy 

unfiltered OP-007 (7.36). 
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Figure 3.5: Response of OP-007 and OP-10 MOSFETs with two filtering methods. The 
doses to water 0.07 mm and 10 mm deep are shown for comparison. 
 

 

 

In the three-layer filtration method using low-atomic-number materials, the 

excess secondary electrons created by the intermediate energy photons were stopped, 

which resulted in a finer-shaped response of dose to water. With the OP-10, the single 

copper filter again gave too high a dose for 30 to 40 keV photons, whereas the three-

layer filtration responded better to dose in water. At energies above 200 keV, the 

filtered OP-10 resulted in a lower absorbed dose than dose in water compared to the 

unfiltered (Figure 3.3), a result of the thicker filter experienced by secondary electrons 

generated inside OP-10 packaging that scattered downwards. A larger portion of the 

absorbed dose in the MOSFET chip inside the OP-10 (due to satisfying CPE) was from 

scattered secondary electrons. 
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The relative response to water of both optimised packaging methods is shown in 

Figure 3.6. The OP-007 had an over-response peak (2.03) at 20 keV and the lowest 

under-response (0.70) at 80 keV, whereas the OP-10 had an over-response peak (3.32) 

at 20 keV and the lowest under-response (0.98) at 662 keV for mono-energetic photon 

energy. 

 

 

 

 

 

Figure 3.6: Relative response to water for OP-007 and OP-10 with multilayer filters 
normalised to 2 MeV photon energy. 
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3. 4 Discussion 

3.4.1 Optimisation of MOSFET packaging for Dw(0.07) and Dw(10) for E > 200 keV 

The principle of the MOSFET packaging design is a multi-step process. We 

have developed a technologically suitable and reproducible drop-in packaging for the 

MOSFET chip in a Kapton carrier [63] that avoids high-atomic-number wire bonding 

of the chip and the use of an epoxy bubble. This design improves skin dosimetry by 

allowing a reproducible water-equivalent depth (WED) of 0.07 mm. Considering that 

our dosimeter is designed for free-air geometry application, the polyamide build-up of 

0.07 mm, as was adapted for the MOSkin, is not valid for Dw(0.07) skin dosimetry in a 

photon field, due to the absence of backscattering; this is in contrast to a MOSkin on the 

surface of a patient body or a phantom. For photons with energies above 200 keV, the 

thickness of the Kapton over-layer was chosen to be 150 µm. When the Kapton 

thickness was increased, the peak (inset of Figure 3.3) increased (the plus sign); while 

conversely, the peak decreased (as shown by the minus sign). To account for the 

backscattering radiation as the photon energy increased, we modelled an optimal 

combination of graphite and lead coating on the back of the Kapton strip holding the 

MOSFET chip. If the Kapton was kept to 150 µm-thick and the thickness of the lead 

coating increased, the high-energy response increased (shown in the inset of Figure 3.3 

as a plus sign), while conversely, the high-energy response decreased (as shown by the 

minus sign). All these factors make the OP-007 design much more complicated than 

the OP-10. These results show an almost independent response of the OP-007 

MOSFET to photon energy above 200 keV (Figure 3.4). However, for conventional 

MOSFET, under-response was obvious due to the lack of backscattering. 

With the OP-10 MOSFET, it was found that 500 µm-thick aluminium plus 4 

mm-thick graphite above the sensitive volume provided an almost independent 

response for photons with energy above 100 keV compared to Dw(10) in water, while 

having minimal thickness of total packaging. In this design we simply needed to meet 

CPE and attenuation effects at a depth of 10 mm in water. The combination of these 

thicknesses of aluminium and graphite meet both physics requirements under 

consideration in this study. 
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The attenuation effect was calculated approximately from the mass attenuation 

coefficient, µ/ρ for water, aluminium and graphite from reference [145]. The percentage 

of photons transmitted through the single material was per Equation (3.2).  

 

 �&�0.�/../�0 = 7n^opdpJ × 100% (3.2) 

 

where µ / ρ is the mass attenuation coefficient of the material, ρ is the density of the 

material and t is the thickness of the material. For dual layers of material, Equation 

(3.3) was used. 
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where (µ / ρ)i is the mass attenuation coefficient of the material-i, ρi is density of the 

material-i and ti is the thickness of the material-i. Figure 3.7 shows the results of 

Equations (3.2) and (3.3) when applied to 10 mm-thick water and a combination of 

aluminium and graphite, respectively. 

 

 

 

Figure 3.7: Transmission of the photon-energy fluence through 10 mm-thick water and 
the best combination of thicknesses of aluminium and graphite to match the 
transmission in water. 
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3.4.2 Optimisation of MOSFET packaging for Dw(0.07) and Dw(10) for E < 200 keV 

The packaging was further improved with the removal of the over-response of 

the single MOSFET for Dw(0.07) dosimetry for photons with energy less than 100 keV 

by optimising the filters above the aluminium electrode gate of the MOSFET. Figure 

3.5 shows the effect of two different filters applied to the OP-007 MOSFET when 

irradiated with mono-energetic photon beams from 15 keV to 2 MeV. The MOSFET 

filtered by 30 µm copper alone showed an increase in the relative response over that of 

water for energies below 200 keV. This dose enhancement was due to an increase in 

photoelectrons generated within the copper layer. Modelling with Monte Carlo 

demonstrated that optimising the energy response is impossible with a single high-

atomic-number filter because the dose is enhanced at intermediate photon energies. The 

effect of dose enhancement in MOSFET dosimetric response using high-atomic-

number material filters was observed previously by Rosenfeld et al. [34], who found 

that a high-atomic-number Kovar encapsulation enhanced the measured MOSFET dose 

in a 6 MV photon beam near a water phantom surface. Brucker et al. [82] found that 

they could reduce the dose enhancement due to a high-atomic-number Kovar 

encapsulation material by using grease between the Kovar encapsulation and the 

MOSFET. However, filtering a MOSFET with a single layer still cannot give a 

constant response over the range of 15 keV to 100 keV. 

Multiple over-layers with a variety of atomic-number materials and their 

thicknesses have been modelled to optimise the energy response for photons above 15 

keV. The first layer effectively attenuates low-energy photons, while the second stops 

secondary electrons, reducing the dose enhancement for higher photon energies. We 

found that optimising the energy response of the MOSFET for Dw(0.07) and Dw(10) 

measurements can be achieved by having three over-layers above the MOSFET gate 

Cu-Al-C (Figure 3.2). This may be achieved using a Cu-C filter at thicker than 150 µm, 

while a combination of three filters provides a thinner option. 

In addition, we expected that the detectors would have some angular 

dependence to incident radiation; this will be the subject of future study with prototype 

detectors. 
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3. 5 Conclusion 

These results have demonstrated the possibility of optimising the packaging of a 

single-chip MOSFET (OP-007 and OP-10) for measurements of Dw(0.07) and Dw(10) 

for photons with energies > 15 keV. Both filtered packages OP-007 and OP-10 allow 

an almost independent energy response in the single MOSFET for Dw(0.07) and Dw(10) 

respectively, for photon energies > 100 keV within 20% for OP-007 and 60% for OP-

10. The response of both packages would be more consistent in practice because the 

small over- and under-response would compensate each other in the broad spectrum of 

photon beams. Without optimising the packaging, a conventional MOSFET would be 

incapable of measuring a dose Dw(0.07) and Dw(10) for an energy range from 15 keV to 

2 MeV in free-air geometry. 

In Chapter 4, dual-chips MOSFET designs are used to further improve the 

energy response by comparing the measurement between the filtered and unfiltered 

MOSFET chips. 
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CHAPTER 4  

OPTIMISING DUAL-CHIP MOSFET PACKAGING TO IMPROVE ENERGY 

RESPONSE 

4. 1 Introduction 

The solution using the dual-MOSFET detector was proposed and optimised 

using the GEANT4 Monte Carlo toolkits to correct its response in photon field 

measurements. The responses of the detector should be independent of photon energies 

from 0.015 to 2 MeV in free-air geometry for Dw(0.07) and Dw(10). Correction factors 

that depended on the photon energy of the detector were determined through a set of 

ratios simulated from the responses of dual MOSFETs while different filters were 

placed in the same package. 

The approach to dual-MOSFET dosimetry has already been used in medical 

dosimetry for different purposes. Rosenfeld et al. [146, 147] demonstrated that a dual-

MOSFET configuration could be used to obtain the neutron fluence in a phantom for a 

Boron Neutron Capture Therapy (BNCT) epithermal neutron beam by subtracting the 

response of two MOSFETs, one of which was covered by a 10B converter. Soubra et al. 

[49] used dual MOSFETs for temperature compensation by subtracting the response of 

two MOSFETs irradiated with different bias voltages. The advantages of a dual-

MOSFET configuration manufactured onto the same chip are their close proximity, as 

well as they response in the same degree to electrical characteristics, temperature, 

radiation and fading when they have been irradiated with the same bias voltage; and 

simultaneous readout. The aim here is to combine the advantages of a dual MOSFET 

with the proposed method for correcting the energy response for use as military-

personnel dosimeter. An unknown photon field is expected in this application; 

therefore, this is an attempt to yield photon-energy-independent dosimetry for the 

relative response of a MOSFET in free-air geometry to an absorbed dose in water at 

particular depths of interest. 
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Low-energy photons, where the photoelectric effect is dominant, increases the 

dose deposited in the sensitive volume of the MOSFET relative to that deposited in 

water. Another approach was proposed in this study to reduce the over-response of the 

MOSFET at low-energy photons in addition to passive filtering, as described in 

Chapter 3 for a single chip MOSFET. This method uses the active combination of two 

MOSFET responses. The dual MOSFETs used in this study were placed inside an 

optimised package (OP) to obtain a dose equivalent to Hp(0.07) and Hp(10), defined in 

this case as the doses deposited at depths of 0.07 mm (Dw(0.07)) and 10 mm (Dw(10)) 

in a water phantom. 

The active-correction approach uses dual MOSFETs on the same chip; 

unfiltered and filtered MOSFETs with the responses R1 and R2, respectively, as shown 

in Figure 4.1. Further details of the filter geometries are presented in Figure 4.2. A filter 

made from material with a high-atomic-number for photon attenuation was coupled 

with two materials with a low-atomic-number to filter excess secondary electrons 

generated in close proximity to the sensitive volume, as discussed in Chapter 2. The 

current study does not consider electron-hole recombination effect in the gate oxide 

(sensitive volume) of the MOSFET. 

 

 

 

 

 

Figure 4.1: Dual MOSFETs inside optimised packages for measuring (a) Dw(0.07) (OP-
007) and (b) Dw(10) (OP-10). 
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Figure 4.2: Dual MOSFET configurations in OP-007 and OP-10 packages. The 
unfiltered chip on the right and the filtered one on the left give readings denoted as R1 
and R2, respectively. 
 

 

 

This approach uses CMRP-developed MOSFET drop-in Kapton packaging 

[63], with an electrical connection of the MOSFET detector achieved with a surface 

layer of reproducible thickness. The copper filter above the gate of the R2 MOSFET 

used in Chapter 3 was replaced with lead to give a multilayer-filter thinner than the 150 

µm of Kapton (see Figure 4.1 and Figure 4.2). Over-filtration of the filtered MOSFET 

(R2) combined with an unfiltered MOSFET (R1) is a key feature in achieving an 

independent response to photon energy down to 15 keV. Furthermore, the dual-

MOSFET approach can retain the uniform independent response to photon energy from 

the unfiltered MOSFET above 100 keV. 

 

4. 2 Methods 

4.2.1 MOSFET geometries 

Two MOSFET packaging geometries, OP-007 and OP-10, developed as 

described in Chapter 3, were used here. OP-007 packaging is an optimised geometry to 
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provide a measurement response equivalent to an absorbed dose at a depth of 0.07 mm 

in water. Two silicon substrates measuring 400 x 400 x 375 µm3 were embedded inside 

a 1 x 2 x 0.525 mm3 Kapton carrier (a so-called CMRP MOSkin drop-in design [63]) of 

OP-007 packaging. This gave the unfiltered MOSFET a 150 µm-thick Kapton over-

layer. The dual-MOSFETs were embedded in a 1.4 x 2.4 x 0.75 mm3 graphite casing. 

Apart from the top surface, the graphite casing was wrapped in a 20 µm-thick layer of 

lead. The OP-007 dual-MOSFET detector is shown in Figure 4.1a. 

The OP-10 MOSFET was designed to provide measurement response 

equivalent to an absorbed dose at depth of 10 mm in water. The OP-10 packaging used 

the same arrangement of dual MOSFETs embedded on a Kapton carrier and placed 

inside a graphite casing, as per the OP-007 packaging. With the OP-10 MOSFET, 

however, the Kapton carrier was placed 4 mm deep into a 10 x 10 x 7.5 mm3 graphite 

casing. A 500 µm-thick aluminium coating was placed on the top surface of the 

graphite casing (Figure 4.1b). 

All the MOSFETs used in this study have an identical 180 x 270 x 1 µm3 of 

layer gate oxide with a 1 µm-thick aluminium layer on top, as shown in Figure 4.2. 

Filtering was achieved by placing three over-layers on top of the aluminium gate of the 

MOSFET. The filters were made from a combination of lead, aluminium and graphite 

layers (Figure 4.2). The thickness and combination of the filters resulted from 

optimising the response of dual-active MOSFETs with Monte Carlo simulations. 

 

4.2.2 GEANT4 simulation 

The cutoff range (which is equivalent to cutoff energy) was set to millimetres 

for a region away from the sensitive volume down to 0.1 µm in the sensitive volume. 

This was done to speed up the computation times while maintaining accuracy. The 

highest number of histories required to get a 95% statistical confidence level at two 

standard deviations was 1011 particles. GEANT4.9.1 was used in this study. 

As in Chapter 3, the photon-energy response of the dual-MOSFETs was studied 

for photons with energy 15 keV to 2 MeV. The photoelectric effect, multiple scattering, 

Bremsstrahlung production, Rayleigh scattering, Compton scattering, low-energy 

ionisation and pair-production were considered in the physics interaction processes. 
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A simulation of irradiation with mono-energetic photons was done for a parallel 

beam incident normally on top of the detector. The energy responses of the detector 

were compared to the simulated doses in a water phantom at depths of 0.07 mm and 10 

mm. For the water-phantom simulations, a 30 x 30 x 30 cm3 water phantom was 

irradiated with a 10 x 10 cm2 parallel beam of photons incident normally onto the 

centre of the water-phantom surface. The dose scoring volumes were 10 x 10 x 0.01 

mm3 water cuboids at depths of 0.07 mm and 10.0 mm, placed at the centre of the field. 

The relative energy response of the dual MOSFETs to water was normalised to the 

response at 2 MeV photons. 

To study the dual-MOSFETs detector’s relative response to water, photon 

spectra were used. These photon energies were selected from different Bremsstrahlung 

spectra simulated by Xcomp5r software [148]. A generic LINAC 6 MV photon 

spectrum with an average energy of about 2 MeV was also used. Xcomp5r is a program 

for calculating X-ray spectra based on a semi-empirical model. The properties of the X-

ray spectra generated by Xcomp5r for a tungsten target are shown in Table 4-1, and the 

spectra plots are shown in Figure 4.3. The dual-MOSFET response in X-ray spectra 

relative to water was normalised to a 6 MV LINAC spectrum. 

 

 

 

 

Table 4-1: The properties of X-rays used in this study 
Voltage 

(kVp) 

Inclination 

(o) 

Filtration 

(mm) 

Average energy 

(keV) 

30 14 0.5(Be)+1.2(Al) 21.6 

50 22 2.2(Be)+4(Al)+0.2(Cu) 38.2 

80 12 1(Be)+2.5(Al) 43.4 

100 22 2.2(Be)+4(Al)+0.2(Cu) 58.0 

150 22 2.2(Be)+4(Al)+1.2(Sn) 106.8 
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Figure 4.3: X-ray photon spectra generated from Xcomp5r. The inset shows the generic 
LINAC 6 MV spectrum used to normalise the detector response. 
 

 

 

4. 3 Results 

Figure 4.4 and Figure 4.5 show the response of dual MOSFETs for OP-007 and 

OP-10 packaging geometries respectively, when simulated with mono-energetic photon 

beams of various energies. The doses at depths of 0.07 and 10mm in water are shown 

for comparison, although they are not to scale. At photon energies ≤ 60 keV, the R1 

MOSFET detector showed an over-response compared to the absorbed dose in water. 

For photon energies ≤ 30 keV, the R2 detector showed an under-response compared to 

the absorbed dose in water. These are the cases for both the OP-007 and OP-10 

packaging geometries. 

 

 

 

 



 

 

 

 

 

 

 

Figure 4.4: The response of OP
photons. The water-
shown, but not to scale.
respectively.) 
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The response of OP-007 dual-MOSFETs R1 and 
-absorbed dose at depth of 0.07 mm in a water phantom 

not to scale. (SV1 and SV2 correspond to MOSFETs R1 and R2

 

and R2 to mono-energetic 
water phantom is also 

(SV1 and SV2 correspond to MOSFETs R1 and R2, 



 

Figure 4.5: The response of OP
photons. The water absorbed dose at 
but not to scale. (SV1 and SV2 correspond to MOSFETs R1 and R2 respectively
 

 

 

The responses of both 

distinct regions: – low

R2 ≥ R1). For OP-007

60 keV. For OP-10, 

50 keV. With OP-10, at photon energies >

the secondary electrons scattering

stopped by the graphite packaging, whereas there were 

created in the 4 mm

MOSFETs. For photon energies above 60 keV, 

the previously mentioned > 600 keV region for the OP
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The response of OP-10 dual-MOSFETs R1 and R
absorbed dose at depth of 10 mm in a water phantom 

(SV1 and SV2 correspond to MOSFETs R1 and R2 respectively

The responses of both configurations of MOSFET packaging are split into two 

low-energy photons (where R2 < R1) and high-energy

007, as shown in Figure 4.4, R2 < R1 for photon energies of 15

 as shown in Figure 4.5, R2 < R1, for photon energies of 15

10, at photon energies > 600 keV, R2 was again < 

trons scattering downwards from the 500 µm aluminium layer being 

stopped by the graphite packaging, whereas there were fewer

created in the 4 mm-wide graphite gap between the aluminium layer and the 

photon energies above 60 keV, R2 ≥ R1 for both detectors (apart from 

the previously mentioned > 600 keV region for the OP-10 geometry)

 

R2 to mono-energetic 
water phantom is also shown, 

(SV1 and SV2 correspond to MOSFETs R1 and R2 respectively.) 

MOSFET packaging are split into two 

energy photons (where 

for photon energies of 15 keV to 

, for photon energies of 15 keV to 

was again < R1. This was due to 

downwards from the 500 µm aluminium layer being 

fewer secondary electrons 

e aluminium layer and the 

for both detectors (apart from 

10 geometry), the response of 
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detector R1 matches that of water. Thus the response of the detector requires correction 

only for energies ≤ 60 keV. 

The dual-MOSFET detector provided an incident photon spectra analysis based 

on a comparison of the responses of R1 and R2, while allowing for a correction 

algorithm in the form of a Heaviside function to be used. A correction factor was 

introduced to correct the over-response of the R1 detector relative to water at a 

particular depth that occurred when R2 is lower than R1, R2 / R1 < 1, as shown in Figure 

4.4 and Figure 4.5. In particular, for detector OP-007, shown in Figure 4.4 (a), R2 / R1 < 

1 for energies 15 to 60 keV; in ratio values these are 0.025 (15 keV) < R2 / R1 < 0.923 

(60 keV). Therefore, for OP-007 measurement with values of R2 / R1 < 0.923, the 

correction factor will be applied to R1. For OP-10, however, as shown in Figure 4.5 (c), 

there are two intervals of photon energy where the ratio R2 / R1 < 1. This occurs for 

photon energies 15 to 50 keV, as shown in Figure 4.5b (0.051 < R2 / R1 < 0.87) and for 

600 to 2000 keV, as shown in Figure 4.5c (0.72 < R2/R1 < 1). A correction factor was 

required for the former energy ranges, but not for the latter. Therefore, for the OP-007 

and OP-10 geometries, the viable ranges for R2 / R1 ratio to be used in the correction 

algorithm were 0.025 (15 keV) < R2 / R1 < 0.923 (60 keV) and 0.051 (15 keV) < R2 / R1 

< 0.590 (40 keV), respectively. This is summarised in Table 4-2 below. 

 

 

Table 4-2: A summary of viable ratio range of R2 / R1 for the detector-reading 
correction factor to be applied to R1 

Detector 
Energy range where 

R2 < R1 

The lowest ratio 

values of R2 / R1 in 

the energy range 

The highest ratio 

values of R2 / R1 in 

the energy range 

Viable ratio range 

for correction at 

low-energy part of 

Figure 4.4a and 

Figure 4.5b 

OP-007 
15 – 60 keV 

(Figure 4.4a) 
0.025 at 15 keV 0.923 at 60 keV 0.025 – 0.923 

OP-10 

15 – 50 keV 

(Figure 4.5b) 

and 

600 – 2000 keV 

(Figure 4.5c) 

0.051 at 15 keV 

and 

0.72 at 1250 keV 

0.87 at 50 keV 

and 

1.0 at 600 keV 

0.051 – 0.590 
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The R2 / R1 ratio is plotted against the photon energy in Figure 4.6a. The R2 / R1 

ratio increases monotonically with energy, allowing for correction of the R1 response. 

We associated a correction factor (CF) for the R1 to the corresponding photon energy 

for a given ratio, as shown in Figure 4.6b. The correction factor was defined as the 

multiplier required to calculate the dose in water from the value of R1. The correction 

factor is therefore a function of the ratio R2 / R1, which is in itself a function of photon 

energy. The correction factor was plotted as a function of the ratio R2 / R1 and up to a 

fourth-order polynomial was fitted. The agreement of the ratio plot with the polynomial 

is shown by the R2 value in Figure 4.6c. 

 

 

Figure 4.6: (a) The ratio of R2 over R1 for possible photon energies for correcting OP-
007 and OP-10, and (b) the correction factor for correcting the R1 associated with each 
ratio. Shown in (c) is the polynomial fit for correction factor versus R2/R1. 
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Therefore one can take the measured ratio R2 / R1, calculate the correction factor 

and then multiply the correction factor by the response of R1 and a calibration factor for 

the 6 MV photon beam to obtain the dose to water. This process is summarised in 

Figure 4.7. 

 

 

 

 

Figure 4.7: Algorithm for a newly developed method for correcting the energy response 
of the MOSFET for DOPF-007.This is also applicable to DOPF-10. 
 

 

 

The correction algorithm was then tested in poly-energetic beam spectra (Figure 

4.3) for both detector packages. The same irradiation setups were simulated with the 

poly-energetic beams, and the correction algorithm was applied to the detector 

measurements. The corrected and uncorrected detector measurements for the quality of 
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each beam were then normalised to the dose in water. The results are shown in Figure 

4.8. As expected, the uncorrected R1 reading over-responded to the lower X-ray voltage 

peak energy spectra. Once the correction algorithm was applied to the R1, the over-

response was removed and both detectors provided a response equivalent to the 

absorbed dose in water. For 100 kVp X-ray, the OP-10 response could not be fully 

corrected because the R2 / R1 gave a value is 0.72, which is outside the viable ratio as 

discussed above. However, because the over-response of R1 in the OP-10 was small for 

100 kVp X-ray spectrum, the observed OP-10 over-response was likewise small. The 

problem could be even less pronounced in ionising-radiation accidents and military 

situations, where the photon spectra are smoother and have a broader energy range. 

 

 

 

 

Figure 4.8: The relative response to water for corrected and uncorrected readings of 
OP-007 and OP-10 packaging after normalisation to a 6 MV spectrum. 
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4. 4 Discussion 

The ratio of the responses of the two chips (one filtered, the other unfiltered) in 

a dual-MOSFET chips depends on the photon spectra. This allows for correction of the 

R1 over-response to low-energy photons based on the ratio of the response of the two 

MOSFETs. The application of a correction factor derived from mono-energetic photon 

energy to poly-energetic photon spectra yielded promising results. 

It must be stressed that this is purely a theoretical simulation of the MOSFET 

response, and does not take into account the characteristics of the detectors’ readout 

electronics, the absolute sensitivity of the MOSFET affecting by frequency of readout 

and calibration measurements or the effects of electron-hole recombination [149]. Also, 

the dependence of the new packaging to the orientation of the incident photons will be 

investigated in a future study. It is expected that these results will be validated using a 

prototype dosimeter on different static and pulsed photon sources. 

 

4. 5 Conclusion 

This study presents a novel packaging of MOSFET detector based on a CMRP 

“drop-in” packaging design of radiation sensors and a correction algorithm, to make the 

response of MOSFET dosimeters in free-air geometry equivalent to absorbed dose in 

water and energy-independent for a photon-energy range of 15 keV to 2 MeV. 

Construction of the MOSFET-based photon dosimeter consists of dual-MOSFET chips 

embedded in a Kapton and graphite casing, with lead, aluminium and graphite filters on 

one MOSFET chip: dual-MOSFET optimised package filtered (DOPF) dosimeter. This 

approach was used for skin dosimetry at an equivalent depth of water at 0.07 mm 

(DOPF-007) and 10 mm (DOPF-10). Filtering one of the chips provides two distinctive 

photon-energy regions in the energy responses of both filtered and unfiltered dual-

MOSFETs in DOPF packages. 

This approach is in contrast to passively filtering a single MOSFET (Chapter 3), 

which enabled spectroscopy probing of incident photon radiation based on a 

comparison of the responses of both MOSFETs in DOPF packages, and to introduce an 

algorithm for correcting the response of unfiltered MOSFET that makes an energy-

independent DOPF dosimeter in a photon-energy range of 15 keV to 2 MeV. 
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Both the DOPF-007 and DOPF-10 dosimeters responded in free-air geometry 

under normal incidence of photon radiation proportional to Dw(0.07) and Dw(10), 

respectively. 

In an effort to prove the validity of the developed approach and algorithm, a 

MOSFET response was simulated for the energy spectrum of photons from an X-ray 

machine and a medical LINAC. The X-ray energy spectra chosen here were from 30 

kVp to 150 kVp, the photon-energy range where the greatest over-response of MOSFET 

is observed. Response to a 6 MV medical LINAC spectrum was also simulated as a 

reference point for normalisation of the response for the field just mentioned. The 

correction algorithm was used to simulated the responses of the dual-MOSFETs in 

these spectral photon fields and demonstrated an almost energy-independent response 

for the DOPF-007 and DOPF-10 dosimeters relative to corresponding doses in water on 

the 6 MV LINAC. 

These packages of dual-MOSFET detector were small and gave an energy-

independent response to poly-energetic photon spectra. They are ideal for personnel 

accident and military dosimeters with applications in an unknown photon-spectrum 

field. Their advantage is that they can work in passive or active mode and can be read 

in real time without deterioration of information on accumulated static- or pulsed-

photon doses. 

Most accident or military scenarios involve a mixed gamma–neutron radiation 

field where dosimetry of neutron components from a mixed-radiation field is important. 

In Chapter 5, a pixelated silicon detector is studied with aim of developing a fast-

neutron dosimeter whose response is independent of the energy of incident neutrons, 

and is gamma-insensitive. 
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CHAPTER 5  

MEDIPIX2 AS A NEUTRON DOSIMETER 

5. 1 Introduction to methods 

This chapter presents the application of the Medipix2 for fast-neutron dosimetry 

using a newly developed segmented, multiple-thickness, polyethylene converter. This 

system has the ability to provide an energy-independent response to measure a dose 

equivalent of fast neutrons in a range of neutron energy from 0.3 to 15 MeV. The 

application of partial weighting factors to the response of a detector driven by a 

polyethylene converter of a particular thickness enables the total response of the 

detector system for fast-neutron dosimetry to be flattened. Six segments of 

polyethylene converter having their thicknesses and weighting factors optimised, is 

used to obtain the required response for an energy-independent detector. A GEANT4 

suitability study for neutron dosimetry with respect to a previously published work was 

performed first. 

This study presented a solution to the limitations encountered by single readout 

detector with a polyethylene converter, as described in Section 1.4.4. The configuration 

of a fragment of multi-thickness polyethylene converter placed above the Medipix2 

detector is shown in Figure 5.1. The advantage of this detector system for neutron 

dosimetry lies in its ability to independently read out different segments of pixels 

corresponding to different thicknesses of PE. The areas of i-th segment of the Medipix2 

detector that has a polyethylene over-layer are denoted by Ri. A segment of bare silicon 

is denoted by R0. 
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Figure 5.1: Fragment of the segmented silicon detector with polyethylene convectors of 
different thickness. Multiple thicknesses of polyethylene on a silicon surface provide 
the freedom to adjust the energy response of the silicon detector as required and to 
achieve an independent response to the energy of the neutron-dose equivalent. Ri is a 
segment with the converter thickness-i, and the uncovered segment is denoted by R0. 
 

 

 

 

 

Detecting lower energy neutrons at ~ 0.3 MeV means that the discriminator value 

of the threshold must be lowered, which in turn increases the relative contribution from 

inelastic neutron interaction and gamma background events in silicon, as discussed in 

Section 1.4.3. This means avoiding the events associated with direct interaction of 

gamma and neutron with silicon (background response), and only counting true events 

of the elastically scattered protons from the polyethylene convertor. This was achieved 

by subtracting the scaled background response of segment Ro (denoted as RФ,0) from 

the response of each of the segments Ri (denoted as R’Ф,i) to obtain only the recoil-

proton component. This allows for the counts produced by the gamma-ray component 

of the field and Si(n,alpha) and Si(n,proton) interactions to be eliminated. The recoil-

proton counts can be expressed as in Equation (5.1). 

 



 

92 

 

 ]%,P = x],%,P − xyPy'z ]%,'z /Φ{ (5.1) 

 

where RΦ,i is the proton counts per neutron fluence, R’Φ,i is the readout counts from a 

segment with a polyethylene thickness i, RΦ,0 is the readout counts from the uncovered 

segment, Ai is the area of the segment with a thickness i and A0 is the area of the 

uncovered segment. Фn is the primary neutron fluence. 

A GEANT4 9.2.p01 release was used in this study, and the QGSP_BIC_HP 

physics list provided within this release was adopted. A GEANT4 application was 

developed to characterise the neutron dosimeter. 

 

5.1.1 Verification of GEANT4 and simulations with a uniform polyethylene converter 

First, a GEANT4 study addressed to reproduce the Eisen et al. work [117] 

discussed in Section 1.4.4, was performed to benchmark GEANT4 for neutron 

dosimetry [150] as a part of an ongoing validation of GEANT4 with respect to in-house 

experimental measurements, in order to quantify its accuracy for neutron dosimetry. 

The word “verify” in our case is to check the agreement between a Monte Carlo 

simulation and analytical calculation. 

A simple simulation to verify methods describing Equation (5.1) was performed 

using a 300 µm-thick silicon slab irradiated with a mono-energetic neutron beam with 

an energy of 0.3 to 15 MeV, as shown in Figure 5.2. The parallel primary mono-

energetic neutron beam of 108 incident neutrons was simulated. The secondary 

production threshold was set to 0.01 MeV. The simulation was first run to get the total 

number of interactions from the 1 cm2 cross-section of bare silicon slab. Then a series 

of simulations was conducted for the silicon slab covered with 0.01, 0.1, and 1 mm-

thick polyethylene over-layers to simultaneously find the total number of interaction in 

the silicon slab and the counts of recoil protons for each thickness of PE. The number 

of counts in a detector due to the recoil protons only was then derived by the 

subtraction method as described in Equation (5.1), and from tracking the recoil protons 

produced in the polyethylene converter that entered the silicon slab. 
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Figure 5.2: The polyethylene convertor (PE)-silicon detector setup used to verify the 
simulation by comparing the subtraction method and direct recoil proton tracking in 
GEANT4 code. 
 

 

 

 

5.1.2 Simulation with a structured polyethylene converter 

Medipix2 was modelled as a silicon substrate with a thickness equal to 300 µm 

and an area equal to 14 x 14 mm2. 256 x 256 sensitive volume cells were defined across 

the surface area corresponding to the design of the Medipix2 system. The pixels were 

clustered into 25 segments, each with ~ 3 x 3 mm2 cross-sectional areas. A dead layer 

on the surface of the silicon detector of several microns was not modelled in the 

simulation because there was no detailed technical information available. The 

polyethylene layer consisted of six different thicknesses occupying four of the 

segments, with different areas, as depicted in Figure 5.3. Parallel mono-energetic 

neutron beams with energy from 0.3 to 15 MeV normally incident on the detector 

surface, were simulated. Whenever an energy-deposition event occurred in a segment 

with energy greater than 6 keV, it was counted as a single event. To reduce the cross-

talk between adjacent segments, each readout area was defined as smaller than the total 

segment area, as shown in Figure 5.3. The proton count per neutron fluence was 

obtained using Equation (5.1). 
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Figure 5.3: Arrangement of different thicknesses of polyethylene converter on the 
Medipix2 surface. Polyethylene thicknesses of 0.01, 0.03, 0.05, 0.1, 0.3 and 1 mm were 
used, and labelled as R1, R2, R3, R4, R5 and R6 respectively. R0 was the uncovered area 
used to subtract background events associated with gamma-rays and direct neutron 
interactions with the silicon nuclei. The red box shows the possibility of scaling the 
readout segment area to reduce cross-talk between the segments. 
 

 

 

5. 2 Results and discussions 

5.2.1 Verification of GEANT4 and results of simulation with a uniform polyethylene 

converter 

Figure 5.4 shows the analytically simulated response of the single silicon detector 

covered by different thicknesses of polyethylene in terms of the number of recoil 

protons per mSv of neutrons detected in an energy range 1 MeV to 15 MeV by Eisen et 

al. [150]. The NCRP fluence-to-dose equivalent conversion coefficient [151] was used 
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here by the authors. Eisen et al.‘s data were extracted from a figure in their paper using 

xyExtract graph digitiser software version 4.1. Simulated responses of the same silicon 

detector – a uniform polyethylene converter setup using the GEANT4 tool kit –  

confirmed the GEANT4 model for such simulations. 

 

 

 

 

Figure 5.4: A previous study by Eisen et al., using two different thicknesses of 
polyethylene converter of different areas on a silicon detector showed how the energy 
response RH flattened in comparison to a single thickness of the converter [150]. The 
results were in good agreement with the GEANT4 simulations. 
 

 

 

Figure 5.5 shows the simulated count response of a silicon detector covered by 

polyethylene with different thicknesses using the subtraction method as in Equation 

(5.1). Very good agreement in absolute count response for each thickness of 

polyethylene for a wide neutron-energy range provides confidence in the subtraction 

method for obtaining counts associated with recoil protons only. 
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Figure 5.5: The comparisons between counts from the subtraction method and from 
tracking the proton recoils for different mono-energetic neutron energies. 
 

 

5.2.2 Results of simulation with a structured polyethylene converter 

Figure 5.6 shows the response of the detector, including a direct interaction of 

neutrons with silicon in counts per unit neutron fluence as a function of neutron energy 

for each thickness of polyethylene segment (Figure 5.3). The results in Figure 5.6 were 

for a defined gap of 16 pixels between adjacent segments, which corresponds to a gap 

0.88 mm-wide for a Medipix2 detector. The introduced gap reduced the total 

polyethylene covered segmented area of 198 mm2 to 141 mm2. The response of the 

detector in the absence of the polyethylene-converter layer, the Ro, was not subtracted 

from the response of the detector for segments with a polyethylene-converter layer, Ri. 

For neutron energies below 1 MeV the response of the detector for polyethylene-

converter segments was dominated by the background counts: i.e., direct neutron 

interactions with the silicon nuclei. At neutron energies from 1 to 15 MeV, and the 

thicknesses of converter layer from 0.01 to 0.1 mm, there was a non-negligible 
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contribution of background counts. Only for neutron energies above 5 MeV and 

thicknesses of the converter greater than 0.3 mm did the number of counts begin to 

exceed the background component. 

 

 

 

Figure 5.6: Counts per unit neutron fluence for each thickness of polyethylene 
converter as a function of neutron energy. The response of uncovered pixel R0 is also 
shown. The results are for a gap of 0.88 mm between the segments. 
 

 

 

Figure 5.7 shows the response of the detector for structured segments of 

polyethylene converter with different thicknesses from only those recoil-proton events 

that resulted in direct interaction of neutrons with the converter. This was achieved by 

subtracting background events due to inelastic interaction of neutrons with silicon 

according to Equation (5.1). For the 1 mm-thick polyethylene converter, the proton 

counts per fluence yielded a negative value (not shown in the logarithmic axis of Figure 

5.7) after applying Equation (5.1) for energy below 0.7 MeV; this agrees with the 

results in Figure 5.6, which show a significant absorption for the lower-energy 
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neutrons. Also shown in Figure 5.7 is the ICRP 74 [3] fluence-to-dose equivalent 

conversion coefficients (black line). As shown, the response of any single detector 

segment does not adequately fit the ICRP 74 dose-conversion coefficients; this 

confirms that no single thickness of polyethylene converter can be used to achieve an 

energy-independent neutron-dose equivalent detector based on silicon. 

 

 

 

 

Figure 5.7: The proton-event counts per unit neutron fluence for different thicknesses 
of polyethylene converter as a function of neutron energy after using the subtraction 
method. The black line shows the fluence-dose equivalent conversion coefficients taken 
from ICRP 74, but not to scale. The results are for a gap of 0.88 mm between the 
segments. 
 

 

 

Figure 5.8 shows the detailed response for each thickness of polyethylene after 

applying Equation (5.1) for the gap between the segments, which varied from 0 to 0.88 
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It is obvious that increasing the gap between detector segments 

and therefore the number of counts due to recoil protons.
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Figure 5.8: The net response 
polyethylene converter under different specified gaps between the adjacent segments. 
The thicknesses of polyethylene
(e) 0.3 mm and (f) 1 mm.
 

 

 

 

 

 

Optimisation was performed by taking into account the total response,

from all polyethylene 

the ICRP 74 fluence to ambient dose equivalent conversion coefficients,

optimisation function for 

 

 

 

 

102 

 

 

(f) 

: The net response of segments per unit neutron fluence 
converter under different specified gaps between the adjacent segments. 

polyethylene are: (a) 0.01 mm, (b) 0.03 mm, (c) 0.05, (d) 0.1 mm, 
(e) 0.3 mm and (f) 1 mm. 

Optimisation was performed by taking into account the total response,

polyethylene thicknesses such that the RФ,total response 

the ICRP 74 fluence to ambient dose equivalent conversion coefficients,

optimisation function for RФ,total is defined in Equation (5.2). 

]|,J:J�g(
) = N O|,P]|,P(
)
}

PRS
 

 

of segments per unit neutron fluence for each thickness of 
converter under different specified gaps between the adjacent segments. 

(a) 0.01 mm, (b) 0.03 mm, (c) 0.05, (d) 0.1 mm, 

Optimisation was performed by taking into account the total response, RФ,total, 

response was proportional with 

the ICRP 74 fluence to ambient dose equivalent conversion coefficients, H*/Ф . The 

(5.2) 
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where RФ,1 to RФ,6 are the responses of the proton counts from pixels covered by 

polyethylene of different thickness (shown in Figure 5.7) and RФ,7 to RФ,9 are the virtual 

responses given by Equation (5.3). 

 

 ]|,~ = )]|,�]|,�- ]|,S , ]|,Q = )]|,�]|,�- ]|,� , ]|,} = )]|,�]|,�- ]|,� (5.3) 

 

The βФ,i are the weighting factors for each partial response. Nine βФ,i can be found, 

giving RФ,total (E) ∝ [H*/Ф](E) by solving nine simultaneous linear equations at nine 

neutron energies. The energies selected were 0.3, 0.7, 1, 2, 3, 4, 5, 8 and 15 MeV. The 

optimisation of βФ,i results are 5.984, -6.652, 4.826, -2.437, 0.598, -0.593, -2.89, 1.938 

and 0.898 for i from 1 to 9 respectively, as shown in Equation (5.4). 
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Hence, the recoil-proton response per mSv was obtained from Equation (5.5). 

 

 ]� = ]|,J:J�g�
�
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� (5.5) 

 

Figure 5.9 shows that the final response of the detector as a function of neutron 

energy is reasonably uniform from 0.3 to 15 MeV, as desired. The average response of 

the detector in terms of the proton count rate was found to be 115±10 per mSv of 

ambient dose equivalent of neutron. 
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Figure 5.9: The response of the Medipix2 detector to the ambient dose equivalent of 
neutrons, using a multi-thickness layered converter as a function of neutron energy, 
was reasonably uniform from 0.3 to 15 MeV. 
 

 

5. 3 Conclusion 

A GEANT4 simulation study was performed to investigate a novel approach to 

neutron dosimetry using a multi-thickness polyethylene converter and a multi-channel 

readout detector. The suitability of GEANT4 for neutron dosimetry was verified with 

respect to previously published data. This study showed that this novel device can be 

used to produce an energy-independent response over a range of neutron energies from 

0.3 MeV to 15 MeV. The improved response of this detector was within 115±10 counts 

per mSv of the ambient-dose equivalent of neutron for energy considered here. 

Chapter 6, describes the experiments conducted on fast neutrons to validate this 

simulation study of the novel neutron dosimeter based on the Medipix2. There were 

two experiments: one validating the subtraction methods of Equation (5.1) and the 

other validating the optimisation method described by Equation (5.2). 
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CHAPTER 6  

EXPERIMENTAL VALIDATION OF THE NOVEL MEDIPIX2 NEUTRON 

DOSIMETER 

6. 1 Introduction 

This chapter describes the experimental validation of the novel Medipix2 

neutron dosimeter. Two experiments were performed to validate the simulation 

concepts introduced in Chapter 5. The word “validate” in our case involved comparing 

the Monte Carlo simulation and the proposed subtraction method for fast-neutron 

dosimeter to a set of experimental data. 

The first experiment was to validate the subtraction method described in Section 

5. 1 and used to get the number of proton recoils. In that section the subtraction method 

was initially verified by a simulated tracking of the proton recoils from the 

polyethylene over-layer (Figure 5.5). 

There are reports on the possibility of directly counting the charged particles 

through the Medipix2 image output by looking at the shape of the pixel clusters [2, 99, 

152-157]. A cluster of pixels in the Medipix2 detector is a pattern of charge collection 

in neighbouring pixels that depends on the LET and type of charged particle, and 

charge-sharing between pixels. Each particle has its own signature; for example, 

protons can simultaneously affect three to five pixels, alpha and heavy charged 

particles produce high-density ionisation that spreads to form a larger cluster and 

Compton electrons, which produce lower-density ionisation, can deposite energy in 

many pixels to form a cluster resembling a curly line. This method was believed to be 

able to differentiate the type of incident charged particles, but there were some 

ambiguities in determining the exact types of particles by referring to the shapes of the 

cluster. To get a good statistical confidence level with this method would require 

analysing a higher number of events compared to using the subtraction method, 

because the shapes of the clusters depend on many factors such as bias voltage, shutter 
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time, sensor thickness, threshold setting, particle types, incident angle, overlapping 

clusters and dead pixels. Additionally, the data-processing time increases for a large 

number of events and when cluster shapes are complex (thus the algorithm for 

analysing cluster shapes). Analysing the shapes of the clusters increases the detector 

dead time considerably for real-time dosimetry applications. Thus the subtraction 

method is favoured in this fast-neutron dosimetry study because it depends less on 

cluster shapes. 

The second experiment was aimed at a more realistic validation of the multi-

thickness polyethylene converter on the Medipix2 sensor. The exact experimental setup 

of the detector geometry was modelled in GEANT4, and the results of the simulation 

were compared to the experimental results. 

 

6. 2 Validating the subtraction method  

For validation purposes, the response of a simplified detector set up with a 

uniform polyethylene converter to neutrons, exposed to a D-T generator and an Am-Be 

sources, was modelled through a GEANT4 simulation. 

Figure 6.1 shows the experimental set-up of the Medipix2 detector. A 

significant issue for a neutron dosimeter is the evaluation of the neutron events while 

separating the background radiation generated, for example, by recoil products of 

inelastic reactions, silicon atoms, alphas, gammas and electrons. The use of a large-area 

and high-density pixelated detector such as a Medipix2 (with a cross-section equal to 

14 x 14 mm2 and 65536 pixels) addresses this issue by enabling the separate 

examination of two distinct portions of the sensitive areas. Thus the Medipix2 detector 

is only partially covered with a uniform layer of polyethylene converter, noted as SV1 

(the proton window), with the remainder left uncovered, noted as SV2 (the background 

window). This structure was modelled in the GEANT4 simulations. 
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Figure 6.1: The Medipix2 with a partial polyethylene converter on top of the silicon 
sensor and an uncovered area modelled with GEANT4 (front and side views). 
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Experiments were carried out on 14 MeV D-T and Am-Be neutron sources at 

Australia’s Commonwealth Scientific and Industrial Research Organisation (CSIRO) in 

collaboration with Dr. Marco Petasecca and Dr. Joseph Uher. The device was irradiated 

with 14 MeV neutrons from a D-T generator Thermo A-3062. The distance between 

the D-T generator and the detector was 55 cm. The emission rate of the D-T generator 

was 8.6 x 107 n/s into the full solid angle, thus the intensity of the neutron at the tested 

detector (area of 1.4 x 1.4 cm2) was calculated at 2100 n/s. The emission rate of the D-

T generator was estimated using a 2 x 2 x 2 cm3 plastic scintillator (EJ 204) attached to 

a photomultiplier (Photonis XP2020). A detection efficiency of 3.9% of the scintillator 

for 14 MeV neutrons was approximated by an analytical calculation. The measured 

neutron flux was in good agreement with the calculated figure.  

 

 

 

 

 

Figure 6.2: Irradiation setup on an Am-Be neutron source. 
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Figure 6.2 shows the irradiation set up on the Am-Be neutron source. The 

Medipix2 detector was placed on top of the collimator of the Am-Be neutron source 

container, but 20 cm away from the source when in the irradiation position. The 

polyethylene converter attached to the silicon sensor was faced down normally to the 

neutron beam. The emission of neutrons in 4π was 9.3 x 106 n/s calculated based on the 

activity of the source on the day of the experiment. When not in use the neutron source 

was kept in boronated paraffin shielding. 

The physical construction of the layers of the polyethylene converter on the 

Medipix2 detector was as shown in Figure 6.1. The polyethylene converter occupied 

two-thirds of the active area of the detector, while the remainder was left uncovered to 

enable the background to be estimated. A 9 x 14 x 1 mm3 square aluminium frame was 

used to hold the polyethylene layer attached to the surface of the detector to minimise 

the air gap and any misalignment between the converter and the silicon substrate. Four 

thicknesses of polyethylene were used during irradiation with the neutron sources. The 

polyethylene converters were 0.1, 0.25, 0.5 and 1 mm-thick. 

The detector was placed immediately in front of the neutron source window for 

both fields, with the neutrons normally incident to the sensor surface. The experiment 

was repeated for each thickness of polyethylene using the same Medipix2 detector with 

the same neutron fluence and geometry of experiment. The data acquisition was based 

on a USB interface readout by the Pixelman software developed by the Medipix 

collaboration; this software provides several analyses and setting tools for use during 

data acquisition and post-processing. During the acquisition, the parameters were set to 

retrieve all data from the entire sensitive area of the chip. The data were later analysed 

using a C++ programming code that extracted the counts for the two defined readout 

regions. 

The Medipix2 detector was modelled as a 14.08 x 14.08 x 0.3 mm3 silicon 

sensor with 256 x 256 sensitive volumes, each with size of 0.055 x 0.055 x 0.3 mm3. 

The ASIC chip beneath the silicon sensor was modelled as a 14.08 x 14.08 x 1.5 mm3 

silicon slab. The polyethylene converter was modelled as a polyethylene slab 0.1, 0.25, 

0.5 and 1 mm-thick, each with a cross-section of 9.35 x 14.08 mm2. The aluminium 

holder surrounding the polyethylene converter was engineered to ensure that the 

converter was rigid and flat, and to minimise air gaps between the polyethylene 

converter and the silicon surface. 



 

110 

 

The neutrons were generated as a parallel beam incident normally to the 

detector. The energy of the neutrons from a simulated D-T source was modelled with a 

Gaussian distribution, with a mean value of 14 MeV and one standard deviation of 0.01 

MeV and 0.5 MeV. The energy of the neutrons of the Am-Be-source was modelled 

with the energy spectrum recommended in [158]. 

The QGSP_BIC_HP physics list that came with the GEANT4 version 9.2 patch 

p01 was used. The threshold of production of secondary particles was fixed equal to 5 

µm in range within the sensitive regions SV1 and SV2. To reduce the execution times 

of the simulation without affecting the accuracy of the simulation results, the threshold 

was set higher outside regions SV1 and SV2. 

 

 

6. 3 Results and discussion of the subtraction method  

Figure 6.3 shows events from a particular frame under D-T neutron irradiation: 

events from proton recoils and inelastic reactions that created a rounded cluster with 

pixels > 7. The energetic secondary electrons also have pixels with a cluster > 7, but the 

electron tracks are thin lines. Figure 6.4 shows ambiguous events of proton recoils and 

two events overlapping. The overlapping events were easily detected using the 

subtraction method of analysis by looking at the output data: the pixels that were 

overlapped had a logic number of 2, instead of 0 for no event or 1 for one event. 
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Figure 6.3: Events from a particular frame under D-T neutron irradiation. Small dots or 
a small cluster of pixels (< 7 pixels) are the low-energy gamma interactions, (a) is a 
high-energy secondary electron, (b) is a proton recoil that entered the silicon sensor at 
some angle, (c) is an inelastic reaction and (d) is low-energy secondary electrons (short, 
curly lines). 
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(b) 
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Figure 6.4: Events from another frame under D-T neutron irradiation: (a) shows 
ambiguously a proton-recoil event entering the silicon sensor at an angle smaller than 
in Figure 6.3, or possibly a distorted inelastic interaction; and (b) shows overlapping 
events of inelastic interactions. 
 

 

 

Figure 6.5 shows a screenshot generated by Pixelman software, representing a 

greyscale modulated image of accumulated events in the Medipix2 detector within the 

SV1 and SV2 areas. There is a clear difference between the number of events in those 

regions of the detector covered by polyethylene (recoil protons and background) and 

(a) (b) 
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uncovered (background only). Proton and background windows, which were also used 

in the simulations, are represented in Figure 6.5 with a broken red outline. Using these 

regions inside SV1 and SV2 inhibits cross-talk, where scattering events from one 

region are counted in another; this improves the evaluation of the neutron response. 

 

 

 

 

Figure 6.5: The accumulated events from all frames from fast-neutron irradiation. The 
black line shows the dead pixels. The counting windows under the layer of 
polyethylene and in the uncovered area are a proton window and a background 
window, respectively. 
 

 

 

Figure 6.6 shows a comparison of the event images for different thicknesses of 

polyethylene converters irradiated with D-T and Am-Be neutrons. The gain in 

efficiency with polyethylene converters of different thicknesses is clearly visible, 

particularly when the thickness is increased for exposures with high-energy 14 MeV 

neutrons (Figure 6.6(a)). 
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Figure 6.6: The total events are represented in the greyscale modulated image, as in 
Figure 6.5. The bright areas show high event counts under the polyethylene layer: (a) is 
the results from a 14 MeV D-T meutron source; (b) is the results from an Am-Be 
neutron  source; and (c) corresponds to events in (b), after filtering out the events with a 
cluster size of less than seven pixels. 
 

 

Figure 6.6 (b) and (c) shows the event images for the same thicknesses of 

polyethylene converters, but irradiated with neutrons from an Am-Be source, which has 

a lower average neutron energy (~ 4.2 MeV) than the D-T source and a higher gamma 

background. This can be seen in Figure 6.6b, where due to the larger gamma 

background the boundary between the SV1 and SV2 regions is not as clear. 

In the mixed-radiation fields of these experimental setups there were other 

contributions to the event counts in both counting windows; these contributions were 

associated with backscattered neutrons, secondary charged particles and a gamma 

background (Figure 6.6). Secondary charged particles, like alphas, had the least effect 

on the counts because they were easily stopped in air. The backscattered neutrons had 

an almost equal effect on both counting windows because the back of the Medipix2 

detector has uniform layers of material. 
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It is possible to improve the contrast in Figure 6.6b using those features of the 

Pixelman software that allow events to be filtered depending on size of the pixel 

cluster, which is related to the LET of the incident particle. Gamma radiation with low-

energy photons will deposit energy within a single pixel, whereas higher-energy 

photons will create long tracks due to the higher energy of secondary electrons, which 

results in energy depositions within more than one pixel [155]. This allows for the 

removal of events corresponding to photons with low energy, for example, which only 

deposit energy in a single pixel. Figure 6.6c shows the events in Figure 6.6b after 

filtering out those with a cluster size of less than seven pixels. In this case the 

contribution of recoil protons becomes more obvious, which is a further advantage of 

this dosimeter. Thus the application of cluster-size filtration to the experimental data, in 

addition to the background-window subtraction method, improved the response of the 

Medipix2 to neutrons only. 

In this study the net proton counts were calculated by subtracting the 

background counts according to Equation (5.1) after preliminary cluster-size filtration, 

allowing for a comparison of the counts produced by recoil protons only, for each 

partial converter. Thus, the data from both neutron field experiments were analysed 

further to filter out clusters below seven pixels, which as discussed, removes the 

background contribution from gammas that was not included in the GEANT4 

simulations. The response of each converter was normalised to the total number of 

counts of all converters for the same neutron-fluence irradiations, as presented in 

Equation (6.1) below. This equation was used for both the GEANT4 simulations and 

experiments with the D-T and Am-Be sources. 

 

 ]%,J:J�g = N ]%,P
�

PRS
 (6.1) 

 

 

Figure 6.7 and Figure 6.8 present the variation in the normalised responses of 

recoil protons of the Medipix2 detector with different thicknesses of polyethylene 

converter, showing a direct comparison of the simulation and experiment results for 

irradiation with the D-T and Am-Be neutron sources, respectively. 
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Figure 6.7: A comparison of the experimental result of the 14 MeV D-T neutron to the 
simulations, using a Gaussian spectrum of mean 14 MeV and σ of 0.01 and 0.5 MeV. 
 

 

 

Figure 6.8: A comparison of the experimental result of the Am-Be neutron to the 
simulation. 
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For both neutron-source experiments, agreement with GEANT4 simulations 

was within 10%. Error bars for experimental results were estimated from the standard 

deviation of Poisson statistic "� = √T, where N was number of counts. Error bars for 

experimental results were less than 1%, resulting from the large number of counts from 

recoil protons. The detector responses for polyethylene converters in Figure 6.8 with 

thicknesses of 1 mm and 0.5 mm were not significantly different due to the low average 

range of the recoil protons produced by neutrons from the Am-Be source. This is in 

contrast with the response of the detector with 14 MeV neutrons from the D-T source. 

The observed agreement between the experimental and simulated results of the 

dosimeter responses for four polyethylene converters with distinct thicknesses 

demonstrates the validity of the GEANT4 simulations and the implementation of the 

subtraction model of Medipix2 with polyethylene converters. This lends confidence to 

the optimisation procedure described in Chapter 5, and demonstrates that applying a 

structured polyethylene converter to a pixelated detector can produce a neutron 

dosimeter with an independent response to neutron energy to within 10% variation in 

an energy range 0.3–15 MeV. 

 

6. 4 Validating the optimisation method 

This section describes the validation of the experiment results using the 

Medipix2 detector with a structured polyethylene converter. A D-T neutron source was 

used to provide two different neutron spectra: non-moderated and moderated fields. 

The moderation was performed with a poly-methyl-methacrylate (PMMA) moderator. 

The validation simulations were performed using GEANT4 version 9.2.p01. 

 

6.4.1 Simulation methods of a moderated D-T neutron source 

The neutron-dose equivalent of the moderated neutrons was estimated through 

GEANT4 Monte Carlo simulations. This simulation was done to obtain information 

from the neutron spectrum after being moderated by a 6 cm-thick PMMA moderator. 

The simulation geometry setup is shown in Figure 6.9. An additional 0.9 mm-thick 

layer of aluminium used in both the simulation and the experiment were to stop recoil 



 

protons originating from the moderator.

14 MeV mono-energetic normally incident on the moderator. The beam 

cross-section. The physics library was

GEANT4 installation

mm inside the moderator geometry.

 

 

Figure 6.9: The geometry setup
moderation by the PMMA
 

 

For each simulation event, the particle

of aluminium were counted. The energy associate

stored in 0.002 MeV bins of energy that

particles for which the

electron and alpha. 
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from the moderator. The neutron source was a parallel beam with 

energetic normally incident on the moderator. The beam 

. The physics library was the QGSP_BIC_HP that c

installation. The secondary particle production threshold was 

mm inside the moderator geometry. 

The geometry setup for the simulation of the neutron spectrum after 
PMMA slab. 

For each simulation event, the particles that exited from the side with the layer 

were counted. The energy associated with each

stored in 0.002 MeV bins of energy that spanning 50 eV to 20 MeV. The types of 

s for which the energy spectra were investigated were gamma, neutron, proton, 

The neutron source was a parallel beam with 

energetic normally incident on the moderator. The beam had a 5 x 5 cm2 

QGSP_BIC_HP that came with the 

. The secondary particle production threshold was assigned to 0.5 

 

neutron spectrum after 

exited from the side with the layer 

each type of particle was 

spanning 50 eV to 20 MeV. The types of 

investigated were gamma, neutron, proton, 
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6.4.2 Simulation methods of a structured polyethylene converter on the Medipix2 

GEANT4 was used to simulate Medipix2 geometry with a structured 

polyethylene converter on top of the active area of Medipix2. The views of the 

simulated geometry are shown in Figure 6.10, Figure 6.11 and Figure 6.12. The 

threshold for secondary particle production was assigned to 5 µm at the Medipix2 

readout pixels, and gradually increased at the region further away from the pixels. 

The readout areas were divided into seven segments: 0.01, 0.03, 0.05, 0.1, 0.3 

and 1 mm-thick, which were represented by R1, R2, R3, R4, R5 and R6, respectively, 

while the uncovered area for the background readout was denoted as R0 in Figure 6.10. 

The remaining area in Figure 6.10 was covered by a 0.5 mm-thick polyethylene frame 

supporting the structured converter. 

 

 

 

 

Figure 6.10: Plan view of the structured converter on the Medipix2 active area. The 
areas highlighted in blue show where the polyethylene converter was placed. 
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Figure 6.11: A view of the detector geometry in the simulation. The green lines 
represent the structured polyethylene converters. The light-blue line denotes the 
periphery of the active area of Medipix2, and the area between the white line and the 
magenta indicates the plastic frame on the Medipix2 board. 
 

 

 

 

Figure 6.12: An angled view of the geometry in the simulation. The cubicle world 
geometry is shown by the blue line. 

10 mm 



 

121 

 

The mono-energetic neutron source was from 0.3 to 15 MeV of energy. The 

parallel neutron beam incidents were normally on the front of the detector. Every 

primary neutron event that deposited energy above 10 keV in the segments was counted 

as one, and tallied over a run. The size of the neutron beam field was 4 cm2. 

 

6.4.3 Experiment methods for a structured polyethylene converter on the Medipix2 

A structured polyethylene converter was prepared using layers of high-density 

polyethylene (HDPE), as shown in Figure 6.13. The layers of different segments were 

glued together such that the converter measured 14 x 14 mm2. This structured converter 

was placed onto the Medipix2 sensor and held in place with thin aluminium tape, as 

shown in Figure 6.14. The pixel equalisation was performed before the Medipix2 was 

used in the experiments by covering it with black fabric during equalisation, as shown 

in Figure 6.15. 

 

 

 

 

Figure 6.13: The structured polyethylene converter as described in Figure 6.10. The 
white region is the thin layer of hydrogen-free glue; protons generated from the glue 
can be neglected. 
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Figure 6.14: Medipix2 with a structured converter attached onto the sensor. A small 
twist on the converter, which occurred when it was being installed on the Medipix2, 
may have uncovered the periphery of the sensor (as indicated by the red circles). 
 

 

 

 

Figure 6.15: Setup for pixel equalisation. 
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The neutron-dose equivalent on the D-T exit window with and without a 6 cm 

PMMA moderator was measured by an ALNOR 2202D remmeter. The remmeter 

sensor was made from a large moderator body of polyethylene, an inner cylinder of 

boronated plastic and a central counter tube filled with BF3. It allows measurement of 

the dose equivalent for neutrons with an energy range of 0.0025 eV to 17 MeV. It is 

less sensitive to gamma, where it can discriminate about 10-6 times the gamma-dose 

rate, which in 2 Gy/h of gamma dose rate is equal to a neutron-dose equivalent < 5 

µSv/h. The remmeter was placed upright on the neutron exit windows, as shown in 

Figure 6.16. The dose rate was given in µSv/h in log scale meter. The remmeter was 

calibrated on the 20 March 2010, according to ANSTO. 

The D-T neutron source current was stable after 20 minutes’ warmup at 0.063 ± 

0.002 mA and a voltage of 74.3 ± 0.2 kV. The dose-rate measurements with and 

without a moderator are summarised in Table 6-1. 

 

 

 

 

Table 6-1: Neutron dose rates 
Neutron moderation Dose rate 

Yes 3.8±0.5 mSv/h 

No 5.5±0.5 mSv/h 
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Figure 6.16: The remmeter standing on the moderator while the neutron-dose 
equivalent is being measured. To measure the dose without the moderator, the 
remmeter would stand on the aluminium plate. 
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While the measurement was taking place, the Medipix2 detector was placed as 

shown in Figure 6.17 and Figure 6.18. The moderator was placed between the 

Medipix2 sensor and the aluminium slab. The PMMA moderator was absent for non-

moderated neutron experiments. The silicon sensor was biased at 7 V. Irradiation for a 

moderated neutron beam took an hour, whereas without a moderator it took 1.5 hours. 

The Pixelman data-acquisition frame period was set to 0.5 seconds per frame. 

 

 

 

 

 

 

 

Figure 6.17: The experimental setups for the Medipix2 detector facing a moderated 
neutron beam. 
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Figure 6.18: The experiment setup for the Medipix2 detector facing a non-moderated 
neutron beam. 
 

 

 

 

6.4.4 Simulation results for a moderated D-T neutron source 

Figure 6.19 shows the spectra from secondary particles and neutrons that were 

escaping the 6 cm moderator plus 0.9 mm layer of aluminium. The results show that the 

initial mono-energetic neutron energy is moderated, providing a continuous neutron 

spectrum below 14 MeV and dominated by a 14 MeV neutron peak. Table 6-2 shows 

the ratios of the final neutron fluence for full neutron spectra and for 14 MeV neutrons 

only to the initial 14 MeV neutron fluence for this moderation. This table shows that 

the moderated neutron fluence components were dominated by neutrons at 14 MeV 

energy with a fluence ratio of 3:1. 

 



 

Figure 6.19: The spectra of secondary particle
the side with the aluminium 
 

 

 

Table 6-2: Neutron output fluence ratios

Full spectrum of exit neutron

14 MeV only of 

 

 

Simulations 

thickness of the moderator 

PMMA moderator 

aluminium layer fixed at 0.9 mm. The result

moderators to 3 and 6 c

neutron components. The

the spectrum for the
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The spectra of secondary particles and neutrons that exit the moderator 
aluminium layer. 

eutron output fluence ratios 
Ratios of final to initial fluence 

Full spectrum of exit neutron Φf / Φi = 0.68

of exit neutron Φf,14MeV / Φ

Simulations were also carried out to investigate the effect of varying 

moderator on the output spectra of neutrons from the moderator

PMMA moderator was set to two additional thicknesses, 3 and 20 cm

layer fixed at 0.9 mm. The results in Figure 6.20 show that 

3 and 6 cm-thick, resulted in almost equal quantities 

. The partial contribution of low-energy neutron component

for the 6 cm-thick moderator was slightly higher than

 

that exit the moderator on 

= 0.68 

Φi = 0.51 

to investigate the effect of varying the 

on the output spectra of neutrons from the moderator. The 

3 and 20 cm, and an 

show that altering the 

almost equal quantities of lower-energy 

neutron components from 

than that for the 3 cm-



 

thick moderator. The 

moderation were less than 

explained by the neutrons hav

emerging at the 5 x 5 cm

the neutron spectra from the three moderator thicknesses are identical.

 

 

 

Figure 6.20: Neutron spectra after being
 

 

 

An estimation of 

factor was performed

equivalent conversion factor for mono

report 74 [3], Conversion Coefficients for Use in Radiological Protection
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he low-energy neutron components of fluence for the 20 c

less than those for the 3 and 6 cm moderation

the neutrons having been scattered to the periphery of the PMMA and 

5 x 5 cm2 aluminium layer’s side-exit field. Generally

the neutron spectra from the three moderator thicknesses are identical.

Neutron spectra after being moderated by 3, 6 and 20 cm

stimation of the fluence-to-neutron ambient dose equivalent conversion 

performed for the 6 cm-thick moderator. The fluence

equivalent conversion factor for mono-energetic neutrons was adapted from 

Conversion Coefficients for Use in Radiological Protection

of fluence for the 20 cm-thick 

3 and 6 cm moderations. This could be 

been scattered to the periphery of the PMMA and not 

. Generally, the shapes of 

the neutron spectra from the three moderator thicknesses are identical. 

 

ted by 3, 6 and 20 cm-thick PMMA. 

ambient dose equivalent conversion 

moderator. The fluence-to-ambient dose 

as adapted from the ICRP 

Conversion Coefficients for Use in Radiological Protection. The ICRP 74 
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conversion table was interpolated into 0.002 MeV energy gaps to match the simulated 

energy bins. The spectrum in Figure 6.20 was normalised using Equation (6.2): 

 

 ?P = �P∑ �P (6.2) 

 

where Ci is the count, as in Figure 6.20, for i th - energy, Si is the probability of neutrons 

at i th -energy. Then the fluence-to-ambient dose equivalent conversion factor for the 

neutron spectrum moderated by the 6 cm PMMA is calculated using Equation (6.3): 

 

 @ ∗ �10)/Φ = N ?P ∙ ;P (6.3) 

 

where Pi is the interpolated value of the ICRP 74 fluence to the neutron-dose equivalent 

conversion table for i th -energy. Table 6-3 shows the results from this calculation. 

 

 

Table 6-3: Neutron source conversion factors for the moderator with a 6 cm-thick 
PMMA and a 0.9 mm-thick aluminium plate 

Neutron source moderation Conversion factor Note 

Yes 5.06 x 10-7 mSv cm2 
For neutron energy  

0.002-14 MeV 

No 5.20 x 10-7 mSv cm2 From ICRP Report 74 [3] 

 

 

6.4.5 Simulation results of a structured polyethylene converter on the Medipix2 

The energy responses for each defined segment on the Medipix2 active area are 

shown in Figure 6.21. Because the defined segments are different in their cross-

sectional areas, the energy responses are exclusive to the design of this geometry. The 

results shown in Figure 6.21 are after background subtraction using Equation (5.1). The 

optimised response function RФ,total was calculated from Equation (5.2). The nine 

values of βФ,i were optimised to give results RФ,total (E) ∝ [H*/ Ф](E).  

 



 

 

Figure 6.21: The energy response
thicknesses of PE. 
 

 

 

 

 

The final response of detector to the 

using Equation (5.5)

dose was 116 counts per mSv

the response of the neutron detector with 

in Chapter 5, 115 counts per mSv

flexibility in designing 

energy response for

pixelated detector proposed here.
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The energy responses for each defined segment corresponding to different

The final response of detector to the neutron-dose equivalent was calculated 

5); the optimised response of the detector counts over the neutron 

counts per mSv ± 15%, as shown in Figure 6.22. This is very similar

neutron detector with a structured polyethylene 

, 115 counts per mSv ± 9%, apart from a flatter response. This shows 

flexibility in designing a possible structure for a polyethylene converter to achieve an 

for the neutron detector that is reasonably flat using the 

proposed here. 

 

corresponding to different 

equivalent was calculated 

detector counts over the neutron 

This is very similar to 

polyethylene converter simulated 

, apart from a flatter response. This shows 

converter to achieve an 

the neutron detector that is reasonably flat using the silicon 
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Figure 6.22: The total energy response of the detector shows good flattening of count 
per neutron-dose equivalent. 
 

 

 

6.4.6 Experiment results and discussion of a structured polyethylene converter on the 

Medipix2 

The Medipix2 detector with a structured polyethylene converter, as in the 

simulation above, was placed above a 6 cm PMMA moderator plus the 0.9 mm-thick 

aluminium layer (Figure 6.17). The images of event distribution on a 14 × 14 mm2 

sensitive area of the Medipix2 with and without a moderator are shown in Figure 6.23 

and Figure 6.24, respectively. The green lines in both figures are the dead pixels. The 

number of registered counts in each segments of polyethylene converter, as marked, 

corresponding to the recoil protons, is reduced with introduction of a moderator. Raw 

C++ programming code was used to extract the counts from the assigned readout areas. 

The code was specified to read clusters with a size ≥ 7. The events on the perimeter of 

the sensitive area of the Medipix2 correspond to the polyethylene frame, as described 

earlier, and were not considered in the calculation of the detector response under both 

simulation and experimental works. 
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Figure 6.23: Counts on a sensitive area of the Medipix2 from the non-moderated 
neutron beam. The counts on the Medipix2 active area are given by the colour scale. 
The locations of assigned readout segments Ri are approximately as shown by the red 
text. 
 

 

 

Figure 6.24: Counts the image of counts on a sensitive area of the Medipix2 from the 
moderated neutron beam. The counts on the Medipix2 active area are given by the 
colour scale. The locations of assigned readout segments Ri are approximately as 
shown by the red text. 
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To calculate the experimental response of the detector, the readout areas were 

first defined for each thickness of the segments, which include Ro. The size of each area 

had to have an equal size, as in the simulation. Then, the count of recoil protons was 

calculated based on Equation (5.1), as shown below. 

 

 ]P = x],P − xyPy'z ]'z (6.4) 

 

where R’
i is the counts in segment-i th, Ro is the uncovered segments counts, Ai 

and Ao are areas of a segment-i th and an uncovered segment, respectively, and Ri is the 

recoil-proton counts per irradiation. Then, Equation (5.2) was used to calculate the Rtotal 

in term of counts per irradiation using the same βФ,i obtained from the simulation 

results in Section 6.4.5. The calculated experimental counts per measured neutron-dose 

equivalent, as shown in Table 6-4 were obtained from Equation (6.5). 

 

 ��s0�./�?+ = ]J:J�g  (��s0�.)
��.7 &��7 (�?+ ℎ⁄ ) × �/�7(ℎ�s&) (6.5) 

 

 

Table 6-4: Summaries of the final detector counts/mSv 
Neutron-source 

moderation 

Experimental response 

(counts/mSv) 

Theoretical response 

(counts/mSv) 

Yes 69.5 ± 13%  116 ± 15%  

No 67.9 ± 9%  116 ± 15%  

 

 

Moderation with a 6 cm-thick PMMA and 0.9 mm-thick aluminium decreased 

the 14 MeV neutron fluence to about half of its initial value. Total fluence of 

moderated neutrons was decreased to 68% of the initial fluence of 14 MeV neutrons, as 

shown in Table 6-2, in which the 14 MeV neutron fluence had a population ratio of 3:1 

to the rest fluence of the moderated neutron. 

Partial contributions to the neutron-dose equivalent per unit neutron fluence 

were calculated for energy ranges of 0.002-0.2 MeV (WL) and 0.2-14 MeV (WH) in the 



 

134 

 

spectrum of neutron moderated by a 6 cm-thick PMMA moderator and 0.9 mm-thick 

aluminium layer as in Figure 6.9, and the results presented in a Table 6-5. Because of 

the total fluence of neutrons within WL is much lower than WH, as in Figure 6.20, as 

well as the calculated fluence conversion coefficient for WL is only 11% of WH, it is 

possible to conclude that major contribution to the neutron-dose equivalent will be 

from neutrons > 0.2 MeV. 

 

 

 

 

Table 6-5: The ratio of the neutron-dose equivalent conversion of WL to WH 

No Neutron-energy range 
H*(10)/Φ 

(mSv cm2) 

Ratio  

1 14 MeV mono-energy 5.2 x 10-7 No 2 to No 1 = 0.98 

2 0.2 – 14 MeV (WH) 5.08 x 10-7 No 3 to No 2 = 0.11 

3 0.002 – 0.2 MeV (WL) 0.58 x 10-7  

4 0.002 – 14 MeV (full spectrum) 5.06 x 10-7 No 4 to No 1 = 0.97 

 

 

 

 

This is proved by the experimental values for counts/mSv (Table 6-4) for 

moderated and non-moderated neutron beams, which vary within 2%, which is an 

excellent agreement; this, again, suggests that the contribution of WL neutrons to the 

response of this detector was negligible while this the detector was simulated and 

optimised for neutron energy > 0.3 MeV. 

To further investigate this assumption, a detailed GEANT4 simulation of the 

response of a structured polyethylene converter on the Medipix2 neutron-detector 

geometry described in Section 6.4.2 was carried out. Table 6-6 shows the response of 

this detector, calculated from the simulation for WL, full-moderated spectrum, and 14 

MeV mono-energetic neutrons. 
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Table 6-6: Results from simulation of a structured Medipix2 detector for WL, full 
moderated spectrum and 14 MeV mono-energetic neutrons. R1, R2, R3, R4, R5 and R6 are 
the 0.01, 0.03, 0.05, 0.1, 0.3 and 1 mm-thick polyethylene converters, respectively. R7, 
R8 and R9 are the virtual thicknesses. βi is the optimised weighting factor for each 
thickness for this geometry 

Thickness 
<0.2 MeV 

Full 
spectrum 

14 MeV 
βi 

<0.2 MeV 
Full 

spectrum 
14 MeV 

Count/fluence Weighted count/fluence 

R1 9.52E-6 5.51E-5 5.65E-5 1.977 1.88E-5 1.09E-4 1.12E-4 

R2 1.03E-5 1.02E-4 1.08E-4 0.088 9.08E-7 8.99E-6 9.58E-6 

R3 4.85E-6 3.56E-5 3.72E-5 -0.089 -4.32E-7 -3.17E-6 -3.31E-6 

R4 5.17E-6 7.96E-5 8.09E-5 0.478 2.47E-6 3.80E-5 3.87E-5 

R5 2.84E-6 1.59E-4 1.54E-4 0.663 1.88E-6 1.05E-4 1.02E-4 

R6 -3.67E-6 3.54E-4 3.62E-4 -0.289 1.06E-6 -1.02E-4 -1.05E-4 

R7 5.23E-6 1.10E-4 1.07E-4 -1.049 -5.49E-6 -1.15E-4 -1.13E-4 

R8 1.09E-5 2.27E-4 2.36E-4 -0.548 -5.99E-6 -1.25E-4 -1.29E-4 

R9 -7.76E-6 1.01E-3 1.05E-3 0.135 -1.05E-6 1.37E-4 1.42E-4 

 

Total 
C/F 

1.22E-5 5.24E-5 5.45E-5 

mSv/F 0.58E-7 5.06E-7 5.20E-7 

C/mSv 208.0 103.5 104.7 

Variation to the value 116 C/mSv ±±±±15% of 
averaged response of this detector → +79% -11% -10% 

 

 

 

The recoil-proton simulated response of the Medipix2 neutron detector for WL 

neutrons is 208 counts/mSv that is twice more that for full moderated neutron spectra 

and 14 MeV neutrons. It is not in contradiction with obtained results because partial 

fluence of WL neutrons is as low as ~ 0.6% of the fluence from WH neutrons that is 

leading to < 2 counts contribution to the 103 counts/mSv from full moderated spectrum 

that is within error of the detector response. The simulated value of counts/mSv for the 

full moderated spectra and 14 MeV mono-energetic neutrons showed that the 

developed optimisation of the response of the neutron detector with structured 

polyethylene on top of the pixelated silicon detector, even though was derived based on 

mono-energetic neutrons from an energy range of 0.3 MeV to 14 MeV, is also 

applicable to continues spectra of neutrons. 

The dose equivalent rates measured by the ALNOR 2202D remmeter for 

moderated neutron beam had 31% lower rates of dose equivalent than the non-

moderated 14 MeV D-T neutron beam as shown in Table 6-1. This result agrees with 
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the results of the simulation which showed about 32% reduction in neutron fluence 

after being moderated by a 6 cm-thick PMMA, as shown in Table 6-2 which is again 

confirming the domination of 14 MeV neutrons in the moderated spectrum. 

Table 6-7 shows experimental measurement of neutron-dose equivalent when 

assuming Rtotal= 116 counts/mSv as simulated for this Medipix2 neutron detector in 

comparison to measured value with ALNOR 2202D remmeter. While Medipix2 and 

ALNOR 2202D have about 40% difference for the moderated and non-moderated 

neutrons dose equivalents rate, the ratio of moderated to non-moderated dose rate is 

about the same for the value of 0.72 (Medipix2) and 0.69 (ALNOR 2202D) 

corresponding to 4% difference that again in good agreement with previous results. 

 

 

 

Table 6-7: A comparison of the readout dose 
Neutron-dose 

moderation 

Time of 

irradiation 

Medipix2  

neutron dose 

ALNOR 2202D 

neutron dose 

Different to 

ALNOR 2202D 

Yes 1 hour 
2.3 mSv 

(or 2.3 mSv/h) 

3.8 mSv 

(or 3.8 mSv/h) 

39% 

No 1.5 hour 
4.8 mSv  

(or 3.2 mSv/h) 

8.3 mSv  

(or 5.5 mSv/h) 

42% 

Ratio of moderated to 

non-moderated 
 0.72 0.69 4% 

 

 

 

Almost twice the disagreement in absolute values of neutron-dose equivalent 

measured by these detectors is understandable, as the ALNOR 2202D remmeter was 

designed and calibrated for measurements of isotropic uniform neutron fields larger 

than the diameter of the remmeter. In present experiment the neutron field was a 

collimated beam with 5 × 5 cm2 aperture, less than the 20 cm-diameter of the ALNOR 

2202D’s polyethylene cylindrical body (Figure 6.16), in contrast to the Medipix2 

detector’s sensitive area, which was smaller than the neutron field. This led to the 

ALNOR 2202D displaying higher values for ambient-dose equivalent due to the 

volumetric effect, while the Medipix2 was irradiated with uniform neutron fluence. For 
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a more accurate comparison of these detectors, future experiments should be done in an 

isotropic, large and uniform neutron field. 

6. 5 Conclusion 

The results from both experimental validations verified the simulation concepts 

for subtraction and the optimisation methods for development of an energy-

independent fast-neutron dosimeter introduced in Chapter 5. A semiconductor neutron-

dose equivalent dosimeter with a neutron-energy-independent response can be produce 

based on a pixelated silicon detector with a structured polyethylene converter that 

includes a bare segment. These experimental results offer valuable insight for the future 

engineering of a fast-neutron dosimeter based on a structured polyethylene converter on 

a Medipix2 detector. The initial validation of the optimisation method showed the 

detectors’s almost energy-independent response to the moderated and non-moderated 

fast-neutron sources. The experimental results would have agreed better with the 

simulation results if the experiments had been carried out in a wide, uniform isotropic 

neutron field. A better verification of the flatness of the response can be done by 

moderating the spectral neutron sources rather than using a mono-energetic 14 MeV 

source; this will avoid domination of a particular energy line in the moderated spectra. 

Strong 252Cf and Pu-Be sources providing neutron spectra that can allow essential 

moderation while preserving reasonable dose rate were not available during this 

project. Future experiments will required a better-machined, structured polyethylene 

converter, as well as the introduction of a dead layer in the Medipix detector in 

GEANT4 simulations that can influence the detector response at the low-energy part of 

the considered spectra. 
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CHAPTER 7  

CONCLUSION 

This study has successfully used GEANT4 Monte Carlo simulations to show 

that MOSFET and Medipix2 semiconductor detectors can be used for personnel 

accident dosimetry in a mixed gamma-neutron field, in or near free-air geometry with 

an ambient dose equivalent response as prescribed by ICRU and ICRP for dosimetry on 

a standard phantom. The importance of developed dosimeters is in accident and 

military dosimetry, when detectors can be placed in free-air geometry for dose 

monitoring or, for example, on a wrist where CPE is not achieved. The main goal in 

this work was to improve the detectors’ energy response for gamma and fast-neutron 

radiation fields while making a neutron dosimeter that is also insensitive to gamma. 

Engineering the energy response of those dosimeters was achieved by optimising the 

detector packaging using Monte Carlo simulations. 

The version of the GEANT4 simulation toolkit used in this study was the 

updated version at the time of each individual study, and was stated in each chapter. 

The GEANT4 toolkit helped optimise detector packaging in three-dimensional and 

asymmetry geometry, tasks that are difficult to carry out through an analytical 

calculation. In this study, GEANT4 provided all the necessary tools for tracking 

particles in complex geometry, and for constructing complex geometry, while offering 

a variety of relevant physics modelling, add-in software to analyse output data and 

visualisation tools. 

The detector’s packaging imposes notable effects on its energy response due to 

the attenuation of primary radiation and the production of secondary charged particles 

and the backscattering effect; these were used to adjust energy response of the detector. 

As a result of the optimisation of the MOSFET packaging, two new packaging 

models were proposed. The new packaging was intended for use in free-air dosimetric 

MOSFET applications. This packaging made the response of the MOSFET independent 

of the photon energy, and made it match the detector responses in terms of absorbed 
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doses at depths of 0.07 mm and 10 mm in a water phantom. New packaging, the OP-

007 and OP-10, led to a MOSFET response proportional to absorbed doses at depths of 

0.07 and 10 mm in a water phantom, respectively. Both packaging designs were based 

on multiple layers of a copper-aluminium-graphite filter placed on the gate of the 

MOSFET. Proposed packaging optimisation using a single-chip MOSFET reduced the 

over-response for photon energies of 15 to 60 keV to 200% for Dw(0.07) and 330% for 

Dw(10). The MOSFET response was within ± 60% for photon energies between 0.06 

and 2 MeV for both Dw(0.07) and Dw(10). The obtained energy response was improved 

in comparison to conventionally packaged MOSFET detectors, which usually exhibit a 

500% to 700% over-response at photon energies < 100 keV when used in free-air 

geometry. 

The second optimised MOSFET packaging used two MOSFET chips in the OP-

007 and OP-10 designs. One of the chips was heavily filtered over-layers of lead-

aluminium-graphite, while the other one was unfiltered. At photon energies of < 100 

keV, the heavily filtered MOSFET chip had a lower response than the unfiltered one. 

The R2 / R1 ratio of those two MOSFET chips gives information on the average energy 

of the photons, which means that a correction can be applied to an unfiltered MOSFET 

according to the ratio given. The results of the simulation show how the two chips 

packaging method provides a better energy response than the single filtered MOSFET 

chip for both the OP-007 and OP-10 packaging designs. The proposed algorithm for the 

dual-MOSFET OP-007 and OP-10 was modelled in X-ray spectral fields with an 

energy range of 30 kVp to 150 kVp and a 6 MV spectrum of medical LINAC. The 

energy-response variation of the dual-MOSFET packages DOPF-007 and DOPF-10 for 

average photon energy in a range of 22 keV to 2 MeV was ± 10% and ± 40%, 

respectively. To our knowledge, they offer the best energy-response flatness for 

personnel accident dosimeter application in free-air geometry. 

A new approach to design of a fast-neutron personnel dosimeter with a flat 

energy response was proposed and validated by Monte Carlo simulations and 

experiments. This approach was based on a silicon pixelated detector with a structured 

polyethylene converter as a source of elastically recoil-protons and was realised on a 

Medipix2 detector with 65,000 pixels. The GEANT4 optimisation of the response of 

the neutron-dose equivalent meter working in count recoil-proton mode allowed a ± 9% 

flatness in the energy response for neutrons with an energy range of 0.3 to 15 MeV. 
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This was achived by using a combination of the 0.01, 0.03, 0.05, 0.1, 0.3 and 1 mm-

thick segments of structured polyethylene converter. Algorithms behind the proposed 

approach use different weighting factors (βΦ,i) for the count response from the different 

polyethylene segments (Ri) to produce an almost neuron-energy-independent combined 

sensitivity of RΦ,total = 115 ± 10 counts per mSv of ambient neutron-dose equivalent. 

The GEANT4 Monte Carlo simulations were benchmarked to the experiments 

in a mixed gamma-neutron spectral source of Am-Be and D-T generator with 14 MeV 

neutron energy. Monte Carlo simulated recoil protons from 0.1, 0.25, 0.5 and 1 mm-

thick polyethylene converters partially covering the Medipix2 detector were 

experimentally validated, justifying the proposed subtraction method. An agreement 

within ± 10% was demonstrated for both neutron sources. 

Finally, a fully assembled Medipix2 fast-neutron detector with an optimised 

structured polyethylene converter of six different thicknesses and areas of polyethylene 

segments including an uncovered segment was modelled with GEANT4; it 

demonstrated a response of 116 ± 17 counts/mSv for neutrons with an energy range of 

0.3 to 15 MeV. The simulated response was verified on moderated and non-moderated 

neutrons from a D-T generator with a 5 × 5 cm2 collimated 14 MeV neutron beam. The 

moderation was achieved using a 5 × 5 cm2 by 6 cm-thick PMMA slab plus a 0.9 mm 

aluminium layer to stop recoil protons generated in the PMMA slab from reaching the 

Medipix2 detector. Response of the neutron dosimeter in terms of ambient neutron-

dose equivalent was simulated with GEANT4 for both beam qualities. Independent 

measurement of the neutron-dose equivalent conducted by a team member of this 

project was made with an ALNOR 2202D remmeter. The neutron dosimeter based on 

the Medipix2 showed a dose rate about 40% lower than the remmeter; however, the 

ratio of the dose equivalents for both beams measured by the Medipix2 and the 

remmeter was within 4%. This proved the concept and accuracy of this design. 

Discrepancies in absolute dose values between this detector and the remmeter were 

justified due to the volumetric effect of the remmeter to the collimated beam and 

possible error in knowledge of an absolute fluence of 14 MeV neutrons entering the 

structured moderator of this detector. 

An advantage of the dosimeter developed in this study compared to existing 

dosimeters is its high degree of flexibility in adjusting the energy response by varying 

the readout segments. This is done using Pixelman software along with the weighting 
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factors applied to each segment. This can allow the dosimeter to self-calibrate when 

being irradiated in the fields of several calibrated-neutron-sources spectral in terms of 

neutron-dose equivalent. The dosimeter can also be used for space applications, as it is 

immune to background counts due not only to gamma radiation but to any charged 

particles (protons and heavy ions) typical in the space environment. In conjunction with 

the DOPF MOSFET dosimeter design, it can be used for independent dose 

measurement in a mixed gamma-neutron field, and can be incorporated in a wrist 

device. 

 

Future work on MOSFET and Medipix2 personnel dosimeters 

The DOPF MOSFET detector was optimised for normal incidence of photons, 

and does not consider radiation effects in the MOSFET, particularly the recombination 

effect of electron-hole pairs in the SiO2 gate. Future simulations aimed at optimising 

the angular response of the MOSFET packaging in photon fields are underway for both 

single and dual-MOSFET chip packaging. A new simulation tool that incorporates 

kinetics of charge accumulation and recombination in SiO2 gate into GEANT4 for 

photons with different energies will be developed for a better optimisation of a 

MOSFET personnel dosimeter. 

Other studies have demonstrated some applications of the dual-MOSFET 

detector for thermal neutron dosimetry [147] and single-MOSFET detector for mixed 

gamma and fast-neutron dosimetry [159]. A new MOSFET simulation study will be 

proposed to optimise the fast-neutron response of the MOSFET package incorporating 

a polyethylene converter. It will use the future combined simulation tool, as in the 

current study, to model a response of the MOSFET to recoil protons that is LET-

dependent [160, 161]. 

In this study, the verification of the approach and optimisation of the neutron 

dosimeter response was done for a neutron-energy range of 0.3 to 14 MeV. Further 

studies to optimise this Medipix2 dosimeter to a wider energy range can be extended 

down to the thermal-neutron range. It will demand modelling the response of the 

pixelated detector with 10B or 6LiF [102] converter segments, in conjunction with a 

structured polyethylene converter. The Medipix2 detector is an ideal candidate for this 
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extension due to its flexibility in assigning readout areas. Angular response, as with the 

MOSFET dosimeter, should also be investigated, but optimisation of the angular 

response in personal electronic neutron dosimeters is not an easy task. New add-on 

software for self-calibration based on the Pixelman program is another area for 

development using this neutron detector. 
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