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Abstract

This work is a contribution to the instrument radiation measurement for the nuclear
electronic laboratory of the center by the introduction, for the first time, through this work of
a new semiconductor detector, which is the PIN photodiode.

Recently PIN photodiode (originally suited for light detection) are used as radiation
detectors in various applications such spectroscopy of X and gamma rays (100% efficiency up
to 10 keV), and charged particles (up to 12 MeV) for the identification of radioactive
materials. In addition, it is used in photon monitoring in X ray machines in industrial and
medical applications and also in the monitoring of intensity of photon in accelerator (up to 18
MeV) and around of nuclear power plant.

The low cost of silicon PIN photodiode, its abundance, its good position resolution due
to its small size and its good sensitivity for different radiation fields, motivate us to develop
the electronic circuit associated with this semiconductor detector in order to permit its use in

different application area.

As a first step through this dissertation, we have focused on the study and
characterization of the OPF430 PIN photodiode. A good alpha spectrum was obtained
compared to the SSB (Silicon Surface Barrier) detector. We have not obtained a good gamma
and X ray spectra due to the detector response limited for low energy (10keV) added to the

limited used preamplifier sensitivity.

Although, we obtained a good efficiency of gamma ray simulation result using MCNP5
code (through our model construct) which fitted well with experimental data published in

different papers.

Keywords (Nuclear Detector, PIN diodes, X-rays, Gamma rays, spectroscopy).



Résumé

Ce travail est une contribution a l'instrument de mesure du rayonnement pour le
laboratoire d'électronique nucléaire du centre par l'introduction, pour la premiere fois, d'un
nouveau détecteur a semi-conducteur, qui est la photodiode PIN. Récemment, la photodiode
PIN (dediée a l'origine a la détection de la lumiére) est utilisée comme détecteur de
rayonnement dans diverses applications telles que la spectroscopie des rayons X et gamma
(efficacité de 100% jusqu'a 10 keV) et des particules chargées (jusqu'a 12 MeV) pour

I'identification de matieres radioactives.

En outre, il est utilisé dans la surveillance des photons dans les machines a rayons X
dans les applications industrielles et médicales et également dans la surveillance de l'intensité
des photons dans les accélérateurs (jusqu'a 18 MeV) et autour des centrales nucléaires. Le
faible codt de la photodiode PIN au silicium, son abondance, sa bonne résolution de position
due a sa petite taille et sa bonne sensibilité pour difféerents champs de rayonnement, nous
motivent a développer le circuit électronique associé a ce détecteur a semi-conducteur afin de

permettre son utilisation dans différents champs d’applications.

Dans une premiére étape de cette these, nous nous sommes concentrés sur I'étude et la
caractérisation de la photodiode PIN OPF430. Un bon spectre alpha a été obtenu comparé au
spectre du détecteur SSB (Silicon Surface Barrier). Nous n'avons pas obtenu de bons spectres
gamma et X en raison de la faible amplitude du signal détecteur pour les basses énergies
ajoutées a la sensibilité limitée du préamplificateur utilisé. Cependant, nous avons obtenu une
bonne efficacité du résultat de la simulation des rayons gamma et X en utilisant le code
MCNP5 (via notre modele de construction) qui correspondait bien aux données

expérimentales publiées dans différents articles.

Mots-clés (Détecteur Nucléaire, Diodes PIN, Rayons X, Rayons Gamma, spectroscopie).
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Introduction

Nowadays, radiation and its detection have a wide range of applications, including the
treatment of the deadliest diseases such as cancer, the generation of energy, the research of the
universe's origins, and the treatment of our food for health. The application and development
of radiation technology has increased as a result of most of these breakthroughs, and new
applications are continually being created. The value of this advancement in radiation
detection technology to society and the economy cannot be overstated. Radiation detectors aid
in the detection of disease within the body via medical radiation imaging, the monitoring of
nuclear power plants and to ensure no radiation leakage into the environment, and airport

cargo screening to ensure passenger safety when planes are free of radiation.

Detectors are commonly employed in the science of spectroscopy for the detection,
identification, and quantification of radioactive compounds. In addition, the performance of
ionizing radiation within the detector is biased in all detectors. One of the most crucial
differences between detectors is the band gap of the material employed in the detector, which
affects how much energy is deposited in terms of resolution and efficiency. The performance
gap between scintillation and germanium detectors has piqued the curiosity of researchers in a

new type of detector known as a silicon semiconductor detector.

The study of the PIN diode as a detector has been the subject of this thesis. The
efficiency and use of this gamma ray detector, as well as charged particle spectroscopy, have
been covered in the creation of this work. We also checked the correctness of our work using
the Monte Carlo n particle software. This work has divided into three area, the first topic we
was discussed broadly the radiation and their interaction with material medium of detectors,
the second area cover different type of detectors and how they work, the third area of interest
in our research was the use of PIN as a detector for x-ray spectroscopy and charged particles,
particularly alpha particles. We compared our results to those obtained using other detectors,
such as a surface barrier detector, which is a PN junction with a larger active area than the
PIN diode, allowing us to clearly see the phenomena that occurred in the PIN diode. At the
end of this section, we build an OPF 430 pin diode with MCNP5 and compute the efficiency
with the help of, especially for gamma rays at low energies, because the energy of incoming

photons has a considerable effect on the experience.

This research work was carried out within the framework of a collaboration between the

department of materials sciences and the nuclear research center of Birine (CRNB). We

75_




mention that the CRNB provided us with all the material and human resources to carry out

our internship.

This work gathered between simulation and experiment to study PIN diode, so it
becomes for the first time as a detector in CRNB thanks to Allah give us the energy to end
this work, on 13-04-2022 the first spectra of alpha particles obtained by this kind of detector

few days later we obtain a gamma rays spectra.

ﬂ



Chapter 1

1 Radiation and interaction

1.1 Introduction
Radiation is a form of energy that appears as waves or particles, which split into two
different categories charged and uncharged radiation. Both of them called ionizing radiation
except of some case such as neutron, which is an indirect ionizing particle because of their
neutral charge. Their energy range spans from 10 eV to 20 MeV. There are also some classes
of electromagnetic radiation like microwave, radio radiation... etc. That called non ionizing
radiation because of their low energy ionization.

Charged radiation include beta particle (positive or negative), alpha particle and
fragments fission. Uncharged particle include electromagnetic radiation specially x-ray and
gamma ray. Each radiation above differs to each other by their power of penetration for
different material thicknesses as it shown in Figure 1.

Neuitron

Paper Thin plates Lead, iron. and water.
made of wood, other thick concrete.etlc.
aluminum., etfc. metal plates

Figure 1: Radiation power penetration for different radiation types[1] .

1.2 Radiation Sources

The radiation source created through many processes, which originate from a nuclear or
atomic level. Several types of radiation sources can be given in the following.

1.2.1 Alpha
The most common process to produce alpha are spontaneous fission, accelerator, and
alpha decay. The energy of this particle ranged from 4 MeV to 8 MeV and could lose its
energy in material very quickly.




1.2.2 Fastelectron
It includes beta particles (positives and negative) emitted in nuclear decay and by other
process yielding energetic electrons.

1.2.3  Gamma and x-ray
Gamma and x-ray, both of them is an electromagnetic radiation they differ only in the
energy, which lead to a different penetration. X rays emitted by a rearrangement of electrons
shells of atoms and gamma ray emitted from energy transitions of the nucleus. The energy of
X- rays ranged from 100 eV to 10 keV.

Gamma ray are mainly emitted by the excited final nucleus through decay beta or
nuclear reaction or in annihilation radiation that occur when positron emitted through beta-
pulse decay generally interact with electron and create an electromagnetic radiation. The
energy of gamma-rays is great than 10 keV.

The most common way to produce x-ray are excited electron in atom or bremsstrahlung
effect which is mainly happened when the fast electron don’t interact completely with matter
some of the energy transfers to bremsstrahlung [1], usually happened when electron or
positron has energy above than a 100 MeV [2].

Low Energy High Energy

Visible Spectrum
Gamma Rays

-«

Infrared Ultra- X-Rays
4+——M ’<—> <
violet
| | | | | | | | | | | | | | | |

’ |
105 IO? 103 109 1010 ,]D‘H 1012 1013 1014 1015 1015 ,IO'I? ,|01B ,IO‘IQ ,IOQU .IU21
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Figure 2: Energy of electromagnetic radiation.

1.3 Radiation interaction

The interaction between radiation and matter is the basis of the detector functioning
principle. The understanding of the interaction mechanism of the radiation with the detector
medium defines the response of the detector to this radiation.

1.3.1 Interaction of x-ray and gamma ray with matter

Gamma and x-ray have a high-level power penetration because they are uncharged
particle, and then there is no loss of their energy via Coulomb force. This kind of radiation
interacts with matter through three major interactions: the photoelectric effect, Compton

scattering, and pair production.
8




1.3.1.1 Photoelectric effect

Photoelectric absorption mainly happened when incident photon, which has a low
energy at approximately less than 0.1 MeV [2], interact with material that has a high atomic
number. A part of photon energy is spent to free electron and the rest is converted into its
kinetic energy. The probability of this interaction described mathematically by Bragg &
Pierce relation as:

n

T = CONnSt * P 1.1

%wN

which produce a free photo-electron (electron excited by incoming photon) as you can see in

Figure 3.

Characteristic
radiation

O Photoelectron
ejected

Incoming E=hv-BE

radiation
E=hv

® Auger
M shell electron

Figure 3: Photoelectric effect

1.3.1.2 Compton scattering

When the photon enters with energy ranged from 2.5MeV to 100MeV to the material,
the-predominate interaction is Compton scattering, resulted a recoil of both photon and
electron because the photon transfers a part of its energy into the electron as it is shown in
Figure 4. The probability of Compton scattering is independents to the atomic number of the
material, it depends only the path of interaction if there are electrons or not [2] .

The final energy of photon mathematically described as:

hv

(1 — cosB) L2

hv' =
1+

h
mgc?
Where mc? is the mass of electron at rest (0.511 MeV), hv and hv’ is the energy of before
and after collision of photon respectively.
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Figure 4: Schematic of the mechanism of Compton scattering [4].

Notice: when energy of incoming photon ranged from 1 MeV to 2.5 MeV both of
photoelectric and Compton scattering happened at the same time.

1.3.1.3  Pair production

Usually happened when photon has energy more than 1.02 Mev pass through the nucleus lead
to the creation of pair ion, in this context means the creation electron and positron (Figure 5).

Electron ~

Incident y-ray
Ey

2 annihilation

y-rays

positron

et

~

Figure 5: Pair production mechanism[5].

1.3.1.4 Mass attenuation coefficient.

The mass attenuation coefficient, or mass narrow beam attenuation coefficient of a
material is the attenuation coefficient normalized by the density of the material. The values of
mass attenuation coefficients, based on proper values of photon cross section, are dependent
upon the absorption and scattering of the incident radiation caused by several different
mechanisms such as Rayleigh scattering (coherent scattering);  Compton scattering
(incoherent scattering); photoelectric absorption; pair production®.

! https://en.wikipedia.org/wiki/Mass_attenuation_coefficient
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The number of transmitted photons | is then given in terms of:

I = Ioe_ﬂx 13

Where u is total linear attenuation coefficient given by:

u = 1 (photoelectric) + a(compton) + n(pair creation) 1.4

And total mass attenuation coefficient is given by % (cm?/g). The mass absorption
coefficient is then:

Hen H
ben 21— g) 1s
p p

The fraction g represents the energy losses from the materiel.

The mass attenuation coefficient is related to every cross section by:

U Z
—=N,—o0 1.6
p A
Where o is the total cross-section.
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Figure 6: Mass attenuation coefficient2.

You can see below the absorption of X ray In silicone material in Figure 7.

2 https://scientificsentence.net/Radiations/index.php?key=yes&Integer=attenuation
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Figure 7 : Attenuation of X ray in Silicon3.

1.3.2 Interaction of heavy charged particle

It is the case when the Coulomb force is predominant means that the interaction occurs
between the charges. The incoming charged particle may excited or ionizing the atom
depends only the frequency of the initial charged particle, every single charged particle may

. . . 1
interact with several electrons as well as each electron could achieve %from the energy of

initial charged particle [6]. As the charged particle passes the material, several events can
occur which can be listed below.

1.3.2.1 Stopping power

The loose of energy of the charged particle in the material a described mathematically
by the Bethe formula [7] as:

dE _ 4me*z? vzl 2mov? (1 v\  v? L
dx  mgv? n I " c? c? '

Where v and ze are the velocity and charge of incident particle;

N and Z are the number density and atomic number of material absorber;
| is the average excitation and ionization of material absorber.
Notice: Charged particle is non-relativistic v << c?2.

It’s readily appear from the Figure 8 and Bethe formula when we decrease the velocity of
incoming particle lead to the increase of the loss of energy, this technic is widely used in the
field of medical.

3 https://physics.nist.gov/PhysRefData/XrayMassCoef/ElemTab/z14.html
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Figure 8: The specific energy loss along an alpha track [7]

1.3.2.2  Energy straggling and particle range

Because energy loss is a statistical process, both stopping power and range should be
viewed as mean (or average) values over a group of atoms or molecules. It's normal to expect
fluctuations. These variations are referred to as straggling in general, and can come in a
variety of forms.The most important is range straggling, which implies that particles in the
same medium have different journey lengths between the identical initial and ultimate energy

due to statistical factors *.
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Figure 9: Measurement of energy struggling>.

4 https://www.britannica.com/science/radiation/Range
5 https://commons.wikimedia.org/wiki/File:Energy_Straggling_Effect.jpg




Chapter 2

2 Types of detectors

2.1 Introduction
The detectors classified by their material medium or the region where the interaction
happened. There are two great categories gasses and non-gasses detector, each detector use to
detect some kind of radiation and differ to other by its efficiency, mode of operation, and
energy resolution.

2.2 Gas field detector

The majority of gas-filled detectors are based on sensing the direct ionization created by
the passage of the radiation in the gas medium detector. Gas detectors include ionization
chamber, proportional counter, and Geiger Muller detector all of them work with the same
principle that is the ionization. There are also constructed with the same configuration. The
main differences are the mode of operation, the types of gases within detectors, and the
voltage applied which is responsible for the distribution and migration of the charge within
the detector as it is in Figure 10.

Regions of Gaseous lonization Detectors

recombination limited

region . . .. i ; i - Detector of lonizing Radiation
& g ionization proportional proportional Geiger 'Mueller i basicscheg'\e
, region region 1 region regian »;/
] 1 L} 1 ;
] 1 1} 1 a .
! i ! ,,'-u""""‘"‘" : contiuous
. ' SS2A 1 disch
i i 4 ischarge
E : : B 4 A ==
2 ' 1 ] sl :
= t 3 1 SHy ! 1
= ! : ! 3 ! 1 inert
! ' ' H LA B , gas
= ' 1 Ui II ! ' : S —
= ' i B2
g : : e Py | ! HV %
e ' ' L i ' ' sy
=1 ' h - 1 5 y 1 1 b
= ! ' = 1, ' . L2
=il ' 1 2 o] / . ' /
' ' s ™ - 1 -
= e - ' 7 ' ' “
= . o, o o ' ' ' F
desameananes 1 @ i L 7 ; $
: : - o " | 1 :
: A a2 | : ,
BN e ! e \Y E i ' high penetrating gamma /|| A || 2
B P ok i o 1 i 5 rays can enter via the |
& . . - : A ; E outer wall o B

low penetrating alpha and

| ied - linear i
v tage appl Ed ines Scale bela ravs can enter via an

Figure 10: Gases detectors with different voltage applied in pulse mode®.

2.2.1 lonization chamber
In the ionization chamber, the charge recombination is negligible due to the low effect
of the electric field to the pair holes ion, work only in the principal of ionization also, it works

bhttps://www.radiation-dosimetry.org/fr/quest-ce-que-le-compteur-proportionnel-detecteur-proportionnel-

definition/
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in both current and pulse mode, that used widely in spectroscopy of x-ray, gamma-ray, and
beta radiation.

lonization and migration process

When charged particle interact with gases then may excited or ionized the molecule that
lead to the liberation of both positive ion and free electron. The amount of ion created by
incident radiation called (the facto factor) which is affect the energy resolution. This ion pair
has accelerated in opposite direction for the reason of the presence of the electric field with
velocity equal a:

Vy(e) =% E, 2.1

where pe is the electron mobility, p is the pression of the medium and E is the electric field.

This drift of this pair ion would create a current know as ionization current as it is in Figure 11.

Current
Recombination
region Ion saturation region
e | Ionization
current

i

Voltage
Figure 11: Basic component of an ion chamber and the voltage-current characteristics’.

2.2.2 Proportional counters
By utilizing gas-filled detectors in a new way, the tiny pulse amplitude encountered in
ion chambers can be rectified. The phenomena of gas multiplication is used by a proportional
counter to raise the pulse size by hundreds or thousands of times. It detects low-energy
radiation in pulse mode, similar to the G-M counter. Depending on the kind of radiation
spectroscopy, a rare gas such as Ar, Xe, or K is usually used as a material medium. we
represent the variation of the height of the pulse as a function of the applied voltage.

Gas multiplication process

The primary electrons liberated by the incident radiation acquire a sufficient energy for
the reason of increasing the eclectic field, lead to a secondary ionization, the electrons

7 https://science.mcmaster.ca/radgrad/images/6R06CourseResources/4R6Notes3 GasFilled Detectors.pdf
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liberated in secondary ionization accelerated again through the electric field force, this
process still happened until they reach the anode known as Townsend avalanche, as it is show
in Figure 12.
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Figure 12: Principle of multiplications.

Called proportional counter (PC) is because the total charge produce within detector related to
the primary produced by incident radiation by this relation:

Q = ngeM, 2.2

Where Q is the total charge generated by n, pairs and M represent the average gas
multiplication .

2.2.3 Geiger-Muller counters
G-M counter work with the same principle with PC the only differences is that the
Townsend avalanche that happened in PC by the effect of radiation, heir in G-M counter will
occur many times along the entire of the tube of G-M counter. For this amount of electrons
reach the anode the detector cannot distinguish between the incident radiations, it just
recorded a count, non-matter what the type of incoming radiation.

Each Townsend avalanche may produce at least one photon (UV or visible photon)
from bremsstrahlung effect lead to generate another primary electron, which also subjects to
another chain reaction know as Townsend avalanche.

Dead time

When radiation enter the detector lead to create a pair ion, and this ion would
experience several event like migration, bremsstrahlung effect, Townsend avalanche, and so
on until the elections comeback to cathode. During this time G-M counter will not be able to
receive any external radiation for that reason called “dead time”.

8 https://science.mcmaster.ca/radgrad/images/6R06CourseResources/4R6Notes3 GasFilled Detectors.pdf
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In addition, as any detector need some time to return to its normal state to be able to
counting a secondary discharge or a period of stabilization of both electric field and
distribution of pair ion in the detector, sometimes called resolution time.

2.3 Non-gases detectors

2.3.1 Scintillation detectors
One of the most important ionizing radiation detection techniques. It uses a scintillator
as the detector's material support; this sort of substance might be solid, liquid, or gaseous. The
notion of incident radiation excitation effect is used to transform incoming radiation such as
beta particles, alpha particles, gamma radiation, or even neutron into light. These detectors
have two basic areas are the scintillator material, photomultiplier tube, and connector pins
which is connected to a counter to recorded a pulses it is in Figure 13.
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Figure 13: Scintillation detectors [7].

2.3.1.1 Scintillation detectors mechanism

When nuclear particle comes to the scintillators usually will excited the electrons from
the conduction to a valance band, and when the electron return to its normal state will lead to
emission of light which related to the incoming radiation, this light is the key will collide with
photocathode and liberated a primary electrons under the photoelectric effect. This primary is
directly directed into a photomultiplier tube that is responsible of amplification the primary
electrons through the dynodes, which has different voltage, lead to accelerate the electrons
and double them until they reach the connectors pins, the number of finale electrons reach
probably more the 10° electrons.

If the incoming radiation does not has a sufficient energy to excited the electron to the
conduction band in special kind of scintillator material, we usually add some impurities in
forbidden band which is located between the valance and conduction band, also called
activators as it is in Figure 14.
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Figure 14: Energy band structure of an inorganic scintillator®.

2.3.2 Semiconductor detectors

2.3.2.1 Introduction

This detectors use a semiconductor material as a material medium that experience the
interaction of the incoming radiation. This kind of detectors used widely in spectroscopy and
different field of technology. These detectors work with the principle of ionization as
ionization chamber, and have a high sensibility of light such as only the incoming radiation
need approximately 1eV to jump the electron from the valance to the conduction band or to
generate a hole-pair, while gasses detectors need probably 30 eV to ionizing the atoms.

The ionization energy in solids is proportional to the bandgap, so the bandgap sets the
minimum detection threshold.

E,=2.8E,+0.6eV, 23

Semiconductor materials are distinguished from other materials by their band gap
energy, which is roughly equivalent to 1eV, or the energy required to jump an electron from
the valance to the conduction band. As demonstrated in Figure 15, the electron becomes free to
move about the atoms and conduct electricity. Many key electrical gadgets rely on it as a
basic component.
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Figure 15: Different between conductors, semiconductors and insulators [9].

® https://www.mdpi.com/1996-1073/14/22/7701/htm
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2.3.2.2  Semiconductors types

To increase the amount of conductivity in a semiconductor material, there are two
different ways : by increasing the temperature or adding impurities (doping). These impurities
lead to modify the electrical properties and produce other types of semiconductors called P-
types or N-types depending on the nature of the valance shells of these impurities.

2.3.2.2.1 Intrinsic semiconductors

Silicon and germanium are the most often used semiconductors, both of which have
four electrons in their valance shells, making them pure semiconductors. They differ from one
another in a number of ways, as shown in the Table 1. The main reason we pick silicon over
germanium is that germanium is so temperature sensitive that we have to build a cooling
mechanism to minimize thermal excitation due to its smallest ban gap.

Table 1: Properties of Intrinsic Silicon and Germanium [3].

Si Ge
Atomic number 14 32
Atomic weight 28.09 72.60
Stable isotope mass numbers 28-29-30 70-72-73-74-76
Density (300 K); g/cm® 233 532
Atoms/cm?® 4.96 x 107 4.41 x 102
Dielectric constant (relative to vacuum) 12 16
Forbidden energy gap (300 K); eV 1.115 0.665
Forbidden energy gap (0 K); eV 1.165 0.746
Intrinsic carrier density (300 K); cm > 1.5 x 10" 24 x 10"
Intrinsic resistivity (300 K); {} - cm 23 x 10° 47
Electron mobility (300 K); em®/V - s 1350 3900
Hole mobility (300 K); cm?/V - s 480 1900
Electron mobility (77 K); em?/V - s 2.1 x 10 3.6 x 10¢
Hole mobility (77 K); cm?/V -s 1.1 % 10 42 x 10
Energy per electron-hole pair (300 K); eV 3.62
Energy per electron-hole pair (77 K); eV 3.76 2.96
Fano factor (77 K) 0.143 (Ref. 7) 0.129 (Ref. 9)
0.084 (Ref. 8) 0.08 (Ref. 10)
0.085 <0.11 (Ref. 11)
to  p(Ref.12) 0.057 }(Rcf_ 12)
0.137 0.064
0.16 (Ref. 13) 0.058 (Ref. 14)

Sowrce: G. Bertolini and A. Coche (eds.), Semiconducor Detectors, Elsevier-North Holland, Amsterdam, 1968, except where
noted.

There is a certain probability of turning the electron into a conduction bond under thermal
excitation described mathematically as:




(T) CT? Eg
= 2 _—
p exp ( ZkT)’ 2.4

where T is the absolute temperature, E, in the bandgap energy, K is the Boltzmann constant
and C is the proportionality constant characteristic of the material.

In addition, in pure semiconductors the number of electrons (n;) equal the number of
holes (p;) generated either by the ionizing radiation or under thermal excitation:

n; =p; 2.5

2.3.2.2.2 N-Type semiconductors
It is the case when impurities added has extract electron than the need to construct a

covalent band with surrounded atoms of pure semiconductor in their valance shells. This extra
electron will positioned in forbidden band near the conduction know as a Fermi level. This
extra electrons also called donor impurities, as it is shown in Figure 16(b), and may excited
into a conduction band just by thermal excitation as it is illustrate in equation (2.3).

For example, a silicon has a four valance electrons (tetravalent impurity), in this case to
produce N-type semiconductor, we need to add impurities has a five valance electrons
(pentavalent impurity)or element located in Group V of the periodic table as it is shown in

Figure 16(a). Notice the charge carriers in N-type semiconductor is electrons
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Figure 16: Representation of a donor impurity (phosphorus) occupying a substitutional site in a silicon crystal. (b)
Corresponding donor levels created in the silicon band gap

2.3.2.2.3 P-Type semiconductors
It is the case when impurities added do not have a sufficient number of electrons to

make a covalent band with surrounded atoms shells of pure semiconductor in their valance
shells, this need of electron refers to a hole, this hole is located near the valance band which
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create a acceptor level (Fermi level), as is shown in Figure 17(b). Those vacancies (holes) may
fill by the thermal excitation of the electron from another covalent band.

For example, a silicon has a four valance electrons (tetravalent impurity), in this case to
produce P-type semiconductor, we need to add impurities has a three valance electrons or
trivalent impurity or element located in Group 11l of the periodic table . Notice: the charges
carriers in this situation is a holes.
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Figure 17: Representation of an acceptor impurity (boron) occupying a substitional site in a silicon crystal .(b)
corresponding acceptor levels created in the silicon band gap

2.3.2.2.4 Heavy doped semiconductor
When the pure semiconductor experience a high impurities than the doped

semiconductor symbolized as P* and N7 .

2.3.3 Semiconductors as radiation detectors
The combination of different types of semiconductor can make a several devices in
different field of technology one of the most important role of those is photodiode works
especially when we collect this combination in reverse biased with HV.

2.3.3.1  PN-Junction
There is a certain event that can happen when we construct a PN junction. Firstly, there

is a certain amount of N-type negative charge moving in the P-type semiconductor, which
leads to creating holes in the N-type semiconductor, this process is known as the diffusion
(see Figure 18). This new distribution called depletion region also called barrier potential
differs from one type of semiconductor to another, for example silicon doped at 0.7 V and
germanium doped at 0.3 V.
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Figure 18: Combination of P and N type semiconductor® .

In addition, the energy diagram also experience a change until the PN junction reach the
equilibrium or until the formation of the depletion region (see Figure 19).
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Figure 19: Diagram of energy of PN junction before and after the equilibrium?1,

Notice if the combination between the two layer is similar than the junction called

homo-junction, if no it called hetro-junction.

2.3.3.1.1 PN junction + HV

The PN junction sometimes behave as a diode or photodiode depends the nature of
collection the junction with the external terminal of the battery.

10 hitp://hyperphysics.phy-astr.gsu.edu/hbase/Solids/pnjun.html

11 https://instrumentationtools.com/energy-diagrams-pn-junction-depletion-region/
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Figure 20: behavior of PN junction +HV[6]

2.3.3.1.1.1 Zero biased (photovoltaic mode)
In this situation the depletion region does not left the current flow through it, the PN
junction works as solar cell, which converted the light into an electricity.

2.3.3.1.1.2 Forward biased

Forward biased is the collection of p type semiconductor (also called the anode) with
positive terminal of the battery and the collection of N type semiconductor (also called the
cathode) with the negative terminal of the battery. In this case, when the predominant role of
the PN junction is diode when the applied voltage is high than the barrier potential V > Vgsee
fig 19 for the reason of decreasing the depletion region, see Figure 21.
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Figure 21: Forward baised mode?!2,

2.3.3.1.1.3 Revers biased (photoconductive mode)

Revers biased is the collection of p type semiconductor (anode) with negative terminal of the
battery and the collection of N type semiconductor (cathode) with the positive terminal of the

12 hitp://www.industrial-electronics.com/electric_mts--cntrl_syst--9.html




battery see fig 20. It is the case when the depletion region increase in its width which lead to
stop the current or just few current across the junction due to the influence of opposite charge
called revers current leakage (dark current) see Figure 22. The predominant role of PN junction
in this situation is photodiode.
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Figure 22: Reverse biased!3.
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In addition, from the curve show that the increasing of revers biased lead to break the
junction.

When the incoming radiation penetrate within the depletion region will produce a hole
pair, and before the electron recombine with a hole, both pair ion accelerated in opposite
direction under the electric field force, as the electron drift into N-type and hole drift into P-
type due to the influence of opposite charges (see Figure 23).
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Figure 23: Energy band diagram [10] .
2.3.3.2  PIN junction
It is a special kind of PN junction when we add an intrinsic semiconductor between P*

and N* heavy type semiconductor (see Figure 24), in this situation the width of the depletion
region becomes equal the width of the intrinsic region.

13 http://www.industrial-electronics.com/electric_mts--cntrl_syst--9.html
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Figure 24: Basic structure of PIN photodiode

In addition, PIN works in both photovoltaic and photoconductive mode (see Figure 25).
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Figure 25: Connections of PIN diode with a preamplifier to operate in: a) photovoltaic mode, b) photoconductive mode.

Pin photodiode work with the same principal of PN junction, the only differences is that
the both ions created by the radiation in depletion region would acquire a high energy under
the electric field due to the increasing the width of the depletion region lead to maximize the
efficiency and minimize the charge collection time.

2.3.3.3  Surface barrier detector

SSB made from a thin layer of N-type silicone, which etched by a special kind of acid
or alcohol to produce a P-type semiconductor that lead to create an active area, usually we
add a peace of gold and aluminum which serve as cathode and anode respectively to decrease
the current leakage.

Unlike the PIN diode, surface barrier is characterised by relatively thin dead layers. The
sensitivity of surface barriers to light is one of its possible drawbacks. Photons impacting the
detector surface can reach the active volume through the thin entrance windows, which are
optically transparent. Photon interactions can form electron-hole pairs because the energy of
visible light photons is greater than the bandgap energy of most semiconductors (2-4 eV)
which influence the detection of interest radiation we usually set up this detector in a darkness
place to eliminate this phenomena.




Figure 26 Surface Barrier Detector (photo prise au labo).

2.3.3.4  Properties of P_N junctions

2.3.3.4.1 Diffused Junction Detectors

At the point where the n- and p-type impurities reverse their relative positions, a
junction(depletion region) is formed some distance from the surface. As a result, a large
portion of the surface layer remains outside of the depletion zone, serving as a dead layer or
window through which incident radiation must pass before reaching the depletion region. This
dead layer can be a serious disadvantage in charged particle spectroscopy because a portion of
the particle energy is lost before the active region of the detector is reached. Also The active
volume of the detector is represented by the width of the depletion region, which may be
modified in partially depleted detectors by changing the reverse bias.

2.3.3.4.2 Leakage current

A minor current on the order of a fraction of a microampere is generally measured when
reverse bias is delivered to a junction detector. Internal bulk leakage (leakage current)
currents within the detector's volume can be created by one of two mechanisms. The majority
carriers could not across the P or N type semiconductor, However, both in cases, the minority
carriers are attracted and will be transported across the junction. In most cases, The minority
carrier current is low and is rarely a significant source of leakage.

Thermal production of electron-hole pairs within the depletion region is a second source
of bulk leakage. This rate will obviously increase as the depletion region grows in size, and it
can only be lowered by cooling the material.

2.3.3.4.3 Trapping and Recombination
Charge carriers are lost due to trapping and recombination, which reduces their average
lifetime in the crystal.




Once electrons and holes are generated in a semiconductor, they will transit either
spontaneously or under the influence of an applied electric field until they are collected at an
electrode or recombination occurs. In practice, lifetimes of charge carriers in pure
semiconductor before recombination are three or four orders of magnitude smaller than a one
second.

For a full detector charge collection, the carriers created by the passage of the incident
radiation should be collected before recombination. This condition will hold if the carriers'
collection time is short in comparison to their mean lifetime. The collection times is in the
order of 107 to 10® s and the carrier lifetimes is in the order of 10° s or more which are
usually sufficient.

The trapping is caused by impurities that act as traps for charge carriers in the sense that
if a hole or electron is captured, it will be immobilized for a relatively long period of time.
Although the trapping center ultimately may release the carrier back to the band from which it
came, the time delay is often sufficiently long to prevent that carrier from contributing to the
measured pulse which degrade the resolution.

2.3.3.4.4 Risetime

Is the time required to shape the output signal from, usually we prefer to measure it
from 10% to 90% see Figure 26 because the time from 0 to 10% is very fast and from 90% to
100% the signal do not experience a significant change. Rise time is very crucial to know if
the associated circuit to the detector response to this pulse or not.

Rise Time Definition

Amplitude {a.u.)

Time (a.u.)

Figure 27 : Rise time!“.

Semiconductor diode detectors are among the fastest of all the conventional
radiation detectors. The pulse rise time is on the order of 10 nanoseconds or less. The
charge transit time in the depletion region relates to the flow of electrons and holes
created by incident radiation across the region of high electric field. The time

14 https://www.thor labs.com/newgrouppage9.cfm?objectgroup_id=9817
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necessary for complete movement of these charges from their point of production to
the opposing extremities of the depletion area limits the rise time of the output pulse.
In total, these times are minimized in detectors with high electric fields and small
depletion widths, since the depletion width is fixed then the transit time decreases
when the bias voltage is increased. However, with partially depleted detectors, the
depletion width grows as the bias increases. As a result, a higher bias voltage increases
the electric field as well as the distance over which charges must be collected.

2.3.3.4.5 Capacitance
The PN junction act as a capacitance when it collected on revers biased and there is a
proportionality between reverse biased and the capacitance is given.

W, the width of the extend junction is given by:

2e(Vy + Vy;
W, = ’% 26

Vi is barrier potential typically 0.5V, ¢ is the electrical permittivity constant.

where:

N is dopant concentration,

Moreover, the values of the capacitance depends on the width of the depletion region:

c A y ceN
=e——=A | 2.7
Wy 2(Vy + V1)

For Vb > Vbi:

1
Coo— 2.8

N

In the case of PIN junction when we fixed and expend the width of the depletion region
(becomes larger), in this case the diode serve as a low capacitance.

:



Chapter 3

3 Detector Signal Processing

3.1 Electronic associated to detector

Signal processing plays an extremely important role in extracting useful information
from detectors current signal. Two important information type are extracted: the amplitude
(proportional to the energy) and timing. Typical detector associated chain is sketched in
Figure 28. It involve mainly three stages: the preamplifier, the shaping amplifier and the
Multi-Channel Analyzer (MCA) which incorporate the analog to digital converter.

INCIDENT SENSOR PREAMPLIFIER PULSE ANALOG TO DIGITAL
RADIATION SHAPING DIGITAL DATA BUS
CONVERSION

i I N\

Figure 28 : General Detector chain configuration[12].

3.1.1 Preamplifier.

The Figure 28 show the detector input equivalent circuit, the detector provides a pulse
current following the incident radiation interaction. This current is collected at the external
circuit and shaped in a form which deliver the type of information needed. We distinguish two
mode of operation to represent the signal detector at the output of the preamplifier : the
current mode and pulse mode.

3.1.2 Current mode

Generally when the radiation activity is high compared to circuit or detector response,
the current mode is used. This method measure the average dc current produced by the
interaction between radiation and material medium of detector, as it is show in Figure 29.




Detector :@
——

i(t)

p— _ f—— _ —_————— —_— _—

Figure 29 The measure of average current

Mathematically this average current described as:
1,0t . ,
I(t) = p i) de’. 3.1

T: the average time required to recorded current | .

3.1.3 Pulse mode

This option allows us to study each individual quantum of radiation alone distinguished by its
amplitude and shape. This mode is usually affected by the components of the associated
circuit (the preamplifier, resistance, and capacitance of the circuit).

The equivalent input detector circuit is shown in Figure 30

I‘.

Bias =~ Detector )
Qo1

Cﬂpﬂl:ii‘or -
ummgen X oy H_II I
I‘-\:'__,-/III - B

' oB

Figure 30 Equivalent Detector Circuit

The current pulse detector has the form sketched in Figure 31




i(t)
lc

i(t)ydt =0

(=)

Tl'me — e

The shape of the pulse at the output circuit is given by
t
Ve (t) = Ryl (1 — e‘R_Cc) fort<t..
3.2
313.1 Casel (t=RC)K t,

In this case we can neglect the exponential term in the equation (3.2) we get therefore:
_tc
Ve(t) = Rolo (1 - e7R¢) = Ry . 3.3

The current flowing through the resistance is equal to the current produced by the
interaction within detector. Also the voltage produced in the circuit, appear nearly the same
time with the same image of the pulse current detector. Figure 32(b).

3.13.2 Case2 (t=RC)>» t,

In this case by taking Taylor approximation we get:

tc
Ve(t) = Ryl (1 —e Roc> = R, 1, <1 -(1- thc)> = R,l, Rtocc =2 34

0

We deduice:

O

3.5

The signal at the output circuit is proportional to the charge produced within the detector
(charge to voltage conversion). The Figure 32 illustrate the two case.
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Figure 32: (a) The assumed current output from detector. (b) The signal voltage V(t) for the case of
a small time constant load circuit. (c): The signal voltage V(t) for the case of a large time constant
load circuit.

We remark in eq.3.4 that the circuit output signal increase with decreasing the capacity
that integrate the charge, in other word the sensitivity of the circuit increase by decreasing
capacity value. In the simple form of the circuit of Figure 30, the capacitance can vary
strongly by any components in the circuit (detector or cable capacitance) which degrade the
sensitivity and resolution of the circuit.

The solution to this problem is the use of the circuit sketched in the Figure 33.

Cr
|
I
i A o
—1 ; + Ir:.i'tll'
Cy——  Va=Vi ’
‘:'

Figure 33 : Typical charge preamplifier configuration

A high open loop gain (A>>) amplifier is used with our capacity of interest used in
feedback of the amplifier. In this configuration, the signal at the output keep the value of Ci
7

32 ~




but here the capacity Cy is virtually insensitive to any input capacitance (detector, stray and
parasitic capacitance). This become possible as the feedback capacitance C is viewed at the
input as Cy times the amplifier open loop gain Cr(A4 + 1). By consequence, all the maximum

detector charge is transferred to the feedback capacitance while keeping this capacity as low
as possible to increase sensitivity without any effect of other capacitance on the input.

3.1.4 Amplifier:

The signal at the preamplifier output still need other shaping and amplification to
extract the energy distribution with a best resolution by increasing signal to noise ratio. The
Figure 34 show the general configuration of an amplifier.

HIGH-PASS FILTER LOW-PASS FILTER
"DIFFERENTIATOR" “INTEGRATOR™

Figure 34 : Configuration of an amplifier

The amplifier involve mainly a low and high pass filter (Figure 34). The high pass filter
is referred also as differentiator to reduce the pulse duration and avoiding pile-up in high rate
activity. The low pass filter is referred as an integrator that smooth and reduce pulse noise. An
extensive study in literature showed that a maximum of signal to noise ratio is achieved when
the differentiator and integrator time constant are equal.

3.1.5 ADC Resolution

The ADC device convert the analog value at its input to a binary value at its output. The
bit number of the output define the ADC resolution. For example suppose that the input
voltage span between 0 and 10 volt and the ADC has a 8 bit binary output, therefore the
number of value which the input are divided and converted to numerical value is 28 = 256
value or quantum (10V/256 =39 mV). If we choose 12 bit ADC we obtain 212 = 4096 value
or quantum (10V/4096 =2.44mV) and we see that the resolution improve by increasing the
ADC bit number.

3.1.6 MCA,
Multichanel canal analyser establish a discretization of the amplitude of the peak shaped
pulse at the amplifier output to a successive and cumulative quantum of amplitude
proportional to the energie AE this discrete amplitude is converted to a numerical value by an
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analog to digital converter (ADC). This numerical value for each amplitude become the
address of the channel (or the bin) and its content is incremented for each pulse having the
same amplitude. This lead to the distribution of incident energy and its rate occurrence which
is called spectra.

3.2 Pulse height spectra
It is a way to study a large number of radiations treated by pulse mode, which is special

kind of energy distribution shows us the relation between Z—Z and H as it is in Figure 35,
where:

dN': Is the differential of pulse number recorded,
dH: Represents the differential amplitude recorded .

From Figure 35, we can deduce several information about the energy of incoming
radiation such as the repetition of number of pulse with amplitude between H1 and H2:

Hy dN
N=Jy g AH. 3.6

AN
dH
Differential pulse
height spectrum

Differential number
of pulses per
differential pulse height

I

l

|

l

l

|

l 1

H, H, Hy! Hy Hsl
Figure 35: Displaying the differential of height stpectrum[4].

H;: is the very low amount of pulse have recorded.

H,: is the very large amount of pulse have recorded.

Hs is the minimum high pulse without any repetition.

From these we can precise the type and the energy of the incoming radiation

3.3 Energy resolution
One of the most important roles of any detector is to display the energy distribution of
incident radiation, which described in term of radiation spectroscopy. This distribution may
be accuracy or not depends the quality of the detectors, as it is show in Figure 36.
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Good
resolution

Poor
J resolution
I

Figure 36: Peak distributions for good and poor energy resolutions [4].

Good resolution (with small width) indicate that the detector is measure the energy
radiation with high accuracy, vice versa poor resolution (with large width), the detector
measure the energy of incoming radiation with low accuracy or we don’t know exactly what
the energy of incoming radiation (not distinguish between two radiation).

The energy resolution of any detector described mathematically as:

FWHM

Resolution R = as it is show in Figure 37.

dN E
aH Resolution R = o
Hy,

YR2fF——m————
FWHM

Ho H

Figure 37: Full Width at Half Maximum (FWHM)[4].

This resolution is ranged from 0 to 100% and varies from detector to detector for
example the resolution of gamma ray with semiconductor detectors on generals is 10%.

3.4 Efficiency
The aim of any detector is to record an output pulse when radiation interact within
detector, this operation may be affected by several things like the thicknesses of detectors, the
level of penetration, or even where the source and detector located. That surly lead us to
precise and defined the efficiency of the detectors.
The efficiency conventionally divided into two class absolute and intrinsic efficiency where

number of pulses recorded

(Absolute)

Eabs = — .
s = number of radiation quanta emitted

and

:



number of pulses recorded
"~ number of quanta incident in detector

Eint (Intrinsic)

If the signal coming from the detector controlled by pulse high spectra, then we define
the total efficiency (full energy peak efficiency). Which is related of the entire specter
recorded (all pulse recorded with different energy), and peak efficiency indicate only the

incoming radiation when deposit all its energy, this energy always appear as a peak, as we can
see in Figure 38.

“Full—energy
peak "’

H

Figure 38: Example of the full-energy peak in a differential pulse height spectrum [4].

The famous relation between these efficiencies is the peak-to-total ratio r:

Epeak
r = P

3.7
Etotal

:



Chapter 4

4 OPF430 PIN Photodiode Characterization.

4.1 Introduction
The goal of this part of work is to characterize the PIN photodiode OPF430F in its different
aspect. It is encapsulated in a TO-18 package Figure 39. Its features is given in the Table 2.

Anode J‘, Cathode

(b)

Figure 39: OPF430F photodiode ; (a) with package (b) electrical symbol

Table 2 : Electrical charactiristic

Maximum Reverse Voltage 100 vDC
Electrical Characteristics (Ta= 25° C unless otherwise noted)
SYMBOL PARAMETER MIN | TYP | MAX | UNITS TEST CONDITIONS
R Responsivity 0.45 | 0.55 A/W |V =5.0V; 50/125um fiber; A = 850nm
Ip Dark Current 0.1 5.0 nA Vg = 5.0V
Ay Peak Response Wavelength 905 nm
t, Output Rise Time 2.0 ns Vg =5V; R, = 50W, 10%-90%
G Total Capacitance 15 2.0 pF Vp=5V
FoV Field of View 80 deg




4.2 Experimental banc
Two experimental banc was set up. The first is intended to collect the dark current, the
second is intended to get the energy distribution (spectra) of the radiation particle and timing
property (signal shape and speed) of the signal detector.

A support for PIN photodiode and the radiation source was designed and manufactured
in the mechanical workshop although, this support was not convenient for alpha particle test
because this charged particle need a vacuum medium, therefore this support was replaced by
an adapted one used with the barrier surface detector showed in Figure 41.

(a) (b)
Figure 40 : Support of radiation source.

Conceived support with polyethylene materiel. The duplicated discs showed in (a) are
used to vary the distance of the source from the PIN photodiode detector.

(b) (c)

Figure 41: Alpha particle support and vacuum : (a) A general view with the pump vacuum, (b) an inside view of the
enclosure with barrier surface detector attached at the center of the cover of the enclosure, (c) PIN photodiode adapted

to the barrier surface detector support.
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4.3 Leakage (or Dark) current
We use a low current measurement apparatus, the keithly 617 electrometer capable of
measuring a very low current (below than Pico-ampere). The measuring circuit is sketched in
Figure 42 : Leakage current measurment circuit. At the right the keitly 617 electrometer.

The photodiode window was covered by a dark stripe to avoid visible light induced
current. We increase the voltage by a step of 10 volt and we record the different current value
displayed in Table 3.

Ay Kl
2821 OPF430F
VA
2l w
- Keithl
i 617

Figure 42 : Leakage current measurment circuit. At the right the keitly 617 electrometer.

Table 3 : Revers biased VS leakage current

V(volt) I(pA)

18,44 25
30 28
40 30,3
50 33
60 36
70 40,2
80 46,5
90 59,23
100 93,5




leakage current VS reverse biased voltage
100
80
60
40
20

leakage current (PA)

0 20 40 60 80 100 120
voltage(V)

Figure 43 : Leakage current

We can notice the very low dark current value (36 pA at 60 volt). The current grow
quickly from 85 volt. At 100 volt we can confirm the maximum reverse voltage limit given in
the photodiode datasheet (Table 2).

4.4 Photodiode Capacity.

The OPF430F photodiode has a very low junction capacitance (see datasheet in Table
2). This made its experimental measure somewhat difficult (with respect to time constraint
dedicated to this project)

4.5 Alpha radiation measurement

451 Experimental Banc
The OPF430F pin photodiode will be tested in its spectral and timing aspect. The Figure
44 show the instrumentation chain used for this purposes. The various modules in this chain
are the detector high voltage bias, the preamplifier, the amplifier and the MCA. The
oscilloscope is used for observing the signal shape and timing.

amplifier
biased

Figure 44: The used detection chain. The MCA and the oscilloscope are not visualized.

E



4.5.2 Radiation Source.
We used the Am241 and PU239 source Figure 45 The primary peak energy of alpha
particles and low gamma energy of the source are included in the Table 4.

N
' M 2o itatioingy nsiing
Ragieva 128811, 102 00 Pratia 10

Radionuclide: Am-241 + Py-228
Type: EA 14 y

Serial No . 300815-1502005
Activity: 1,446 kBq

Ref, date. 30.10.2015

Radioactive standard ¢\'. \
vy

Figure 45: Am-241-Pu-239 Radiation source

Table 4: Energy liberated by AM-241 and Pu-239

Source Date of Activity Most probable Peak energy | Probability
fabrication (KBQ) (MeV)
. 30-10-2015
Half-life: 13.6 keV- gamma rays 0.44
432Y, 1.446
Pu-239 with 5.15 Mev- alpha 0.733
) 30-10-2015
Half-life:
24.111Y,

4,53 Experimental Protocol
For an adequate characterization of the OPF430 photodiode and to highlight the
influence of some semiconductor parameters on its features (resolution, efficiency, speed), we
have adopted an experimental protocol, which consist of:

- The use of the barrier surface detector for comparison purposes.
- Measurements will be taken with and without bias voltage.
- Spectral energy distribution acquisition.

- Preamplifier output signal acquisition.




4.5.4 Signal Acquisition.

4.5.4.1 OPF430 PIN Photodiode Signal Acquisition.
The Figure 46 shows the signal rise time at the output of the preamplifier which
correspond to the detector charge collection time with and without polarization.

(a) — (b)

Figure 46 : Rise time at the preamplifier output : (a) without voltage biasing; (b) with voltage biasing.

4.5.4.2 Barrier surface Signal Acquisition.
The Figure 47 show the signal rise time at the output of the preamplifier which
correspond to the detector charge collection time with and without polarization.

45473 Results discussion

As we can see, in both detectors the voltage biasing reduces the rise time that reflect the
charge collection time. The bias voltage speed up the hole-electron pair collection. We remark
a slight rise time reduction in PIN photodiode (14%) detector compared to the barrier surface
detector (62%). This is due to thickness of the semiconductor wafer and therefore the
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depletion layer. This difference in thickness (depletion layer length) make a difference in time

collection favorited by bias voltage.

4.6  Spectra Acquisition
4.6.1 OPF430 PIN Photodiode Spectre Acquisition.

The OPF430 photodiode's glass windows were removed to prevent alpha charged
particle stopping. The acquired spectre is displayed in Figure 48 and smoothed and zoomed in

Figure 49.
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Figure 49 : OPF430 PIN Photodiode (zoomed) spectre with and without biased voltage. The tail in the non polarized

spectre is due to the trap effect [6].




4.6.2 Barrier Surface Spectre Acquisition.

The spectrum is displayed in Figure 50 below:
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Figure 50 : Am241-PU239 alpha spectra with SSB
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Figure 51 : PIN photodiode spectrum displayed by MCA firmeware with spectrum features.




The MCA energy calibration give (by using the two peak energy in Table 5)

Table 5 : Relation between channel and energy

channel energy(keV)
2392 5150
2551 5480

E(keV) = 2.07 = x + 185 where x(in channel number)

We get the respective resolution for 5.48 MeV peak (FWHM) in Table 6.

Table 6 resolution for both spectrum(with and without HV)

Non Polarized (keV) Polarized (keV)
PIN photodiode 38.43 45
Surface Barrier 83 36

4.6.3 Result discussion
First we can notice the relative good resolution of the pin photodiode (45 keV)
compared to the surface barrier detector (36keV). For alpha particle of 5.48MeV energy, the
theoretical resolution is 3.47 keV and in practice tends to be no better than 10 keV [6].

We can notice also the net difference between PIN photodiode and surface barrier
detector due to their inner structure (thickness and the presence of dead layer). There is a
slight shift in PIN OPF430 spectrum after polarization due to the reduction of recombination
pair compared to surface barrier.

4.7 Spectroscopy of gamma ray at low energy
For the reason of the capacitance limit used in preamplifier (0.1pF), the signal produce
with gamma rays has energy 13.6 keV is very weak and theoretically describe as:

The number of holes pairs produce by ionizing radiation in silicone is:

N = E
=35 4.1

The charge Q produced by ionizing radiation is proportional to the incoming radiation such
as:

Q=N.e 4.2

The signal creates due to the incoming radiation is:

"

C 4.3

For gamma rays has energy 13.6 keV:

:



_13.6%10° % 1.6+ 107%°
~ 3.6%0.1%x10712

= 6.04mV 4.4

The value of 6.04 mV is the signal produced by the incident gamma rays. We know
theoretically for this kind of radiation that in the experiment only a fraction of this charge is
available, half in the optimal case"[13]. It becomes 3.02 mV in our case. So, it is very low and
for this reason we cannot have a satisfactory signal displayable on the MCA.

The Figure 52 show the gamma signal acquired by the OPF430 photodiode and we remark
that is partially burried in noise.

Ch1 RMS
2.36mv

Ch1 Rise
84.76us

Ch1 +width
60.24ns
Low
resolution

Ch1l 10.0mv" M40.04s A S

0 10.00%

Figure 52 : Gamma signal at the preamplifier output (upper) and the corresponding amplifier output (down). The signal
need more preamplification to be useful.
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To rise the amount of signal we have to build a high sensitivity preamplifier with
special topology [14].
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Chapter 5

5 Monte Carlo Simulation study

5.1 Introduction

In a term of interaction between radiation and matter the incoming radiation may
experience a several phenomenon during its transportation like absorption, dispersion, losing
of energy, or even create secondary particles depends the nature of particle, the energy of
particle, nature of interaction, and even the surrounding environment. The best way to
simulate the behavior of particles during its movements is Monte Carlo programs by its
various codes like EGS, ITQ, MORSE, MCNP, SRIM, TRIPOLI, GEANT etc.

In our study, we will focus on the study of MCNP version 5, and SRIM codes. First
MCNP5 on general used to study the interaction of electrons, thermal-fast neutrons, and
photons with matter. It developed by Los Alamos laboratory in USA, as it becomes able to
study the photon has energy ranged from 1keV to 1GeV, this development continued until the
MCNP5 become an important part of different field of technologies like medical, military,
dosimeter, and without forgetting transportation of particles. Secondly, SRIM Monte Carlo
used mainly for studying the target of charged particle that mainly used as a tool of
calculation, this code has written and developed by a Canadian group in Quebec.

In a term of history, Monte Carlo is name of huge place of gambling, scientist at that
time inspired this name when they tried to solve the problem of neutron’s transportation, they
create a method based on the statics and probability.

5.1 MCNP structure and mechanism of working
MCNP as any program has input file to define the problem and the output file to get the
result of the study. The input file constructed from three main areas is cells card, surface card,
and data card respectively see Figure 54. Each card has a significant role to define the problem.

Message Block {optional}
blank line delimiter {optional}
One Line Problem Title Card
Cell Cards [Block 1]
blank line delimiter
Surface Cards [Block 2|
blank line delimiter
Data Cards [Block 5
blank line terminator {optional}

Figure 54: Structure of input file of MCNP

:



5.1.1 Surfaces

It is very important to discuss first about the surfaces despite it’s located after the cells
card in the structure of MCNP program. Because the cells are made by the thanks of surfaces,

it’s the main part of constructing the shape of our study like detector, or reactor.

common surfaces are gathered in Table 7:

Table 7: MCNP Surface Cards[13]

The most

Munemonic Type Dhesscriplion Equiat bosin Carnd Enlries
F prlame gemeral Ar+ By+Cz— D=1 ABRC D
PX normal Lo r-axis x—DO=0 I
Py mormial Lo geaxis g— =1 I
P& norpal Lo z-axis D= o
SO splvere contared at origin a _J.l" = B =0 R
S merserl [x—=F] (r—aF+I 1< — <= FgER
X centersd on r-axis r—FF+p'+z*—H'=0D PR
Y centersd on geaxis L Hly—gr+t-R=0 o i
S centers] on s-axis =4+t (z—ZF—HE=0 = R
N ey limder parallel Lo r-axis v —§" +(z—= — =0 #ER
Y parallel 1o p-axis {x — F) (z—2p*—H*=1 FI R
2 parallel 1o z-axis r—IF +ily—grr—H'=0 Fg R
. 06 reaxis - =0 i
™ Ml T-Axis 4=t —RHE=0 "
CE ML Z-AXis 4wy R=0 "
N N parallel Lo r-axis W in—)t + (z—2 —lx—F)=0|Fgz " =1
K'Y parallel vo p-axis ok =— ¥ —ly—Fl=0| Tz =1
B E parallel o z-axis ks *+i{y—p)rF —lz—Z=0| Fgz et =1
X [0 T=Axis VR + 22—t —F =0 FIE+1
Y ML -iLxis Vit + 22—ty —gl=0 T == |
KZ ML Z=ixis wrtt gt — bz —Z=0 = = |
+1 uwsedd only for 1-sleet cone
S0) ellipsoid axis parallel Alr -2 + By -5l +Cz—22 |ABRCDE
hyperboloid | o w-, g, or z-axis L+ ¥xr — F) 4+ 2E(g — i7) Fiz 5@ =
praralsolobd FEF [z —ZE)+ @ =1
30 cylinder, cone | axis oot grarallel Arf + By " + C=" + Dry 4+ Eyz |ABC D E
ellipsoid L =, g, OF Z-axis +Fzr+ G+ Hy+Jz+ W=0| FGHJK
praral=losd
liypeerboloicl
TX ellipd beal o TPBT + (Wiy—gR + -2 AP/ Cr -1 =0|FgzABC
circular tors.
™ Axis 1= {y—&1" /B= 4 [+(x < zt—EF — AP —1=0|FEFzA B C
paarallel to x-,
TZ =, Of Z-axis [z— 2P B + (W o—EP + (w— — AP/ C* - 1=0|EFzABC

5.1.1 Cells card

Cell is the union, intersection or components of many regions (surfaces) to get a special
volume or a part of the shape of the interest devices or where the problem is. This section in




MCNP used to define the cells by a special form such as their number, density, geometry, and
their importance respectively, positioned in the first card in the structure of MCNP as:

A m d geom. Imp:x=1
Where
A: cell number
m: material number
d: density of the material
geom.: specified the location of cell between its surrounding surfaces
imp:x the importance of the of the cellule usually either equal 1 or 0, O refers to the vacuum

Notice there is an alternative way to define the surfaces and cells, known as macrobadies see
manually guide MCNP it’s very easy.

5.1.2 Data specification
This block will persist the problem and control the result by specify the type of material,
radiation source with its energy and the type of result know as tally.

5.1.2.1 Material specification

This card will define the type of material that we have discuss in block 1, but not
include the density of this material. Usually used the notation ZZZ.AAA.nnx called ZAID,
where z is the atomic number and A is atomic mass number, while nn is the cross section of
interaction, and x refers to the class of data it may be: C, D, T, Y, and P.

Where

C: continuous energy
D: is discrete reaction
T: is thermal

Y: dosimetry

P: is photon

5.1.2.2  Source of radiation

The command SDEF is the key to persist the type of radiation that you want to define,
this command always has followed by several variable to more persist the radiation like
energy, location of the source, weight of particle, ext. All of this related variable is gathered in
the Table 8.
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Table 8: Source variables for the SDEF command.

Variable | Meaning Drefault
CEL cell determined foom XXX, YYY, ZZE and possibly UL
VAV, WY
SUR aurface 0 (means cell souros)
ERG energy | Mel') 14 WeV
DR g, the cosine of the angle between | Volume case: g is sampled uniformly in [-1.1]
VEC and UL, WWV, WWW. The | (isctropic). Surface case: p(p) = 2p for ge[0, 1] (cosine
azimuthal angle i always sampled | distribution).
uniformly in [0, 2x]
VEC reference vector for VEC Volume case: reqguived unbess isotropic. Surface case:
vector normal to the surface with sign determoined by
NRAM.
NRM aigm af the surface normal +1
P& reference  point  for  positioning | 0,0, (0
sampling
RAD radial distance of the position from | 0
POS ar AXS
EXT Coll case: distance from POS along | 0
AXS. Surface case: cosine of angle
from AXS
AXS reference vector for EXT and RAD nio divection
X w-coordinate of position no X
b v-ooordinate of position no Y
z z-eoordinate of position no £
e cookie-cutter cell no cookie-cutter cell
ARA area of surface (required only for di- | none
rect contributions to point detectors
from a plane surface souree
WiLT particle weight 1
EFF reference officiency criterion for po- | 0001
sition sampling
PAR type of particle source emits = | [meutron ) if MODE Nor Por NP E; = 2 {photon)

if MODE F; =3 [electron) if MODE E

For example if we want to define a plane source, perpendicular to z axis with x=10cm and
y=15cm

¢ -—— rectangular plane source centered on the origin and perpendicular

c to the y-axis. This uses a degenerate Cartesian volumetric source.

c

SDEF P0OS=0 0 0 X=dl Y=d2 Z=0 PAR=2 ERG=1.25

SI1 -10 10 $ sampling range Xmin to Xmax

SP1 0 1 $ weighting for x sampling: here constant \'
512 -15 15 $ sampling range Ymin to Ymax

SP2 0 1 $ weighting for y sampling: here constant




5.1.2.3
This command symbolize in MCNP by F, to persist the type of result such as efficiency,
energy deposit, surface current, ext. depends the need of our study (see Table 9).

Tallies

Table 9: Types of tallies available in MCNP. The type of particle tallied is denoted by pl [9].

Mneumonic  Tally Type particles pl Fn Units  *Fn Units
Fi:pl surface current NorPorNPorE # MeV
F2:pl average surface flux NorPorNPorE # /cm2 MeV/ch
Fa:pl average flux in a cell NorPorNPorE #/cm? MeV /cm?
FMESH4 : pl track-length tally over 3D mesh NorPor E #/cm? MeV /cm?
F5a:pl flux at a point or ring N or P # /cm? MeV /cm?
FIP5:pl pin-hole flux image Nor P # /cm? MeV /cm?
FIR5:pl planar radiograph flux image Nor P #/cm?® MeV /cm?
FIC5:pl cylindrical radiograph flux image N or P #/cm? MeV /cm?
F6:pl energy deposition Nor P or N,P MeV/g jerks/g
F7:pl fission energy deposition in a cell N MeV/g jerks/g
F8:pl pulse height distribution in a cell P or E or P,E pulses MeV

5.2 Construction of OPF 430 pin diode by MCNP5
In This study, we used MCNP5 for modeling and simulating OPF 430 PIN diode. The
Figure 55 shows the real structure and the design of OPF 430 that modeled by solid works
program to simplify the identification of surfaces and cells (volumes) of real structure of P-N
junction to build up the input files of MCNP5.

N-typesilicon  P-type silicone

Figure 55: Modeling OPF430 pin diode by solid works (Photo taken on site and modeled by solidworks).

The dimensions of OPF 430 diode are:

Window or glass is above appear in light gray color in a top with 1mm thick and 1mm?

The aluminum appear as a green color act as P* with 0.2um width,
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Air between glass and detector, which separated by 1cm,

S10zis in bleu appear in two-region take a role of N* doped silicon with 30um,
Silicon appear in grey act as a depletion region between yellow and blue has 300um,
The white color pointing to the vacuum outside the detector.

The detector is modeled by MCNP5 (see Figure 56).

Figure 56: model OPF340 PIN diode in MCNP 5 where (a) is is the top of detector(x y) and (b) is side of the detector (x z)
axis (Photo taken on site and modeled by solidworks).

5.2.1 Penetration of radiation
Before discussing the characteristic of pin diode, we need first to simulate the

attenuation of different radiation to guarantee the arrival of the interest radiation in the
detector.

5.2.1.1 Attenuation of x ray in glass
The Table 10 obtained by MCNP5 shows the penetration of photon with different energy in

paper:

Table 10: Efficiency of gamma rays

Energy number
(keV)
5 0,00E+00
10 1,50E-05
15 1,20E-03
20 3,60E-03
50 7,58E-03
500 8,03E-03
1000 8,05E-03




The curve in Figure 57 that obtained from the table above shows the penetration of photon

with different energy in a window of the pin diode:

PENETRATED FRACTION

0.8

0.6

0.4

PERCENTAGE

0.2

1 10

Figure 57: Penetration of gamma rays in the glass of the PIN diode.
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The conclusion that obtained from this simulation is that, the number of photon
penetrate the glass depends the energy of incoming photon. When the photon has energy
ranged from zero to 10, keV there is no photon cross the glass, and if the photon has, energy
raged from 11 keV to 25 keV, approximately 10 % from the photon cross the glass. The
growth of number of photon penetrate the glass continue with the increase of energy until it
reach probably 100% when the photon has energy equal 80 keV and above.

5.2.1.2 Attenuation of x-ray in paper

Obtained by MCNP5, Table 11 shows the penetration of photon with different energy in

paper:

Table 11: Penetration of x-ray in paper.

Energy Nombre of radiations
(keV) crossing the paper
2 1,95E-03
5 1,61E-01
7 2,05E-01
10 2,25E-01
15 2,32E-01
20 2,34E-01
25 2,35E-01
35 2,35E-01
50 2,35E-01
70 2,35E-01
100 2,35E-01
120 2,35E-01
150 2,35E-01

The curve that obtained from the table above is in Figure 58.
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Figure 58: Penetration of gamma rays in the window of the PIN diode.

From this curved we can deduce that when the photon has energy equal 5% and above,
then probably the majority of x rays become able to penetrate the paper.

5.2.1.3 Attenuation of alpha particle in paper
The picture below obtained by SRIM® Monte Carlo shows the path of alpha particle in
paper of 4000A width:

Figure 59: Path of alpha particles in the paper.

We can deduce from the picture that the alpha particle cannot penetrate the paper that
has a width of 4000 A, so in our experience if we want to stop the alpha particle or just we
were interesting X and gamma ray at low energy, then just we need to cover the source of

Americium by the paper to guarantee the stooping of alpha particle.

Table 12 : Stopping power

lon dEfMdx  dEfdx Projected Longitudinal Lateral
Energy  Elec.  Muclear Range  Straggling Straggling

10.00 ke 2.019E-01 3.635E-02 938 A GO0 A 430 A
11.00 ket 2119E01 3.BB4E-02 10294  B37 A 5254
1200 ke 2216E01 3.544E02 1119 A EB/1A 558 A
1300 ke 2315E01 3.416E-02 1208 A 704 A B39A

15 James F. Ziegler, SRIM - The Stopping and Range of lons in Matter, http://www.srim.org/




e Nuclear stopping is carried by a collision between two atoms, and can be described
by classical kinematics. Nuclear stopping is elastic in nature and the energy lost by the
incoming ion is transferred to the target atom, which is recoiled away from its lattice
site. This process is responsible for the production of lattice disorder and most of the
damage to the crystal structure of the target material.

o Electronic stopping is caused by interaction with the electrons of the target.
Electronic stopping is inelastic in nature and the energy lost by incident ions is
dissipated through the electron cloud into thermal vibrations of the target material®.

e The relative importance of the two processes depends on the energy E and the atomic
number Z of the ion. Note that nuclear collisions dominate at low energies and electronic
collisions at high energies. For light ions electronic collisions will dominate where as for

heavier ions nuclear collisions will dominate.

5.2.2 Efficiency of gamma rays

One of the most important result of our study by MCNP5 is to obtain the efficiency of

OPF430 PIN diode of gamma ray detection with different energy, because gamma rays are

experience a significant change in the experiment not like alpha particles, it is very necessary

to the correctness of our study using this programs.

Table 13: Efficiency of gamma rays

E?kir\é;/ Efficiency
1 0,00E+00
4 3,70E-02
5 1,99E-01
6 4,43E-01
7 6,76E-01
10 1,00E+00
15 6,69E-01
20 3,50E-01
30 1,11E-01
40 4,72E-02
50 2,23E-02
60 1,26E-02
70 7,63E-03
80 5,20E-03
90 3,75E-03
100 2,84E-03

The curve in Figure 60 that obtained from Table 13 is:

16 http://www.jhaj.net/jasjeet/tcad/Learn3/13d.htm
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Figure 60: Simulate efficiency of gamma rays.

5.2.2.1 Discussion
The graph above shows the changes of detector efficiency depends the energy of incoming
radiation In OPF 430 PIN diode.

At energy of gamma rays equal 10 keV the efficiency reach its maximum such the detector be
able to capture all the incoming radiation. The efficiency dropped with the increasing of energy, at
energy equal 100 keV the efficiency become 0%.

This result is very similar to the experimental data published in different papers [14].

Intrinsic efficiency

1 10 100
Energy ( keV)

Figure 61: Simulate efficiency of gamma rays
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General Conclusion

In this work, we combined MCNP5 simulation and experiment to study the characteristic of
OPF430 PIN diode. We focused on efficiency and resolution parameters to define the quality
of this new detector. We also see the effect of the reverse bias on these parameters and
compare our result to those found by the SSB detector. The results are as follows:

e OPF430 becomes an alternative instrument and a good choice for detecting X-ray,
weak gamma and alpha particle. We got a good spectrum of alpha particles. We
also obtained a weak X-ray spectrum due to the low capacity used in the
preamplifier although the result was still satisfactory.

e OPF430 PIN diode has 100% efficiency for low energy gamma ray (~10 keV)
while dropped into 0% at energy 100 keV .

e Good resolution obtained by OF 430 PIN diode, probably the same with SSB.

e 100% efficiency assumed for alpha particle obtained by OPF 430 PIN diode like
SSB detector.

e The skew effect for the spectra is due to a charge multiplication that produced by
the radiation such that there is no recombination of charges. we have the same
observation for SSB but very clearly because of its great width of its active zone.
this leads to confirming what we obtained by PIN diode.

e The rise time decreases when the reverse biased reference is increased due to the
acceleration of the charges, which also leads to confirmation that the
recombination of the charges becomes insignificant.

e The increasing of reverse biased improve the efficiency and resolution, on the
other hand increase the dark current.

e \We observed a spurious peak in the alpha and gamma ray spectrum, this may be
due to the edge effect of the PIN diode, we need to take more data to understand

where it is coming from.

We hope that researchers in this field will continue to explore and develop this detector
to improve its sensitivity. However, they can add Peltier cooling or liquid nitrogen to reduce
noise or minimize thermal excitation which will allow it to become more accurate for gamma

and X-ray detection with other energy bands ranging to high-energy gamma rays.
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Appendix:

MCNP Input for attenuation of photon in paper

ccell card peper
1 1-0.76923-1112-21
2 2-0.001205-21#1

3 0 21
11 pz 0
12 pz-0.0104
21 so0 0.5
mode p
m1l 1000. 0.58364 SMAT
6000. 0.374859 7000. 0.014531 8000. 0.018984
9000. 0.005324 20000. 0.002662
m2 1000. 0.462423 SMAT
6000. 0.323389 7000. 0.002773 8000. 0.208779
12000. 0.000639 16000. 0.001211 19000.
0.000397
20000. 0.000388
imp:p 11r 0S$1,3
sdef erg=150e-3 PAR=2 pos 00 0.3
nps le6
flip 12
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