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ABSTRACT

There are many types of semiconductor detectord irseadiation detection
and dosimetry. A common problem of these deteatnder a wide energy spectrum is
that their response in a radiation field dependsenargy. In radiation protection-
applications, gamma and neutron are the most conpriorary radiation. Other forms
of radiation, such as hadronic particles, are irtgarin space applications, but are not
included in the scope of this study because thegrde a separate examination. This
study mainly focuses on the development of semigotad dosimeters for mixed
gamma-neutron, with an improved energy responsiaath by an innovative design
and packaging that can adjust the energy respdribe aetector for each application.
Two detectors — were the metal-oxide-semiconduatd-effect transistor (MOSFET)
for gamma dosimetry and the pixelated silicon dideé¢ector, Medipix2 [1] for fast
neutron dosimetry — were modelled using a MontddCsimulation developed in the
GEometry ANd Tracking (GEANT4) application toolkib improve their energy
response.

Since the MOSFET was introduced to the field ofiaadn detection, its
packaging has undergone many evolutions to satisfintended working conditions.
This study focuses on the optimisation of MOSFETkaging to adjust its energy
response for personnel dosimeter applications. dihe of this optimisation was to
reduce its tendency to over-respond at photon grlesg than 100 keV.

Medipix2 was first developed as a tracker of higlergy charged particles in
HEP applications; it subsequently found a use aX-aay imaging detector. In later
developments Medipix2 demonstrated its ability @utnon imaging and detection [2],
thereby showing its potential as a neutron dosimelbis research proposed and
developed a structured hydrogen-rich neutron cdewesoupled with Medipix2 to
achieve an independent energy response. The cenvess designed to allow
Medipix2 to measure the ambient dose equivalenhaitrons [3]. The GEANT4
simulation results were then compared to the prelny experimental results on fast-
neutron sources. These promising results will palyge 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 jashat carry a distinct
amount of energy have the ability to interact tiglouelectro-weak or hadronic
interactions with the matter they traverse. Throtlgh interaction they will ionise the
matter either immediately or at a delayed time &g®cThus they are regarded as
ionising radiation. The two types of primary iomgiradiation on which this study
focuses are gamma and neutron. Gamma and neutdistioa, being uncharged
particles, have a longer mean-free-path, and are @¢h primary concern in most fields
requiring radiation protection. A detector thated#$ ionising radiation, measures the
energy deposited and translates the output propaitito the deterministic biological

risk is called a dosimeter.

1.1.1 Unit for measuring energy imparted by ionising ia&thn

The basighysical quantityfor measuring energy imparted by ionising radratio
is absorbed dose. The ICRU Report 85 [4] definesatisorbed dosB, as the quotient
of dé by dm wheredé¢ is the mean energy imparted by ionising radiatmmatter of

massdnt thus:

de
_ < 1.1
D o (1.1)

whereD is in unit of gray (Gy) or J kj



1.1.2 Photon detection

A photon is a quantum of electromagnetic energye Goantum energy of
photons is measured ®lectron volts(eV). X-ray and gamma radiation are photons
with their quantum energies in the range aboveed2@nd 100 keV, respectively. Both
X-ray and gamma radiation could cause ionisatiomatter with which they interact.
With gamma it is understood that electromagnetitatéeon usually originates from the
nucleus due to a relaxation of the nucleus fronexited state to the ground state; in
routine situations, gammas can come from Bremdsinighle.g at the LHC), whereas
X-rays can originate from the energy transition edéctrons in an atom or from
electrons accelerating (the Bremsstrahlung effdat)this thesis a photon will be
regarded as having enough energy to cause iomsutimatter. Photons are detected
through secondary electrons generated by the oitenaof radiation with matter.
These secondary electrons are generated from tbeoglactric effect, Compton
scattering and pair-production (a complete disaussin these interactions appears in
Attix’s book [5]).

The photoelectric effect is the process wherebynaident photon is absorbed
by an atom, resulting in the emission of one ofpitsviously bound electrons; this is
then referred to as a photoelectron. The absorptidtine photon with an enerdie can
cause the atom to eject an electron of inner ataméls with bounding enerdy, <

Epe The kinetic energ¥,egiven to the photoelectron is represented by:

pe — Lpe — Ep (1-2)

The equation assumes that no kinetic energy isngteethe atom from which the
photon was absorbed. If the previously bound ebectwas from K- or L-shell, there
will be a possibility for a second photon emisstbrough the prompt filling of this
inner shell vacancy from other bound electrons frress tightly bound shell. The
secondary photon emission also can produce angihetoelectron. The energy
deposited by the photoelectron in matter contribute the absorbed dose. This

interaction is depicted in Figure 1.1.



The resulting vacancy in the-shell is promptly filled by an electron from ou
shells, in this case from-shell, as shown in Figure 1.This filling process i
accompanied bthedisposal of excessive energy from the diffeihw — hy of the K-
shell and the Lshellbounding energy level, respectivelyis disposecthrough either

the emission of fluoresce X-rays or the ejectio of Auger electron

Figure 1.1: Thehotoelectric effectn a K-shell of a silicoratom The silicon nucleus
and the electrons are denoted by amber and rdds;irespectivel

The photoelectric interactiocross-section per atogr at incident energy of

photons less than 0.1 M is represented by:

4
o7 & = (cm?/atom) (1.3)
pe

where Z is thatomic number. The photoelectric effect is a dominaocess in silico

for energy of incident phots below 70 keV, as shown kgurel.2.
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Figure 1.2: The antribution of photoelectric effect, Compton effeahd pair-
production tothe coefficier of total mass attenuation of photons in silic for energy
of incident photoa fromr 1 keV to 20 MeV [6].

The Compton effectis derived from theinteraction of photons with fre
electrons that arassumed to be unbound and stationFor silicon, the Comptc
effectis the dominant effecon theenergy of incident photon > 70 k, as shown in
Figure 1.2. In thisriteraction, the enercE.s of the incident photoiis partly given as
kinetic energyT.s to the stationary electr, and the other part ta scattered photon
with energyEs, as shown i Figure 1.3.



Figure 1.3: TheCompton effect n a valenceshell of a silicon ator The angles of
scattered electron and photon are denoted and® respectively The silicon nucleus
and the electrons are denoted by amber and rdds;irespectivel

Assuming bounding energy of the valence elecE, << E;,
Tes = Ecs — (Es + Ep) = Ecg — E (1.4)
The energy deposited by the scattered Comptorretert matter contributes

the absorbed dose. The KI-Nishina cross-section for tli@ompton effect per atol,o
Is represented by:

a0 =Z+ .0 (cm?/atom) (1.5)
whereeos is the Kleir-Nishina cross-section per electrper unit solid ang. Thee is

dependent on the energy of incidence phi The differential form ofes is given

below.

d r2 (hv'\° (hv  hv'
e? :_°<—> <—+—v—sin2<p> (1.6)



whereEcs = hy, Es = hv’, @ is photon scattering angle anglis the classical electron

radius, with avalue of 2.818 x 13 cm.

Pairproductior is an absorption process wherehy incident photon is
converted into @ electror-positron pair, as shown in Figure41 This process takes
place in aCoulomb force field neaeither an atomic nucleus can electron. The
probability of pairproductior occuring in theCoulomb force field olan electron is
lower than near thaif the atomic nucleus; thus, itm®t discussed he. Therefore the
threshold energy for this process is equal to #s massenergyof those products,
which is In,c? = 1.02 Me\, wherem, is a rest mass @lectron ancc is the speed of

light in vacuum.

Figure 1.4: Thepair-production interaction in &eld of a silicon nucleus. The silicc
nucleus and the electrons are denoted by ambenedmdrcles, respective

The kinetic energies given to the electron andtpmsipair on average &

_  E,,—1.02MeV
Pt (L.7)




whereT is the average kinetic energy. The energies degubbly the scattered pair in
matter contribute to the absorbed dose. The ces®ma per atomx of the pair-

production is represented by:

ok = 0,Z?P (cm?/atom) (1.8)

whereg, = 5.8 x 10°® cnf/electron,P is a function oE,, andZ. For a silicon atom, the
contribution of the pair-production is only sigetint (> 1F cnf/g) at an incident-
photon energy > 10 MeV, as shown in Figure 1.2.

The cross-section of the interaction between thedfexts varies according to
the energy of the photons and the material. Asxamele, at photon energy < 100
keV, the semiconductor detector has a greater plasitric absorption than water,
which can cause an over-response in terms of dodessue or water(Figure 1.10).
Thus, for photons, a dosimeter made from tissuévatpnt (TE) material is better in a
spectrum of unknown photons, despite its being ndiffecult to realise. TE material
has an effective atomic numhég:near or equal to the effective atomic number of the
corresponding tissue; thus, it responds to photderaction in the same way as the

tissue.

1.1.3 Neutron detection

Like photons, neutrons are indirectly ionising ediin that deposit ionising
energy from secondary charged particles that areergéed by the interaction of
neutrons with a nucleus. Neutrons are categorisedrding to their kinetic energies,
which from a dosimetry aspect are either fastrmegliate-energy or thermal neutrons.
The energy range for these types of neutrons d@ keV, 0.5 eV — 10 keV and < 0.5
eV [5], respectively. A cross-section of their matetion depends on the energy of the
neutrons in a particular medium.

These cross-sections, which can be either elastieetastic interactions, are not

always smooth; they can show resonances, as shmwsiliton in Figure 1.5. Elastic



scattering is an interaction where the incidenttroms transfe small part of their
kinetic energy to the recoil nleus, with the internal energstates of both colliding
entitiesunchanged and both kinetic energy imomentunconserved in the final st
as shown in Figuré.6(a). In inelastic interactions of neutrotise incident neutrc is
temporarilyabsorbed and the nucleis excited [7].This prompts a emission of one

neutron with lower energy and a gamme, as shown in Figurg.6(b).

100 . : . . : : : : : :

Cross section (barns)

—— EHDF~/B-UII.1: SI-28(H,TOT>
——— EHDF~B-UII.1: SI-28(H,EL)SI-28-L8
—— EHDF/B-UIT.1: SI-28(H,HOH)

-5 | ) | . . . . . . . .
10 1070 108 10% 104 1022 1 102

Incident energy (MeV)

Figure 1.5:The interactio cross-sections of neutrons 4t6i: total (blue line), elasti
(green line), and elastic (red linecross-sections [8].



T,,>0 T,,>0

Figure 1.6 Neutron: in (a) elastic interaction and (b) inelastic interactT,;, Tnz, Tas,
and T, are the kinetic energies of the incident neutreoajtered nerons, stationary
target nucleusand recoil nuclet, respectively y is the gamma ray emitted in
inelastic interaction.

The dastic scattering of neutrs in siliconis a dominant interaction for ener
of incident neutrongrom 10° eV to 5 MeV (Figure 1.5). e inelastic interaction is
solely representebly a radiative capture for thenergy of incident neutrs from 10°
eV to 1.8 MeV.In radiative capture, a neutronabsorbed and the nucleis excited.
The excited nucleudecays through an emission ofgamma ray and become:
different isotope withthe addition of one atomic weight froits predecessor, in this
case’®Si(ny)*°si.

For aninciden-neutronenergy from 1.8 to 20 MeVneutron interaction is
represented partigl by radiative capture, inelastic interactior?®Si(n,2n¥’Si,
23j(n,n+)**Mg, 2%Si(n,n+proton®’Al, 28Si(n,proton§®Al, 22Si(n,deuteror’’Al and
23j(ne)*°Mg interactions. All these interacticcross-sectionsre as shown in Figure
1.7. The interactiontypes that have not been plotted &i(n,triton), 2*Si(nHe) and
?83j(n,2proton).Above 20 Me\ energy of incident neutronseutron interaction is
represented by aimplified term of?®Si(n,anything)which is used bythe Evaluated

Neutron Data File§].
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Figure 1.7:The partial contribution othe neutroninteractior [8]. The non-elastic,
inelastic, radiative captur ?®Si(n,2n¥’Si, ?®Si(n,n+w)**Mg, “°Si(n,n+protord’Al,

83j(n,protonf®Al, %Si(n,deuterorffAl and ?®Si(nm)?®Mg interactions are denoted

SI-28(N,NON), S-28(N,INL)SI-28, SI-28(N,G)SI-29, &28(N,2N)SI-27, SI-
28(N,N+A)MG-24, S-28(N,N+P)AL-27, SI-28(N,P)AL-28, S?8(N,D)AL-27 and SI-
28(N,A)MG-25, respectivel The simplified term of®Si(n, anything) interaction |
denoted as S28(N,X) [8].

A semiconductor detector for neutron dosimetry enegally coupled to
material that contains a concentration of isotope converting the incident neutr
into detectable charged particlit has rarely been used withcutonverter because its
energy responge term ofkinetic energy released per mak&RMA) differs to that in

tissue (Figure 1.8).
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Figure 1.8: Theoefficients of KERMA for’®Si and ICRU musc versus the energy of
incident neutron [9].

Neutrors undergo multiple elastiscatteringsin a moderatorbefore they
become thermalisedncrease itgprobability to be absorbed by a nucl. The cross-
sectionof such a process is proportional tv, wherev is the velocity of the neutroi
198 and®Li are examples ca goodconverter for this type of detection, particulairly
association with semiconductor neutron detec

A charged alpha particle is produced from thermalitron absorption a
converter that contains eitl a *®B or °Li isotope resulting fron *°B(n,a)’Li and
®Li(n,0)°H reactiors, respectivel. These interactions hal@rgercross-sections than an
inelastic crossectior in silicon at an energy range incident neutron below 1 Me
(Figure 1.9). Thealpha particlefrom these interactions has energ of either 1.47
MeV (*°B) or 2.05 MeV °Li) [10]. The neutrons are detected through electronical
generated in thesemiconductor detector wheit is traversed by the charged alg

particle.
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Figure 1.9 The comparison ccross-sections dH elastic(blue line, °Li(n,0)*H (green
line) and'®B(n,)’Li (red line) to inelastic interaction of silicggrey line [8].

1B has a natural isotopic abundance of 19.8%, wke°Li has a natural
isotopic abundance of 7.4[10]. '°B is usually found in a seiconductor detector as
dopant in ap-type silicon or as a layer (p+ silicon on top of the semiconduci
detector simultaneously serving as-n junction and converter. °Li converter can
also be deposited on a semiconductor detectorerfdim of LiF, or be present in a
thermotuminesence LiF dosimeter (TL; this is widely used for thermal utron
dosimetry. ThéLi isotope insidea TLD 600has up to 95.6% concentrat [11].

Other way ¢ detec fast neutrons is by using a hydrog&h converter such as
polyethylene (PE) to convert neuts into recoil protonsresulting fron elastic

scatteringThe energ\of the recoil protons is represented by:
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E, = Encos*6 (1.9)

whereE; is the energy of the recoil protds, is the energy of the incident neutron and
0 is the recoil angle in a laboratory frame. Frongure 1.9, it is clear that the
hydrogen-rich converter, due to its large crossiseof interaction (which contributes
to a higher detection efficiency of neutrons), avdurable in fast-neutron dosimetry

applications.

1.1.4 The relevance of the Bragg-Gray cavity theory tmisenductor detectors

The advantage of semiconductor detectors in medackhtion dosimetry lies in
their small sensitive volume (SV), whereas mostosdary electrons produced by
photons in water or tissues have a range thatrgedathan the average chord of
sensitive volume. The response of the detector avismall sensitive volume is driven

by the Bragg-Gray relation:

l;—t 5_‘: =SV (1.10)
whereD,, is the dose in surrounding wat@ is the dose in the silicos,, andS, are
the mass collision stopping power averaged overgehparticle spectrum, for water
and silicon respectively arf}’ is the ratio of5,, overS,.

It is assumed that a semiconductor detector segigthe Bragg-Gray cavity
condition such as it does not perturb the chargetigte field and the absorbed dose in
the sensitive volume is deposited entirely by tharged particles that are crossing it
[5]. Even if a situation where charged-particle iBguum (CPE) is absent, Equation
(1.10) is still valid.

The sensitive volume considered in this thesisaf@emiconductor detector is
made from either silicon or silicon oxide ($)OIn the photon field, the secondary
charged particles are mostly secondary electrdris; dould cause ionisation in the
sensitive volume if they have a minimum energy .6f&V in silicon and either 18.4 eV
[12], 18 eV [13] or 17 eV [14] in Si© The advantage of a silicon detector is that the

ratio of the mass stopping power of water to siliemd silicon oxide§? as presented
13



in Figure 1.10, ixquite constanover a wide electroenergy ranc, which leads to a

small correction irthe application of the semiconductdetector inthe megavoltage
(MV) X-ray field. Thus in the region where Compton scattedominates, the energy
deposition in asemiconductor detector is proportional to that eter. Hence even if

the semiconductor detectis not composed of TE material,dan still be used as a
relative dosimeteto measur an absorbed dose in wateloweve, where the energy of
secondary electroris lower, and where the size ofsansitive volumes comparable

with a range of secondary electrons, donhancement cagssentiallybe due to the

contribution ofphotons absbed in a sensitive volume; that ibg ieffect of the ratio of

mass energy absorption coefficient of silicorthat of water is strongly dependent

the energyf the photo (Figure 1.10).
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Figure 1.10 The ratios of electr¢s mass stopping power of water to silicon water
to silicon oxide are almost constant othe energyof electrons fror 10 keV to 20
MeV. The ratio of photon mass energy absorptiorifment of silicon tc water shows
an increase at lowephoton energies due to highginotoelectric absorption in silicc
than in water.
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1.2 Dosimetry in radiation protection

Radiation protection, sometimes known as radiolggicotection, is the science
of protecting people and the environment from thertiul effects of ionising radiation,
which includes both particle radiation and high+gyeelectromagnetic radiation [15].
In practical terms, radiation protection is the @tth;n of policies regarding exposure
and providing shielding if necessary. Dosimetry tiee act of monitoring the
effectiveness of radiation-protection policies, ahdlone in real time can itself be
incorporated into the policies. Four major inteioi@l bodies develop standards for

radiation protection:

* International Commission on Radiation Units and Big@mentgICRU).
The ICRU is responsible for developing internatinaccepted quantities and
units for radiation and radioactivity, suitable pedures for measuring and
applying quantities of radiation and providing cersion factors for electron,
photon and neutron radiation into the dosimetry ahinterest [16].

* International Commission on Radiological Protectid@RP).
The ICRP is an advisory body that provides guidaart recommendations for
radiation protection [17]. The ICRP works closelithathe ICRU to develop
recommendations for radiation protection. The ICBRJ ICRU produce
complementary reports for application in radiatwatection.

* International Organization for Standardizatigis0O).
Under the ISO technical committee for Nuclear Eget§O/TC 85, and in the
subcommittee for Radiation Protection, ISO/TC 85/8Chere are currently
thirteen Working Groups (ISO/TC 85/SC 2/WG) devailgpa standard for
radiation protection [18]. This standard will diffelom those from the ICRU
and ICRP in that it will aid the international exclye of radioactive goods and
services, and develop a cooperative approach t@ati@u protection in the
spheres of intellectual, scientific, technologiaatl economic activity [19]. The
ISO standard implements fundamental quantitiesusitd defined by the ICRU
and ICRP with respect to the availability of resms and apparatus used in

real-world practice.
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* International Atomic Energy Agen¢lAEA).
Practically, the IAEA uses standards from the I8tRP, and ICRU to provide
services and produce their Technical Report S€IAESA TRS). They run the
Primary Standard Laboratory (PSL) and Secondaryndara Dosimetry
Laboratory (SSDL) to provide national referencendtads based on those of
the ISO, ICRP, and ICRU.

1.2.1 Operational quantities

The same dose of radiation from different partidies different effects on a

biological tissue. To take this into account, nayamtities of dose are defined as:
HT = WRDT,R (111)

whereHr is the dose equivalent in tissueDry;r is the average absorbed dose ands
the weighting factor for radiation R. Ther SI unit is J kg, but its special name is
Sievert(Sv) [20]. TheHt is aprotection quantityused to predict the radiobiological
effect of ionising radiation. The effects dependloaLinear Energy TransfefLET) of
the particle in the biological tissue.

The operational quantitiesn radiation protection are in two categories: the
operational quantities for area monitoring and vidiial monitoring. The dose
equivalentH, for operational quantitiesis defined as:

Hsz Q(L)-Z—IZ-dL (1.12)
whereQ(L) is the quality factor for the particle with a lareenergy transfer (LET),,
and the(dD/dL)-dL is the absorbed dose produced by charged partaiis LET
betweerL andL+dL. Theoperational quantitiesre described at depthin a phantom,
asH(d).

The operational quantitiedor area monitoring are specified by the ambient

dose equivalentH*(d) and the directional dose equivaleht(d,Q), whereQ is the
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incident radiation angle from the normal axis oa ffhantom surface. Tlogerational
quantitiesfor individual monitoring are described big(d). The depths commonly use
in radiation protection for individual monitoringeaHp(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 serverham purposes: first, as a
theoretical medium to derive a conversion coeffitiérom physical quantitiesto
operational quantitiesand second, as the place to calibrate the dosimehe ICRU
recommends a sphere phantom with a 30 cm dianemlculateH*(d) andH’(d,Q),
and a slab phantom with 30 x 30 x 15°%tm measure and calculatéy(d) [21].
Theoretically, phantoms should use ICRU tissueadent material with a density of 1
g cm® and a mass composition of 76.2% oxygen, 11.1%ocarb0.1% hydrogen and
2.6% nitrogen.

In practice, the materials for the ICRU slab phantoan be made from
polymethyl methacrylate (PMMA); in simulations thegn be approximated by water.
Backscatter from water as a material is similadi@®RU tissue [22, 23] at photon
energies < 1 MeV. The ICRU slab phantom is the pesttical approximation for a
human trunk.

Other mathematical anthropomorphic phantoms are ated to derive the

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

1.2.3 TheHy(0.07)andHy(10) operational quantities for individual monitoring

The quantities ofHp(0.07) and Hp(10) referred in this study are those
recommended by the ICRP report 60 [27] for extedusle protection. The special case
of Hp(d) is that it defined a dose equivalentdaimillimetresdeep in tissue from the
surface at the point where the dosimeter was wbinas the absolute value bf,(d)
depends on the the dosimeter’s particular locabiorthe human body, the size of the
cross-sectional scoring volume for measurtygd) compared to the cross-section of
the body surface, the size of the incident-radmatield and the incident-radiation

angle. The standard procedures for derii{0.07) andH,(10) use conversion factors
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to convert the air KERMA or exposure measured atsinface of the phantom at the
point of interest to the dose equivalent at a paldr depth in a specified phantom.
These conversion factors also take the build-ue @dosl attenuation into account. For
normally incident photon beams with energies mbamnt30 keV, the difference in dose
betweenHy(0.07) and Hy(10) under CPE is less than 10%, while for low-energy
photonsH,(0.07)can be essentially larger thiig(10) [28].

Previously, the measurement @berational quantitiefor area monitoring of
Hp(0.07)andHy(10) by Busuoliet al. [29] was performed using a 20 x 20 x 15%stab
of PMMA, as a standard phantom for measuring tlyesatities was unavailable until
1992 [21]. To avoid uncertainty iH,(0.07) and Hp(10) related to different phantom
geometry and KERMA approximation issues ky(0.07) [24-26], this study further
substituted them with D,(0.07) and D,(10), respectively. These quantities
conservatively represent the absorbed photon dodepshs of 0.07 mm and 10 mm in
the 30 x 30 x 30 cfrwater phantom as used [ SHEPEHESIENIERE respectively
(close to that recommended in the ICRU Report 47 §2 30 x 30 x 15 cri). Although
the quantitiedD,(0.07) and D(10) were used as surrogates fd(0.07) and Hp(10),
they are still a close approximation.

1.3 TheMOSFET asadosimeter

The Metal-Oxide-Semiconductor Field-Effect Tranmis{MOSFET) device
was introduced to the radiation detection commujty\Holmes-Siedel in 1974 for use
in space dosimetry [30]. Since then, MOSFET hasdoiis way as a dosimeter in
radiotherapy [31-33], radiation monitoring in mixgdmma and neutron fields [34, 35],
and space radiation monitoring [36-38]. The adwgataf MOSFET as a dosimeter is
its small sensitive volume, represented by 1 proktigate oxide; this allows, for an
active or passive mode of operation with and witlgate bias [39] respectively, which
can give a real-time [40, 41] or off-line [42-44jadout.
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1.3.1 Fundamental osimetric characteristics of the MOSFET

MOSFETs consist of a drain, source and gate silicon substrate (Figure
1.11). A thin layer of SIO, is grown on the top surface of the silicon substi

Polysilicon or netal such as alumium is deposited on top of the &, to form the gate.

n+

/

7 \
1 hole or MOSFET

packaging

e traps

Figure 1.11 The basic structure of trn-MOSFET, where D is the drain, S is 1
source and G is the gate. Shcaboveis when the MOSFET is positively biased wa
photoelectit interaction inside thsensitive volume an@ompton scattering from tt
MOSFETpackagin. Adapted from [45].
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Figure 1.12 shows a diagram of the energy bandaforideal n-MOSFET.
Without bias on the gate, the Fermi energy ldgel of the metal gate aligns to the
Fermi energy level in p-Si. When a negative biaapplied to the gate, thg- of the
metal increases. This causes the levels of p-sillmmductance energy, intrinsic energy
and valence energy (representedBQyE; andE,, respectively) to bend upwards near
the interface between Si-SiOThe resulting concentration of holes near th&iSy
interface increases and the concentration of elestdecreases; this condition is called
accumulation. Inversely, under a small positivespibeE., E; andE, bend downwards,
and the concentration of holes decreases near H®OS$ interface while the
concentration of electrons increases; this condlii® called depletion. If the bias
voltage keeps increasing, the concentration oftreles near the Si-SiQnterface will
eventually be higher than the concentration of $idke condition called inversion),
forming a very thin layer of n-Si. In an inversistate, if a potential difference exists
between source and drain, a current will flow bemvéhem. The magnitude of the
current depends on the thickness of the inversayer| which depends on the bias

applied to the gate.
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As a dosimeter, the MOSFET operates under eitheapplied gate voltage
(passive mode) or with a bias voltage applied eghate (active mode). Active mode
with a positive bias on the gate offers greatersgieity in radiation detection than
passive mode due to less recombination of eledicd@-pairs in the gate oxide [39].
MOSFETSs record the dose of ionising radiation i@ #licon oxide in the manner of
charge trapping in the SyCand interface charge build up. When ionising raoie
interacts with the Si@gate, electron-hole pairs are formed. With or withpositive
bias on the gate respectively, the holes produgedobising radiation are swept
towards the Si-Si@interface, where they are captured on traps aoduge a positive
sheet of charge. This charge leads to a negativeirstihe gate voltageA\Vy,) in p-
MOSFET required to maintain a fixed current in tinder of pA in a MOSFET channel
[47]. The shift in threshold voltage is proportibna the absorbed dose in the QIO
(More detailed theory of MOSFET dosimetry can banfd in [46]). The change in
threshold voltageA4Vy,) in a MOSFET is almost linear with low accumula@dand

can be described as:

AV =a-D (1.13)

wherea is an experimental parameter [48]. Equation (1H&Y true for a simulation
done in this study which considered that in mogiliagtions of interest in radiation
protection, the expected accidental dose is leas h3 Gy; this is within the linear
range of the passive p-MOSFET (developed at CMR®&).higher accumulated doses
in the SiQ, the saturation effect takes place that makeés = « (1 — e™ "), or
alternatively, AVy, = kD" [39], wherea, B, k and n are parameters determined
experimentally. The response of the absorbed-dosarlrange and sensitivity can be
increased by positive bias on a gate during irtazhahat reduces the recombination of

electron-hole pairs produced in the gate oxidetdwestronger electric field [49].
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1.3.2 Types of MOSFET dosimeters

As reported in the literature, some major manufactuare producing MOSFET

dosimeters:

RadFET [50] — This name, coined by Robert Hugheld8b, is an abbreviation
of Radiation-Sensing Field-Effect Transistor [5The dosimeter, which was
invented by Andrew Holmes-Siedle, is produced lsydumpany, REM Oxford
Ltd. It is made from p-MOSFET with aluminium gafehe RadFET silicon
substrate is 1 x 1 x 0.5 nirand contains four MOSFETSs. The $ii® from 0.1
to 1.25 pum-thick. The MOSFET chip is mounted ongbl/meric substrate and
encapsulated by black epoxy resin. The RadFET REM-501C was reported
in a simulation study with a 950 x 950 x 0.25 4®2] of Si®. The silicon
substrate for the REM TOT-501C is 405 pume-thick.

TN-RD-70-W and TN-RD-90 [53, 54] — These dosimetars built by Best
Medical Canada. The old version of the TN-502RDd smder the brand name
Thomson and Nielsen Electronic Ltd, was equivalentthe Best Medical
Canada’s TN-RD-70-W and it was simulated withounelnsions given in a
proton-dose measurement [55]. The TN-502RD wasrtep®o have 1 x 1 x 0.5
mm® of silicon substrate, and 200 x 200 x 13uwh Si0, [56]. Other literature
reports a simulation of the TN-502RD done with 5@-thick SiQ [57]. A
simulation on the other Thomson and Nielsen MOSFEN-1002RD, used 1 x
1 x 0.525 mm of silicon substrate, 1 mm-thick epoxy, a 0.25 ok by 2-
mm wide Kapton base and 200 x 200 x 130iSiO, [58-61].

LAAS 1600 — Manufactured by the Laboratory of Arsaéyand Architecture of
System of CNRS in France, the LAAS 1600 was replarea simulation study
to have 1900 x 1900 x 1.6 fFrof Si0, [52]. The silicon substrate for the LAAS
1600 has the same area as Slhinit with a thickness of 405 pum.

ESAPMOS4 — Manufactured by Tyndall National Ingag) this was formerly
known as NMRC. The thickness of Sif the literature reports is 0.4 um, and
the cross-sectional area is 0.015 Tj&9, 40, 62].

CMRP has extensive experience in clinical MOSFESimetry, and developed
different versions of MOSFET-based dosimeters footpn- and neutron-
radiation dosimetry. The CMRP Mgkin [63-65] dosimeter was designed and
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built at the Centre for Medical Radiation Physicsiversity of Wollongong.
The MGOSkin readout has a special computerised reader thataisasbuilt at
CMRP [66]. This dosimeter was specially developadskin dosimetry; it has
oxide thicknesses of 0.55 — 1 um and a substrdye380 pm-thick. The chip is
covered by a thin, reproducible layer of materiqliealent to water, which
provides a water-equivalent depth (WED) of 0.07 nirhe MGCSkin has a
special “drop in” packaging in a thin 2.5 mm-widap{on carrier.

e Other MOSFETSs include the SNL MOSFET, with 0.37 thiek oxide [67];
the RadFET-type MOSFET, for which simulation hagrbeeported with a 1
pum aluminium gate, 1 pum SjOand 500 pm-thick substrate [68]; Sicel
Technologies’ implantable MOSFET [45] and OneDabg p9].

1.3.3 The effects of MOSFET configurations on dosimetsponse

Many configurations can affect the response of M@SFET dosimeter in
practice. Some of those will be described in thigisn.

The sensitivity of the MOSFET depends on the thedsnof SiQ, toxge The
AV, changes proportionally according tfegge [70, 71]. This dependence is important
in the application of the MOSFET as a dosimeter. &o example, a MOSFET with
toxide = 1 UM and positive gate bias of 30 to 50 V iedbl give a reading in steps of
mGy of dose [72]. Thus the MOSFET can provide &lét reading under low dose
measurement.

The application of a voltage bias on the gate wtien MOSFET is being
irradiated tends to increase its sensitivity. Aneigapplied voltage bias means a higher
electric field in the Si@ and Si-SiQ interface, which reduces the recombination of
electron-hole, which in turn increases the sengitiof the MOSFET. Also, the
eventual build-up of traps at the Si-Sidterface of the MOSFET during irradiation
known as radiation-induced interface traps [73}réases with applied positive bias on
p-MOSFET during irradiation. More details of thisfeet have been compiled by
Oldham [74]. However, because the traps in the & Si-SiQ interface are likely to
fill up quicker than when in a non-bias condititime lifespan of the MOSFET becomes
shorter. The rates at which the traps fill up diffa different photon irradiation energy

at the same gate bias. When irradiated with higirggnphotons (order of MeV), the
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MOSFET would have a longer lifespan than if irraégldawith photons at lowerenergy
(order of keV) for the same dose in tissue or wd&j. This is because there is a
stronger photoelectric effect for lower-energy pmst (below 120 keV) and a large
deposited energy in Sgdor the same tissue dose. However, the additiefiatt is a
stronger charge recombination; this is due to gelaplasma density produced by lower
energy electrons, which leads in turn to a strongg@umnar recombination that
depends on the electric field in a gate oxide.

If the time between irradiation and readout is @ngled, a MOSFET dosimeter
could lose some of its trapped charge when stoteb@n temperature, due to a
random process of thermally induced excitation [73je fading of the zero gate bias
MOSFET is negligible in comparison with that for aative mode MOSFET, which
tends to show a slight increase in fading aftexdiation [39].

The responses of the MOSFET are influenced by the &f charged particles.
Near a track of high LET particles, the densitie®lectron-hole pairs are very high.
This effect increases the chances of a recombmdtietween the pairs, and thus
reduces the response of the MOSFET. The high LETicfes are either charged
particles with a high-atomic-number, low energy MeAhge protons or low-energy
electrons [76].

1.3.4 The challenge for the MOSFET as personnel dosinmetée photon field

The MOSFET is an excellent candidate for personalndetry, particularly for
an instantaneous assessment of a gamma dose aaidard, and in military dosimetry,
where radiation can be of a pulsed nature. Thelaiggs in using the MOSFET for
personnel dosimetry are its low sensitivity comgdate TLD detectors, and energy
dependence relative to its response to tissue dbise. former problem can be
addressed with stacked MOSFETs [77, 78], and isasamportant for accident and
military dosimetry, where the absorbed doses dredt are more than 0.01 Gy. With
regards to the latter, MOSFET dosimeters have lseeaessfully used for military
dosimetry, for example, in the United States arthg;wristwatch dosimeter RADIACS
AN/PDR-75 [79] is used in conjunction with a p-idiode neutron dosimeter in

RADIACS AN/UDR-13 [80]. In these applications, tMOSFET dosimeter is being
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used in close to free-air geometry because it @wdrn on a belt, wrist or tie-clip, or
placed in free air around nuclear facilities. Irlsw@applications, optimising the energy
response of a MOSFET dosimeter suitable for opmrati quantities for personal
monitoring ofH,(007)andH,(10) in a photon field is not a trivial task.

In previous work, MOSFET chips were packed in comuiadly available
microelectronic packages of DIL, TO-5 and TO-8, ethare less suitable for achieving
a TE-penetrating dose response while being irradiat free-air geometry [81, 82]. An
early attempt to characterise the energy respohddQSFET for use as a military
personal dosimeter with independent photon enevgy the range of 80 keV to 1 MeV
was undertaken by Brucket al. [83]. In order for the MOSFET to be viable as a
personal accidents dosimeter, particularly for ctétg skin-absorbed doses from low-
energy photons, the minimum measureable photorggrsrould be around 15 keV.
Thus, 15 keV was considered as a minimum photonggnethen designing the
MOSFET package and simulating its energy response.

MOSFET detectors have been shown to over-respofmvt@nergy photons in
free-air geometry, particularly below 100 keV [6This over-response stems from of
the dose enhancement due to packaging materigtsanitigh-atomic-number, and to
stronger photoelectric interactions in Sithan in tissue. This over-response has been
ascertained previously either experimentally [84-86with Monte Carlo simulation
[58-60]. Initial experimental results by Rosenfeldal. [34], and Bruckeet al.[82, 83]
showed a correlation between the packaging of MOSHEtectors and energy
response for effective X-ray energies (an averagegy in the X-ray spectrum) below
250 keV. The essential dose-enhancement effectelat®d to an excessive creation of
secondary electrons from commercial packaging'enads, which had high-atomic-
number, and from the aluminium gate electrode ef MOSFET. The experimental
attempt to characterise and adjust the energy nsgpof the MOSFET in free-air
geometry for photon fields was undertaken for T@asked n-MOSFETs with the
kovar lead removed and the MOSFET chip covered eftbxy [34]. In all previous
work, the comparison of the MOSFET responses watonpeed relative to the

absorbed dose in tissue or water in the case logledtronic equilibrium.
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1.3.5 Exploration of the MOSFET for personal accidentioeery

From the literature review and analysis of the exis MOSFET system, it is
clear that the application of MOSFET for personakithetry has not been fully
exploited, even though the MOSFET is very attracsubstitution for TLD, optically
stimulated luminescence (OSL) and radio-fotolumiees (RFL) dosimeters for
accident and military dosimetry. One of the aimshid work is to develop a MOSFET
personal accident dosimeter for use in free-airpf@dmated with a vacuum)
geometry, with a response that corresponds to ngahe detector as a dosimeter
badge, rather than within a phantom application re/tiell CPE is in place. The
dosimeter should have an energy response propaktiorthe tissue energy response in
terms of personal dose equivalent [87] for a ladtgeamic range of photon energies.
Monte Carlo simulation was used to study the eneegponses of the MOSFET under
different configurations, as described in Chapteft# experience gained helped in the
proposal of new MOSFET packaging designs, as destin|SHDICHSICNUISHERE: 2,
for improved MOSFET energy responses. The proposethods include optimising
the packaging for incident-photon energy above €% &nd imitating backscatter as if

the dosimeter were worn on the body.

1.4 TheMedipix2 asa neutron dosimeter

The Medipix2 [1] was the mutual outcome of 10 yeafs technological
improvements in detector designs and knowledgeegaithrough ongoing Medipix
collaboration in scientific field instrumentationrigr to Medipix1 [88]. As per
Medipix1l, Medipix2 was originally developed for y radiography [89-91]. Later,
Medipix2 was studied as an imaging device for etexst [92, 93], neutrons [94-98] and
alpha radiation [99]. Medipix2 is actually a hybrdetector where a pixelated
semiconductor detector is bump-bonded to the agipdic-specific integrated circuit
(ASIC) readout chip using flip-chip technology (&rg 1.13) [100, 101].
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Figure 1.13: Construction of the hybrid detectoreventhe pixelated silicon detector is
based on high-resistivity n-Si with p+ implantekegds (sensor) is connected to an
ASIC multi-channel readout chip matched to p+ mx@&om [101]).

1.4.1 The Medipix2 system

The Medipix2 has an array of 256 x 256 pixels d#50pm CMOS ASIC
readout chips, to which the over-layer silicon sensith the same array of diode
segments can be mounted. Small readout chips sithrd pitch incorporate charge-
sensitive amplifiers (CSA), a digital-to-analog werter (DAC), two discriminator
thresholds, a pixel configuration register (PCRghét register and counter (SR/C) and
double-discriminator logic [101]. The sensor oweydrs can be any pixelated
semiconductor made of Si, GaAs or CdTe and as @sck mm. Figure 1.14 shows the
detector used in this study, where the 300 pm-thigk-resistivity silicon was bump-
bonded to the ASIC chips.
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Figure 1.14: The Medipix2 detector used in thiddgtuShown on the blue box is the
USB symbol indicating that this device can use &8d8nnection for data acquisition.

The active area of the Medipix2 is 14 x 14 fnifhe Medipix2 can achieve 1
GHz of count rate at full array readout [97] andkHz frame rate [98, 102]. The data
acquisition is sent by USB to a personal computieen processed by Pixelman
software [103]. Figure 1.15 shows one of the Pieglnapplications used to record
clusters of pixels of collected charge formed fromarged particles interacting in the
silicon sensor. Simple analyses such as minimumnaaximum size cluster filtration,
minimum cluster roundness and cluster linearity la@aedled through this software.
Details and explanation of cluster forming and hiagdrelevant to neutron detection

will be presented in Chapter 6.
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Figure 1.15: The Pixelman data acquisition for Nded shows data acquired from the
14 MeV D-T neutrons, of which two-thirds of the Mgi@2 is covered by 1 mm-thick
PE. The red spots show higher counts obtainedanrg¢lygion where the converter is
placed on the Medipix2 sensitive area.

1.4.2 Fundamental dosimetric characteristics of the Medip

When charged patrticles hit the sensor layer ofxalgied detector, they create
electron-hole pairs along their tracks. The densftghe pairs depends on the radial
distance from the track and the effective charge \alocity of the charged particle.
The electron-hole pairs along the track are evédigtsaparated by the electric field

established in the sensor layer. The hole willtdofthe pixels of negative electrodes
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and the electron will drift to the positive eleaso(Figure 1.16). Holes will experience
lateral diffusion on their drift to the negativeeefrodes. The total magnitude of this
diffusion depends on the initial distance from atipalar point on the track to the

collecting electrodes. The further the holes oaggnfrom the collecting electrodes, the
more collecting electrodes they will spread overshhown by (a) as compared to (b) in
Figure 1.16.

Charged particle

Al layer

n-Si

Figure 1.16: A charged patrticle track creates edeehole pairs denoted as black filled
(electrons) and open (holes) circles.

The Medipix detector was first accessed for itsatépy as a dosimeter in
photon fields as the Medipix1 [104]. The technigieounting photons was used in the
study, with 60 and 70 kilovolt peak (kWVX-ray sources. The drawback of counting
photons is the loss of counts through dead tinteerdetector. The minimum dead time
achievable in Medipix1 was 0.8 ms, which correspotada 1.2 kHz counting rate. The
uncorrected counts at 200 kHz would give 32% lbss tactual counts. This can has
implications for the limit of the dose rate, spaafly for low-energy photons, where
the count rate increases due to the dominatioheophotoelectric effect.
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The applicability of the second generation of Medigetectors, Medipix2, in
photon field dosimetry using the photon countinghteque was investigated [105].
The study used low-energy X-ray, from 40 to 15Q,kWhere theH,(0.07) andH,(10)
per-photon fluences are relatively constant on dmiergy range. The report assumed
that the absorbed dose is proportional to the nambeounts. Thus, they showed that,
using eight defined readout segments on the MeZlipotive area, the personal dose
equivalent can be made proportional to the totagted count of those segments, as
shown in Equation (1.14). These eight segments hawegual area and are predefined

with eight energy thresholds.

8
H) = Z BN/ (1.14)
i=1

where Hpj is the personnel dose equivalent at mono-ener@ﬁtinons,Ej, fi is the
calibration factor for'f segment and\/ is the accumulated counts frofi segment
after irradiation with photon energ¥. The eights; values were obtained from
calibration to five filtered (RQA) and four unfited (RQR) X-ray radiation qualities
[106]. Hence, thes; depends on the experiment setup, detector chasdce and
calibration energies. In photon-spectrum applicetione would regard the spectrum as

a superposition of mono-energetic photons; thus:

jmax
spectrum __ j
HS = > H (1.15)
j=1
Jmax 8
H;Pectrum _ Z Z B; Nij (1.16)
j=1 i=1

spectrum: Jj

whereH, is the personnel dose equivalent at a spectruyphatons, an(,‘{jj’;“{" E/

, Jmaxindicates the highest mono-energetic photonsarsgectrum.
For dosimetry in neutron fields, the charged-plteounting technique was

used; this is analogous to the photon-countingrtiecte described in Chapter 5. A
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converter layer on the surface of the Medipix2 wes®ed to convert the incident
neutrons to charged particles. This can be a hyirogh converter for fast neutrons, a
converter enriched witfLi and !°B for thermal neutrons or a combination. Selectén

the converter depends on neutron-energy spectréhanghysics of neutron interaction
with matter, as described in Section 1.1.3. Thea sektion will describe in detail the
converters used in this study. The 100% efficieoicthe Medipix2 sensor in detecting

charged particles makes it the best candidatedotran dosimetry.

1.4.3 The challenge for neutron dosimetry with a siliclmtector

In a radiation field of mixed gamma-neutron, sepanaof the components of
the field in terms of dose is always challenging.fast-neutron dosimetry, a silicon
detector is used to detect charged particles tiea¢scaping from the layered converter
to the depletion layer of the detector at reverssdal p-n junctions. The amounts of
energy deposited by the charged particles (protanthe case of a polyethylene
converter) depend on the charged-particle enerdyttaokness of the depleted layer. In
most neutron dosimetry applications, the detectdully depleted.

There are two options for measuring neutron doselypby counting the recoil
protons. In the first option, the incident neutspectrum can be unfolded by measuring
the microdosimetric energy spectrum of the recmtgns measured fromE-E stages
silicon detector. The accuracy of this techniqueethels strongly on estimating the
average distribution of chord lengths of the chdrparticles inside the detector [107-
109]. This spectrum is then convolved with coeéfits that depend on neutron energy
to determine a neutron dose for a given neutraenfie.

In the second option, the neutron dose is simplasueed by counting the
recoil-proton events. However, direct interactiasfsgammas and neutrons inside
silicon also produce background counts. The Comptahphotoelectric interaction by
gammas produce continuous spectrum at low-energywnels in a multi-channel
analyser, which can easily be discriminated fromeétents of the recoil proton at high-
energy channels. This is not the case at increasiteggof gamma dose, because the
pile-up effect raises the pulses of the gamma evdrite inelastic interaction of fast
neutrons in the detector produces different typéscloarged particles. These

background events are mixed with the events froooikgrotons in silicon. This
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implies thatseparation of gamma and neutron componin a mixe(-radiation field is
impossiblebelow arouncthe 1 MeV threshold in neutron spedittd0-112].

Figure 1.17shows the spectrurof deposited energy events a Medipix
detector with 14x 14 mnf area and 30@m-thick from energy o °°Co radiation
simulated inGEANTA4. This result is in good agreement wekperimental results th
showabout 800 keV mximum deposited energy [112his indicate the significant of

badground counts from hi¢-energy gamma inside a silicon detec

1000 o

100 A

Counts

10 4

0.01 0.21 0.41 0.61 0.81
Deposited energy (MeV)

Figure 1.17 A GEANT4 (the Monte Carlo tool is described inc8en 1. 5) simulated
count of the multehannel analyer in a silicon detector fo’Ca energy gamma-ray.
Energy bins 1 keV wie were used.

For the purpose of military emerger-response dosimetry applications,
typical radiation field expected is likely to corise a mixed field of neutrons, wit
maximum E= 14 MeV and 15 keV to 662 keV energies gar-ray components,

typicd of radioisotopic sources. Lc-energy (< 100 keVphoton: have a higher cross-
34



section ratio of photoelectric to Compton scatigtinan the’®Co gamma-rays; thus a
higher background count is anticipated than the shreevn in Figure 1.17. It is again
emphasised that dosimetry of fast neutrons by @ogimécoil protons in a single silicon
detector requires a high-energy threshold to apodedup effects.

For isolating the response of neutrons in a mixemma-neutron field,
Barelaudet al. [113] used a subtraction method from two passt/ate implanted
silicon (PIPS) detectors, where one of the PIP8adlets was covered with 1 mm-thick
polyethylene and the other was left uncovered. §tbdy was performed fdf*(10)=
1.9 mSv under an Am-Be neutron source. Figure &ti8vs that the ratio of neutron
response to gamma and background response depenids thickness of the depleted
region in the silicon detector. This demonstratégrefit of having thinner detectors to
reduce gamma and background counts. However, snclse the number of events
from the recoil protons that deposit full energyofper in depleted region) was

reduced, which put a limit on unfolding the speaf&igh-energy neutrons.
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Figure 1.18: The ratio of neutron responses to gasnand background responses
inside the depleted region of varying thicknes44s]J.

35



Additionally, an even higher threshold value isuieed to discriminate charged
particles produced by elastic and inelastic neutnteractions directly with the silicon
nuclei. Elastically scattered silicon atoms produceontinuous spectra with a

maximum energy 0.1%3;:

ImM

Ey=———
ST (M + m)?

E,cos?8 (1.17)

whereE, is the incident energy of the neutrdt,is the kinetic energy of the scattered
silicon atom,m is the neutron rest mad¥, is the silicon-atom rest mass afidls the
scattered angle of the silicon atom. In the castn@fspectra of fission neutrons, most
relevant to military and accidental neutron dosmnethis background demands a
threshold energy of about 1.8 MeV, and is mosttjejpendent of the thickness of the
detector due to the short range of the recoil@iliatoms. Figure 1.5 shows the elastic
and non-nelastic cross-sections of neutron intemacin silicon. The inelastic
interaction starts to produce heavy charged pasgtiat around 4 MeV to 20 MeV from
83j(n,charged particles) interaction, as shown igufé 1.7. In contrast, the elastic
interaction remains significant up to 15 MeV, whiehthe maximum neutron energy
considered in this study. Thus, a very high-endfggshold is further required for
incident neutrons above 4 MeV, as both neutronracteons produce high-energy
charged particles.

Figure 1.19 and Figure 1.20 show a GEANT4 MontddCsimulated spectrum
of elastic and non-nelastic events from 14.5 MeVaj@ neutron beam incident
normal to a silicon slab with thicknesses of 10 (Higure 1.19) and 100 um (Figure
1.20). The maximum energy gained by secondarygbestdepends on neutron energy,
regardless of the thickness of the silicon slamt@loution from the elastically recoiled
silicon atoms is most essential, followed by cdnittion from inelastic reactions, which
produce atom isotopes, alpha particles and prot©aoatribution of alpha particles is
less pronounced for the 10 um slab, but increas¢hi® 100 um slab for deposited
energies above 5 MeV. The important conclusion ftbese simulations is that the
parasitic events from both gamma and neutron dirgetactions with silicon can be
achieved by reducing the thickness of the depletayer of the silicon detector.

Furthermore, the threshold energy must be equidganaximum energy deposited by
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the charged p#cles, which for 10 and 100 |-thick silicon are abol10 MeV and 20

MeV, respectivelya similar analysis using 10 |-thick silicon was presented [114].

1E-4 r r
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—Proton secondaries
—Al secondaries
—Mg secondaries

1E-5 |

Event (counts cm?)
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m
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Figure 1.19 The recoilsilicon and selected secondary particteints inside 10 pm-
thick siliconirradiated by 14.5 MeV neultrs.
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Figure 1.20 The recoilsilicon and selected secondary particteins inside 100 pm-
thick siliconirradiated by 14.5 MeV neutrs.

Apart from the problems mentioned abovthe response of a silicon detec
with a polyethyleneconverter in count mode should imelependenof neutron energy
in terms of anambient dse equivalent. It demandthat a detector response
(counts/fluence shauld be proportional to the fluence-tlmse conversion coefficie
suggested by ICRRs shown in Figure 1.21 [115]h& recommered precision for an

active neutroretector is 2% at dose detection increment step40 uSv [116].

38



1E-7 |

H*(10)®D (mSv cm?)

1E-9 1E-7 1E-5 1E-3 1E-1 1E+1
E, (MeV)

Figure 1.21 The equivalenambient doseonversion coefficienreproduced from the
Table A.42ICRP Report 7 for mono-energetic neutrons.

1.4.4 Proposedapproach to neutron dosimetwith apixelatecsilicon detector

Previously, Eiselet al.[117] analytically analysed single silicon detector wiia
uniform polyethylene converter in a eunt mode for measuring neut-dose
equivalent.Their results showe that a uniform thickness giolyethyleneconverter is
unable to produce . energy-independent response for a neutl@simete, as shown in
Figure 1.22, c, and . Improvement of the response variationa factor of two over
an energy range of 1 to 15 MeV was achievedplacing dua-thickness layers of
polyethylene converter onto a silicon detectoms shown inFigure 1.22d. The
contribution of counts associated with direct iat#ion ofneutrons with energbelow
0.7 MeV insilicon was noiconsidered. Althouglthe energy respondmproved, the
single silicondetectorcould neitheirfurther reduce the variation in tlenergy response
nor lower the threshold energy. This is duethe unsolvedproblem of the direct

interaction ofgamma and neutron silicc
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Figure 1.22: The calculations from Eisetnal.[117] show the response of the detectors
under a combination of PE thicknesses: (a) 1 minQ.(bmm (89%) + 1mm (11%), (c)
0.1 mm, (d) 0.01 mm (94%) + 1 mm (6% ) and (e) Ori.

To address the limitation of the single-readoutedietr, we proposed using a
pixelated silicon detector coupled with multi-thidsses of structured polyethylene
converter on top of the detector. This approackqgigivalent to multiple single silicon
detectors with different thicknesses of uniformyethylene converters, which leads to
flexibility in refining the energy response of tdesimeter and in subtracting parasitic
background counts. Further chapters will desciiigedesign and optimisation of a fast-
neutron pixelated detector based on the Medipix® an active area of 14 x 14 rim
which allows a high detection efficiency, as reqdifor radiation protection related to
neutron dosimetry applications.
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1.5 TheGEANT4 Monte Carlo ssmulation

GEANT4 is a free software package composed of ttlwds can be used to
accurately simulate the passage of particles thromgtter [118]. The two major
publications that summarise its development ardighdx by Agostinelliet al[119]
and Allisonet al[120]. GEANT4, developed by the European Organirator Nuclear
Research (CERN), was initially intended for usehigh-energy (~ GeV) physics
experiments such as the CERN Large Hadron Coll{letC), the Main Injector
Neutrino Oscillation Search (MINOS) at Fermilab ahd BaBar experiment at SLAC.
The first version of GEANT was written in the FORAR programming language.
Current GEANT4 development is through internatiot@laboration [121]. GEANT4
has become established as a reliable simulatidnrt@pace-radiation physics, medical
-radiation physics and examinations of nuclearactklerator radiation sources [122].

There are other Monte Carlo simulations for chaygadicle tracking, such as
PENetration and Energy LOss of Positron and Elec{Renelope), Electron Gamma
Shower (EGSnrc) and Monte Carlo N-Particle (MCN®pich are all written in
FORTRAN. In contrast, the open-source GEANT4 isttemi in C++, which has an
object-oriented design structure. GEANT4 uses thes<Library for High Energy
Physics (CLHEP) for its C++ utility libraries, wiiiccontrol the random-number
generators, physics vectors, geometry, and lingabea [123].

Because a large number of events £hust be simulated to get good statistical
results, these GEANT4 simulations were executed onulti-core of 2.4 GHz Intel
Core 2 Quad PCs from hours to weeks. This meanaahidoads were distributed in a
cluster of OpenSuse 10.3 Linux computers. The waids distributed from the same
simulation required the use of a random-number géoeto initiate the run , which in
this study was CLHEPRanecuEnNngine This random-number generator has been
reviewed in reference [124]. On each iteration hd same simulation, the random-
number generator was seeded with a different nunfdbeeeded random number was
used for two reasons: first, an intense computatisimulation can be run with smaller
events in multiple computer cores, which reduces $#imulation time; second,
GEANT4 can only support up t62vents, or about 2.15 x 4 0rhus, a simulation that
needs events > 2.15 x °1fb achieve better statistics can run while multigy with
different random-number seeds. GEANT4 versionsad 9.2 were used in this study.
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GEANT4 defines the secondary particle productioargn threshold as a range
cut for high-precision spatial energy depositiohisTrange cut is valid for secondary
electron, positron and gamma production. As fortph®s, an approximatabsorption
cross-sectiorof photons in a material is defined agss This oaps IS the sum of the
cross-section from pair-production, Compton scetiteand the photoelectric effect, as
these interactions change the photon energy. Tdreabsorption lengths defined as
Labs = Sloaps This Laps iS used as an approximation when converting thgeaut into
energy for dose deposition of photons in a material

The GEANT4 charged-particle physics processes efieetl under the physics
list. The two main physics processes are electroetagand hadronic. The physics list
for the electromagnetic process has two specialiseddels: the standard
electromagnetic and low-energy electromagnetic ggses. The hadronic process has
two major physics process models: the parameteasddstring models. In this study,
GEANT4 low-energy electromagnetic process was usedhe work in SHEDICH2,

EREPEEIENEERaRE 2, and hadronic string nindelvas used for the work in
Chapter 5, and Chapter 6.

1.5.1 Low-energy electromagnetic processes

The low-energy electromagnetic process considehed importance of the
atomic shell structure at low energy by applyinglsbross-section data. These data
sets were obtained from the Evaluated Photon Dd#bealy (EPDL97) [125], the
Evaluated Electron Data Library (EEDL) [126] ane tavaluated Atomic Data Library
(EADL) [127], while the stopping-power data setsrevérom reference [128-131] and
Scofield binding energy data [132]. The data sedsevused to calculate the total cross-
section and to generate the final state for padialith energy from 250 eV to 100 GeV
(covering elements with atomic numbers from 1 th 99

Table 1-1 gives the list of physics processes awiuin the low-energy

electromagnetic process.
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Table 1-1: Physics processes under the low-endegjremagnetic physics list

Photons Electrons Hadronsand ions
Compton scattering Bremsstrahlung lonisation and delta-ray
G4LowEnergyCompton G4LowEnergyBremsstrahlung production

G4hLowEnergylonisation

Polarized Compton scattering  lonisation and delta-ray
G4LowEnergyPolarizedCompton production

G4LowEnergylonisation
Rayleigh scattering
G4LowEnergyRayleigh
Pair-production
G4LowEnergyGammaConversion
Photoelectric effect

G4LowEnergyPhotoElectric

1.5.2 String-model processes

The string model used in this study wa4QGSP_BIC_HPwhich stands for
Quark-Gluon String Physics, Binary Cascade and Higdtision Neutron model. This
model used the string model for hadrons with endsgp 25 GeV, and the binary

cascade model for primary protons and neutrons evigrgy < 10 GeV.

The G4QGSP_BIC_HPcross-section for neutrons with energy <20 MeV is

based on high-precision experimental data from G4&DL3.13data package that
comes with the GEANT4 installation packages. The-émergy neutron interactions (<

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

inelastic scattering, radiative capture and fissibhese interactions were treated as

independent models. The evaluated neutron datarisrthat 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 Librgry  This library is maintained by IAEA. [133]
FENDL/E2.0
Evaluated Nuclear Data File This library is maintained by the [134]
ENDF/B-VI National Nuclear Data Center,
Brookhaven National Laboratory,
USA.
Japanese Evaluated Nuclear Ddtédrary, This library is maintained by the [135]
JENDL - 3.2 Nuclear Data Center, Japan Atomic
Energy Agency (JAEA).
Russian Evaluated Neutron Data Library This library is maintained by the [136]
BROND - 2.1 Russian Nuclear Data Centre (CJD) of

the A.l. Leipunski Institute of Physics
and Power Engineering (IPPE).

Joint Evaluated Fission and Fusion This library is maintained by the [137]
JEF -2.2 and EFF -3 OECD Nuclear Energy Agency (NEA).
Chinese Evaluated Neutron Data Library This library is maintained by the [138]
CENDL —2.2 Chinese Nuclear Data Center, Institute

of Atomic Energy
Medium Energy Nuclear Data Library This is the report produced by the [139]
MENDL - 2 Nuclear Data Services, IAEA.

The photon and electron physics processes irG#H@GSP_BIC HRused the
standard electromagnetic process physics list. ifagor sources for the physics
process and the structure of GEANT4 package taisbe found in references [122],
[140] and [141] and the documentation provided vilie GEANT4 extended C++

libraries package.

1.6 GEANT4 Monte Carlo simulation for design and optimisation of

semiconductor gamma and neutron per sonnel dosimeters. Outline

Until now this study has discussed an approactesigding a gamma-neutron
personal dosimeter with a MOSFET detector for gandoaimetry and a silicon

detector with polyethylene converter for neuron ichetry. An approach to the
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problems related to MOSFET dosimeter and silicorteaters coupled with
polyethylene converters with technical specificagiosuitable for personal ambient
dosimetry were proposed in Sections 1.3.4 and 108.& gamma detector and Sections
1.4.3 and 1.4.4 for a neutron detector.

The following chapters relate to the extensive GHANonte Carlo modelling
of gamma and neutron detectors based on the swupimposed. Chapter 2 discusses
GEANT4 modelling of the energy response of the emtiwnal MOSFET for mono-
energetic gamma fields in a free-air geometry. Ttlimpter introduces possible
optimisations to improve the MOSFET energy respon#@ filters on top of the
aluminium gate of the MOSFET. Chapter 3 describashér optimisation of the
conventional MOSFET packaging to obtain an eneegponse in free air that matches
the MOSFET response on a water phantom surface.nTuig-layer filter concept
gained from the simulations described in Chaptes @sed to improve the MOSFET
response to mono-energetic gamma for energy < 880 €hapter 4 further extends
the simulation for optimising MOSFET packaging ihapter 3, in the case of a dual-
MOSFET chip. This new approach improves the eneegponse of the MOSFET-
based personnel dosimeter by using a combinatiomesponses of filtered and
unfiltered MOSFETS.

Chapter 5 discusses a new approach to fast-nepgm@onnel dosimetry using a
pixelated silicon detector with a structured pdhyééne converter solution. The
neutron-detector design is optimised to replicasponse correspondence with the
neutron fluence-to-dose equivalent conversion factoptimising the structured
converter to produce such an energy response whgvad using GEANT4
simulations. The chapter also describes the algurjtroposed to lead to independence
of energy response of the neutron-dose equivaterst broad range of fast-neutron
energy.

Chapter 6 deals with the experimental validationtlod optimised neutron
dosimeter reported in Chapter 5.

The studies on development of gamma-neutron peetodosimeter are
concluded in Chapter 7, including remarks on futwmak 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 coddrg about a 1 mm-thick
epoxy bubble. This chapter examines the energyresspof a conventional MOSFET
detector to photons in free-air geometry. A MOSREith a layer of silicon oxide
(sensitive volume) of 180 x 270 xpin® on top of a 1000 x 1000 x 5Q0n° layer of
silicon substrate was modelled. The energy resparfséahe MOSFET with a
combination of different packaging setups was &mdiln every case the energy
response of the MOSFET with filter was studiedreefair geometry, with the aim of
developing a personnel accidental dosimeter widose response in free-air geometry
matching the absorbed dose in a standard phantoopéoational quantitiegdescribed
in Section 1. 2).

2.2 Simulation methods

Conventional MOSFET packaging was first modellethvai simple geometry as
described in Section 2. 1, with an additional 18070 x 1um® aluminium gate contact
layer above the silicon oxide, a semi-sphericalii-radius epoxy bubble covering the
entire substrate, and Kapton carrier, 228 pum-thigk2.5 x 2.5 mrh cross-sectional
area (Figure 2.1). This was a symmetrical geomefhe compositions of all the
materials were taken from reference [142], whilke definitions of their elements were
taken from reference [143]. The material composifior the epoxy bubble was taken

from reference [144].
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Kapton

Figure 2.1: he conventional MOSFET geomeiunder GEAN™4 simulation. The red
and light-blueboxesare the silicon substrate andyton carrier, respectively. On t
of the siliconsubstrate a layers of SiQ sensitive volumeand aluminium gate,
denoted by greeand magentioxes, respectively. Aepoxy bubble(yellow semi-
spherical) covershe entiresilicon substrate. Shown aboaee nine events of photon
incident perpendicular tthe Kapton plane, coming from the left.

In the GEANT4 simulations, the electr-range cut-offwas different for the
different regions of the MOSFET detector. The llest 0.1 um electron range -off
was defined inside thsensitive volumeand increased outside tlsensitive volume
proportionally to the distance froiit. These techniques help red computational

time. GEANTA4 versior9.1 was used for this simulation.
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The numbers of simulated events were from 1 %tb06 x 18 to get > 95%
statistical confidence level of two standard deeia (Z). The simulations were done
in free air approximated by a vacuum. Primary menergetic photon energies from
10 keV to 2 MeV were considered. The physics Is#d) low-energy electromagnetic
interactions, included the Bremsstrahlung effecayl®gh scattering, Compton
scattering, photoelectric absorption, pair-productnd positron annihilation.

2.2.1 Energy response of the MOSFET with and withoutpanxye bubble

In this model, the epoxy-bubble material was fasfined as air. The parallel
beam of photons was incident on the MOSFET, as shiowigure 2.1. The deposited
dose was scored in the sensitive volume, the alumigate and 1 pm-thick layer of
silicon substrate immediately below the sensitigkime. This silicon substrate scoring
volume has the same cross-section as the sengitivme.

Second, the MOSFET energy responses with differettérials of semi-spherical
bubble were studied. The materials used were epeater and Kapton. The chosen
materials used the same 1 mm-radius of the bubbl®w of the MOSFET, while an
additional 0.9 mm-radius of the bubble was usedHerepoxy bubble. Absorbed doses
were scored in the sensitive volume of the MOSFIETab 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, wssd for the
simulation. The energy responses of the MOSFEThatam incident angle8 of 45,
9¢°, 135 and 1860 (photon incidence from the Kapton plane) were $itea using the
GEANT4 code (Figure 2.2). All the doses were scarethe sensitive volume of the
MOSFET for mono-energetic photons from 10 keV th@V. The angular responses
of the MOSFET from ®to 180 in steps of 15were simulated for mono-energetic
photons with 70 keV, 200 keV and 1.25 MeV energy.
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Figure 22: The incidence angle of the phot@ron the MOSFET

2.2.3 Theparticle and dosiorigin regions

To understand the nature electron scattering within MOSFET packagin
additional simulations were performed to track dhigin of the electron that deposit a
dose in thesensitive volum. GEANT4 provided tools such #s G4Stepclass to track
the electron, angrovide the user with all informatiomo track down eve-by-event
energy deposition by each electi

The total dosedeposited bysecondary electrons for 2 x ° photon events was
also scoredccording to theiregion of origin. Information abawhe secondary particle
physics processdbrougl each step of th&4UserSteppingActic class was extracted
for their parent ID, dose deposit and current region. Thethe G4UserEventAction
class recorded the sequence of each , such as the level aecondar patrticles (e.qg,
0, 1 and 2 werassigned to primary plon, secondary electron/posit and delta ray
respectively), anthe regiol of origin for secondary particlébat depositheir dose in
a sensitive volumeThe G4UserRunActiorclass tallied theaumber of electrons fc
each rgion and recordethe contribution of each secondagctror to the dose of the

sensitive volume.
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2.2.4 The MOSFET responicovered by filters

Thefiltrations applied on the gate of the MOSFET shown ir Figure 2.3. The
threecombinations ofilters consist of (1) aingle layer of coppe(2) a combination of
copper, aluminium and graphite, ai(3) a combination of lead, aluminium ai
graphite.The simulations were done wimono-energetiphotors from 15 keV to 2
MeV. The absorbed do was scored in the sensitive voluofehe MOSFET

A A

Filter 1

Filter 2

Filter 3

Figure 2.3 Three filtes placed onthe gate of the MOSFET. T incident of the
irradiation beam iperpendiculato the filters.

2.3 Resultsand discussion

2.3.1 Energy response of ttMOSFET with and without agpoxy bubbl

Figure 2.4showsthe absorbed doses deposited insidesensitive volume in an
aluminium gate offte MOSFET andin the 1 pm-thicdayer ofsubstrate immediately
below thesensitive volum. The results clearly demonstrate theld-up effects of the
dose, while thalifference inthe doses deposited different layers is sme The dose
deposited in th@luminiumgate was always the lowestherea the dose deposited in
the layer of silicorsubstratewas always the highest.
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Figure 2.4 The MOSFETenergy response without &poxy bubble. The doses we
measured in theensitive volume (S\, the aluminium gate arttie 1 pm-thick layer of
substrate.

The epoxy, water anKapton materials of the serspherical bubblchave an
equivalent effect under photon irradial (Figure 2.5). Theenergy response of tl
epoxy bubble wasloser to water at energy 400 keV tharnto Kapton. With all the
energy responsesthe epoxy bubble ancKapton bubble showed the highest
discrepancies witthe response of ttwater bubble, at 60 ke\M.7.5%) and 1.25 MeV
(24.6%) respectivel. The response of the water bubble viigher than the other
materialsfor energies fron20 keV to 90 keVWithout the sen-spherical bubble, the
response of thMOSFET at energy > 100 keV would shovdecreasingrend, because
there was not enough mate for dose build-up (Figure 2.4The use of a semi-
sphericalbubble with 1 mm radiuprovided asufficient builc-up for photons with

energy up to 40keV, and drove a greatexnergy responsthan did to the bare
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MOSFET. An dditiona simulation with a 0.9 mmadius epoxybubble showed the
sameenergy responsas a 1 mm-radius, except where ph@tons energit were > 400

keV, when it exhibiéc a lower response.

1E-10 N T T T T T T T T 1 T T T T T T T LI |
I -=-0.9 mm epoxy
NE —+—1 mm epoxy
(8]
> 1 mm water
O
- ——1 mm kapton
8 111 t
C
Q
=
e
o
o
(o]
vy
(@]
yo
- 1E-12 |
Q
2
(o]
(V]
o
<C
1E_13 1 1 IR N N T B A | 1 1 IR N N T B A |
0.01 0.10 1.00

Primary photon energy (MeV)

Figure 2.5: TheMOSFET energy respors covered with a sersipherical bubble made
of epoxy, waterand Kapton. The result with a 0.9 mradius epoxy bubb is also
shown.

2.3.2 Effects ophotonangle of incidence

MOSFET energyesponses are influenced by fheckaging undeirradiation in
free-air geometryFigure2.6 shows that the MOSFET resporbangd as the photon
angles of incidencevent from @ to 45, 9¢°, 135 and 186. The MOSFET semi-
sphericalepoxy bubblecan provide andentical energy response to normally incid

photons with less than 30'discrepancy (occurring at 40 ke¥r the whole energy
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range of photorincidence angle under 45. Photonbeam inciders at angles larger
than 45 on the MOSFET causan over- or under-responsiepending on tf energy of

the photons, with discrepanc of more than 30%.
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Figure 2.6 The MOSFET energy respois under anglethcident photon beas.

At photon energie < 25 keV, the angular response vwggermined bya strong
photoelectric absorption ithe packaging layers of the MOSFET. Fan angle of 13%
the length of theattenuation pattwas maximal,and mostly driven L the silicon
substratewhich explained tr reduced response of the MOSFat angles of 135and
18C¢°. The energy depositeinto the sensitive volumef the MOSFETby scattered
electrons due tthe Compto-effect was minimal for thisange olphoton energy, while
their range washort enougl The continuous slowing down approximation (CSI

ranges of secondary electrons with energy < 20 ikean epoxy bubble and silicc
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substrate were less than 8 um and 5 um, respagtiwbich are notably short. At a
higher energy range of photons — from 25 to 100 keVhe response of angled
incidents was generally higher than &t Dhis can be explained by the increase of the
Compton-effect contribution and the CSDA range etamdary electrons, which
resulted in a larger deposited energy in the sgasiblume at bigger incidence angles.

With an energy range of 150 to 500 keV, the respdrtan the angled incidences
decreased compared to normal photon incidence. Bétiaviour can be explained by
the role of backscattered electrons in increasingergy from the photons.
Backscattered electrons from the silicon subst@té’ incidence) clearly contributed
more than those from the epoxy bubble (at®18%d 186 incidence) due to a silicon’s
higher atomic number.

A further increase in the energy of photons abds2 eV leads to the inverse
effect. The increase in the response for largeteangf incidence is similar to the
region 25 to 100 keV. This is related to dose enbarent due to scattered secondary
electrons, which is stronger for these energien tha electron backscattering effect
that leads to the energy responses in Figure 2.6.

These results agree with the findings of Wagatgal. [60], who modelled the
response of the commercial MOSFET with an epoxyblaulused for radiotherapy
dosimetry. Even though their simulations were ur@eE conditions, they did not use
any build-up material in their simulation of MOSFESsponse for energies below 200
keV. Their results for photon incident normally the epoxy side () and the Kapton
side (186) showed the same energy response for energy 2Q0t&eV (Figure 2.6).

Figure 2.7 shows the angular responses of the MO S Ehree mono-energetic
photons of 70 keV, 200 keV, and 1.25 MeV. All tlesponses were normalised to°a 0
incident angle. The responses for 70 keV and 1.2% lhcreased with an increase in
the incident angle of the beam, whereas at 200tke\fesponse decreased at incident
angles > 4% The results in Figure 2.7 concur with the reslftsFigure 2.6.
Additionally, at incident angles below %4fhe discrepancies are < 30%, as mentioned
above. The results also agree with Waatcal. [60], except for 1.25 MeV (Wang's
result was plotted inversely) as they used buildagperial for their simulations.
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Figure 2.7: Agular responses MOSFET for three photon energ normalised to ©
incidence.

2.3.3 The particle and dose origin regics

The origin of particles that deposit their energythe MOSFETsensitive
volume depends on twof the most important interactions photors: photoelectric
absorption and Compton scattering. Hence the dismusn this section \l be around
those interactionsonsideing the normal incidence (af thcidence angle) of photol
to the MOSFET with an epoxy bubk

As show in Figure 2.8, where th@hotoelectric absorptiois a dominant
interaction and the secondary Ccton electrons are short-ranf@out 3 pm in silicon
at 15 keV), themost significant quantityof secondary electrororiginates from the
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sensitive volumedr energies of photon from 15 50 keV.Likewise, nore than 50%
of the secondary electrooriginates in the Si@layer for lowenerg' photons up to 30
keV.

100 . — T T . — T
90 r +-SV =EB +Al .
80 | & Si -e-Kapton
70
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50 r
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10 ¢
0 —e—eo—0—®9000000t—0 0

10 100 1,000
Energy (keV)

Percentage of particles (%)

Figure 2.8 The partial contributions to a total number ofc@®dary electron
depositing dosesn the sensitive volumethat originated from thesensitive volume
(SV), slicon substrate, Kapton carr and epoxy bubble plus the aluminium g

When the ener¢ of the photons increases, m@econdary electrons arrivat
the MOSFETsensitive volum and deposit their energy. For the whole energy &
considered in this sdy, the contribution of backscattetectrors from the silicon
substrate an#&aptor layers is < 50% of the total numbefr secondary electro. The
number ofsecondaryelectrons aginating from the epoxy bubble aaluminium gate
increases with photon energy. As photonenergy increases, the &, layer becomes
more transpareriiecause it is very thin, a eventually as the photc energy reaches 2
MeV, the number ofsecondary elctrons originating from the S, layer decreases to
close to 0%. Thisifiding is supported by the Braggray cavity theor, which confirms
that theresponse of the MOSFET is driven by surroundingenias
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The partialcontributions of differer origins of secondary electrons to the d
deposited in theensitive volum are presented in Figure 2i@gey match the result in
the Figure 2.&xcept forthe silicon substrate. For incidgpttotonenergies > 400 keV,
mostof the secondary electrs originating fromthe epoxy bubbl(Figure 2.8) have
high energy, whileéheir LET is decreasinas the energy isicreaing. This is reflecting
that their partial contribution to the dose the sensitive volum is decreasing for

photonenergies > 400 ke, even thoughheir number is increasi.
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Figure 2.9: Thepartial contributiorto a total dose deposited sensitive volum from
the secondary electrs that originated from thesensitive volume SV), silicon
substrate, Kaptooarrier and epoxy bubble plthe aluminiungate

It is important to mention th tracking the secondary electrons in Monte C
simulation showsthar at intermediate and high phot@mergies where Comptc
scattering domintas, the proportion of secondaejfectrons that deposa dose in the
MOSFET sensitive volum are not from primary secondaglectron. These events are
due to multiple scatterings (thi or more) in the material drom delt¢ electrons with
long range Thus, the direcon of secondary electrons does netessarily reflect the

direction of the primary beam. In ttsilicon substrate, théelte electrons may be
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produced from knocked-out ionisation from the othigh-energy secondary electrons
which are then scattered backwards to the, $3a@er even with normal incidence of
photon beams. This complicates the LET distributbdrthe secondary electrons that
originated from the silicon substrate. As a restile partial numbers of secondary
electrons (Figure 2.8) from the silicon substrateghoton energies of 50 to 100 keV
only match loosely with the partial contributionttte deposited dose in the sensitive
volume (Figure 2.9), compared to the Si@yer and epoxy bubble plus aluminium
gate. The Kapton layer maintains the lowest nundiesecondary electrons and its
contribution to the dose deposited in the MOSFEfss#ie volume is due to its
relatively large distance from the Si@yer.

These results agree with the finding of Waatcal. [60], showing a trend of an
increasing number toward secondary electrons aiigig from the epoxy bubble as the
photon energy increases. Our results also shom@ease in the transparency of the
SiO, layer to the photons with increases in energyjnagaatching the Bragg-Gray
theory.

2.3.4 MOSFET responses under filtration

The energy response of the MOSFET covered withnabamation of filters on
top of the gate was simulated. Figure 2.10 shoves dhergy responses under a
combination of a single copper filter or multi-lagd filter. The application of a single
layer of 30 um-thick copper attenuates the photirenergy < 20 keV in comparison
with an unfiltered response (covered with epoxyldeltonly). At energies from 20 keV
to about 200 keV the response is higher than aiftened MOSFET, with a pronounce
peak at 30 keV. This is due to increase in the ggn@f the secondary electrons
produced from the photoelectric effect, and in pgagtial contribution of Compton
scattering from the filter compared to the photokle effect alone.

The results in Figure 2.10 show that a combinaoioiiliters (from top to bottom
as shown in Figure 2.3) of copper, aluminium arappite with thicknesses of 30 pm,
30 um and 50 pum, respectively, provide a loweraasp of the MOSFET at energies <
40 keV compared to an unfiltered MOSFET. This camabon of filters with lower-
atomic-number material such as aluminium and gtapiso helps stop the secondary

electrons that originated from the copper layemfn@aching the sensitive volume for
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photon energypelow 100 keV. An even lower energy respomseomparison witlan
unfiltered MOSFETfor photon with an energy range bel&@ keVwas achieved with
acombination of filtes of copper, aluminium and graphivath thickness of 40 un30
um and 200 unrespectivel. The use of thicker low-atomitumber materii, such as
30 pm-thickaluminiurr and 200 pm-thick graphite, stops gexondary electrs more
effectively than theoppe layer at even higher photon energi€kis maks the filtered
MOSFET match theenergy response of amfiltered MOSFETfor higher-energy
photons.For photons ahigher energy 662 keV, the range of secondary elecs is
relatively larger thn the thicknesses of the lo--atomichumber materia used, which
creates a buildyp effectfrom the filtered MOSFET,; thisin turr, leads to a higher
response than amfiltered epox-bubble MOSFET.
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Figure 2.10: Theenergy response of ttMOSFETwith a combinatio of filters on top
of the aluminiumgate compared to the response of amfiltered MOSFET covered
with anepoxy bubble
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The resultsfor MOSFET energy responses undercombination of lead,
aluminium and graphi filters (from top to bottom as shown kgure 2.3) are shown
in Figure 2.11.Generally, theresponse of the MOSFET photonenergy < 40 keV
decreases iproportion tc the thickness of lead relative to thefiltered MOSFE". The
application of lowatomic-number materials helpstop the secondary elects from
the lead up teenergy of 70 keV. The over-responsd the MOSFET for the thinne
layer of lead andhicker layers of lo-atomichumber materiis for a photon-energy
range from 70 t®62 keVwas reduced accordingly. Athagher photon energ(> 662
keV), the same effect waobserved (Figure 2.11), andhere the response of the
filtered MOSFETweregenerally larger than the unfiltered MOSF (Figure 2.10).
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Figure 2.11: Thesnergy responses of tMOSFET for acombination of filters on to
of the aluminiumgate. The MOSFET witlthe energy response of tlepoxy bubble
without a filteris shown for comparisc
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2.4 Conclusion

This chapter discussed the simulation study of #mergy response for
conventional MOSFET in free-air geometry approxisaby a vacuum. The energy
responses of the MOSFET depended strongly on havast packaged, including the
use of different filters and an epoxy bubble.

It was demonstrated that a combination of differditters increased the
possibility of engineering the energy response | MOSFET. The use of high-
atomic-number filtering helped reduce the energpoase for lower photon energies
(< 30 keV). With higher photon energies, high-atomumber filters are a source of
secondary electrons, which can essentially increéaseresponse of the MOSFET
compared to a MOSFET with only an epoxy bubbles&xcessive effect of secondary
electrons from high-atomic-number filters can benpensated for by low-atomic-
number filters, which stop more electrons than theyerate their owiiiCUICIZNNEd
BGEEI2NE ), in an intermediate range of photoergyn For higher photon energies,
the high-atomic-number filters lead to dose-enhare# phenomena when low-
atomic-number filters do not stop higher-energyoséary electrons as effectively.
This was observed for photon energies more thark6g2

These studies demonstrate that to effectively eggithe energy response of the
MOSFET in free-air geometry, a combination of higimd low-atomic-number filters
is important. As was demonstrated, the problem rbecaven more complicated when
considering an angular response that also depentte@ackaging of the MOSFET.

The effects of the epoxy bubble and filtration ¢we Energy responses of the
MOSFET set out in this chapter have paved the wayuture simulations to develop
MOSFET packaging that lead to an energy-independeater-equivalent personal

dosimeter that can be used in free-air geometryleasribed ifiSHGDICHCIGNGIGHEter
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CHAPTER 3

OPTIMISING SINGLE-CHIP MOSFET PACKAGING TO IMPROVE
ENERGY RESPONSE

3.1 Introduction

Monte Carlo simulations of the energy responsegeims of ionising energy
deposited in the sensitive volume per single phatioa conventionally packaged and
filtered single MOSFET detector were performed mafter 2. Based on those results,
this and the following chapters aim to optimise MOSFET detector packaging to
improve its energy responses for personnel accidenmilitary dosimetry. Two
different CMRP drop-in” design packages for a single MOSFET detector were
modelled and optimised using the GEANT4 Monte Cadolkit. Simulations of
photon absorbed dose in the sensitive volume oMOSFET dosimeter placed in free
air, that correspond to the absorbed doses at slgpth.07 mmD,(0.07) and 10 mm
(Dw(10)) in a water-equivalent phantom of 30 x 30 x 30’ d¢or photon energies of
0.015 to 2 MeV, were performed.

Simulations were performed to optimise the MOSFESigh and packaging to
minimise its over-response to low-energy photonstaud5 keV while retaining its
tissue-equivalent dosimetry of high-energy photdfrmalisation to water and 2 MeV
mono-energetic photons to obtain the respdrRsevas performed according to the

following equation.

R = £ (3.1)

whereDyosretis the absorbed dose $10,, Dy, is the absorbed dose at particular depth

in water phantom, an is the photon energy.
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Previously, the response of the MOSFET with TO-8kpging in a mixed
gamma neutron field was simulated using the MorgdaCcode (MCNP4A) [34]. The
thickness of the SiDlayer was intentionally increased to yield reasbaastatistics
with the computing power of that time; additionallCNP4A had not been
specialised to model small sensitive volumes suctha gate oxide of the MOSFET.
Another attempt was made to simulate full MOSFETkaging using MCNP 4C code
[58-60]; however, the authors admitted that stashdialiies in MCNP did not accurately
determine the absorbed dose in a sensitive voldiey applied an “electron track-
length dose estimator”, first calculating a dospamse function for a specific material,
and then using it as a modifier to tally F4 (theck-length estimator used in MCNP to
determine the average particle influence in a veunOther studies have been
performed that modelled the full MOSFET packagimgmetry, using codes such as
PENELOPE and GEANT4 [52, 57, 68, 144].

For this study, the GEANT4 version 9.1 toolkits weused to model a
conventional MOSFET geometry, including the sewsitivolume of SiQ The
dimensions of the sensitive volume did not neebdeanodified to acquire an absorbed
dose of sufficient statistical accuracy in the Sia®ecause the GEANT4 can track
particles down to 250 eV (as described in Sectiénl) in very small volumes; it is
thus feasible to directly tally energies depositeside the sensitive volume. This study
simulated the energy response of MOSFET to varioasmally incident mono-
energetic photon fields, with the goal of optimgsihe packaging over-layers above the
sensitive volume of the single chip MOSFET to eegman energy-independent TE
gamma dosimeter. Neither the effectsetd#ctron-holepair recombination in the SO
nor the nonlinearity of the response associatel vaitliation damage of the MOSFET

were taken into account.

3.2 Methods

3.2.1 Optimisation of MOSFET packaging fo{D.07) and [(10) for E > 200 keV

The first consideration in optimising the MOSFETckaging for a wide
spectrum of photon energies is to match its regmts that of water at depths of 0.07

mm and 10 mm for photon energies above 200 keVedhmodels of MOSFET
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packaging geometry were simulated (Figure 3.1)veationally packaged),(0.07)

optimised packaging (OP-007) anB,(10) optimised packaging (OP-10). A
conventionally packaged MOSFET consists of a 1878 x 1um® SiO, (sensitive

volume) gate layer on top of a 1000 x 1000 x 506° silicon substrate, which
corresponds to the commonly used MOSFET or RADFHEip.cThis MOSFET chip is
mounted on top of a 228 um-thick Kapton carrieradhin 0.2 mm PC board [144]. A
semi-spherical epoxy bubble covers the whole MOSHE& structure of which is

shown in Figure 3.1a.

Aluminium

Lead
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1mm
Epoxy o Kapton
150pum Kapton 150um

5i o i

Kapton Graphite

Graphite

(a) (b) (c)

Figure 3.1: Cross-sections of three different MOEpAckaging configurations used in
this study: a) conventional packaging, b) OP-00F @nOP-10.

For an OP-007 MOSFET, silicon substrates 400 x>48@5um?® are embedded
inside the Kapton carrier to a thickness of 0.528;this is referred to as the CMRP
MOSkin drop-in design [63], the dimensions of which ar& 1 x 0.525 mm The
silicon substrates are positioned such that theamte from the surface of the gate to
the surface of the Kapton box is approximately 166 above the SiOgate. The
Kapton is placed inside a 1.4 x 1.4 x 0.75 hgmaphite box, which in turn is encased in
a 20 um-thick lead sheet apart from the top surfapire 3.1b). The OP-10 MOSFET
uses the same MOSFET chip and CMRP “drop-in” paicipm the Kapton box as per
the OP-007 MOSFET. However, the Kapton carrieraggd 4 mm deep inside a 10 x
10 x 7.5 mm graphite box. A 500 pum-thick sheet of aluminiumpisced on top

surface of the graphite box. All MOSFETSs used iis 8tudy have identical sensitive-
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volume dimensions and a 1 um-thick aluminium gatgeit on top of the SiDgate
(Figure 3.2).

Cu

Al
Graphite

Al

SiO,

Si

Figure 3.2: Filter layers on the MOSFET chip in Q% and OP-10.

3.2.2 Optimisation of MOSFET packaging fo{D.07)andD,(10) for E < 200 keV

To optimise the filter for low-energy photons, taxvangements were modelled.
First, a 30 pm-thick layer of copper was placedia@m of the aluminium gate of the
MOSFET, and then a combination of filters (30 purpper, 20 um aluminium and 50
um graphite) replaced the 30 um copper-only layéis configuration, shown in
Figure 3.2, was used to package the OP-007 and0OP-1

3.2.3 The GEANT4 simulations

A large number of histories, up to *Owere required to consider the full
geometry of a 100 mfncross-section for OP-10, compared to the 0.05024cnwss-
section of the sensitive volume. This study uséarger field than either Wanet al.
[60] or Becket al. [68], and thus required more events to achievestliee statistical
certainty. Panettiegt al.[57], reported the largest area of radiation figlfl x 10 crf)

for a MOSFET simulation at depth in a water phantamd at most 7 x B particles
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were required. However, some modifications were engohrticularly the use of
variance-reduction techniques and a S#@nsitive volume 50 times thicker than that
used in this study. In this study the energy of ghetons was below 2 MeV. As such
only the photoelectric effect, multiple scatteriByemsstrahlung production, Rayleigh
scattering, Compton scattering, low-energy iongsatiand pair-production were
considered in the physics interaction processes.

To simulate the energy response of the MOSFET thighabove packaging, as
in FiGUCISEBEREIRGIENE 1 c, the average absaibse in the SiPwas compared to
the doses in the water phantom at 0.07 mm and .at én depth, respectively, per
primary photon fluence. The simulated water phan@iB0 x 30 x 30 crhwas
irradiated with a 10 x 10 chparallel beam of photons with incidence perperidicto
the surface. The dose scoring volumes were wateoids 10 x 10 x 0.01 mimat
depths of 0.07 mm and 10.0 mm, placed in the ceofttbe field. For the MOSFET
simulations, each packaged MOSFET OP-007 and ORd&irradiated in free-air
geometry, approximated by a vacuum with a paraielm incident to the front face of
the MOSFET.

The error was estimated from tallying energy depmsifrom each event into
total energy depositeBw and total squared energy depositBfe. Then energy
tallying was averaged to the photon flueldgg used in the simulation asEyq; > =

Etotar/®p and €2, > = Efyy01/®p. The calculation for one standard deviatiois

given by o = /< EZ,, > — < Erorr >2. The energy-deposition error fow 2vas

Eerror = 20—/\/ q)p-

3.3 Resaults

3.3.1 Optimisation of MOSFET packaging fo{D.07)andD,(10) for E > 200 keV

Figure 3.3 shows the average absorbed dose pemnc#uerimary photon
simulated for incident mono-energetic photons aithenergy range 15 keV to 2 MeV
for different MOSFET configurations, and in watérdepths of 0.07 mm and 10 mm.
For convenience of comparison, each curve wasddtalthe dose per fluence primary

photon at 200 keV in the case of the water medilime. errors in simulated doses were
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within + 5%. The energy dependence of the absodose per fluence primary photon
at depths of 0.07 mm and 10 mm in the water phant@® visible. At low photon
energy the absorbed dose at 0.07 mm deep was higireat 10 mm deep because the
lower-energy photons deposited their dose at shalodepths. For higher-energy
photons above 200 keV, the dose at 0.07 mm wagHassat 10 mm deep due to a lack
of CPE in the build-up region.
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Figure 3.3: Absorbed dose per primary photon fleemcthe sensitive volume of the
MOSFET for conventional MOSFET packaging, OP-00d@ @-10, as well as dose in
water at depths 0.07 mm and 10 mm. Shown insethareffects of the thicknesses of
Kapton and lead coating on the OP-007 responséeatpéak and the tail region,
respectivelyO — conventional MOSFET (x 0.81A — OP-007 MOSFET (x 0.81p —
OP-10 MOSFET (x 0.8); X water dose at depth 0.07 miX- water dose at depth 10
mm; - - - - — peak region - — - — tail region
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Conventional MOSFET packaging shows an over-respéorsphoton energies
E <100 keV and E > 200 keV compared to the do€e0at mm deep in water, due to a
build-up effect produced by the 500 um-thick epbxipble above the SiQin contrast
to the 0.07 mm build-up of water. Both the epoxplide in the conventional MOSFET
and the 150 pum-thick layer of Kapton in the OP-p@3vided CPE to the Sidayer for
energies up to 400 keV and 200 keV, respectiveigufle 3.3). This finding for the
conventional MOSFET was greater than Waatgal's [60] finding of 200 keV. In
comparison to the dose deposited 10 mm deep inrwdite conventional MOSFET
essentially overestimated the dose for photon &gty less than about 70 keV, due
to a lack of filtration of low-energy photons, whas it mostly agreed at the energy
intervals of 70 to 400 keV. As expected, higher tphoenergies, the conventional
MOSFET packaging underestimated the dose comparédetdose in water 10 mm
deep, due to a lack of build-up.

Figure 3.4 shows the relative energy respddser the conventional MOSFET
and OP-007 to a dose in water 0.07 mm deep, anchatigsed to the ratio of the
MOSFET response to a dose in water at the samé dep?2 MeV photons, as per
Equation (3.1), as well as for the OP-10 MOSFETatdose in water 10 mm deep.
While the responses of the OP-007 and OP-10 faigeeseabove 100 keV were almost
constant, there was a tendency for all the packagssribed above towards an
increased sensitivity for energy below 100 keV. Thighest over-response of the
conventional MOSFET in this study was 4.74 for E3/kphotons, which was lower
than that found by Wanet al. [60] (5.9), where they used normalisation to refee
exposure with the CPE condition valid. The highemstr-responses of the OP-007 and
OP-10 were 7.36 and 6.62, respectively. A conveatiddOSFET response could not
match dose in water for both 0.07 and 10 mm depthefergy < 70 keV and > 400
keV (Figure 3.3).
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Figure 3.4:Energy response ca single MOSFET with conventional packaging ¢
OP-007 relative t@a dose 0.07 mm deep in water, and OPMOSFET relative ta
dose 10 mm deem water. All were normalised to &tio of responses at MeV
photon energy.

3.3.2 Optimisationof MOSFET packaging for f§0.07)and D,(10) for E < 200 keV

Figure 3.5showsthe averageabsorbed dose per fluence primary particle
both the OR307 and O-10 MOSFET with two filtering configurationscaled at 200
keV photon energyFor the OP-007, filtration with a singlayer of copper initially
lowered the absorbed dose in sensitive-volumeesponse of 1 keV photons, close
to that of water. But as the energythe photons increased (> k&V), more secondary
electrons created inside tlcopper could reach theensitive volum and deposited
dose. Single filtration wused the over-respongeeak to shift to the high-energy
photons, creating moiover-response (16.61) than with th&filterec OP-007 (7.36).
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Figure 3.5: Response of OP-007 and OP-10 MOSFETrstwo filtering methods. The
doses to water 0.07 mm and 10 mm deep are shoveofgparison.

In the three-layer filtration method using low-aiomumber materials, the
excess secondary electrons created by the inteateeenergy photons were stopped,
which resulted in a finer-shaped response of doseater. With the OP-10, the single
copper filter again gave too high a dose for 3@Q@dkeV photons, whereas the three-
layer filtration responded better to dose in watstr.energies above 200 keV, the
filtered OP-10 resulted in a lower absorbed dosa tthose in water compared to the
unfiltered (Figure 3.3), a result of the thickdteli experienced by secondary electrons
generated inside OP-10 packaging that scatteredhwlamds. A larger portion of the
absorbed dose in the MOSFET chip inside the OR38 {o satisfying CPE) was from

scattered secondary electrons.
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The relative response to water of both optimisezk@ging methods is shown in
Figure 3.6. The OP-007 had an over-response pe@R)(at 20 keV and the lowest
under-response (0.70) at 80 keV, whereas the Ofad(an over-response peak (3.32)

at 20 keV and the lowest under-response (0.98patkéV for mono-energetic photon

energy.
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Figure 3.6: Relative response to water for OP-00d @P-10 with multilayer filters
normalised to 2 MeV photon energy.
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3.4 Discussion

3.4.1 Optimisation of MOSFET packaging r,(0.07)and D,,(10) for E > 200 keV

The principle of the MOSFET packaging design is @tkstep process. We
have developed a technologically suitable and apible drop-in packaging for the
MOSFET chip in a Kapton carrier [63] that avoidghiatomic-number wire bonding
of the chip and the use of an epoxy bubble. Thsgieimproves skin dosimetry by
allowing a reproducible water-equivalent depth (WED 0.07 mm. Considering that
our dosimeter is designed for free-air geometryliegion, the polyamide build-up of
0.07 mm, as was adapted for the K is not valid forD,,(0.07) skin dosimetry in a
photon field, due to the absence of backscattetimg;is in contrast to a ME&kinon the
surface of a patient body or a phantom. For photatis energies above 200 keV, the
thickness of the Kapton over-layer was chosen tolb@ pm. When the Kapton
thickness was increased, the peak (inset of Fig8eincreased (the plus sign); while
conversely, the peak decreased (as shown by thasnsign). To account for the
backscattering radiation as the photon energy asa@ we modelled an optimal
combination of graphite and lead coating on theklzcthe Kapton strip holding the
MOSFET chip. If the Kapton was kept to 150 pum-théid the thickness of the lead
coating increased, the high-energy response inetle@hown in the inset of Figure 3.3
as a plus sign), while conversely, the high-eneegponse decreased (as shown by the
minus sign). All these factors make the OP-007 gitesnuch more complicated than
the OP-10. These results show an almost independsmonse of the OP-007
MOSFET to photon energy above 200 keV (Figure 3dwever, for conventional
MOSFET, under-response was obvious due to thedBblckscattering.

With the OP-10 MOSFET, it was found that 500 pnckhaluminium plus 4
mm-thick graphite above the sensitive volume predidan almost independent
response for photons with energy above 100 keV emetptoD,,(10) in water, while
having minimal thickness of total packaging. Instdiesign we simply needed to meet
CPE and attenuation effects at a depth of 10 mmvater. The combination of these
thicknesses of aluminium and graphite meet bothsigky requirements under

consideration in this study.
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The attenuation effect was calculated approximdtelyn themass attenuation
coefficientp/p for water, aluminium and graphite from referent4q]. The percentage
of photons transmitted through the single matevid per Equation (3.2).

_(&
Transmission = e (P)pt X 100% (3.2)

wherep / p is themass attenuation coefficienf the materialp is the density of the
material and is the thickness of the material. For dual lay&frsnaterial, Equation

(3.3) was used.

2
pit;

-(5)
Multilayers Trans = 1_[ e P

i=1

X 100% (3.3)

where(u / p)i is themass attenuation coefficient the material; p; is density of the
materialt andt; is the thickness of the materialFigure 3.7 shows the results of
Equations (3.2) and (3.3) when applied to 10 mrokttwater and a combination of

aluminium and graphite, respectively.
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Figure 3.7: Transmission of the photon-energy fa@ethrough 10 mm-thick water and
the best combination of thicknesses of aluminiund agraphite to match the
transmission in water.
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3.4.2 Optimisation of MOSFET packaging x,(0.07)and D,,(10) for E < 200 keV

The packaging was further improved with the remafaihe over-response of
the single MOSFET fob,,(0.07)dosimetry for photons with energy less than 100 ke
by optimising the filters above the aluminium etede gate of the MOSFET. Figure
3.5 shows the effect of two different filters applito the OP-007 MOSFET when
irradiated with mono-energetic photon beams fromké¥ to 2 MeV. The MOSFET
filtered by 30 um copper alone showed an increaskd relative response over that of
water for energies below 200 keV. This dose enhaero¢ was due to an increase in
photoelectrons generated within the copper layendélling with Monte Carlo
demonstrated that optimising the energy responsmp®ssible with a single high-
atomic-number filter because the dose is enhanciedeamediate photon energies. The
effect of dose enhancement in MOSFET dosimetriparese using high-atomic-
number material filters was observed previouslyRmsenfeldet al. [34], who found
that a high-atomic-number Kovar encapsulation ecédrhe measured MOSFET dose
in a 6 MV photon beam near a water phantom surf@ogckeret al. [82] found that
they could reduce the dose enhancement due to latognic-number Kovar
encapsulation material by using grease betweenKthear encapsulation and the
MOSFET. However, filtering a MOSFET with a singlayér still cannot give a
constant response over the range of 15 keV to &80 k

Multiple over-layers with a variety of atomic-numbenaterials and their
thicknesses have been modelled to optimise theggmesponse for photons above 15
keV. The first layer effectively attenuates low-gnephotons, while the second stops
secondary electrons, reducing the dose enhanceimehtigher photon energies. We
found that optimising the energy response of theSWPT for D,,(0.07) and D,(10)
measurements can be achieved by having three ayersl above the MOSFET gate
Cu-Al-C (Figure 3.2). This may be achieved usinguaC filter at thicker than 150m,
while a combination of three filters provides antier option.

In addition, we expected that the detectors woulizeh some angular
dependence to incident radiation; this will be shbject of future study with prototype

detectors.
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3.5 Conclusion

These results have demonstrated the possibiligptfmising the packaging of a
single-chip MOSFET (OP-007 and OP-10) for measurgsnef D,,(0.07) and D,,(10)
for photons with energies > 15 keV. Both filtereackages OP-007 and OP-10 allow
an almost independent energy response in the SWWQBFET forD,,(0.07)andD,,(10)
respectively, for photon energies > 100 keV withd96 for OP-007 and 60% for OP-
10. The response of both packages would be morsistent in practice because the
small over- and under-response would compensateaher in the broad spectrum of
photon beams. Without optimising the packagingpaventional MOSFET would be
incapable of measuring a dd3g(0.07)andD,,(10) for an energy range from 15 keV to
2 MeV in free-air geometry.

In Chapter 4, dual-chips MOSFET designs are usetutiner improve the
energy response by comparing the measurement betiheefiltered 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 wasppsed and optimised
using the GEANT4 Monte Carlo toolkits to correcs itesponse in photon field
measurements. The responses of the detector shettdlependent of photon energies
from 0.015 to 2 MeV in free-air geometry fDy,(0.07) andD,(10). Correction factors
that depended on the photon energy of the detestoe determined through a set of
ratios simulated from the responses of dual MOSFthde different filters were
placed in the same package.

The approach to dual-MOSFET dosimetry has alreagBnlused in medical
dosimetry for different purposes. Rosenfetdal. [146, 147] demonstrated that a dual-
MOSFET configuration could be used to obtain thetros fluence in a phantom for a
Boron Neutron Capture Therapy (BNCT) epithermaltrsubeam by subtracting the
response of two MOSFETSs, one of which was coveyed B converter. Soubret al.
[49] used dual MOSFETSs for temperature compensdtjosubtracting the response of
two MOSFETs irradiated with different bias voltag@$e advantages of a dual-
MOSFET configuration manufactured onto the same ahé their close proximity, as
well as they response in the same degree to @alcitharacteristics, temperature,
radiation and fading when they have been irradiatgd the same bias voltage; and
simultaneous readout. The aim here is to combiaeattvantages of a dual MOSFET
with the proposed method for correcting the enemggponse for use as military-
personnel dosimeter. An unknown photon field is extpd in this application;
therefore, this is an attempt to yield photon-epenglependent dosimetry for the
relative response of a MOSFET in free-air geomadran absorbed dose in water at

particular depths of interest.
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Low-energy photons, where the photoelectric effeadominant, increases the
dose deposited in the sensitive volume of the MOSFé#ative to that deposited in
water. Another approach was proposed in this stadgduce the over-response of the
MOSFET at low-energy photons in addition to passiNering, as described in
Chapter 3 for a single chip MOSFET. This methodsube active combination of two
MOSFET responses. The dual MOSFETs used in thidysivere placed inside an
optimised package (OP) to obtain a dose equivateH},(0.07) andH,(10), defined in
this case as the doses deposited at depths ohth®{D,,(0.07)) and 10 mm,(10))
in a water phantom.

The active-correction approach uses dual MOSFETsthan same chip;
unfiltered and filtered MOSFETSs with the responBesindR;, respectively, as shown
in Figure 4.1. Further details of the filter georrest are presented in Figure 4.2. A filter
made from material with a high-atomic-number folofam attenuation was coupled
with two materials with a low-atomic-number to dilt excess secondary electrons
generated in close proximity to the sensitive vauras discussed in Chapter 2. The
current study does not consider electron-hole rétoation effect in the gate oxide
(sensitive volume) of the MOSFET.

Aluminium

Lead
4mm

Filt 150
Lt ke Filters 150um

; Kapton :
Si Si i Kapton i

Graphite

Graphite

(a) (b)

Figure 4.1: Dual MOSFETSs inside optimised packdgesneasuring (alp,(0.07) (OP-
007) and (bPy(10) (OP-10).
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Figure 4.2: Dual MOSFET configurations in OP-007d a®@P-10 packages. The
unfiltered chip on the right and the filtered ormetbe left give readings denotedRs
andRy, respectively.

This approach uses CMRP-developed MOSFET drop-iptd€a packaging
[63], with an electrical connection of the MOSFE#&tettor achieved with a surface
layer of reproducible thickness. The copper fildiove the gate of the; MOSFET
used in Chapter 3 was replaced with lead to gineitilayer-filter thinner than the 150
um of Kapton (sefiNGUICINGNUIRIONIE 2.2). Giteation of the filtered MOSFET
(R2) combined with an unfiltered MOSFETRy) is a key feature in achieving an
independent response to photon energy down to 34 kerthermore, the dual-
MOSFET approach can retain the uniform indepencesgonse 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 OPde¥eloped as

described in Chapter 3, were used here. OP-007agaukis an optimised geometry to
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provide a measurement response equivalent to amessdose at a depth of 0.07 mm
in water. Two silicon substrates measuring 400 & %@75um? were embedded inside
a 1 x 2 x 0.525 miKapton carrier (a so-called CMRP M®indrop-in design [63]) of
OP-007 packaging. This gave the unfiltered MOSFET5@ pum-thick Kapton over-
layer. The dual-MOSFETs were embedded in a 1.4x2.75 mm graphite casing.
Apart from the top surface, the graphite casing wespped in a 20 um-thick layer of
lead. The OP-007 dual-MOSFET detector is shownrigare 4.1a.

The OP-10 MOSFET was designed to provide measuitemesponse
equivalent to an absorbed dose at depth of 10 mwatar. The OP-10 packaging used
the same arrangement of dual MOSFETs embedded Kepton carrier and placed
inside a graphite casing, as per the OP-007 pacgadVith the OP-10 MOSFET,
however, the Kapton carrier was placed 4 mm degpdnl0 x 10 x 7.5 mingraphite
casing. A 500 pum-thick aluminium coating was placed the top surface of the
graphite casing (Figure 4.1b).

All the MOSFETSs used in this study have an idehti&0 x 270 x 1lum® of
layer gate oxide with a 1 pum-thick aluminium layer top, as shown in Figure 4.2.
Filtering was achieved by placing three over-lay@rgop of the aluminium gate of the
MOSFET. The filters were made from a combinatiorieafd, aluminium and graphite
layers (Figure 4.2). The thickness and combinatidnthe filters resulted from

optimising the response of dual-active MOSFETs Witinte Carlo simulations.

4.2.2 GEANT4 simulation

The cutoff range (which is equivalent to cutoff eg@ was set to millimetres
for a region away from the sensitive volume dowr®tb um in the sensitive volume.
This was done to speed up the computation timesewhaintaining accuracy. The
highest number of histories required to get a 9%&tistical confidence level at two
standard deviations was 1t (®articles. GEANT4.9.1 was used in this study.

As in Chapter 3, the photon-energy response ofltlz-MOSFETs was studied
for photons with energy 15 keV to 2 MeV. The phégotric effect, multiple scattering,
Bremsstrahlung production, Rayleigh scattering, @wmm scattering, low-energy

ionisation and pair-production were considerechahysics interaction processes.
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A simulation of irradiation with mono-energetic pbos was done for a parallel
beam incident normally on top of the detector. Energy responses of the detector
were compared to the simulated doses in a watartphmaat depths of 0.07 mm and 10
mm. For the water-phantom simulations, a 30 x 380xcn? water phantom was
irradiated with a 10 x 10 cimparallel beam of photons incident normally onte th
centre of the water-phantom surface. The dosersgmolumes were 10 x 10 x 0.01
mm® water cuboids at depths of 0.07 mm and 10.0 magenl at the centre of the field.
The relative energy response of the dual MOSFETwdter was normalised to the
response at 2 MeV photons.

To study the dual-MOSFETs detector's relative respoto water, photon
spectra were used. These photon energies werdeskfeam different Bremsstrahlung
spectra simulated by Xcomp5r software [148]. A gEneINAC 6 MV photon
spectrum with an average energy of about 2 MeV alss used. Xcomp5r is a program
for calculating X-ray spectra based on a semi-eicgdimodel. The properties of the X-
ray spectra generated by Xcomp5r for a tungsteyetare shown in Table 4-1, and the
spectra plots are shown in Figure 4.3. The dual-MESresponse in X-ray spectra

relative to water was normalised to a 6 MV LINAGesprum.

Table 4-1: The properties of X-rays used in thiglgt

Voltage Inclination Filtration Average ener gy
(kVp) ©) (mm (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 fromnXg®r. The inset shows the generic
LINAC 6 MV spectrum used to normalise the detecésponse.

4,3 Results

FOEERERIGNEN .5 show the response of M@SFETSs for OP-007 and
OP-10 packaging geometries respectively, when sitedlwith mono-energetic photon
beams of various energies. The doses at depth®ofadd 10mm in water are shown
for comparison, although they are not to scalepldton energies 60 keV, theR;
MOSFET detector showed an over-response comparttetabsorbed dose in water.
For photon energies 30 keV, theR, detector showed an under-response compared to
the absorbed dose in water. These are the casesotorthe OP-007 and OP-10
packaging geometries.
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Figure 4.4:The response of (-007 dual-MOSFETSR; and R, to mono-energetic
photons. The watesbsorbed dose at depth of 0.07 mm iwater phantonis also
shown, butnot to scale (SV1 and SV2 correspond to MOSFETs R1 anc,
respectively.)

82



1.E-10

—&—0P-10SV1
—=—0P-105V2
----- Water at 10 mm depth

1.E-11 |

1.E-12 F

Absorbed dose per fluence (Gy cm?)

0.01 0.10 1.00
Primary photon energy (MeV)

Figure 4.5:The response of (-10 dual-MOSFETSR; and R, to mono-energetic
photons. The wateabsorbed dose depth of 10 mm in avater phantonis also shown,
but not to scalgSV1 and SV2 correspond to MOSFETs R1 and R2 réispéy.)

The responses of boconfigurations oMOSFET packaging are split into tv
distinct regions: 4Jow-energy photons (whek < R;) and highenerg' photons (where
R.> R;). For OPO07, as shown in Figure 4.8, < R; for photon energies of . keV to
60 keV. For OP-10as shown in Figure 4.5, < Ry, for photon energies of keV to
50 keV. With OP10, at photon energies 600 keV,R, was again <R;. This was due to
the secondary eleons scatterin downwards from the 500 um aluminium layer be
stopped by the graphite packaging, whereas theme fewel secondary electrons
created in the 4 m-wide graphite gap between ethaluminium layer and tf
MOSFETSs. Fomphoton energies above 60 keR, > R; for both detectors (apart fro

the previously mentioned > 600 keV region for the-10 geometry, the response of
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detectorR; matches that of water. Thus the response of ttecte requires correction
only for energies 60 keV.

The dual-MOSFET detector provided an incident phapectra analysis based
on a comparison of the responsesRaf and R,, while allowing for a correction
algorithm in the form of a Heaviside function to beed. A correction factor was
introduced to correct the over-response of Biedetector relative to water at a
particular depth that occurred whBgis lower tharR;, R, / Ry < 1, as shown i{ili§iglre
EEREIRIGNEEN . \n particular, for detector @F- shown in Figure 4.4 (&, / Ry <
1 for energies 15 to 60 keV; in ratio values thase0.025 (15 keV) R, / R; < 0.923
(60 keV). Therefore, for OP-007 measurement withues of R, / Ry < 0.923, the
correction factor will be applied #;. For OP-10, however, as shown in Figure 4.5 (c),
there are two intervals of photon energy whererét® R, / R; < 1. This occurs for
photon energies 15 to 50 keV, as shown in Figusb £0.051 <R, / Ry < 0.87) and for
600 to 2000 keV, as shown in Figure 4.5c (0.72,RR< 1). A correction factor was
required for the former energy ranges, but nottlierlatter. Therefore, for the OP-007
and OP-10 geometries, the viable rangesRfof R; ratio to be used in the correction
algorithm were 0.025 (15 keV)R, / R; < 0.923 (60 keV) and 0.051 (15 keVRs/ Ry
< 0.590 (40 keV), respectively. This is summarigedable 4-2 below.

Table 4-2: A summary of viable ratio range & / R; for the detector-reading
correction factor to be applied R

Viable ratio range

The lowest ratio The highest ratio for correction at
Energy range where ] ]
Detector R <R values ofR, / Ry in  values ofR, / Ry in  low-energy part of
<
2o the energy range  the energyrange  Figure 4.4a and

Figure 4.5b
15 - 60 keV
OP-007 _ 0.025 at 15 keV 0.923 at 60 keV 0.025-0.923
(Figure 4.4a)
15 — 50 keV
(Figure 4.5b) 0.051 at 15 keV 0.87 at 50 keV
OP-10 and and and 0.051 -0.590

600 — 2000 keV 0.72 at 1250 keV 1.0 at 600 keV
(Figure 4.5¢)
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TheR, / Ry ratio is plotted against the photon energy in Fegli6a. ThdR, / Ry

ratio increases monotonically with energy, allowing correction of ther; response.

We associated a correction factor (CF) for Raeo the corresponding photon energy

for a given ratio, as shown in Figure 4.6b. Therexion factor was defined as the

multiplier required to calculate the dose in wdtem the value oR;. The correction

factor is therefore a function of the ral / Ry, which is in itself a function of photon

energy. The correction factor was plotted as atfan®f the ratioR, / R; and up to a

fourth-order polynomial was fitted. The agreemefrthe ratio plot with the polynomial

is shown by thé&? value in Figure 4.6c.
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Figure 4.6: (a) The ratio d%, overR; for possible photon energies for correcting OP-
007 and OP-10, and (b) the correction factor faresiing theR; associated with each
ratio. Shown in (c) is the polynomial fit for cocteon factor versus #R;.
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Therefore one can take the measured RtibR;, calculate the correction factor
and then multiply the correction factor by the s 0ofR; and a calibration factor for
the 6 MV photon beam to obtain the dose to watéis Pprocess is summarised in

Figure 4.7.

Measurement with DOPF

. 2

Readout filtered (R,) and
unfiltered (R;) MOSFET chip

A

Get the ratio of R, /R,

¥

(R, /R;) <0.923:Determines the CF
DOPF-007 from polynomial fit.
(Ry/R;) 20.923: CF = 1.

(R, /R;) <0.59:Determines the CF
DOPF-10 from polynomial fit.
(R,/R,) 20.59: CF = 1.

¥

Determines the H,(d) dose from:
Hp(d) = R]_ X CFD.D? XC
Where Cis a calibration coefficient of the
MOSFET on 6MV LINAC or Co-60

Figure 4.7: Algorithm for a newly developed metHodcorrecting the energy response
of the MOSFET for DOPF-007.This is also applicabl®OPF-10.

The correction algorithm was then tested in polgrgatic beam spectra (Figure
4.3) for both detector packages. The same irradiadetups were simulated with the
poly-energetic beams, and the correction algorittvais applied to the detector
measurements. The corrected and uncorrected deteetsurements for the quality of
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each beam were then normalised to the dose in witerresults are shown in Figure
4.8. As expected, the uncorrectedreading over-responded to the lower X-ray voltage
peak energy spectra. Once the correction algorittas applied to th&,;, the over-
response was removed and both detectors providegls@onse equivalent to the
absorbed dose in water. For 100,kX-ray, the OP-10 response could not be fully
corrected because tii® / R; gave a value is 0.72, which is outside the viaht® as
discussed above. However, because the over-respbRsén the OP-10 was small for
100 kV, X-ray spectrum, the observed OP-10 over-respore likewise small. The
problem could be even less pronounced in ionisatjation accidents and military

situations, where the photon spectra are smootitehave a broader energy range.
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Figure 4.8: The relative response to water forexad and uncorrected readings of
OP-007 and OP-10 packaging after normalisation@dv®/ spectrum.
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4.4 Discussion

The ratio of the responses of the two chips (olberdid, the other unfiltered) in
a dual-MOSFET chips depends on the photon spéldtia.allows for correction of the
R, over-response to low-energy photons based onatin@ of the response of the two
MOSFETSs. The application of a correction factorivkt from mono-energetic photon
energy to poly-energetic photon spectra yieldednsing results.

It must be stressed that this is purely a theaksonulation of the MOSFET
response, and does not take into account the ¢hastics of the detectors’ readout
electronics, the absolute sensitivity of the MOSFdfEcting by frequency of readout
and calibration measurements or the effects otreledole recombination [149]. Also,
the dependence of the new packaging to the orientaf the incident photons will be
investigated in a future study. It is expected thate results will be validated using a

prototype dosimeter on different static and pulgedton sources.

4.5 Conclusion

This study presents a novel packaging of MOSFE€alet based on a CMRP
“drop-in” packaging design of radiation sensors and a ctore algorithm, to make the
response of MOSFET dosimeters in free-air geomeduyivalent to absorbed dose in
water and energy-independent for a photon-energgeraof 15 keV to 2 MeV.
Construction of the MOSFET-based photon dosimetasists of dual-MOSFET chips
embedded in a Kapton and graphite casing, with, l@aeninium and graphite filters on
one MOSFET chip: dual-MOSFET optimised packagerdtl (DOPF) dosimeter. This
approach was used for skin dosimetry at an equivalepth of water at 0.07 mm
(DOPF-007) and 10 mm (DOPF-10). Filtering one @f thips provides two distinctive
photon-energy regions in the energy responses tf fikered and unfiltered dual-
MOSFETSs in DOPF packages.

This approach is in contrast to passively filterangingle MOSFET (Chapter 3),
which enabled spectroscopy probing of incident photadiation based on a
comparison of the responses of both MOSFETSs in D@#kages, and to introduce an
algorithm for correcting the response of unfiltedd®SFET that makes an energy-

independent DOPF dosimeter in a photon-energy rahfjg keV to 2 MeV.
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Both the DOPF-007 and DOPF-10 dosimeters respoirdé@e-air geometry
under normal incidence of photon radiation propmai to D,(0.07) and D,(10),
respectively.

In an effort to prove the validity of the developagproach and algorithm, a
MOSFET response was simulated for the energy spactif photons from an X-ray
machine and a medical LINAC. The X-ray energy sechosen here were from 30
kV, to 150 k4, the photon-energy range where the greatest espense of MOSFET
is observed. Response to a 6 MV medical LINAC spectwas also simulated as a
reference point for normalisation of the responsethe field just mentioned. The
correction algorithm was used to simulated the omsps of the dual-MOSFETS in
these spectral photon fields and demonstrated ransalenergy-independent response
for the DOPF-007 and DOPF-10 dosimeters relativetoesponding doses in water on
the 6 MV LINAC.

These packages of dual-MOSFET detector were snmall gave an energy-
independent response to poly-energetic photon igpethey are ideal for personnel
accident and military dosimeters with applicatiansan unknown photon-spectrum
field. Their advantage is that they can work ingpas or active mode and can be read
in real time without deterioration of informatiom accumulated static- or pulsed-
photon doses.

Most accident or military scenarios involve a mixgg@imma—neutron radiation
field where dosimetry of neutron components fromiged-radiation field is important.
In Chapter 5, a pixelated silicon detector is stddwith aim of developing a fast-
neutron dosimeter whose response is independethteoénergy of incident neutrons,

and is gamma-insensitive.
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CHAPTER 5

MEDIPIX2 ASA NEUTRON DOSIMETER

5.1 Introduction to methods

This chapter presents the application of the Me@ior fast-neutron dosimetry
using a newly developed segmented, multiple-thiskn@olyethylene converter. This
system has the ability to provide an energy-inddpah response to measure a dose
equivalent of fast neutrons in a range of neutrnargy from 0.3 to 15 MeV. The
application of partial weighting factors to the pesse of a detector driven by a
polyethylene converter of a particular thicknesaldes the total response of the
detector system for fast-neutron dosimetry to battdhed. Six segments of
polyethylene converter having their thicknesses wametghting factors optimised, is
used to obtain the required response for an enadpgpendent detector. A GEANT4
suitability study for neutron dosimetry with respexa previously published work was
performed first.

This study presented a solution to the limitatiensountered by single readout
detector with a polyethylene converter, as desdribeSection 1.4.4. The configuration
of a fragment of multi-thickness polyethylene camee placed above the Medipix2
detector is shown in Figure 5.1. The advantagehisf detector system for neutron
dosimetry lies in its ability to independently readt different segments of pixels
corresponding to different thicknesses of PE. Tleasofi-th segment of the Medipix2
detector that has a polyethylene over-layer aretwenbyR,. A segment of bare silicon
is denoted byR,.
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Si

Figure 5.1: Fragment of the segmented silicon detedth polyethylene convectors of
different thickness. Multiple thicknesses of polydéne on a silicon surface provide
the freedom to adjust the energy response of flersidetector as required and to
achieve an independent response to the energyeaidhtron-dose equivalemR, is a
segment with the converter thicknesand the uncovered segment is denoteBgdby

Detecting lower energy neutrons at ~ 0.3 MeV mehasthe discriminator value
of the threshold must be lowered, which in turrréases the relative contribution from
inelastic neutron interaction and gamma backgroenehts in silicon, as discussed in
Section 1.4.3. This means avoiding the events &gsdcwith direct interaction of
gamma and neutron with silicon (background respprsel only counting true events
of the elastically scattered protons from the pilylene convertor. This was achieved
by subtracting the scaled background response griasetR, (denoted afy ) from
the response of each of the segmddtédenoted af’y,;) to obtain only the recoil-
proton component. This allows for the counts preduby the gamma-ray component
of the field andSi(n,alpha)andSi(n,proton)interactions to be eliminated. The recoil-

proton counts can be expressed as in Equation (5.1)
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A;

Roi = (R~ (7) Roo) /0 (5.1)

whereRg; is the proton counts per neutron fluenRé,; is the readout counts from a
segment with a polyethylene thicknesRe, is the readout counts from the uncovered
segmentA is the area of the segment with a thicknessd A is the area of the
uncovered segment, is the primary neutron fluence.

A GEANT4 9.2.p01 release was used in this study, e QGSP_BIC_HP
physics list provided within this release was addptA GEANT4 application was
developed to characterise the neutron dosimeter.

5.1.1 Verification of GEANT4 and simulations with a unmfopolyethylene converter

First, a GEANT4 study addressed to reproduce tlsertet al. work [117]
discussed in Section 1.4.4, was performed to beadhnGEANT4 for neutron
dosimetry [150] as a part of an ongoing validatditGEANT4 with respect to in-house
experimental measurements, in order to quantifyad@suracy for neutron dosimetry.
The word “verify” in our case is to check the agnemt between a Monte Carlo
simulation and analytical calculation.

A simple simulation to verify methods describingution (5.1) was performed
using a 300 um-thick silicon slab irradiated witimano-energetic neutron beam with
an energy of 0.3 to 15 MeV, as shown in Figure FRe parallel primary mono-
energetic neutron beam of ®0ncident neutrons was simulated. The secondary
production threshold was set to 0.01 MeV. The satioh was first run to get the total
number of interactions from the 1 €rross-section of bare silicon slab. Then a series
of simulations was conducted for the silicon slavered with 0.01, 0.1, and 1 mm-
thick polyethylene over-layers to simultaneoushdfihe total number of interaction in
the silicon slab and the counts of recoil protamseach thickness of PE. The number
of counts in a detector due to the recoil protomty ovas then derived by the
subtraction method as described in Equation (8auid,from tracking the recoil protons

produced in the polyethylene converter that entéredilicon slab.
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Figure 5.2: The polyethylene convertor (PE)-silicdetector setup used to verify the
simulation by comparing the subtraction method dimdct recoil proton tracking in
GEANT4 code.

5.1.2 Simulation with a structured polyethylene converter

Medipix2 was modelled as a silicon substrate withiekness equal to 306m
and an area equal to 14 x 14 M266 x 256 sensitive volume cells were definedssr
the surface area corresponding to the design oMibaipix2 system. The pixels were
clustered into 25 segments, each with ~ 3 x Fmmss-sectional areas. A dead layer
on the surface of the silicon detector of severarons was not modelled in the
simulation because there was no detailed technicfdrmation available. The
polyethylene layer consisted of six different tmekses occupying four of the
segments, with different areas, as depicted in reigu3. Parallel mono-energetic
neutron beams with energy from 0.3 to 15 MeV nolynaicident on the detector
surface, were simulated. Whenever an energy-demposvent occurred in a segment
with energy greater than 6 keV, it was counted amgle event. To reduce the cross-
talk between adjacent segments, each readout a®defined as smaller than the total
segment area, as shown in Figure 5.3. The protamtcper neutron fluence was
obtained using Equation (5.1).
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Figure 5.3: Arrangement of different thicknessespofyethylene converter on the
Medipix2 surface. Polyethylene thicknesses of 000Q3, 0.05, 0.1, 0.3 and 1 mm were
used, and labelled &, R, Rs, Ry, Rs andRs respectivelyR, was the uncovered area
used to subtract background events associated gaithma-rays and direct neutron
interactions with the silicon nuclei. The red bdows the possibility of scaling the
readout segment area to reduce cross-talk betwieesegments.

5.2 Reaultsand discussions

5.2.1 Verification of GEANT4 and results of simulatiorthwa uniform polyethylene

converter

Figure 5.4 shows the analytically simulated resparfahe single silicon detector
covered by different thicknesses of polyethyleneterms of the number of recoil
protons per mSv of neutrons detected in an enemgye 1 MeV to 15 MeV by Eisest

al. [150]. The NCRP fluence-to-dose equivalent conweearsoefficient [151] was used
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here by the authors. Eisehal's data were extracted from a figure in their pajpgng
xyExtractgraph digitiser software version 4.1. Simulatespomses of the same silicon
detector — a uniform polyethylene converter setsmai the GEANT4 tool kit —

confirmed the GEANT4 model for such simulations.
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Figure 5.4: A previous study by Eisest al, using two different thicknesses of
polyethylene converter of different areas on aailidetector showed how the energy
responseRy flattened in comparison to a single thicknesshef ¢converter [150]. The
results were in good agreement with the GEANT4 &tans.

Figure 5.5 shows the simulated count responsesdican detector covered by
polyethylene with different thicknesses using thtsaction method as in Equation
(5.1). Very good agreement in absolute count respofor each thickness of
polyethylene for a wide neutron-energy range presidonfidence in the subtraction

method for obtaining counts associated with reaatons only.
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Figure 5.5: The comparisons between counts fromsth#raction method and from
tracking the proton recoils for different mono-egedic neutron energies.

5.2.2 Results of simulation with a structured polyethglennverter

Figure 5.6 shows the response of the detectorydnal) a direct interaction of
neutrons with silicon in counts per unit neutrarefice as a function of neutron energy
for each thickness of polyethylene segment (Figu8¢. The results in Figure 5.6 were
for a defined gap of 16 pixels between adjaceningegs, which corresponds to a gap
0.88 mm-wide for a Medipix2 detector. The introdidicgap reduced the total
polyethylene covered segmented area of 198 morl41l mm. The response of the
detector in the absence of the polyethylene-coawéaier, theR,, was not subtracted
from the response of the detector for segments avppblyethylene-converter laydR,
For neutron energies below 1 MeV the response efdétector for polyethylene-
converter segments was dominated by the backgraaoats: i.e., direct neutron
interactions with the silicon nuclei. At neutroneegies from 1 to 15 MeV, and the

thicknesses of converter layer from 0.01 to 0.1 nthere was a non-negligible
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contribution of background counts. Only for neutrenergies above 5 MeV and
thicknesses of the converter greater than 0.3 nmantleé number of counts begin to

exceed the background component.
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Counts per neutron fluence
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Figure 5.6: Counts per unit neutron fluence for hedbickness of polyethylene
converter as a function of neutron energy. Thearsp of uncovered pix&y is also
shown. The results are for a gap of 0.88 mm betwleesegments.

Figure 5.7 shows the response of the detector timrctared segments of
polyethylene converter with different thicknessesf only those recoil-proton events
that resulted in direct interaction of neutronshvitie converter. This was achieved by
subtracting background events due to inelasticraocteon of neutrons with silicon
according to Equation (5.1). For the 1 mm-thickyptithylene converter, the proton
counts per fluence yielded a negative value (notvshin the logarithmic axis of Figure
5.7) after applying Equation (5.1) for energy beldow MeV; this agrees with the
results in Figure 5.6, which show a significant aabson for the lower-energy
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neutrons. Also shown in Figure 5.7 is the ICRP 3} fluence-to-dose equivalent
conversion coefficients (black line). As shown, tlesponse of any single detector
segment does not adequately fit the ICRP 74 doseersion coefficients; this
confirms that no single thickness of polyethyleoawerter can be used to achieve an

energy-independent neutron-dose equivalent detbased on silicon.
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Figure 5.7: The proton-event counts per unit neutheence for different thicknesses
of polyethylene converter as a function of neutemergy after using the subtraction
method. The black line shows the fluence-dose edgm¢ conversion coefficients taken
from ICRP 74, but not to scale. The results areafagap of 0.88 mm between the
segments.

Figure 5.8 shows the detailed response for eackrtess of polyethylene after

applying Equation (5.1) for the gap between therssaygs, which varied from 0 to 0.88
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mm. It is obvious that increasing the gap between detesegmentR reduces the
readout areaand thereforthenumber of counts due to recolil protc

It is worth mentioning thaithe net reponse of the particular segmnot only
depends on tharea of the readout regi, but also on the crogalk from neiglbouring
segments. Additional, cross-talk depends on thgolyethylene thickness of a
neighbouring segment and should be taken into atwhen optimising thereadout
region. The pssibility of electronically reducing the readout region is a v

convenientdesign feature of the pixela-detector approactand can be useto avoid
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Figure 5.8 The net responsof segments per unit neutron fluerfor each thickness of
polyethyleneconverter under different specified gaps betweendtljacent segmen
The thicknesses gdolyethyleni are:(a) 0.01 mm, (b) 0.03 mm, (c) 0.05, (d) 0.1 n
() 0.3 mm and (f) 1 mt

Optimisation was performed by taking into accourd total respons Ry totals
from all polyethylenethicknesses such that tR s responsewas proportional with
the ICRP 74 fluence to ambient dose equivalent emien coefficient H*/ @ . The

optimisation function foRy tal iS defined in Equation (5.2).
9
Rocotat(E) = ) fuiRoi(F) 5.2)
i=1
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where Ry 1 t0 Ry are the responses of the proton counts from pigelered by
polyethylene of different thickness (shown in Figgdt7) andR, 7 to Ry g are the virtual

responses given by Equation (5.3).

Ry s R 4 Ry,
R<1>,7 = (R_> R<1>,1 :qu,s = (R_ qu,z ’R¢,9 =\ qu,e (5.3)

D,4 ?,3 R<1>,3

The p4; are the weighting factors for each partial respominef,; can be found,
giving Ry wtal (E) O [H* @](E) by solving nine simultaneous linear equationsiag
neutron energies. The energies selected were 0.,3102, 3, 4, 5, 8 and 15 MeV. The
optimisation offiy,; results are 5.984, -6.652, 4.826, -2.437, 0.59893, -2.89, 1.938
and 0.898 for from 1 to 9 respectively, as shown in Equatiod)5.

R(D,total(E) = 5984R¢,1(E) - 6.652R¢,'2 (E) + 4826R¢,3(E)
— 2.437Rg 4(E) + 0.598Rg 5 (E) — 0.593Rp 4 (E)  (5.4)
— 2.89Ry ;(E) + 1.938Ry 5 (E) + 0.898R4,o(E)

Hence, the recoil-proton response per mSv wasrddgrom Equation (5.5).

_ Rd),total (E)

Rt = T jo1(B)

(5.5)

Figure 5.9 shows that the final response of thealet as a function of neutron
energy is reasonably uniform from 0.3 to 15 MeVdasired. The average response of
the detector in terms of the proton count rate ¥eamd to be 115+10 per mSv of

ambient dose equivalent of neutron.
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Figure 5.9: The response of the Medipix2 deteatothe ambient dose equivalent of
neutrons, using a multi-thickness layered conveateia function of neutron energy,
was reasonably uniform from 0.3 to 15 MeV.

5.3 Conclusion

A GEANT4 simulation study was performed to inveatega novel approach to
neutron dosimetry using a multi-thickness polyethg converter and a multi-channel
readout detector. The suitability of GEANT4 for trem dosimetry was verified with
respect to previously published data. This studys&d that this novel device can be
used to produce an energy-independent responsegaege of neutron energies from
0.3 MeV to 15 MeV. The improved response of thieed®r was within 115+10 counts
per mSv of the ambient-dose equivalent of neutoorehergy considered here.

Chapter 6, describes the experiments conductedstméutrons to validate this
simulation study of the novel neutron dosimeteredasn the Medipix2. There were
two experiments: one validating the subtraction hods of Equation (5.1) and the
other validating the optimisation method describgdquation (5.2).
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CHAPTER 6

EXPERIMENTAL VALIDATION OF THE NOVEL MEDIPIX2 NEUTRON
DOSIMETER

6.1 Introduction

This chapter describes the experimental validabbnthe novel Medipix2
neutron dosimeter. Two experiments were performedvalidate the simulation
concepts introduced in Chapter 5. The word “vaétiat our case involved comparing
the Monte Carlo simulation and the proposed sutinacmethod for fast-neutron
dosimeter to a set of experimental data.

The first experiment was to validate the subtractieethod described in Section
5. 1 and used to get the number of proton redoilthat section the subtraction method
was initially verified by a simulated tracking ohet proton recoils from the
polyethylene over-layer (Figure 5.5).

There are reports on the possibility of directlyucting the charged particles
through the Medipix2 image output by looking at gtpe of the pixel clusters [2, 99,
152-157]. A cluster of pixels in the Medipix2 detacis a pattern of charge collection
in neighbouring pixels that depends on the LET &k of charged particle, and
charge-sharing between pixels. Each particle hasown signature; for example,
protons can simultaneously affect three to fiveefsx alpha and heavy charged
particles produce high-density ionisation that ageeto form a larger cluster and
Compton electrons, which produce lower-density 9ation, can deposite energy in
many pixels to form a cluster resembling a cunheliThis method was believed to be
able to differentiate the type of incident chargeakticles, but there were some
ambiguities in determining the exact types of gt by referring to the shapes of the
cluster. To get a good statistical confidence lewéh this method would require
analysing a higher number of events compared togusiie subtraction method,

because the shapes of the clusters depend on metoysf such as bias voltage, shutter
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time, sensor thickness, threshold setting, partigpes, incident angle, overlapping
clusters and dead pixels. Additionally, the dataepssing time increases for a large
number of events and when cluster shapes are cenifies the algorithm for
analysing cluster shapes). Analysing the shapdbeotlusters increases the detector
dead time considerably for real-time dosimetry eggplons. Thus the subtraction
method is favoured in this fast-neutron dosimetrydg because it depends less on
cluster shapes.

The second experiment was aimed at a more realiatidation of the multi-
thickness polyethylene converter on the Medipix2sse. The exact experimental setup
of the detector geometry was modelled in GEANT4] #re results of the simulation

were compared to the experimental results.

6.2 Validating the subtraction method

For validation purposes, the response of a sineplifiletector set up with a
uniform polyethylene converter to neutrons, expdsea D-T generator and an Am-Be
sources, was modelled through a GEANT4 simulation.

Figure 6.1 shows the experimental set-up of the ipbe?l detector. A
significant issue for a neutron dosimeter is thal@ation of the neutron events while
separating the background radiation generated,ekample, by recoil products of
inelastic reactions, silicon atoms, alphas, gamamaselectrons. The use of a large-area
and high-density pixelated detector such as a Me2lifwith a cross-section equal to
14 x 14 mmM and 65536 pixels) addresses this issue by enatitieg separate
examination of two distinct portions of the sengtareas. Thus the Medipix2 detector
is only partially covered with a uniform layer oblgethylene converter, noted as SV1
(the proton window), with the remainder left uncae noted as SV2 (the background

window). This structure was modelled in the GEANsIulations.
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Figure 6.1: The Medipix2 with a partial polyethyéegonverter on top of the silicon
sensor and an uncovered area modelled with GEAR®dt(and side views).
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Experiments were carried out on 14 MeV D-T and Am+ieutron sources at
Australia’s Commonwealth Scientific and Industfsearch Organisation (CSIRO) in
collaboration with Dr. Marco Petasecca and Dr. gbdéher. The device was irradiated
with 14 MeV neutrons from a D-T generator Therm@®@@62. The distance between
the D-T generator and the detector was 55 cm. ffieston rate of the D-T generator
was 8.6 x 10n/s into the full solid angle, thus the intensifythe neutron at the tested
detector (area of 1.4 x 1.4 énhwas calculated at 2100 n/s. The emission ratbeoD-

T generator was estimated using a 2 x 2 x 2 mlastic scintillator (EJ 204) attached to
a photomultiplier (Photonis XP2020). A detectioficééncy of 3.9% of the scintillator
for 14 MeV neutrons was approximated by an anaitaalculation. The measured

neutron flux was in good agreement with the caleddigure.

Medipix2 board

PE converter

Am-Be
_|source

Figure 6.2: Irradiation setup on an Am-Be neutrourse.
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Figure 6.2 shows the irradiation set up on the Aen+iRutron source. The
Medipix2 detector was placed on top of the collionatf the Am-Be neutron source
container, but 20 cm away from the source whenhim itradiation position. The
polyethylene converter attached to the silicon semsas faced down normally to the
neutron beam. The emission of neutronsrimés 9.3 x 10n/s calculated based on the
activity of the source on the day of the experim¥&¥ihen not in use the neutron source
was kept in boronated paraffin shielding.

The physical construction of the layers of the pttylene converter on the
Medipix2 detector was as shown in Figure 6.1. Thlygihylene converter occupied
two-thirds of the active area of the detector, while remainder was left uncovered to
enable the background to be estimated. A 9 x 14mt square aluminium frame was
used to hold the polyethylene layer attached tostiréace of the detector to minimise
the air gap and any misalignment between the cégrvand the silicon substrate. Four
thicknesses of polyethylene were used during iataah with the neutron sources. The
polyethylene converters were 0.1, 0.25, 0.5 andritthick.

The detector was placed immediately in front of nleetron source window for
both fields, with the neutrons normally incidentth@ sensor surface. The experiment
was repeated for each thickness of polyethylenegusie same Medipix2 detector with
the same neutron fluence and geometry of experinidm data acquisition was based
on a USB interface readout by the Pixelman softwdegeloped by the Medipix
collaboration; this software provides several asedyand setting tools for use during
data acquisition and post-processing. During tlipiadion, the parameters were set to
retrieve all data from the entire sensitive are¢hefchip. The data were later analysed
using a C++ programming code that extracted thentsofor the two defined readout
regions.

The Medipix2 detector was modelled as a 14.08 084 0.3 mm silicon
sensor with 256 x 256 sensitive volumes, each siith of 0.055 x 0.055 x 0.3 nim
The ASIC chip beneath the silicon sensor was medels a 14.08 x 14.08 x 1.5 fim
silicon slab. The polyethylene converter was madkeds a polyethylene slab 0.1, 0.25,
0.5 and 1 mm-thick, each with a cross-section 86% 14.08 mrh The aluminium
holder surrounding the polyethylene converter wagireeered to ensure that the
converter was rigid and flat, and to minimise aapg between the polyethylene

converter and the silicon surface.
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The neutrons were generated as a parallel beardemicinormally to the
detector. The energy of the neutrons from a sirdI&-T source was modelled with a
Gaussian distribution, with a mean value of 14 MaM one standard deviation of 0.01
MeV and 0.5 MeV. The energy of the neutrons of Ame-Be-source was modelled
with the energy spectrum recommended in [158].

The QGSP_BIC_HP physics list that came with the GEA version 9.2 patch
p01 was used. The threshold of production of semgnparticles was fixed equal to 5
pHm in range within the sensitive regions SV1 an@.SW reduce the execution times
of the simulation without affecting the accuracytloé simulation results, the threshold
was set higher outside regions SV1 and SV2.

6.3 Resultsand discussion of the subtraction method

Figure 6.3 shows events from a particular frameeu T neutron irradiation:
events from proton recoils and inelastic reactithad created a rounded cluster with
pixels > 7. The energetic secondary electronslase pixels with a cluster > 7, but the
electron tracks are thin lines. Figure 6.4 showbigoous events of proton recoils and
two events overlapping. The overlapping events weasily detected using the
subtraction method of analysis by looking at theépati data: the pixels that were

overlapped had a logic number of 2, instead ofréoevent or 1 for one event.

110



1 ¥ (column number) 258

Figure 6.3: Events from a particular frame und€erF Beutron irradiation. Small dots or
a small cluster of pixels (< 7 pixels) are the lemergy gamma interactions, (a) is a
high-energy secondary electron, (b) is a protowitdbat entered the silicon sensor at
some angle, (c) is an inelastic reaction and (thvisenergy secondary electrons (short,
curly lines).
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Figure 6.4: Events from another frame under D-T tmogu irradiation: (a) shows
ambiguously a proton-recoil event entering thecaili sensor at an angle smaller than
in Figure 6.3, or possibly a distorted inelastiteraction; and (b) shows overlapping
events of inelastic interactions.

Figure 6.5 shows a screenshot generated by Pixetoi@wvare, representing a
greyscale modulated image of accumulated everitseiMMedipix2 detector within the
SV1 and SV2 areas. There is a clear difference dmtwhe number of events in those

regions of the detector covered by polyethyleneofieprotons and background) and
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uncovered (background only). Proton and backgrommdows, which were also used
in the simulations, are represented in Figure Gth & broken red outline. Using these
regions inside SV1 and SV2 inhibits cross-talk, mhscattering events from one

region are counted in another; this improves tta@uation of the neutron response.

i Preview for Medipix Control 0 (dummy 2000)
File  Opti Service Frames

Min level: IO
¥ lok ——— |waming
Max level: | 33
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™ Auto range: |Min - Max '!
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[V Histogram: [Auto refine |

R A EEE

________

Max: 83

Total: 2.942e+006
Mean: 44,891

Std, dev,: 10,491

y : . Color map: m
&

1 % (column number) 25g Filter chain: Nene =

] 20.75 41,5 62,25 83 ¥ Autoupdate preview

Figure 6.5: The accumulated events from all frafn@® fast-neutron irradiation. The
black line shows the dead pixels. The counting wwsl under the layer of

polyethylene and in the uncovered area are a pretmmlow and a background
window, respectively.

Figure 6.6 shows a comparison of the event imagedifferent thicknesses of
polyethylene converters irradiated with D-T and AB@-neutrons. The gain in
efficiency with polyethylene converters of diffetethicknesses is clearly visible,
particularly when the thickness is increased fgoasxres with high-energy 14 MeV
neutrons (Figure 6.6(a)).
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0.25mm PE

Figure 6.6: The total events are represented ingtegscale modulated image, as in
Figure 6.5. The bright areas show high event counder the polyethylene layer: (a) is
the results from a 14 MeV D-T meutron source; @)the results from an Am-Be

neutron source; and (c) corresponds to events)jrafter filtering out the events with a

cluster size of less than seven pixels.

Figure 6.6 (b) and (c) shows the event images lier 4ame thicknesses of
polyethylene converters, but irradiated with neagrérom an Am-Be source, which has
a lower average neutron energy (~ 4.2 MeV) thanDfie source and a higher gamma
background. This can be seen in Figure 6.6b, wltkre to the larger gamma
background the boundary between the SV1 and SMa@mneds not as clear.

In the mixed-radiation fields of these experimerdatups there were other
contributions to the event counts in both countvigdows; these contributions were
associated with backscattered neutrons, secondaaged particles and a gamma
background (Figure 6.6). Secondary charged pastidilke alphas, had the least effect
on the counts because they were easily stoppenl. ihe backscattered neutrons had
an almost equal effect on both counting windowsabee the back of the Medipix2

detector has uniform layers of material.
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It is possible to improve the contrast in Figurébbusing those features of the
Pixelman software that allow events to be filtepending on size of the pixel
cluster, which is related to the LET of the incitlparticle. Gamma radiation with low-
energy photons will deposit energy within a singleel, whereas higher-energy
photons will create long tracks due to the higheergy of secondary electrons, which
results in energy depositions within more than pnel [155]. This allows for the
removal of events corresponding to photons with éme&rgy, for example, which only
deposit energy in a single pixel. Figure 6.6¢c sholnes events in Figure 6.6b after
filtering out those with a cluster size of lessnthseven pixels. In this case the
contribution of recoil protons becomes more obvjousich is a further advantage of
this dosimeter. Thus the application of clusteediltration to the experimental data, in
addition to the background-window subtraction mdthmproved the response of the
Medipix2 to neutrons only.

In this study the net proton counts were calculalsd subtracting the
background counts according to Equation (5.1) afteliminary cluster-size filtration,
allowing for a comparison of the counts producedrégoil protons only, for each
partial converter. Thus, the data from both neufiield experiments were analysed
further to filter out clusters below seven pixelghich as discussed, removes the
background contribution from gammas that was natlugled in the GEANT4
simulations. The response of each converter wamalmed to the total number of
counts of all converters for the same neutron-fb@eirradiations, as presented in
Equation (6.1) below. This equation was used fdhlibe GEANT4 simulations and
experiments with the D-T and Am-Be sources.

4
Rototar = z Ry (6.1)
i=1

FOEICNERENRIBNENE .c present the variatiothennormalised responses of

recoil protons of the Medipix2 detector with diget thicknesses of polyethylene
converter, showing a direct comparison of the satih and experiment results for

irradiation with the D-T and Am-Be neutron souraespectively.
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Figure 6.7: A comparison of the experimental restithe 14 MeV D-T neutron to the
simulations, using a Gaussian spectrum of mean ¥ dhdos of 0.01 and 0.5 MeV.
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Figure 6.8: A comparison of the experimental regiltthe Am-Be neutron to the
simulation.
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For both neutron-source experiments, agreement GHANT4 simulations
was within 10%. Error bars for experimental reswtye estimated from the standard

deviation of Poisson statistig = VN, where N was number of counts. Error bars for
experimental results were less than 1%, resultioigp the large number of counts from
recoil protons. The detector responses for polyetteyconverters in Figure 6.8 with
thicknesses of 1 mm and 0.5 mm were not signiflgatitferent due to the low average
range of the recoil protons produced by neutronmfthe Am-Be source. This is in
contrast with the response of the detector witt&¥ neutrons from the D-T source.
The observed agreement between the experimentadiandated results of the
dosimeter responses for four polyethylene convertedth distinct thicknesses
demonstrates the validity of the GEANT4 simulati@m the implementation of the
subtraction model of Medipix2 with polyethylene gerters. This lends confidence to
the optimisation procedure described in Chaptears, demonstrates that applying a
structured polyethylene converter to a pixelatedecter can produce a neutron
dosimeter with an independent response to neutnergg 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 expent results using the
Medipix2 detector with a structured polyethylenewerter. A D-T neutron source was
used to provide two different neutron spectra: nwderated and moderated fields.
The moderation was performed with a poly-methylimaetylate (PMMA) moderator.

The validation simulations were performed using GHA version 9.2.p01.

6.4.1 Simulation methods of a moderated D-T neutron sourc

The neutron-dose equivalent of the moderated nesitwas estimated through
GEANT4 Monte Carlo simulations. This simulation wdsne to obtain information
from the neutron spectrum after being moderatead Bycm-thick PMMA moderator.
The simulation geometry setup is shown in Figu@® &n additional 0.9 mm-thick

layer of aluminium used in both the simulation dhe experiment were to stop recoil
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protons originatingrom the moderatc The neutron source was a parallel beam
14 MeV monoenergetic normally incident on the moderator. Tearbhad a 5 x 5 cf
cross-section The physics library wi the QGSP_BIC_HP that ame with the
GEANT4 installatior. The secondary particle production threshold assigned to 0.5

mm inside the moderator geome

Initial Final
neutron neutron
fluence, fluence,
@, Py
Parallel neutron
beam incident \
normally on the 5
PMMA slab with 5x5 N
cm?of field size N
‘\
A1
b
LY
A
n"’ \\
r 0y
'4' 1
J A10x10 cm?by 0.9 mm

4
A 10x10 cm? cross

section of PMMA
slab

thick layer of aluminium

Figure 6.9:The geometry seti for the simulation of theneutron spectrum aft
moderation by th€MMA slab.

For each simulation event, the parts thatexited from the side with the lay
of aluminium were counted. The energy assod with eacl type of particle was
stored in 0.002 MeV bins of energy t spanning 50 eV to 20 MeV. The types
particles for which th energy spectra weravestigated were gamma, neutron, pro
electron and alpha.
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6.4.2 Simulation methods of a structured polyethyleneveder on the Medipix2

GEANT4 was used to simulate Medipix2 geometry wigh structured
polyethylene converter on top of the active areaMadipix2. The views of the
simulated geometry are shown [iEGUICHCONECCIEIGNCGNECUENe] 2. The
threshold for secondary particle production wasgagsl to 5 um at the Medipix2
readout pixels, and gradually increased at theorefyirther away from the pixels.

The readout areas were divided into seven segmeits; 0.03, 0.05, 0.1, 0.3
and 1 mm-thick, which were representedRy R, Rs, Ry, Rs and Rs, respectively,
while the uncovered area for the background readastdenoted &), in Figure 6.10.
The remaining area in Figure 6.10 was covered Bypanm-thick polyethylene frame

supporting the structured converter.
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Figure 6.10: Plan view of the structured convederthe Medipix2 active area. The
areas highlighted in blue show where the polyethg/leonverter was placed.
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Figure 6.11: A view of the detector geometry in thienulation. The green lines
represent the structured polyethylene convertetse Tight-blue line denotes the
periphery of the active area of Medipix2, and theagbetween the white line and the
magenta indicates the plastic frame on the Medipo&rd.

Figure 6.12: An angled view of the geometry in gimulation. The cubicle world
geometry is shown by the blue line.

120



The mono-energetic neutron source was from 0.35tM&V of energy. The
parallel neutron beam incidents were normally oa tlont of the detector. Every
primary neutron event that deposited energy abOv®eY in the segments was counted
as one, and tallied over a run. The size of théraeleam field was 4 ¢m

6.4.3 Experiment methods for a structured polyethylemeveder on the Medipix2

A structured polyethylene converter was preparedgulsyers of high-density
polyethylene (HDPE), as shown in Figure 6.13. Tdeets of different segments were
glued together such that the converter measured1®¥mnf. This structured converter
was placed onto the Medipix2 sensor and held ioeplaith thin aluminium tape, as
shown in Figure 6.14. The pixel equalisation wadqomed before the Medipix2 was
used in the experiments by covering it with blaakrfc during equalisation, as shown
in Figure 6.15.

Figure 6.13: The structured polyethylene conveaterdescribed in Figure 6.10. The
white region is the thin layer of hydrogen-free gglprotons generated from the glue
can be neglected.
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Figure 6.14: Medipix2 with a structured convertéaehed onto the sensor. A small
twist on the converter, which occurred when it baeg installed on the Medipix2,
may have uncovered the periphery of the sensan@ésated by the red circles).

Figure 6.15: Setup for pixel equalisation.
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The neutron-dose equivalent on the D-T exit windewh and without a 6 cm
PMMA moderator was measured by an ALNOR 2202D retaméelhe remmeter
sensor was made from a large moderator body ofeffoliene, an inner cylinder of
boronated plastic and a central counter tube fil&t BF;. It allows measurement of
the dose equivalent for neutrons with an energgeasf 0.0025 eV to 17 MeV. It is
less sensitive to gamma, where it can discrimirdteut 1¢ times the gamma-dose
rate, which in 2 Gy/h of gamma dose rate is eqoa heutron-dose equivalent < 5
uSv/h. The remmeter was placed upright on the neutat windows, as shown in
Figure 6.16. The dose rate was given in pSv/h gnsicale meter. The remmeter was
calibrated on the 20 March 2010, according to ANSTO

The D-T neutron source current was stable aftenRutes’ warmup at 0.068
0.002 mA and a voltage of 748 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 moder ation Doserate
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 moderatbile the neutron-dose
equivalent is being measured. To measure the daodeuwv the moderator, the
remmeter would stand on the aluminium plate.
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While the measurement was taking place, the Me#8igdetector was placed as
shown in [EICHCIGNGNEIOUEEE. 18. The moderatas placed between the
Medipix2 sensor and the aluminium slab. The PMMAderator was absent for non-
moderated neutron experiments. The silicon senssrivased at 7 V. Irradiation for a
moderated neutron beam took an hour, whereas withouoderator it took 1.5 hours.
The Pixelman data-acquisition frame period wa$as6t5 seconds per frame.

Alslab

MAAN

Neutron
beam

Figure 6.17: The experimental setups for the Me@pdetector facing a moderated
neutron beam.
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Figure 6.18: The experiment setup for the Medipie2ector facing a non-moderated
neutron beam.

6.4.4 Simulation results for a moderated D-T neutron seur

Figure 6.19 shows the spectra from secondary pestend neutrons that were
escaping the 6 cm moderator plus 0.9 mm layerwhedium. The results show that the
initial mono-energetic neutron energy is moderafgoyiding a continuous neutron
spectrum below 14 MeV and dominated by a 14 MeMtnoaupeak. Table 6-2 shows
the ratios of the final neutron fluence for fulluten spectra and for 14 MeV neutrons
only to the initial 14 MeV neutron fluence for thsoderation. This table shows that
the moderated neutron fluence components were @gaetdnby neutrons at 14 MeV

energy with a fluence ratio of 3:1.
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Figure 6.19The spectra of secondary parts and neutronthat exit the moderaton
the side with thaluminiumlayer.

Table 6-2: Nutron output fluence rati

Ratios of final to initial fluence

Full spectrum of exit neutrt @; | @; = 0.6¢
14 MeV onlyof exit neutron D; 14mev/ D = 0.51

Simulationswere also carried outo investigate the effect of varyinthe
thickness of thenoderatolon the output spectra of neutrons from the mode. The
PMMA moderatorwas set to two additional thicknesse&s,and 20 cr, and an
aluminium layer fixed at 0.9 mm. The ress in Figure 6.20show thataltering the
moderators t8 and 6 m-thick, resulted imalmost equal quantitieof lower-energy
neutron componentd he partial contribution of low-energygeutron compones from
the spectrunfor the 6 cm-thick moderator was slightly highterar that for the 3 cm-
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thick moderator. fie low-energy neutron componen$ fluence for the 20 m-thick
moderation werdess thanthose for the3 and 6 cm moderatis. This could be
explained bythe neutrons hiing been scattered to the periphery of the PMMA not
emerging at thé& x 5 cn? aluminium layer’s side-exit fieldGenerall, the shapes of

the neutron spectra from the three moderator tieisges are identic
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Figure 6.20Neutron spectra after bei modergéed by 3, 6 and 20 c-thick PMMA.

An estimation ofthe fluence-to-neutrommbient dose equivalent convers
factor wasperforme( for the 6 cm-thickmoderator. The fluen-to-ambient dose
equivalent conversion factor for mc-energetic neutrons ag adapted frorthe ICRP
report 74 [3],Conversion Coefficients for Use in Radiological ®iior. The ICRP 74
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conversion table was interpolated into 0.002 Me¥rgy gaps to match the simulated
energy bins. The spectrum in Figure 6.20 was naserlusing Equation (6.2):

Ci

whereC; is the count, as in Figure 6.20, 18- energy S is the probability of neutrons
ati"™ -energy. Then the fluence-to-ambient dose equivatenversion factor for the

neutron spectrum moderated by the 6 cm PMMA isutaled using Equation (6.3):

H * (10)/® = Zsi P 6.3)
whereP; is the interpolated value of the ICRP 74 flueraéhe neutron-dose equivalent

conversion table fof" -energy. Table 6-3 shows the results from thistdation.

Table 6-3: Neutron source conversion factors fa thoderator with a 6 cm-thick
PMMA and a 0.9 mm-thick aluminium plate

Neutron sour ce moder ation Conversion factor Note
For neutron ener
Yes 5.06 x 10 mSv cnf 9
0.002-14 MeV
No 5.20 x 10 mSv cnf From ICRP Report 74 [3]

6.4.5 Simulation results of a structured polyethylenevaster on the Medipix2

The energy responses for each defined segmeniedvelipix2 active area are
shown in Figure 6.21. Because the defined segmar@sdifferent in their cross-
sectional areas, the energy responses are exchasttie design of this geometry. The
results shown in Figure 6.21 are after backgrowtndraction using Equation (5.1). The
optimised response functioRg 1otar Was calculated from Equation (5.2). The nine

values off4; were optimised to give resul ool (E) O [H*/ D](E).
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Figure 6.21The energy respors for each defined segmestdrresponding to differe
thicknesses of PE.

The final response of detector to tneutron-dosesquivalent was calculate
using Equation (B); the optimised response of thdetector counts over the neutl
dose was 116ounts per mS = 15%, as shown in Figure 6.ZPhis is very simile to
the response of theeutron detector wita structuregolyethyleneconverter simulated
in Chapter 5115 counts per m! £ 9%, apart from a flatter response. This shu
flexibility in designinga possible structure for a polyethylec@nverter to achieve ¢
energy responséor the neutron detector that is reasonably flat udimg silicon

pixelated detectgoroposed her
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Figure 6.22: The total energy response of the tmteshiows good flattening of count
per neutron-dose equivalent.

6.4.6 Experiment results and discussion of a structurelggihylene converter on the
Medipix2

The Medipix2 detector with a structured polyethgleconverter, as in the
simulation above, was placed above a 6 cm PMMA maide plus the 0.9 mm-thick
aluminium layer (Figure 6.17). The images of eveistribution on a 14 x 14 mfm
sensitive area of the Medipix2 with and without aderator are shown (lEIOUICES.23
ENGIRIGEIEN2 2, respectively. The green linesdith igures are the dead pixels. The
number of registered counts in each segments gktiollene converter, as marked,
corresponding to the recoil protons, is reducedh witroduction of a moderator. Raw
C++ programming code was used to extract the cdumts the assigned readout areas.
The code was specified to read clusters with a>sizeThe events on the perimeter of
the sensitive area of the Medipix2 correspond pblyethylene frame, as described
earlier, and were not considered in the calculatibthe detector response under both

simulation and experimental works.
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Figure 6.23: Counts on a sensitive area of the Medifrom the non-moderated
neutron beam. The counts on the Medipix2 activa are given by the colour scale.
The locations of assigned readout segméntre approximately as shown by the red
text.

[@ Preview for Medipix Control 0 {dummy 2000)
File Options View Service Frames

¥ Histogram: Auto refine

<[=2]g]

W,

FIFVEVEET

100
1,8141e4006
lean: 27.682

Std.dev.:  6.4843

olor map: Jet -
: frione ~
10 2.5 35 475 60 ¥ Auto update preview

Figure 6.24: Counts the image of counts on a seesirea of the Medipix2 from the
moderated neutron beam. The counts on the Medigtt¥e area are given by the
colour scale. The locations of assigned readoumeats R are approximately as
shown by the red text.
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To calculate the experimental response of the tatethe readout areas were
first defined for each thickness of the segmentsclvincludeR,. The size of each area
had to have an equal size, as in the simulatioen]Tthe count of recoil protons was

calculated based on Equation (5.1), as shown below.

R, = (R’l- _ (j—;) RO) 6.4)

whereR; is the counts in segmeift; R, is the uncovered segments cours,
andA, are areas of a segmefitand an uncovered segment, respectively,Ruisl the
recoil-proton counts per irradiation. Then, Equat{6.2) was used to calculate tRegy
in term of counts per irradiation using the safiyg obtained from the simulation
results in Section 6.4.5. The calculated experialesdunts per measured neutron-dose

equivalent, as shown in Table 6-4 were obtainech fEmuation (6.5).

Riotar (counts)
Dose rate (mSv/h) x Time(hour)

Counts/mSv = (6.5)

Table 6-4: Summaries of the final detector coung/m

Neutron-source Experimental response Theoretical response
moder ation (counts/mSv) (counts/mSv)
Yes 69.5+ 13% 116+ 15%
No 67.91 9% 116+ 15%

Moderation with a 6 cm-thick PMMA and 0.9 mm-thiakuminium decreased
the 14 MeV neutron fluence to about half of itstiadi value. Total fluence of
moderated neutrons was decreased to 68% of the fluence of 14 MeV neutrons, as
shown in Table 6-2, in which the 14 MeV neutrorefiae had a population ratio of 3:1
to the rest fluence of the moderated neutron.

Partial contributions to the neutron-dose equivialggr unit neutron fluence
were calculated for energy ranges of 0.002-0.2 NMY) and 0.2-14 MeV (W) in the
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spectrum of neutron moderated by a 6 cm-thick PMMaderator and 0.9 mm-thick
aluminium layer as in Figure 6.9, and the resutesented in a Table 6-5. Because of
the total fluence of neutrons within \Vis much lower than W as in Figure 6.20, as
well as the calculated fluence conversion coefficier W, is only 11% of W, it is
possible to conclude that major contribution to treutron-dose equivalent will be

from neutrons > 0.2 MeV.

Table 6-5: The ratio of the neutron-dose equivatemversion of W to Wy

H*(10)/® Ratio
No Neutron-energy range )

(mSv cm?)
1 14 MeV mono-energy 5.2 x 10 No2toNo1=0.98
2 0.2 — 14 MeV (W) 5.08 x 10/ No3toNo2=0.11
3 0.002 — 0.2 MeV (W 0.58 x 10/
4 0.002 — 14 MeV (full spectrum) 5.06 x' 10 No 4 to No 1 = 0.97

This is proved by the experimental values for celm&v (Table 6-4) for
moderated and non-moderated neutron beams, whigh wighin 2%, which is an
excellent agreement; this, again, suggests thatdahg&ibution of W neutrons to the
response of this detector was negligible while tihie detector was simulated and
optimised for neutron energy > 0.3 MeV.

To further investigate this assumption, a detalBEANT4 simulation of the
response of a structured polyethylene converterthen Medipix2 neutron-detector
geometry described in Section 6.4.2 was carried Talble 6-6 shows the response of
this detector, calculated from the simulation for,Will-moderated spectrum, and 14

MeV mono-energetic neutrons.
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Table 6-6: Results from simulation of a structuildédipix2 detector for W, full
moderated spectrum and 14 MeV mono-energetic ey, R, R, Ry, Rs andR; are
the 0.01, 0.03, 0.05, 0.1, 0.3 and 1 mm-thick piblylene converters, respectiveR,

Rs and Ry are the virtual thicknesseg, is the optimised weighting factor for each
thickness for this geometry

, <02mev _ Pull 14MeV <0.2MeV Ful 14MeV
Thickness spectrum B spectrum
Count/fluence Weighted count/fluence
R 9.52E-6 5.51E-5 5.65E-5 1.977 1.88E-5 1.09-4 1.12E-4
R, 1.03E-5 1.02E-4 1.08E-4 0.088 9.08E-7 8.99E-6 9.58E-6
R; 4.85E-6 3.56E-5 3.72E-5 -0.089 -4 32E-7 -3.17E-6 -3.31E-6
R, 5.17E-6 7.96E-5 8.09E-5 0.478 2. 47E-6 3.80E-5 3.87E-5
Rs 2.84E-6 1.59E-4 1.54E-4 0.663 1.88E-6 1.05E-4 1.02E-4
Re -3.67E-6 3.54E-4 3.62E-4 -0.289 1.06E-6 -1.02E-4 -1.05E-4
R 5.23E-6 1.10E-4 1.07E-4  -1.049 -5 49E-6 -1.156-4 -1.13E-4
Rg 1.09E-5 2.27E-4 2.36E-4 -0.548 .5 99E-6 -1.256-4 -1.29E-4
Ro -7.76E-6 1.01E-3 1.05E-3 0.135 -1.05E-6 1.37E-4 1.42E-4
08 1265 52065 54565
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

+790 110, -100,
aver aged response of this detector 79% 11% 10%

The recoil-proton simulated response of the Medpieutron detector for W
neutrons is 208 counts/mSyv that is twice more thatull moderated neutron spectra
and 14 MeV neutrons. It is not in contradiction twabtained results because partial
fluence of W neutrons is as low as ~ 0.6% of the fluence from Mgutrons that is
leading to < 2 counts contribution to the 103 celm8v from full moderated spectrum
that is within error of the detector response. Sineulated value of counts/mSyv for the
full moderated spectra and 14 MeV mono-energetiatroas showed that the
developed optimisation of the response of the peutdetector with structured
polyethylene on top of the pixelated silicon detecéven though was derived based on
mono-energetic neutrons from an energy range of ¥ to 14 MeV, is also
applicable to continues spectra of neutrons.

The dose equivalent rates measured by the ALNOR2R2femmeter for
moderated neutron beam had 31% lower rates of égsévalent than the non-

moderated 14 MeV D-T neutron beam as shown in TéHle This result agrees with
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the results of the simulation which showed abouwb32duction in neutron fluence
after being moderated by a 6 cm-thick PMMA, as ghawTable 6-2 which is again
confirming the domination of 14 MeV neutrons in thederated spectrum.

Table 6-7 shows experimental measurement of negtose equivalent when
assumingRya= 116 counts/mSv as simulated for this Medipix2 trezu detector in
comparison to measured value with ALNOR 2202D reteméNhile Medipix2 and
ALNOR 2202D have about 40% difference for the mated and non-moderated
neutrons dose equivalents rate, the ratio of meelérto non-moderated dose rate is
about the same for the value of 0.72 (Medipix2) &n@9 (ALNOR 2202D)
corresponding to 4% difference that again in gogré@@ment with previous results.

Table 6-7: A comparison of the readout dose

Neutron-dose Time of M edipix2 ALNOR 2202D Different to
moder ation irradiation neutron dose neutron dose ALNOR 2202D
2.3 mSv 3.8 mSv 39%
Yes 1 hour
(or 2.3 mSv/h) (or 3.8 mSv/h)
4.8 mSv 8.3 mSv 42%
No 1.5 hour

(or 3.2 mSv/h) (or 5.5 mSv/h)

Ratio of moderated to
0.72 0.69 4%
non-moderated

Almost twice the disagreement in absolute valueseftron-dose equivalent
measured by these detectors is understandablagasLNOR 2202D remmeter was
designed and calibrated for measurements of isetrepiform neutron fields larger
than the diameter of the remmeter. In present é@xgat the neutron field was a
collimated beam with 5 x 5 cnaperture, less than the 20 cm-diameter of the ARNO
2202D’s polyethylene cylindrical body (Figure 6.16) contrast to the Medipix2
detector’s sensitive area, which was smaller theen rieutron field. This led to the
ALNOR 2202D displaying higher values for ambiensdoequivalent due to the

volumetric effect, while the Medipix2 was irradidteith uniform neutron fluence. For
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a more accurate comparison of these detectorsefetperiments should be done in an

isotropic, large and uniform neutron field.

6.5 Conclusion

The results from both experimental validations fiedli the simulation concepts
for subtraction and the optimisation methods forvellgoment of an energy-
independent fast-neutron dosimeter introduced iapBdr 5. A semiconductor neutron-
dose equivalent dosimeter with a neutron-energgpeddent response can be produce
based on a pixelated silicon detector with a stmect polyethylene converter that
includes a bare segment. These experimental redtétsvaluable insight for the future
engineering of a fast-neutron dosimeter basedsiruatured polyethylene converter on
a Medipix2 detector. The initial validation of tleptimisation method showed the
detectors’s almost energy-independent responsketanbderated and non-moderated
fast-neutron sources. The experimental results dviandve agreed better with the
simulation results if the experiments had beeni@drmut in a wide, uniform isotropic
neutron field. A better verification of the flatrse®f the response can be done by
moderating the spectral neutron sources rather tisarg a mono-energetic 14 MeV
source; this will avoid domination of a particurergy line in the moderated spectra.
Strong ?“Cf and Pu-Be sources providing neutron spectra ¢aat allow essential
moderation while preserving reasonable dose ratee vi@t available during this
project. Future experiments will required a bettexehined, structured polyethylene
converter, as well as the introduction of a deagkrdan the Medipix detector in
GEANT4 simulations that can influence the detectésponse at the low-energy part of

the considered spectra.
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CHAPTER 7

CONCLUSION

This study has successfully used GEANT4 Monte Camoulations to show
that MOSFET and Medipix2 semiconductor detectora ba used for personnel
accident dosimetry in a mixed gamma-neutron figldpr near free-air geometry with
an ambient dose equivalent response as prescnbitRYJ) and ICRP for dosimetry on
a standard phantom. The importance of developedmétesrs is in accident and
military dosimetry, when detectors can be placedfree-air geometry for dose
monitoring or, for example, on a wrist where CPE@t achieved. The main goal in
this work was to improve the detectors’ energy oese for gamma and fast-neutron
radiation fields while making a neutron dosimeteattis also insensitive to gamma.
Engineering the energy response of those dosimet@ssachieved by optimising the
detector packaging using Monte Carlo simulations.

The version of the GEANT4 simulation toolkit used this study was the
updated version at the time of each individual gtwhd was stated in each chapter.
The GEANT4 toolkit helped optimise detector packagin three-dimensional and
asymmetry geometry, tasks that are difficult torgaout through an analytical
calculation. In this study, GEANT4 provided all tmecessary tools for tracking
particles in complex geometry, and for constructogiplex geometry, while offering
a variety of relevant physics modelling, add-intsafe to analyse output data and
visualisation tools.

The detector’s packaging imposes notable effectésoenergy response due to
the attenuation of primary radiation and the prdémcof secondary charged particles
and the backscattering effect; these were usedjtsteenergy response of the detector.

As a result of the optimisation of the MOSFET paghg, two new packaging
models were proposed. The new packaging was intefudleuse in free-air dosimetric
MOSFET applications. This packaging made the respanthe MOSFET independent
of the photon energy, and made it match the dateesponses in terms of absorbed
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doses at depths of 0.07 mm and 10 mm in a watertpim New packaging, the OP-
007 and OP-10, led to a MOSFET response propotttorebsorbed doses at depths of
0.07 and 10 mm in a water phantom, respectivelyh Backaging designs were based
on multiple layers of a copper-aluminium-graphitkef placed on the gate of the
MOSFET. Proposed packaging optimisation using glstohip MOSFET reduced the
over-response for photon energies of 15 to 60 keX00% forD,,(0.07)and 330% for
Dw(10). The MOSFET response was within £ 60% for photoargies between 0.06
and 2 MeV for bottD,(0.07)andD,,(10). The obtained energy response was improved
in comparison to conventionally packaged MOSFEEcdtets, which usually exhibit a
500% to 700% over-response at photon energies <k&®when used in free-air
geometry.

The second optimised MOSFET packaging used two METS#hips in the OP-
007 and OP-10 designs. One of the chips was heéitdyed over-layers of lead-
aluminium-graphite, while the other one was unfdte At photon energies of < 100
keV, the heavily filtered MOSFET chip had a lowesponse than the unfiltered one.
The R, / Ry ratio of those two MOSFET chips gives informatmmthe average energy
of the photons, which means that a correction @agplied to an unfiltered MOSFET
according to the ratio given. The results of thmwation show how the two chips
packaging method provides a better energy respiiasethe single filtered MOSFET
chip for both the OP-007 and OP-10 packaging dssighe proposed algorithm for the
dual-MOSFET OP-007 and OP-10 was modelled in Xspgctral fields with an
energy range of 30 kyvto 150 kV, and a 6 MV spectrum of medical LINAC. The
energy-response variation of the dual-MOSFET paekddOPF-007 and DOPF-10 for
average photon energy in a range of 22 keV to 2 Me&s$ £ 10% and + 40%,
respectively. To our knowledge, they offer the besergy-response flatness for
personnel accident dosimeter application in freggaometry.

A new approach to design of a fast-neutron perdodosimeter with a flat
energy response was proposed and validated by MQatdo simulations and
experiments. This approach was based on a silicaigped detector with a structured
polyethylene converter as a source of elasticabpit-protons and was realised on a
Medipix2 detector with 65,000 pixels. The GEANT4tiopsation of the response of
the neutron-dose equivalent meter working in coaotil-proton mode allowed a + 9%

flatness in the energy response for neutrons witkergergy range of 0.3 to 15 MeV.
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This was achived by using a combination of the 0®M@3, 0.05, 0.1, 0.3 and 1 mm-
thick segments of structured polyethylene conveidgorithms behind the proposed
approach use different weighting factgfs {) for the count response from the different
polyethylene segment&j to produce an almost neuron-energy-independenboed
sensitivity ofRyp 1oras = 115 + 10 counts per mSv of ambient neutron-aéagevalent.

The GEANT4 Monte Carlo simulations were benchmartethe experiments
in a mixed gamma-neutron spectral source of Am+B€ R-T generator with 14 MeV
neutron energy. Monte Carlo simulated recoil prettnom 0.1, 0.25, 0.5 and 1 mm-
thick polyethylene converters partially coveringe thMedipix2 detector were
experimentally validated, justifying the proposadtsaction method. An agreement
within = 10% was demonstrated for both neutron sources.

Finally, a fully assembled Medipix2 fast-neutrontesdeor with an optimised
structured polyethylene converter of six differntknesses and areas of polyethylene
segments including an uncovered segment was mddeNgh GEANT4; it
demonstrated a response of H&7 counts/mSv for neutrons with an energy range of
0.3 to 15 MeV. The simulated response was verifieanoderated and non-moderated
neutrons from a D-T generator with a 5 x S@ullimated 14 MeV neutron beam. The
moderation was achieved using a 5 x 5 by 6 cm-thick PMMA slab plus a 0.9 mm
aluminium layer to stop recoil protons generatethamn PMMA slab from reaching the
Medipix2 detector. Response of the neutron dosimeteéerms of ambient neutron-
dose equivalent was simulated with GEANT4 for bbd#am qualities. Independent
measurement of the neutron-dose equivalent condiuzyea team member of this
project was made with an ALNOR 2202D remmeter. fetron dosimeter based on
the Medipix2 showed a dose rate about 40% lowean tha remmeter; however, the
ratio of the dose equivalents for both beams medsilny the Medipix2 and the
remmeter was within 4%. This proved the concept anduracy of this design.
Discrepancies in absolute dose values betweend#iector and the remmeter were
justified due to the volumetric effect of the remareto the collimated beam and
possible error in knowledge of an absolute flueatd4 MeV neutrons entering the
structured moderator of this detector.

An advantage of the dosimeter developed in thigysttompared to existing
dosimeters is its high degree of flexibility in asffing the energy response by varying

the readout segments. This is done using Pixelm@ware along with the weighting
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factors applied to each segment. This can allowdib&meter to self-calibrate when
being irradiated in the fields of several calibcateeutron-sources spectral in terms of
neutron-dose equivalent. The dosimeter can alagsbd for space applications, as it is
immune to background counts due not only to gamaakation but to any charged
particles (protons and heavy ions) typical in thacg environment. In conjunction with
the DOPF MOSFET dosimeter design, it can be used ifidependent dose
measurement in a mixed gamma-neutron field, and bmarncorporated in a wrist

device.

Futurework on MOSFET and Medipix2 per sonnel dosimeters

The DOPF MOSFET detector was optimised for normaidence of photons,
and does not consider radiation effects in the MBEBmparticularly the recombination
effect of electron-hole pairs in the SiQate. Future simulations aimed at optimising
the angular response of the MOSFET packaging ingohitelds are underway for both
single and dual-MOSFET chip packaging. A new siroita tool that incorporates
kinetics of charge accumulation and recombinatiorSiO, gate into GEANT4 for
photons with different energies will be developext & better optimisation of a
MOSFET personnel dosimeter.

Other studies have demonstrated some applicatidnshe dual-MOSFET
detector for thermal neutron dosimetry [147] ambE-MOSFET detector for mixed
gamma and fast-neutron dosimetry [159]. A new MOBRknulation study will be
proposed to optimise the fast-neutron responsbeMOSFET package incorporating
a polyethylene converter. It will use the futurentmned simulation tool, as in the
current study, to model a response of the MOSFETetwil protons that is LET-
dependent [160, 161].

In this study, the verification of the approach apdimisation of the neutron
dosimeter response was done for a neutron-energgeraf 0.3 to 14 MeV. Further
studies to optimise this Medipix2 dosimeter to @evienergy range can be extended
down to the thermal-neutron range. It will demanddeiling the response of the
pixelated detector with°B or °LiF [102] converter segments, in conjunction with a
structured polyethylene converter. The Medipix2edtidr is an ideal candidate for this

141



extension due to its flexibility in assigning reatlareas. Angular response, as with the
MOSFET dosimeter, should also be investigated, dptimisation of the angular
response in personal electronic neutron dosimeserst an easy task. New add-on
software for self-calibration based on the Pixeln@ogram is another area for

development using this neutron detector.
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Monte Carlo simulations of the energy response of a conventionally packaged single metal-oxide field effect transistors
(MOSFET) detector were performed with the goal of improving MOSFET energy dependence for personal accident or mili-
tary dosimetry. The MOSFET detector packaging was optimised. Two different ‘drop-in’ design packages for a single
MOSFET detector were modelled and optimised using the GEANT4 Monte Carlo toolkit. Absorbed photon dose simulations
of the MOSFET dosemeter placed in free-air response, corresponding to the absorbed doses at depths of 0.07 mm (D,,(0.07))
and 10 mm (D(10)) in a water equivalent phantom of size 30 x 30 x 30 cm? for photon energies of 0.015—2 MeV were per-
formed. Energy dependence was reduced to within + 60 % for photon energies 0.06—2 MeV for both D (0.07) and D,,(10).
Variations in the response for photon energies of 15-60 keV were 200 and 330 % for D,,(0.07) and D,(10), respectively. The
obtained energy dependence was reduced compared with that for conventionally packaged MOSFET detectors, which usually

exhibit a 500—700 % over-response when used in free-air geometry.

INTRODUCTION

The utility of metal-oxide field effect transistors
(MOSFET) as radiation dosemeters was first recog-
nised in 1974 by Holmes-Siedle for applications in
space dosimetry). This recognition was followed by
the successful application of MOSFET dosemeter in
radiotherapy®-*, radiation monitoring in mixed
gamma and ncutron fields® ® and space radiation
monitoring’ 9.

MOSFETs consist of a drain, source and gate on
a silicon (Si) substrate, as shown in Figure 1. The
thin layer of silicon oxide (SiO;) is grown on the top
surface of the Si substrate. Metal such as aluminium
is deposited on top of the SiO, forming the gate. As
a dosemeter, the MOSFET operates with either no
applied gate voltage (passive mode) or with a bias
voltage applied to the gate (active mode). Active
mode with positive bias on the gate offers greater
sensitivity in radiation detection than passive
mode"”. MOSFETs record ionising radiation dose
in the SiO, in the manner of charge trapping in the
SiO, and interface charge build-up. When ionising
radiation interacts with the SiO, gate oxide, elec-
tron-hole (e-h) pairs are formed. For the MOSFET
in passive mode or active mode when positive bias
on the gate, holes produced by ionising radiation are
swept towards the Si—SiO, interface, where they are
captured on traps producing a positive sheet of

charge. This charge leads to a negative shift in the
gate voltage (AVy) required to maintain a fixed
current in a MOSFET channel. The threshold
voltage shift is proportional to the absorbed dose in
the Si0,. More detailed theory of MOSFET dosim-
etry can be found in ref. (11). The change in
threshold voltage (AVy) in a MOSFET is almost
lincar with low accumulated absorbed dose, D, and
can be described as AVy, = ae D, where a are exper-
imental parameters.

The small size of the MOSFET dosemeter sensi-
tive volume (SV), the ability to work in either
passive or active mode, real-time or off-line readout
make the MOSFET an ideal dosemeter for in vive
mini-dosimetry in radiation therapy and radiation
diagnostics® 12 13 Additionally, the MOSFET is
an excellent candidate for personal dosimetry, in
particular for instantaneous gamma dose assessment
in accident and military dosimetry where radiation
can be of a pulsed nature. The challenges in utilising
the MOSFET for personal dosimetry are the low
sensitivity in comparison with TLD detectors and
energy dependence relative to tissue dose response.
The former Problem can be addressed with stacked
MOSFETs"™ and is not as important for accident
and military dosimetry, where the absorbed doses of
interest are >0.01 Gy. Regarding the latter,
MOSFET dosemeters have been successfully used

© The Author 2010. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org
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Figure 1. MOSFET structure, showing energy deposition
directly by photons or indirectly through secondary
electrons.

for military dosimetry, for example, in the USA
army wrist watch dosemeter RADIACS AN/PDR-
75" and in conjunction with a p-i-n diode neutron
dosemeter in RADIACS AN/UDR-13"® In these
applications, the MOSFET dosemeter is being used
in close to free-air geometry, as it can be worn on a
belt, wrist, ‘tie-clip” or placed in free air around
nuclear facilities. Optimisation of the energy
response of the MOSFET dosemeter suitable for
operational quantities for personal monitoring of
H{(007) and H(10) in a photon field in such appli-
cations is not a trivial task.

In previous work, MOSFET chips were packed in
commercially available microelectronic packages
DIL, TO-5, TO-8, which are not optimal and less
suitable in the achievement of tissue-equivalent (TE)
penetrating dose response being irradiated in free-air
geometry. An early attempt to characterise the
MOSFET energy response for use as a military per-
sonal dosemeter, which should be photon-energy
independent over the range of 80 keV—1 MeV, was
undertaken by Brucker et al"” In order for
MOSFETs to be viable as personal accidents dose-
meters, particularly in detecting skin absorbed dose
from low-energy photons, the minimum photon
energy should be 15keV, as in radiation fields a
large proportion of scattered photons have a lower
energy than 80 keV. Thus, 15-keV minimum photon
energy should be considered in designing of the
MOSFET package and simulating its energy
response.

MOSFET detectors have been shown to exhibit
an over-response for low-energy photons in free-air
geometry, particularly <100 keV'®. This over-
response is an effect of the dose enhancement due to
a high atomic number packaging and stronger
photoelectric interactions in SiO, compared with
tissue. This over-response has been ascertained pre-
viously either experimentally™® =" or with Monte

Carlo simulation® 2 Initial experimental results

by Rosenfeld et al® and Brucker et al” 2
showed a correlation between the packaging of
MOSFET detectors and energy response for effec-
tive X-ray energies (average emergies in the X-ray
spectrum) <250 keV. The observed essential dose
enhancement effect was related to excessive creation
of secondary electrons from high atomic number
materials of the commercial packages and at the alu-
minium gate electrode of the MOSFET. The exper-
imental attempt of characterisation and adjustment
of the energy response of the MOSFET in free-air
geometry for photon fields was undertaken for TO-5
packed n-MOSFETs with removed kovar lead and
MOSFET chip covered with epoxy®. In all previous
work, the comparison of the response of the
MOSFET was performed relative to TE dose in the
case of full electronic equilibrium. Additionally, the
response of the MOSFET for lower X-ray energies
was also affected by LET-dependent recombination
of e-h pairs in a plasma track produced by electrons
with reduced energies®®.

The aim of this work is to develop a MOSFET
personal accident dosemeter for operation in free-air
(approximated with a vacuum) geometry, that is, not
in a phantom, with tissue response in terms of per-
sonal dose equivalem(zs) for a large dynamic range
of photon energies. The ,(0.07) and Hy(10) quan-
tities referred to in this study are as recommended
by ICRP report 604% for external dose protection.
The special case of H(d). where d is the depth in
tissue from the surface in millimetres, is the
measured dose equivalent to d millimetres below the
point where the dosemeter is worn. Thus, the absol-
ute value of Hy(d) depends on the individual, the
particular location on human body, the scoring
volume cross-sectional size for measuring Hp(d) as
compared with body surface cross section, the size
of the incident radiation field and the angle of inci-
dent radiation. The standard procedures to derive
H{0.07) and Hy(10) use conversion factors to
convert the air kerma or exposure measured at the
surface of the phantom at the point of interest to
dose equivalent at particular depth and specified
phantom. These conversion factors take into
account build-up dose and attenuation. For nor-
mally incident photon beams with energies >30 keV,
the dose difference between H(0.07) and H(10)
is less than 10 % while for low-energy photons
H{(0.07) can be essentially larger than H( 10)7.

Previously, measurement of operational quantities
for arca monitoring of H'(0.07) and H'(10) by
Busuoli ez al.'"* was performed using a 20 x 20 x
15em? slab of polymethyl methacrylate (PMMA).
This was because a standard phantom for measuring
these quantities was unavailable until 1992%%. To
avoid uncertainty in Hy(0.07) and H(10) related to
different ~ phantom  geometry and  kerma
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approximation issues for Hy0.07)°3? these were
substituted with Dy(0.07) and D,(10), respectively.
These quantities conservatively represent the
absorbed photon dose at depth of 0.07 and 10 mm
in the 30 x 30 x 30 cm® water phantom (close to
that recommended in ICRU Report 47@% of 30 x
30 3 15 cm?), respectively. Although the quantities
Dy(0.07) and Dy(10) as surrogates of Hy(0.07) and
H(10), respectively, are used, they are still a close
approximation.

Simulations have been performed to optimise the
MOSFET design and packaging to minimise over-
response to low-energy photons up to 15 keV while
retaining MOSFET TE dosimetry at high-energy
photons. Normalisation both to water and 2 MeV
monoenergetic photons to obtain the response, R,
was performed according to the following equation.

— _(Puosrer/Du)p
(DMOSFET/DW)ZMCV :
where Dyospet 18 the absorbed dose in SiO,, Dy, is
the absorbed dose at depth in water phantom and E
is the photon energy.

Previously, the response of the MOSFET with
TO-8 packaging in a mixed gamma neutron field
has been simulated wusing the MC code
(MCNP4A)®. The thickness of the SiO, layer was
intentionally increased to yield reasonable statistics
with computing power of that time; additionally
MCNP4A has not been specialised in the modelling
of small SV such as gate oxide of the MOSFET.
Another attempt was made to simulate full
MOSFET packaging using MCNP 4C code!™:
however, the authors admit that standards tallies in
MCNP do not accurately determine the absorbed
dose in SV. They apply an ‘electron track-length
dose estimator’, in which they first calculated a dose
response function for a specific material then used it
as modifier to F4 tally (the track length estimator
used to determine averaged particle fluence in a
volume in MCNP). Other studies have been per-
formed that model the full MOSFET packaging

geometry, lISiD% codes such as PENELOPE and
GEANT4%33) For this study, the GEANT4
version 9.1 MC toolkits were used to model a con-
ventional MOSFET geometry including the SiO,
SV. No modification of the SV dimensions was
required to acquire absorbed dose to sufficient stat-
istical accuracy in the SiO,, as the GEANT4 code is
capable of tracking particles down to 250 eV in very
small volumes thus direct tallying of energies depos-
ited inside the SV is viable. The goal of this study
was to simulate the MOSFET response to various
normally incident monoenergetic photon fields for
the optimisation of the packaging over layers above
the SV of the single chip MOSFET to engineer an
energy independent TE gamma dosemeter. No
effects of e-h pair recombination in the SiO,, or
non-linearity of the response associated with radi-
ation damage of the MOSFET were taken into
account. This study will yield another new
MOSFET packaging design from the centre for per-
sonal dosimetry after promising measurements in
skin dosimetry with the MOSAin®® in megavolt
X-ray radiotherapy applications.

MATERIALS AND METHODS

Optimisation of MOSFET packaging for
D(0.07) and D(10) for £ > 200 keV

The first consideration in optimising the MOSFET
packaging for a wide spectrum of photon energy is to
match the MOSFET response to that of water at depth
of 0.07 and 10 mm for photon energies >200 keV.
Three models of MOSFET packaging geometry have
been simulated (shown in Figure 2). conventionally
packaged Dy(0.07) optimised packaging (OP-007) and
D(10) optimised packaging (OP-10). The convention-
ally packaged MOSFET consists of a 180 x 270 x
1 pm’ SiO, gate layer (SV) on top of a 1000 x 1000 x
500 wm? Si substrate, corresponding to the commonly
used MOSFET or RADFET chip. This MOSFET
chip is mounted on top of'a Kapton carrier with thick-
ness of 228 pm, or a thinness of 0.2-mm PC board®?.

Aluminium
Lead
4 mm
Epoxy Imm Kapton $ 150 pm Kapton ¢ 150 um
| Kapton | Graphite Graphite
() (b) (c)

Figure 2. The cross section of three different MOSFET packaging configurations used in this study (a) conventional
packaging, (b) OP-007 and (c) OP-10.
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Figure 3. Filter layers on the MOSFET chip in OP-007
and OP-10.

An epoxy bubble semi-sphere covers the whole
MOSFET. the structure of which is shown in
Figure 2a. For the OP-007 MOSFET, Si substrates of
dimension 400 x 400 x 375 ;m‘l3 are embedded inside
of the Kapton carrier with thickness of 0.525 mm,
named the CMRP MOSkin drop-in design®®, the
dimensions of which are 1 x 1 x 0.525 mm?®. The Si
substrates are positioned such that distance from the
surface of the gate to the Kapton box is approximately
150 pm above the SiO, gate. The Kapton is placed
inside a §raphi1’e box with dimensions of 1.4 x 1.4 x
0.75mm”. A thin lead layer of 20 pm encases the
graphite box with the exception of the top surface, see
Figure 2b. The OP-10 MOSFET uses the same
MOSFET chip and *drop-in’ packaging in the Kapton
box as per the OP-007 MOSFET. However, the
Kapton carrier is embedded at 4 mm depth within the
graphite box of dimensions 10 x 10 x 7.5mm> An
aluminium metal layer with thickness of 500 pm is
placed on the top surface of the graphite box. All
MOSFETs used in this study have identical SV dimen-
sions and a 1-pwm thick aluminium gate layer on top of
the SiO, gate as shown in Figure 3.

Optimisation of MOSFET packaging for D,,(0.07)
and D,,(10) for E < 200 keV

To optimise the filter for low-energy photons. two
arrangements were modelled. First, a layer of 30-pm
thick copper was placed on top of the aluminium
gate of the MOSFET, and second, a combination of
filters of 30-wm copper, 20-pm aluminium and 50-
pm graphite replaced the 30-pm copper layer alone.
This configuration, shown in Figure 3, was used
additionally to the packaging of the OP-007 and
OP-10 as mentioned above.

The GEANT4 simulations

GEANT4 (GEometry ANd Tracking) is a collection
of library extensions to the C++ programming
language that allows simulation of ionising radia-
tion transport and tracking through complex geo-
metry®” > For this study, the physics processes in

the low-energy electromagnetic package were

implemented, as they cover particles with energy
from 250 eV to 100 GeV. This minimum energy cut
is adequate for providing an electron range cut-off,
representing the threshold for secondary particle
production and particle tracking, down to 0.1 pm
range in the SiO, SV. Particle cut values were set
based on the position and region in the simulation
geometry. The closer the region to the SV, the
shorter the cut value, down to 0.1 pm range in the
SV. This method aimed to reduce computational
time while maintaining accuracy of the simulation.
The number of histories required to give statistical
uncertainties less than 5 % was up to 10" particles.
This large number of histories was required as there
is a large radiation field to be simulated, which is
100 mm? cross section (for OP-10) as compared with
0.0504 mm? cross section of the SV. This study used
a larger ficld than that used by Wang er al™® and
Beck er al®¥, thus required more events to achieve
the same statistical uncertainty. Panettieri er al.®>
reported the largest area of radiation field size (10 x
10 cm?) for MOSFET simulation at depth in a water
phantom, and at most 7 x 10 particles were
required. However, some modifications were made,
particularly the use of variance reduction techniques
and a SiO, SV 50 times thicker than that used in
this study. In this study, the energy of the photons
was <2 MeV. As such only the photoclectric effect,
multiple scattering, bremsstrahlung production,
Rayleigh scattering, Compton scattering, low-energy
ionisation and pair production were considered in
the physics interaction processes.

For energy response simulations of the MOSFET
with the above packaging as on Figure 2b and c, the
average absorbed dose in the SiO, was compared
with both the dose in the water phantom at 0.07 and
10.0 mm depth per primary photon, respectively. For
the water phantom simulations, a water phantom
with dimensions 30 x 30 x 30 cm® was irradiated
with a 10 x 10 cm? parallel beam of photons inci-
dent perpendicularly to the water surface. The dose
scoring volumes were water cuboids with dimensions
10 x 10 x 0.01 mm? at depth of 0.07 and 10.0 mm,
placed at the centre of the field. For the MOSFET
simulations, each packaged MOSFET OP-007 and
OP-10 was irradiated in free-air geometry, approxi-
mated with a vacuum with a parallel beam incident
on the front face.

RESULTS

Optimisation of MOSFET packaging for D,(0.07)
and Dy(10) for £>200 keV

Figure 4 shows the average absorbed dose per fluence
primary photon simulated for incident monoenergetic
photons with energy range of 15keV-2MeV for
different MOSFET configurations and in water at the
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Figure 4. 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 depth 0.07 mm and 10 mm. Shown inset are the
aflects of Kapton thickness and lead coating thickness on
the OP-007 response at the peak region and the tail region
respectively. (O - conventional MOSFET (x 0.081); A- OP-
007 MOSFET (x 8.05); B - OP-10 MOSFET (x 0.8); X -
water dose at depth 0.07 mm; K- water dose at depth 10
111115 peak region; — - — - - tail region)

depth of 0.07 and 10 mm. For convenience of com-
parison, each curve was scaled to the dose per fluence
primary photon at 200 keV in the case of water
medium for comparison. The errors in simulated
doses were within +5 %. The energy dependence of
the absorbed dose per fluence primary photon at
depths 0.07 and 10 mm in the water phantom is
visible. At low photon energy. the absorbed dose at
0.07mm depth is higher than at 10 mm depth as
lower energy photons deposit their dose at shallower
depths. For higher energy photons >200 keV, dose at
0.07mm less than at 10 mm depth due to lack of
charge particle equilibrium (CPE) in the build-up
region. Conventional MOSFET packaging shows an
over-response for photon energies £ < 100 keV and
>200 keV compared with the dose at 0.07 mm depth
in water due to a build-up effect produced by 500-pm
thick epoxy bubble above the SiO,. in contrast to
0.07 mm build-up of water. Both the epoxy bubble in
the conventional MOSFET and the 150-pm thick
Kapton layer in the OP-007 provide CPE to the SiO,
layer for energies up to 400 keV and 200 keV, respect-
ively, as shown in Figure 4. In the case of the conven-
tional MOSFET. it is greater than the finding of
Wang et al'®, of 200 keV. In comparison to dose
deposited at 10 mm depth in water, the conventional
MOSFET essentially overestimates dose for photon
energies less than about 70 keV due to lack of

14

10.0 T T
4

\
\;37&

-©Conventional packaging
-+-0.07-mm optimized packaging
-=-10-mm optimized packaging

Response to water (Gy Gy™')

0.1 - —
10 100 1000
Energy (keV)

Figure 5. Energy response of the single MOSFET with

conventional packaging and OP-007 relative to dose at

0.07 mm depth in water and OP-10 MOSFET relative to

dose at 10 mm depth in water. All normalised to ratio of
responses at 2 MeV photon energy.

filtration of low-energy photons while in reasonable
agreement for the energy interval of 70-400 keV. For
higher photon energies, the response of the conven-
tional MOSFET packaging underestimated the dose
in comparison with dose in water at 10 mm depth
due to a lack of build up as expected.

Figure 5 shows the relative energy response, R, of
the conventional MOSFET and OP-007 to water at
a depth of 0.07 mm and normalised to the ratio of
the MOSFET response to dose in water at the same
depth for 2 MeV photons as in the above equation,
as well as for the OP-10 MOSFET to water at a
depth of 10 mm. While the responses for OP-007
and OP-10 for energies >100 keV are quite constant,
for all packages as described above, a similar ten-
dency of increased sensitivity for energy <100 keV
has been observed. The highest over-response of the
conventional MOSFET in this study is 4.74 for
15 keV photons, which is lower than Wang et al.!®
(5.9), due to the different normalisation, where they
used normalisation for the reference of free-air
exposure with the valid CPE condition. The highest
over-response of the OP-007 and OP-10 are 7.36 and
6.62, respectively. The conventional MOSFET could
not satisfy both the depth dose in water for energies
<70 keV and >400 keV.

Optimisation of MOSFET packaging for D(0.07)
and D,(10) for E <200 keV

Figure 6 shows averaged absorbed dose per fluence
primary particle for both OP-007 and OP-10
MOSFET with two filtering configurations scaled at
200 keV photon energy. For OP-007, filtration with

110z ‘G Aenuer uo INIDIATN 4O ALTINOVA YAV TVIN 4O ALISHIAINN 1€ B1o'sjeunolpiojxo pdi woly peapeojumoq

168




SINGLE MOSFET FILTRATION

1.E-10 v 3
% Water dose at 0.07 mm depth E|
-+0P-007 three filters (X 11.5) 1
& - 0P-007 single filter (X 13.2) ]
E *Water at 10 mm depth
6 -=+0P-10three filters (X 1.1)
= OP-10ssingle filters (X 1.3)
1.6-11 - a =
g BN
<
&
<
T
Q
@
&
8 1E-124
o E
]
e
a
@
o
2 1
1.E-13 + +
10 100 1000

Energy (keV)

Figure 6. Response of OP-007 and OP-10 MOSFETs with
two filtering methods. Shown again the dose to water at
depth 0.07 and 10 mm for comparison.
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Figure 7. Relative response to water for OP-007 and OP-10
with multilayer filters normalised to 2 MeV photon energy.

a single copper layer iitially lowered the absorbed
dose in the SV response of 15keV photons near to
that of water. But as the energy of photons increases
(>15keV), more secondary electrons created inside
of the copper can reach the SV and deposited dose.
Single filtration causes the over-response peak to
shift to the higher energy photons, giving a greater
over-response (16.61) as compared with unfiltered
(7.36). In the three layers filtration method using
low atomic number materials, the excess secondary
clectrons created by intermediate energy photons

are stopped, resulting in a finer response shape of

dose to water. For the OP-10, the response of the
single copper filter again gives too high a dose for
30-40keV photons, whereas the three layers fil-
tration gives a better dose response to water. At

energies >200keV, the filtered OP-10 results in a
lower absorbed dose than that in the water compared
with unfiltered, a result of the thicker filter experi-
enced by secondary electrons generated inside the
OP-10 packaging that scatter downwards. A larger
portion of the absorbed dose in MOSFET chip
inside the OP-10 (due to satisfying CPE) is from
scattered secondary electron. The relative response
to that of water is shown in Figure 7 for both opti-
mised packaging. The OP-007 has a peak over-
response (2.03) at 20 keV and lowest under-response
(0.70) at 80 keV, whereas, the OP-10 has a peak
over-response (3.32) at 20 keV and lowest under-
response  (0.98) at 662keV for monoenergetic
photon energy.

DISCUSSION

Optimisation of MOSFET packaging for D,,(0.07)
and D (10) for £>200 keV

The principle of the MOSFET packaging design is a
multi-step process. A technologically suitable and
reproducible drop-in packaging of the MOSFET
chip in a Kapton carrier was developed,®® which
avoids wire bonding of the chip and use of an epoxy
bubble. This design improves skin dosimetry allow-
ing a reproducible water equivalent depth of
measurement of 0.07 mm. Taking into account that
the dosemeter is designed for free-air application the
polyamide build-up of 0.07 mm, as was adapted for
MOSkin is not valid anymore for Dy(0.07) skin
dosimetry in a photon field due to the absence of
backscattering in contrast to MOSkin on the surface
of the patient body or phantom. For photons with
energies >200 keV, the thickness of the Kapton over
layer was chosen to be 150 pm. When the Kapton
thickness is increased, the peak as shown in inset of
Figure 4 is increased (the plus sign), inversely, the
peak is decreased as shown by the minus sign. To
account for the contribution of backscattering radi-
ation with an increasing of the photon energy an
optimal combination of graphite and lead coating
have been modelled on the back of a Kapton strip
holding the MOSFET chip. If the Kapton thickness
is kept at 150 pm and the lead coating thickness
increases, the high-energy response increase as
shown in inset of Figure 4 as plus sign, conversely,
the high-energy response experiences a decrease, as
shown by minus sign. All of these factors make the
OP-007 design much complicated as compared with
the OP-10 design. These results show almost energy
independent response of the OP-007 MOSFET for
the photons with energy >200keV (Figure 5).
However, for the conventional MOSFET under-
response is obvious due to lack of backscattering.
For the OP-10 MOSFET, it was found that
500 wm thickness of aluminium plus 4 mm of
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graphite above the SV provide a near-energy inde-
pendent response for photons with energy >100 keV
in comparison with Dy(10) in water while have
minimal total packaging thickness. In this design
one simply need to meet CPE and attenuation
effects at a depth of 10-mm water. The combination
of above thicknesses of aluminium and graphite
meet both physics requirements under consideration
in this study.

Optimisation of MOSFET packaging for D,,(0.07)
and D, (10) for E <200 keV

Further improvement of packaging to remove the
over-response of the single MOSFET for D,(0.07)
dosimetry for photons with energy <100 keV can be
achieved by optimisation of filters above aluminium
clectrode gate of the MOSFET. Figure 6 shows the
effect of two different filters applied to the OP-007
MOSFET when irradiated with monoenergetic
photon beams from 15keV to 2MeV. The
MOSFET filtered by 30-pm copper alone shows an
increase in the relative response over that of water
for energies <200 keV. This dose enhancement is
due to an increase in photoelectrons generated
within the copper layer. Modelling with Monte
Carlo has demonstrated that optimisation of energy
response is impossible with a single high atomic
number filter, due to dose enhancement at inter-
mediate photon energies. The effect of dose enhance-
ment in MOSFET response using high atomic
number material filters was observed previously by
Rosenfeld er al.® who found a high atomic number
kovar encapsulation enhanced the measured
MOSFET dose in a 6 MV photon beam near a
water phantom surface. Brucker er al.%® 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 15-100 keV.

Multiple over layers with a variety of atomic
number materials and their thicknesses have been
modelled to optimise the energy response for
photons >15 keV. The first layer is effectively attenu-
ating low-energy photons while the second is stop-
ping secondary electrons to reduce the dose
enhancement for higher photon energies. It has been
found that the optimisation of the energy response
of the MOSFET for D(0.07) and Dy(10) measure-
ments can be achieved by three cover layers above
the MOSFET gate Cu-Al-C as presented in
Figure 3. This may be achieved using a Cu-C filter
>150 pm thickness, although the combination of
three filters is a thinner option.

In addition, it is expected that the detectors would
have some angular dependence to incident radiation;

16

this will be the subject of future study with prototype
detectors.

CONCLUSION

Obtained results have demonstrated the possibility of
optimisation of packaging of a single chip MOSFET
(OP-007 and OP-10) for measurements of D(0.07)
and Dy(10) for photons with energies > 15 keV. Both
filtered packages OP-007 and OP-10 allow an almost
energy independent response of the single MOSFET
for Dw(0.07) and Dy(10), respectively, for photon
energies > 100 keV within 20 % for OP-007 and 60 %
for OP-10. The response of both packaging would be
more consistent in practical use as the small over-
response and under-response will compensate each
other in the spectrum of photon beams. Whereas,
without packaging optimisation, the conventional
MOSFET would be incapable in measuring dose
Dy(0.07) and D(10) for the energy range from
15 keV to 2 MeV in free-air geometry.
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An application of Medipix2 using a newly developed segmented multiple thickness polyethylene (PE)
converter for fast neutron detection is presented. The system has the ability to provide an energy
independent response for the dose equivalent for fast neutrons. The application of weighting factors to
each defined thickness of PE allows for a flattening of the response of the detector system for dosimetry
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optimised to obtain the required energy independent detector response. The study performed by means
of GEANT4. Its suitability for neutron dosimetry was studied with respect to a previously published work.
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1. Introduction

An important need in neutron dosimetry for radiation protec-
tion is a dosimeter with an energy independent response over
a broad energy range. Such dosimeters are of great importance for
accident and military dosimetry. The dosimeter should be reliable
and capable to provide dose rate and total neutron dose equivalent
in a mixed gamma-neutron radiation field. Neutron detection with
silicon detectors is usually performed indirectly with the assistance
of a converter material that converts neutrons into charged parti-
cles. The material selected for the converter is usually dependant on
the neutron energy under consideration. For thermal neutrons,
B-10 can be used to convert thermal neutrons to alpha particles and
recoil Li-7 nuclei. For fast neutrons, a hydrogenous material such as
polyethylene (PE) can be used to convert fast neutrons to protons
through elastic scattering reactions, where the energy of the scat-
tered proton, Ep, is related to the incident neutron energy, Ey, and
the scattering angle, 0, by E, = E, cos? 0.

There are two main constraints in designing a silicon-based
neutron dosimeter for energy independent response; the depen-
dence on neutron energy of both the dose equivalent conversion

* Corresponding author. Tel.: +61 2 42214574.
E-mail address: anatoly@uow.edu.au (A.B. Rosenfeld).

1350-4487/$ — see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.radmeas.2010.06.058

coefficient (ICRP, 1996) and the proton recoil yield within the PE.
Previously, Eisen and co-workers (Eisen et al., 1986) demonstrated
a neutron detector with a response variation of a factor of two over
an energy range of 1-15 MeV (see Fig. 1). This was achieved by the
introduction of a dual thickness PE converter layer on a silicon
detector. In this case the response of the silicon detector is limited
to single output readout, limiting the potential to apply separate
weighting factors to the response of a specific PE thickness.

To discriminate the gamma dose contribution in a mixed
gamma-neutron radiation field, the use of a silicon detector
requires the application of a discriminator threshold, the value of
which will depend on the thickness of the detector and the energy
spectrum of the gamma radiation background. This value can be up
to 1 MeV for a detector thickness of 350 um with Co-60 gamma
radiation. An even higher threshold value is required to discrimi-
nate charged particles produced by elastic and inelastic neutron
reactions directly with the silicon nuclei, e.g. nuclei elastically
scattered with an energy Es=(0.133) E, cos? § or inelastic Si(n,z)
reactions. Simulated counts for a silicon detector of 300 um thick-
ness and 14 x 14 mm? cross section area in a Co-60 photon beam is
shown in Fig. 2. The energy depositions show a significant count
rate for energies below 04 MeV. For the purpose of military
emergency response dosimetry applications, the typical radiation
field expected is likely to compromise of a mixed field of neutrons,
with maximum E, = 14 MeV and moderate-to-low energy gamma-
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Fig. 1. A previous study (Eisen et al., 1986) using two different thicknesses of PE converter on a silicon detector which show a flattening of the response Ry compared to single
thickness of converter. Simulated responses of this result using GEANT4 carried out in this paper show good agreement confirming the GEANT4 model and its implementation

used here.

ray components, typical of radioisotopic sources. Low energy
(<100 keV) gamma-rays have a higher ratio of photoelectric to
Compton scattering cross section than for gamma-rays as simu-
lated in Fig. 2, so a higher background count is anticipated.

2. Pixel

d neutron d ry approach

The aim of this study is to design a neutron dosimeter that is
energy independent to fast neutrons in the range of 0.3—15 MeV
achieved through the use of a multiple PE thickness converter with
multiple signal readout. In Fig. 3 the configuration of a multi-
thickness PE converter placed above a pixelated silicon detector is
shown. The particular area segments that have a PE layer are
denoted by R;. A region of bare silicon is denoted by Ry.

Detecting lower energy neutrons at ~0.3 MeV requires
a lowering of the discriminator threshold value. Subtraction of the

4000

3500

3000

2500

2000

Counts

1500

500

0.01 0.10 1.00
Photon energy (MeV)

Fig. 2. A GEANT4 (Allison et al., 2006) simulated counts of the multi-channel analyzer
in a silicon detector of dimensions 0.3 x 14 x 14 mm? for Co-60 energy gamma-ray
photons. Energy bins of 1 keV width where employed.

background response Ry from the R; segments (denoted as Ry, ;) can
instead be used to obtain the recoil proton only component as
shown in Equation (1). This allows elimination of counts produced
by the gamma-ray component of the field and Si(n,z) interactions.
The recoil proton counts can be expressed as

Ro; = (R = (Ai/Ao)Rao) [ P, &

where Rg; is the proton counts per neutron fluence, R:m' is the
readout counts from segment with thickness i, Rg,g is the readout
counts from the uncovered segment, A; is the area of the segment
with thickness i and Ag is the area of the uncovered segment area.
@, is the primary neutron fluence.

The proposed detector for use with the multiple thickness PE
converter layer is a Medipix2 (Medipix2, 2009). Medipix2 is
a pixelated silicon detector with a 256 x 256 pixel array. Each pixel

Fig. 3. Multiple PE thicknesses on a silicon surface provide the freedom to adjust the
energy response of the silicon detector as required to achieve a neutron energy
independent response. R; is a segment with the converter thickness i, and the
uncovered segment is denoted by Ry.
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is read out independently by a bump-bounded readout application
specific integrated circuit (ASIC) chip. The advantage of this
detector system for the neutron dosimetry application is the ability
to independently read out different pixels corresponding to
different PE thicknesses. Small pixels of area 55 x 55 um? promise
high spatial resolution for correctly associating particular signals
with the appropriate PE converter layer. Medipix2 is read out in
a counting mode with a logic signal assignment to each event. A “1”
state corresponds to events lying within a predetermined upper
and lower threshold range and a “0” state for other events. The
achievable count rate of Medipix2 is 1 GHz. The large active area of
14 x 14 mm? allows a high detection efficiency to be achieved as
required for radiation protection related neutron dosimetry
applications.

3. The GEANT4 application

GEANT4 (Allison et al., 2006) is a Monte Carlo Toolkit for radi-
ation transport simulations. GEANT4 provides advance function-
ality in geometry modelling, important for a detailed detector
description, complemented by a sophisticated physics component,
crucial to model accurately the interactions of neutrons and its
secondary particles in matter. GEANT4 9.2.p01 release was used in
this study. The QGSP_BIC_HP physics list provided within the
release was adopted.

A GEANT4 application was developed in this study to charac-
terise the neutron dosimeter. Medipix2 was modelled as a silicon
substrate with thickness equal to 300 pum and area equal to
14 x 14 mm?. 256 x 256 sensitive volume cells were defined across
the surface area corresponding with the physical pixels of the
Medipix2 system. The pixels were clustered into 25 segments, each
with ~3 x 3 mm? cross section areas. A dead layer of several
microns on the surface of the silicon detector was not modelled in
the simulation as there was no detailed technical information
available. The PE layer consisted of six different thicknesses occu-
pying four of the segments with different area as depicted in Fig. 4.
Parallel mono-energetic neutron beams, with energy from 0.3 to
15 MeV, incident normally on the detector surface were simulated.
When an energy deposition event occurred with energy greater
than 6 keV in a segment, it was counted as a single event. To reduce

Pixels
51 Rs Ry Ry Rs Rs
51 Rs R, Ry R, Ry
52 Rs R, Ry R, Ry
51 R, R, R, Rs
51 Rs R R, Ry Rs
2.805 2.805 2.86 2.805 2.805mm

Fig. 4. Arrangement of different thicknesses of PE converter on the Medipix2 surface.
PE thicknesses of 0.01, 0.03, 0.05, 0.1, 0.3 and 1 mm were used labelled as Ry, Ry, R3, Ry,
Rs and Re respectively. The Ry was the uncovered area used to subtract background
events associated with gamma-rays and direct neutron interactions with the silicon
nuclei. The red boxes show possibility of scaling of the readout segments area to
reduce cross talk between segments.
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Fig. 5. Count per unit of neutron fluence for each thickness of PE converter as
a function of neutron energy. Also shown is the counts from Ry which corresponds to
no converter layer.

the cross talk between adjacent segments, each readout area was
defined to be smaller than the total segment area, as shown in
Fig. 4. The proton count per neutron fluence was obtained using
Equation (1).

A GEANT4 study, addressed to reproduce the Eisen et al. work
(Eisen et al., 1986) discussed previously, was performed to check
the suitability of GEANT4 for neutron dosimetry (Marinaro et al.,
2009). This is integrated by the current on-going validation of
GEANT4 with respect to in-house experimental measurements, to
quantify the accuracy of GEANT4 for neutron dosimetry.

4. Results and discussions

The detector response in counts per unit neutron fluence as
a function of neutron energy for each thickness of PE segment is
shown in Fig. 5. The detector response in the absence of the PE
converter layer has not been subtracted from the detector response
for segments with the PE converter layer. For neutron energies
below 1 MeV the detector response for PE converter segments was
dominated by the background counts i.e. neutron interactions with
the silicon nuclei. At neutron energies from 1 to 15 MeV, for
converter layer thicknesses from 0.01 to 0.1 mm a non-negligible
contribution of background counts is observed. Only at neutron

13
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g sg —~R1
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Fig. 6. The proton event counts per unit of neutron fluence for different PE thicknesses
as a function of neutron energy after the application of the subtraction method. The
black line is the fluence-dose equivalent conversion coefficients taken from ICRP 74.
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Fig. 7. The neutron ambient dose equivalent response of the Medipix2 detector using
a multi-thickness converter layer as a function of neutron energy was found to be
reasonable uniform from 0.3 to 15 MeV.

energies above 5 MeV and thicknesses of converter greater than
0.3 mm does the number of counts begin to exceed the background
component.

After application of Equation (1), i.e. the subtraction of the
area-weighted background counts, does the resulting proton recoil
event become evident as shown in Fig. 6. Also shown in Fig. 6 is
the ICRP 74 (ICRP, 1996) fluence to dose equivalent conversion
coefficients. The response of any single detector segment does not
adequately fit the ICRP 74 dose conversion coefficients. This
indicates, as previously known, that no single thickness of PE
converter can be used to achieve an energy independent detector
based on silicon.

Optimisation was performed by taking into account the total
response, Rggroral, from all PE thicknesses such that the R total
response is proportional with the ICRP 74 fluence to ambient dose
equivalent conversion coefficients, H*/®. The optimisation function
for Ry tora1 is defined by Equation (2),

5
Rogorai(E) = > B iRai(E), (2)
=

where Rp; to Rpg are the proton count responses from pixels
covered by PE of different thickness (Fig. 6) and Rg 7 to Rp 9 are the
virtual responses given by Equation (3),

Ros Rpa Rao
Rg7 <m>R¢.1-erzs (E Rp2.Rpg Ros Rpg.  (3)

The (4, are the weighting factors for each partial response. Nine
B, can be found, giving R toral (E) o [H*/®](E) by solving nine
simultaneous linear equations at nine neutron energies. The ener-
gies selected were 0.3, 0.7, 1, 2, 3, 4, 5, 8 and 15 MeV. The optimi-
sation of (¢, results are 5984, —6.652, 4.826, —2.437, 0.598,

—0.593, —2.89, 1.938 and 0.898 for i from 1 to 9 respectively. The
recoil proton response per mSv was obtained from Equation (4),

R toral(E)

R = /018y

(4)

Fig. 7 shows that the final detector response as a function of
neutron energy is reasonable 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 neutron ambient
dose equivalent.

5. Conclusion

A GEANT4 simulation study was performed to investigate
a novel approach to neutron dosimetry using a multi-thickness PE
converter and multi-channel readout detector. GEANT4 suitability
for neutron dosimetry was verified with respect to previously
published data and is currently on-going research at Centre for
Medical Radiation Physics (CMRP), University of Wollongong. This
study showed that the novel device can be used to produce an
energy independent response over a range of neutron energies
from 0.3 to 15 MeV. The lower energy limit of 0.3 MeV could
potentially be reduced to access thermal neutrons with the addi-
tion of a B-10 or LiF (Vykydal et al., 2009) converter. This is
achievable as the Medipix2 detector has the flexibility to add
additional segments to the converter stage, thanks to its readout
channel capacity. This new approach could allow the development
of a true neutron energy independent detector for radiation
protection applications involving neutron fields. The next step in
the research will be to develop the multi-thickness PE converter
and to conduct first experimental validation.
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Abstract—A novel neutron dosimetry system for avionics and
space applications is described. The new dosimetric system is based
on Medipix2, a high density silicon based pixilated detector with
integrated readout and digital interface circuitry. Real time dose
equivalent response to fast neutron fields with flattened energy re-
sponse is achieved through the coupling of a structured variable
thickness polyethylene (PE) over layer with the high density pixi-
lated detector. Experi tal results obtained to 14 MeV D-T and
Am-Be neutron fields are described along with a comparison to re-
sults obtained with GEANT4 simulations.

Index Terms—GEANTA4, Medipix2, neutron dosimetry.

I. INTRODUCTION

XPOSURE to ionizing radiation in space environments
E can increase the risk of morbidity and mortality. In addi-
tion, radiation damage to electronic components could compro-
mise space mission success and put the wellbeing of the crew at
risk. Improving the means to detect and quantify both risk and
damage attributable to radiation is an important need.

The radiation environment of space is enhanced relative
to that on Earth where the Earth’s geomagnetic field and
atmosphere provide protection from extra-terrestrial radiation
sources. Space radiation is composed of a mix of high energy
electrons, protons, and both light and heavy ions [1]. The parti-
cles originate from several sources including trapped radiation,
galactic cosmic rays (GCR) and solar particle events (SPE). To
some extent shielding can be employed to reduce the exposure
of astronauts to the primary radiation field. Sufficient shielding
to passively attenuate primary radiation to an acceptable level
for humans is generally unacceptable from the point of view of
spacecraft mass launch limitations. Multilayered shielding can
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be utilised to reduce the radiobiological effectiveness (RBE)
and dose equivalent associated with the secondary radiation
field, as well as to address spacecraft weight restrictions. How-
ever inadequate shielding design can result in the production of
a secondary radiation field which can present greater risk than
the primary radiation field on account of enhanced RBE. In an
interplanetary mission a female astronaut at age 30 is projected
to receive the prescribed limiting dose equivalent equating to
a probability of 3% excess fatal cancer at 95% confidence in
54 days. The equivalent duration for a male to reach the same
limit is 91 days [2]. [3].

Until the early 1990s high-energy heavy ions, such as iron,
were considered to be the major radiological hazard. However,
Dicello and others [4] noted that secondary neutrons and
charged particles of up to several hundred MeV are produced
in abundance by the GCR and SPE, as well as the less abundant
high energy heavy ions referred as high —Z, —E (HZE), as
these primary radiations pass through the spacecraft or the as-
tronauts. It was further noted that secondary neutrons, produced
from the highly abundant primary protons, could be one of the
most biologically damaging radiations encountered in space,
perhaps comparable in effect to that of the primary HZEs.
There has been a lot of ongoing work towards evaluating the
relative consequences of HZEs and secondary neutrons at the
NASA Space Radiation Lab (NSRL) at Brookhaven National
Laboratory and the Loma Linda Proton Therapy Facility during
the past decade. These facilities offer heavy ions from 0.1 to
1 GeV/a.m.u. allowing radiobiological effects of space to be
studied. An overview of space related radiobiological results
obtained at these dedicated radiation beams are well reviewed
in [5].

The importance of personnel dosimetry for astronauts is in-
creasing with planned Lunar and Mars missions where the ra-
diation background is less well known in comparison with low
earth orbits (LEO). Given the significance of both neutrons and
HZEs in determining the dose equivalent it is important that new
methods and instrumentation be developed for determining the
dose equivalent in real time. Uncertainties in the RBE of such
radiations also need further attention.

One of the existing methods widely adapted for real time dose
equivalent measurements in space environments is based on mi-
crodosimetry. Microdosimetric spectra convoluted with quality
coefficients can provide the RBE of radiation and consequently
the dose equivalent [6].

During the last decade efforts have been made to develop a
solid state microdosimeter to replace bulky high voltage oper-
ated tissue equivalent proportional gas counters (TEPC). The
detector is based on silicon-on-insulator (SOI) material with an
array of sensitive volumes (SV) of individual size similar to that

0018-9499/$26.00 © 2010 IEEE
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of biological cells [7]-[12]. The principal advantage of the mi-
crodosimetric approach is its applicability to any mixed radia-
tion field including those containing charged particles, neutrons
and photons.

We have previously demonstrated good agreement of a SOI
microdosimeter with TEPC in a standard neutron radiation field
facility at CERN typical of high altitude avionic environments
(20 to 25 km above sea level) [13]. This field is dominated by
secondary neutrons, produced by interactions of GCRs with the
atmosphere [14].

In this work we describe a new approach to dose equivalent
neutron dosimetry suitable for mixed radiation field applications
in avionics and space.

The novel detector has been realized by coupling an ad-hoc
PE converter to pixilated detector. This detector was primarily
developed for X-ray imaging [15], with more recent adoption to
neutron imaging through use of suitable converters [16].

The novel detector measures the neutron dose equivalent by
counting proton recoil events within the detector pixels which
originate from neutron interactions within a variable thickness
PE. The ratio of the detector response to the neutron tissue-
equivalent dose is almost independent of the energy of the inci-
dent neutrons.

In a previous study [17] we demonstrated the possibility of
optimizing the thicknesses of the PE segments by means of a
GEANT4 simulation in order to obtain an energy-independent
detector response proportional to neutron dose equivalent. This
paper describes a complementary study consisting of the vali-
dation of the GEANT4 simulation with respect to experimental
measurements.

II. DESIGN OF THE NOVEL DOSIMETER

The detection of fast neutrons using silicon radiation detec-
tors and hydrogenous PE converters is well known based on the
detection of the recoil protons resulting from the elastic scat-
tering of neutrons with energy E,, on a stationary proton where
the recoil proton is scattered under an angle ¢ with energy £,
given by, E,, = E,, cos® .

However the response of the silicon detector covered with a
uniform hydrogenous converter has several shortcomings:

— First, it is a tradeoff between thickness of the converter
(efficiency of the dosimeter) and the energy range of the
detectable fast neutrons.

— Second, it is not possible to achieve an energy independent
response in terms of dose equivalent.

— Third, the deposition of energy from Compton electrons
(gamma radiation) and charged particles present within a
mixed radiation field, as well as charged particles from
Si(n,x) reactions, produce background events which are
undistinguishable from recoil proton events.

Attempts have been made to achieve an improvement in en-
ergy response of a single silicon detector by coupling a dual
layered PE converter of 0.01 and 1 mm thicknesses in a ratio
by area of 17:1 [18]. This led to a variation in the dosimeter
response counts/Sv of approximately a factor of two within a
neutron energy range of 1-15 MeV. Another approach for fast
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Fig. 1. The Medipix2 board: the sensor can be read out through a USB interface
by the software Pixelman.

neutron dosimetry was based on a monolithic AE — E detector
by Shiraishi [19] coupled with a PE converter. This system al-
lows measurement of the proton energy F,, and angle of scat-
tered proton @ followed by a determination of the neutron energy
and dose equivalent using fluence to dose equivalent conversion
factors [20]. This system is limited to relatively low neutron en-
ergies on account of the need to stop the recoiling proton within
the E detector layer to obtain a full energy measurement. For
example, for 0.5 mm silicon the sensitivity is limited to protons
of energy less than 8§ MeV.

Our approach is based on a pixilated silicon detector and
a structured PE converter that allows independent readout of
counts under each partial PE converter. Additionally, the un-
covered active area of the pixilated detector is used for sub-
traction of the background events associated with gamma ra-
diation, charged particles from the space radiation environment
and products of direct neutron inelastic reactions within the sil-
icon detector material. By optimizing the thicknesses and total
area of particular PE segments it is possible to achieve an en-
ergy independent neutron dose equivalent response due to the
high level of parameterization that is normally impossible with
a single bulk silicon detector. With pixilated detectors it is pos-
sible to use an additional degree of adjustment by readout of
only part of the area under a partial converter which is control-
lable by software.

The pixilated detector used in this study was the Medipix2
detector developed originally at CERN ([21] and references
therein). Recently Medipix2 has been used for high resolution
imaging [16] as well as for thermal and fast neutron fluence
monitoring in the high energy physics (HEP) detector barrel
as a Radiation Damage Monitoring (RDM) system by use of a
partial cover of Medipix2 with ®Li and PE converters [22].

The sensor is composed of a 300 pzm thick high resistivity sil-
icon substrate organized as a bi-dimensional array of pad diodes
with a pitch of 55 pm and a total sensitive area of 14 x 14
mm? (Fig. 1). The array of diodes has been bump-bonded to
a 0.25 pm CMOS ASIC with 65536 charge sensitive ampli-
fiers (CSA), digital-to-analog converter (DAC), two discrimi-
nator thresholds, pixel configuration register (PCR), shift reg-
ister and counter (SR/C) and double discriminator logic [23].
Each pixel is independently readout using Pixelman data acqui-
sition software through an USB interface [24].
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Fig. 2. A simplified arrangement of 3 x 3 segments of different thicknesses of
PE converter on the Medipix2 14 x 14 mm? active surface area.

1II. GEANT4 SIMULATION AND VALIDATION

A. The Simulation Application and Simulated Response

GEANT4 (GEometry ANd Tracking) [25], [26], was adopted
as Monte Carlo Simulation Toolkit in this research. GEANT4
describes the interactions of particles with matter, providing
advanced functionality in physics and geometry modeling.
GEANTH4 version 9.2.p01 was used. GEANT4 is a collection
of C++ class libraries for radiation transport simulations.

The GEANT4 QGSP_BIC_HP physics list was adopted in
this work to describe the electromagnetic and hadronic inter-
actions of the particles involved in the experimental set-up. In
particular this physics list uses evaluated cross section databases
for neutrons, with energy lower than 20 MeV.

Medipix2 was modelled in GEANT4 with a silicon substrate
thickness of 300 gm and a 14 x 14 mm? area. 256 X 256 sen-
sitive volume cells were defined across the surface area corre-
sponding with the physical pixels of the Medipix2 system. A
dead layer of several microns on the surface of the silicon de-
tector was not modelled in the simulation.

The partial PE converters were selected based on a prelimi-
nary analysis which lead to the selection of six different thick-
nesses of 0.01, 0.03, 0.05, 0.1, 0.3 and 1 mm labelled as Ry,
Ra, R3, R4, R and Rg respectively. The layout is presented
in Fig. 2. Region R ( was the uncovered area used to subtract
background events associated with gamma-rays, charged parti-
cles and products of inelastic neutron interactions with silicon
nuclei. The Medipix2 silicon sensitive scoring volume was de-
fined in GEANT4 simulations immediately under each partial
PE converter. The red boxes show the possibility of scaling the
readout area of each segment to reduce cross talk between seg-
ments. This is an additional degree of parameterization allowing
adjustment of the energy response of the dosimeter.

Parallel beam primary mono-energetic neutrons with ener-
gies from 0.3 to 15 MeV at normal incidence to the detector
surface were simulated using the GEANT4 code. Energy depo-
sition events occurring with energies greater than 10 keV in the
segments, which is a low energy threshold of the Medipix2 de-
tector, were counted as a single event.

Optimization of the structured converter was performed by
taking into account the total response, Rg tota1. from all partial
PE converters such that the Rg_total response is proportional
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with the ICRP 74 fluence to ambient dose equivalent conversion
coefficients, H* /®. This infers that the total number of counts
produced by recoil protons per unit dose equivalent in Medipix2
is independent of the neutron energy in the range 0.3-15 MeV.
The optimization function for Rg tota1 is defined by (1)

9
Rotota1 = Y BaiRai(E)

=1

(1)

Ry, 1 to Rg ¢ are the proton count responses from pixels covered
by partial PE of different thickness (Fig. 2) and Rg 7 to Rg g are
the virtual responses given by (2)

_ (Rap
Ry 7= <R<1>4> Re 1

B

Ro
Res = ( ‘M> Ry
3,3
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Bp,; are the weighting factors for each partial response. The
recoil proton counts can be expressed as in (3).

2)

Ry = (Rp; — (Ai/A0)Ra,0)/Pn

Rg,; and R ; are the proton counts and total event counts re-
spectively per neutron fluence under a partial PE segment with
thickness i. Rg ¢ is the readout counts from the uncovered seg-
ment, A; is the area of the segment with thickness 7 and Ay is
the area of the uncovered segment area. ®,, is the primary neu-
tron fluence.

Virtual responses Rg 7 to Rg g9 were introduced for fine
tuning of the low energy response (< 1 MeV) and can be
neglected in most practical situations, leaving six terms in (1).
The energy response of a neutron dosimeter based on Medipix2
with a structured PE converter optimized and modelled with
GEANT4 is presented in Fig. 3. The flatness of the neutron
energy response was +9% in the energy range 0.3—15 MeV.
This is a substantially better flatness than that achievable with
known neutron dosimeters based on a single silicon detector
and PE converter.

3)

B. Validation of the GEANT4 Simulation Application and
Radiation Setup

In order to quantify the accuracy of the results deriving from
the GEANT4 simulation study adopted to optimize the design
of the PE layer structure, we validated the GEANT4 application
with respect to experimental measurements.

For testing purposes we modeled in the simulation the re-
sponse of a simplified detector set up with a uniform PE con-
verter to neutrons, exposed to a D-T generator and an Am-Be
source.

Fig. 4 shows the experimental set-up of the Medipix2 de-
tector. A significant issue for a neutron dosimeter is the evalua-
tion of the neutron events while separating the background radi-
ation generated, for example, by alphas, gammas and electrons.
The use of a large area and high density pixilated detector such
as the Medipix2 (with cross section equal to 14 X 14 mm? and
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Fig. 3. Dose equivalent energy response of simulated neutron dosimeter with
structured PE converter according to (1).
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Fig. 4. The Medipix2 with partial PE converter on top of the silicon sensor and
uncovered area modeled with GEANT4 (front and side views).

with 65536 pixels) enables the creation of two distinct portions
of the sensitive areas to address this issue. Thus the Medipix2
detector is only partially covered with a uniform PE converter
layer, noted as SV1 (the proton window), with the reminder left
uncovered, noted as SV2 (the background window), and this
structure was modeled in the GEANT4 simulation.

The Medipix2 was modeled as a 14.08 x 14.08 x 0.3 mm?
silicon sensor with 256 X 256 sensitive volumes, with size
0.055 x 0.055 x 0.3 mm?. The ASIC chip beneath the silicon
sensor was modeled as a silicon slab of size 14.08 x 14.08 x 1.5
mm?. The PE converter was modeled as a polyethylene slab
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with thicknesses of 0.1, 0.25, 0.5 and 1 mm, each with a
cross section of 9.35x 14.08 mm2. The aluminum holder
surrounding the PE converter has been engineered to ensure the
converter is rigid and flat, and to minimize air gaps between the
PE converter and silicon surface (Fig. 4).

The neutrons are generated as a parallel beam incident nor-
mally to the detector. The energy of the neutrons from a sim-
ulated D-T source was modeled with a Gaussian distribution,
with mean value of 14 MeV and o of 0.01 MeV and 0.5 MeV.
The energy of the neutrons of the Am-Be-source was modeled
with the energy spectrum recommended in [27].

QGSP_BIC_HP physics list was used. The threshold of pro-
duction of secondary particles was fixed equal to 5 gm in range
within the sensitive regions SV1 and SV2. In order to reduce the
execution times of the simulation without affecting the accuracy
of the simulation results, the threshold was set higher outside re-
gions SV1 and SV2.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Simplified Setup for GEANT4 Validation

Experiments were carried out on 14 MeV D-T and Am-Be
neutron sources at Australia’s Commonwealth Scientific and In-
dustrial Research Organisation (CSIRO).

The device was irradiated with 14 MeV neutrons from a D-T
generator Thermo A-3062. The distance between the D-T gen-
erator 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
neutron intensity at the tested detector (area of 1.4 X 1.4 cm?)
was calculated at 2100 n/s. The D-T generator emission rate was
estimated using a 2 X 2 x 2 cm? plastic scintillator (EJ 204) at-
tached to a photomultiplier (Photonis XP2020). The detection
efficiency of 3.9% of the scintillator for 14 MeV neutrons was
approximated by an analytical calculation. The measured neu-
tron flux was in good agreement with the calculated figure.

Fig. 5 shows the irradiation set up on the Am-Be neutron
source. The Medipix2 detector was placed on top of the colli-
mator of the Am-Be neutron source container at a distance of 20
cm from the source when in the irradiation position. The PE con-
verter attached to the silicon sensor was faced down normally
to the neutron beam. Neutron emission in 47 was 9.3 x 106
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Fig. 6. The events results from fast neutron irradiation. The black line was the
dead pixels. The counting windows under PE layer and uncovered area were
denoted as proton windows and background windows. respectively.

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 PE converter layer on the
Medipix2 detector was as described in Section III.B. The PE
converter occupied two-thirds of the active area of the detector,
while the other area was uncovered for estimation of the back-
ground. A square aluminum frame of 9 x 14 x 1 mm? has been
used to hold the PE layer attached at the surface of the detector
and to minimize the air gap and misalignment between the con-
verter and the silicon substrate (Fig. 4). Four PE thicknesses as
modeled in the GEANT4-based study described in Section III.B
have been used during the irradiation with the neutron sources.
The PE 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 neutrons normally incident
to the sensor surface. The experiment was repeated for each
thickness of PE using the same Medipix2 detector with the same
neutron fluence and geometry of experiment. The data acqui-
sition was based on a USB interface readout by the Pixelman
software developed by the Medipix collaboration that provides
several analyses and setting tools for use during data acquisition
and for data post-processing. During the acquisition the param-
eters were set to retrieve all data out of the chip from the entire
sensitive area.

Fig. 6 shows a screenshot generated by the Pixelman soft-
ware, representing a grey-scale modulated image of the events
in the Medipix2 detector within the SV1 and SV2 areas. A clear
difference can be observed between the number of events in the
regions of the detector covered by PE (recoil protons and back-
ground) and uncovered (background only). Proton and back-
ground windows, which were also used in the simulations, are
represented in Fig. 6 with a broken red outline. Using these re-
gions inside of SV1 and SV2 inhibits cross-talk., where scat-
tering events from one region are counted in another, therefore
improving the accuracy of the neutron response evaluation.

Fig. 7 shows a comparison of the event images for different
thicknesses of PE converters irradiated with D-T and Am-Be

0.25mm PE 1mmPE

Fig. 7. The total event represented in grey scale modulated image as in Fig. 6.
The bright areas show high event counts under PE layer.

neutrons. The difference in efficiency of the PE converters of
different thicknesses is clearly visible, particularly the increase
in efficiency with increased converter thickness observed for ex-
posures with the high energy 14 MeV neutrons (Fig. 7(a)).

Fig. 7(b) and (c) show the event images for the same thick-
nesses of PE 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 higher gamma background.
This is observed in Fig. 7(b), 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 associated with backscattered neutrons,
secondary charged particles and a gamma background (Fig. 7).
Secondary charged particles, like alphas, contributed the least
effect to the counts as they are easily stopped in air. The
backscattered neutrons have an almost equal effect on both
counting windows as the back of the Medipix2 detector has
uniform layers of material.

It is possible to improve the contrast in Fig. 7(b) using fea-
tures of the Pixelman software that allow filtering of events de-
pending on pixel cluster sizing, which is related to LET of the
incident particle. Gamma radiation with low energy photons
will deposit energy within a single pixel, whereas higher en-
ergy photons will create long tracks due to the higher energy of
secondary electrons resulting in energy depositions within more
than one pixel [28]. This allows the removal of events corre-
sponding to low energy photons for example which deposit en-
ergy in a single pixel only. Fig. 7(c) corresponds to the events of
Fig. 7(b) after filtering out events with a cluster size less than 7
pixels. In this case the recoil proton contribution 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 pro-
vides improved response of the Medipix2 to neutrons only.

In this study the net proton counts were calculated by sub-
tracting the background counts according to (3) after prelimi-
nary cluster size filtration, allowing comparison of the counts
produced by recoil protons only for each partial converter. The
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Fig.9. The comparison of the experimental result of the Am-Be neutron to that
of simulation.

response of each converter was normalized to the total number
of counts of all converters for the same neutron fluence irra-
diation as presented in (4). It was used for both the GEANT4
simulations and experiments with D-T and Am-Be sources

4
Roor = Y Rei “4)
i=1
The data from both neutron field experiments was analyzed
further to filter out clusters with a size below seven pixels, which
as discussed, removes the background contribution due to the
gamma beam that was not included in the GEANT4 simulations.

B. GEANTH4 Validation Study Results

Figs. 8 and 9 present the variation of the normalized recoil
proton response of the Medipix2 detector with different PE con-
verter thicknesses, showing the direct comparison of the simu-
lation and experiment results for the irradiation with D-T and
Am-Be neutron sources, respectively.

3461

For both neutron sources agreement with GEANT4 simula-
tions was within 10%. Error bars for experimental results were
too small to be presented resulting from the large number of
counts from recoil protons. The detector responses for PE con-
verters with thicknesses of 1 and 0.5 mm in Fig. 9 are not sig-
nificantly different due to the low average range of the recoil
protons produced by neutrons from the Am-Be source. This is
in contrast to the behavior of the detector response for 14 MeV
neutrons from the D-T source.

The observed agreement between the experimental and
simulated results of the dosimeter responses for four PE con-
verters with distinct thicknesses demonstrates the validity of
the GEANT4 simulation and of the implemented model of
Medipix2 with PE converters. This lends confidence to the
optimization procedure, demonstrating that the application of
a structured PE converter to a pixilated detector can produce a
neutron dosimeter with an energy independent response in the
energy range 0.3-15 MeV to within 10%.

A further strength of the application of a pixilated detector
such as Medipix2 coupled to structured PE converter for neu-
tron dosimetry is the potential for self-calibration. The optimiza-
tion process described can be automated being run by an add-on
software algorithm that automatically adjusts parameters based
upon the results of calibration exposures. Several such calibra-
tion points would be acquired using a variety of neutron dose
equivalent calibration fields. and could be tailored to suit spe-
cific radiation fields or neutron energy ranges. Calibrations for
individual dosimeters could also allow for variations in com-
mercial production batches. Such a function is not possible with
single pad detector dosimeter, but is under development for a
pixilated detector such as Medipix2.

Currently astronaut personal dosimetry at the ISS is relying
upon on TEPC and some electronic active personal dosime-
ters. The active personal dosimeters are based on about 350 yzm
thick, 1 x 1 cm? silicon p-i-n diodes detectors like in LIULIN
and DOSTEL [29] and thin silicon p-i-n diodes described in
[30], [31] operating in a LET mode followed by conversion of
their response to microdosimetry spectra and dose equivalent.
These instruments do not providing neutron dose equivalent but
rather total dose equivalent as a mixture of neutrons and charged
particle fields. Additionally poor representation of micron size
spherical or cylindrical type sensitive volumes, with associated
variance in chord distributions, produce some distortion in dose
equivalent determination. Thick silicon detectors with 350 pzm
thickness do not allow LET measurements for neutrons with en-
ergy below 3—4 MeV because recoil protons with energy below
3 MeV are stoppers in such detectors.

The presented device for neutron dose equivalent measure-
ments for space application has the following potential advan-
tages above currently used dosimeters: 1) measurement of the
neutron dose equivalent in mixed neutron-photon-charged par-
ticle fields, 2) low neutron energy threshold for fast neutrons
(0.25 MeV), and, 3) sophisticated readout techniques and data
analysis allowing further development on the same detector for
independent measurements of dose equivalent associated with
heavy ions. The presented device is not commercially available
at this point in time and will require angular dependence char-
acterization as aspect of future research.
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V. CONCLUSION

We have demonstrated the possibility to develop a real time
energy independent fast neutron dosimeter for use in mixed ra-
diation fields relevant to space radiation environments.

A pixilated detector, such as Medipix2, is ideally suited to this
application due to the high degree of pixilation and parameter-
ization of the response that can be achieved through coupling
with a structured variable thickness polyethylene over layer.
This approach allows the subtraction of any unwanted radia-
tion background and to therefore estimate the dose due to neu-
trons only. The high flexibility in response adjustment of such
a dosimeter also allows for self-calibration using neutron dose
equivalent calibration sources.
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