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tion.

My warmest thanks go to my close friends İlhan Efendioğlu and Tuğçe İşler for
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ABSTRACT

ADAPTATION OF DIGITAL ELECTRONIC INTO DETECTOR

SYSTEMS NUMEXO2 IN EXOTIC NUCLEI RESEARCH

The main purpose of this thesis is to introduce and show the performance and

capabilities of the newly developed digital electronic namely NUMEXO2, which has been

tested, coupled with EXOGAM2 (EXOtic GAMma array) detector at GANIL in France.

This electronic has been developed due to the necessity of high rate signal transferring

capacity when a radioactive ion beam is applied in order to produce exotic nuclei and to

understand their nuclear structure. NUMEXO2 will be used both with stable beam and

radioactive beam experiment not only to have high rate digital experimental data during

the experiment but also will be used to obtain good high resolution both for energy and

time. In this thesis, we will try to explain the design, verification, and performance of the

NUMEXO2. In order to show the performance of NUMEXO2, we will present the result

from test experiment performed in France at GANIL, nuclear research centre.
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ÖZET

EGZOTİK ÇEKİRDEK ARAŞTIRMALARINDA DEDEKTÖR

SİSTEMLERİ İÇERİSİNDE NUMEXO2 DİJİTAL ELEKTRONİK

SİSTEMİNİN ADAPTASYONU

Bu tezin temel amacı, yeni geliştirilen dijital elektronik, yani test edilen NU-

MEXO2 ’nin GANIL’deki EXOGAM2 (EXOtic GAMma array) dedektörü ile birlikte

performans ve yeteneklerini tanıtmak ve göstermektir. Bu elektronik, egzotik çekirdek

üretmek ve nükleer yapısını anlamak için radyoaktif iyon demeti uygulandığında yüksek

oranlı sinyal aktarma kapasitesinin gerekliliği nedeniyle geliştirildi. NUMEXO2, hem

kararlı ışın hem de radyoaktif ışın deneyi ile, deney sırasında yüksek oranda sayısal

deneysel verilere sahip olmakla kalmayıp hem enerji hem de zaman için iyi yüksek çözün-

ürlük elde etmek için kullanılacaktır. Bu tezde, NUMEXO2’nin tasarımını, doğrulamasını

ve performansını açıklamaya çalışacağız. NUMEXO2’nin performansını göstermek için,

nükleer araştırma merkezi olan GANIL’de Fransa’da yapılan test denemesinin sonucunu

sunacağız.
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CHAPTER 1

INTRODUCTION

Over the past decades; studies of the nuclear structure have led to many experi-

ments in order to understand properties of the nucleus. Different nuclear isotopes have

different properties, such as stability, decay modes, lifetime, deformation, etc. Thus for

predictions, from 5000 to 7000 bound nuclei ought to exist in the universe, but our knowl-

edge on these radioactive nuclei is very limited.

To understand the nuclear structure is a challenging process. One of the most

widespread technique to observe the nuclear characteristics is the gamma-ray spectroscopy,

in other words, since most radioactive sources generate gamma rays, it is a method for de-

tecting and describing gamma-emitting radioactive matters. A detector can determine an

unknown radioisotope by describing features of the gamma spectrum and comparing them

to known spectra, moreover, it is able to record both the number of incoming gammas and

their corresponding energies.

Nowadays, many detector systems progress with novel technology. Due to this

reason, the electronics that are used in these detector systems are renewed. In many

applications, switching from analog electronic to digital electronic has been done. Some

of the main reasons take some advantages as for example energy resolution, performance,

peak shape, complex data analysis, etc.

To discover properties of unknown exotic nuclei, the most efficient devices are

HP-Ge (High-Purity Germanium) array detectors, such as EUROBALL [1], GAMMAS-

PHERE [2], MINIBALL [3], EXOGAM [4], AGATA [5], GRETINA [6], JUROGAM II

[7]. Moreover, these arrays have been used with neutron detectors such as Neutron Shell

[8], Neutron Wall [9, 10], NEDA [11, 12], and with ancillary charged particles detectors

such as TRACE [13], DIAMANT [14] and EUCLIDES [15].

In this thesis, Chapter 2 aims to introduce basic knowledge of gamma spectroscopy.

Exotic nuclei, gamma-ray interactions with the matter as well as detection of gamma-rays

and neutron-matter interactions are presented.

Chapter 3 deals with the fundamentals of the semiconductors. Semiconductor de-

vices especially, semiconductor detectors play major roles to understand nuclear structure.

Also, we focused on characteristics of high-purity germanium detectors in this chapter.

Chapter 4 makes reference to the EXOGAM array design, describing electron-

1



ics, structure, and features. Furthermore, NUMEXO2 digitizer, software, block diagram,

details of electronics are presented.

Chapter 5 shows the results obtained for EXOGAM2 electronics. Calibration re-

sults, energy resolutions for each crystal are calculated.

Finally, Chapter 6, the conclusions of the thesis work are discussed and inter-

preted.
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CHAPTER 2  

 

GAMMA SPECTROSCOPY AND DETECTION 

MECHANISMS 

 
2.1. Exotic Nuclei 

 
An atom consists of positively charged protons, neutral neutrons and negatively 

charged electrons in the universe. The nucleus is located at the center of the atom and 

consists of protons and neutrons. The total mass of protons and neutrons specify the 

mass of the nuclei. 

The nucleons are held together within the nucleus by the strong interaction 

which means that the nuclear or strong force is the force between protons and neutrons, 

this force is attractive within extremely short distances and overcomes the 

electromagnetic force. However, if the number of the nucleus increases, the repulsive 

effect of the electromagnetic force gets stronger and thus electromagnetic force 

overcomes the strong force. When more nucleons unbalance binding energy between 

protons and neutrons, the atom becomes radioactive for this reason nuclei away from 

stability ought to transform into another one. This process continues until the stable 

nuclei are reached. In unstable nuclei instability is caused by the low nuclear forces that 

cannot generate enough binding energy to keep nucleus together. 

A nuclear isotope is composed of a nucleus having the same proton number (Z) 

with a combination of different numbers of neutrons. Stability of an isotope is 

determined by the neutron/proton (N/Z) ratio. Figure 2.1 shows a chart of nuclei 

arranged with respect to their proton and neutron numbers, which is called a Segré 

Chart. It involves the fundamental information about nuclei such as decay modes, half-

life, spin, etc. [16]. Segré Chart shows graphical distribution of the different isotopes 

discovered up until now. In the chart, horizontal and vertical axes denote the neutron 

and proton numbers, respectively. 

In Figure 2.1 black squares are stable which is located between pink and blue 

regions. On its left, the blue region make reference to the proton-rich nuclei, tend to get 



Figure 2.1. Segré Chart [17]

β+ decay, and on its right, the pink area referred to the neutron rich nuclei, tend to get β−

decay. The yellow region has too high a total of protons or neutrons tend to get α decay.

The nuclei that corresponds to green area are tend to undergo spontaneous fission.

Exotic nuclei have greater number of protons and neutrons with respect to stable

nuclei. Some of them have more neutrons, while others have more protons. Neutron-

rich nuclei try to achieve stable nuclei with beta decay ( β−) which is formed by a neutron

turning into a proton, and emitting an electron and an electron neutrino. Likewise, β+ take

place in proton-rich nuclei by turning into a proton to a neutron. N/Z ratio for exotic nuclei

is decreased in proton-rich region while N/Z ratio is increased in neutron-rich region

with respect to stable nuclei. The alpha particle is a nucleus of the helium element that

consists of two protons and two neutrons. In alpha decay, a nucleus emits two protons

and two neutrons which mean that the nucleus loses two protons and two neutrons. As

a result, the tally of atomic mass decreases by four. In a gamma decay a high energy

photon leaves from the nucleus and allows the nucleus to reach a more stable with lower

energy configuration. In spontaneous fission process, the nucleus split into nearly equal

fragments and one or more neutrons. A large amount of energy is also released.

Segré chart has been not completed, yet. Today, scientists have produced nu-

clei that has short half-life in the range from nanosecond to femtosecond in laboratories.
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Generally, proton rich nuclei are produced with fusion evaporation reaction, neutron rich

nuclei are obtained by using fission of actinide nuclides, multi nucleon transfer reactions.

2.2. Gamma-Rays

Gamma-rays refer to electromagnetic radiation (no rest mass, no charge) of a very

high energies (Figure 2.2). Gamma rays are high-energy photons with very short wave-

lengths and thus very high frequency. Gamma rays frequently accompany the emission

of alpha and beta radiation.

Figure 2.2. Electromagnetic spectrum [18]

Gamma rays are important for nuclear physics because they play an important

role to research nuclear structure. Gamma-rays can be generated in different reactions: i)

nuclear fusion, ii)nuclear fission, iii) alpha decay, iv) gamma decay.

Nuclear fusion is an atomic reaction in which multiple atoms combine to create a

single, more massive atom. The resulting atom has a slightly smaller mass than the sum

of the masses of the original atoms.

Nuclear fission is the process in which a large nucleus splits into two smaller

nuclei with the release of energy. In other words, fission the process in which a nucleus is

divided into two or more fragments, and neutrons and energy are released.

Alpha decay takes place when a heavy nucleus gives off a helium-4 nucleus, re-

ducing its atomic number by 2 and its atomic weight by 4. This process can leave the

nucleus with excess energy, which is emitted in the form of a gamma-ray.

Gamma decay occurs when there is too much energy in the nucleus of an atom,

causing it to emit a gamma-ray without changing its charge or mass composition.
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2.3. Processes of Gamma-Ray Interactions with Matter

Despite the fact that many process of gamma rays interactions are determined,

three most significant interactions with matter are that : photoelectric effect, Compton

scattering and pair production [16].These three interactions depend on energy of photons

and type of material ( atomic number Z) that is used.

Figure 2.3. Different gamma rays interactions and the region where they are dominant

[19]

As can be seen from the Figure 2.3, the areas where these three gamma rays in-

teractions are dominant are shown. In this diagram, the photoelectric effect take place for

low energy photons and with materials which have high number of atomic number Z. The

Compton scattering interaction occur for moderate energies. Pair production take place

for both high energy and materials with high atomic number Z.

2.3.1. The Photoelectric Effect

Researchers show us that light consists of particles. These are called as photons

which carry energy. In the photoelectric effect, the incident photon is absorbed by the
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material and the electron is emitted in this process. Emitted electrons are called as photo-

electron [20].

Figure 2.4. Photoelectric effect and histogram [21]

It is clearly visible in Figure 2.4, an incident photon has E = hν energy and an

electron has binding energy which is shown Eb. The incident photon with energy hν

interacts with the atom and gets absorbed by the electron. Thus, the electron is released

with a kinetic energy which is calculated by subtracting binding energy of electron from

photon’s energy.

Ee− = hν − Eb (2.1)

In photoelectric interaction, an ionized absorber atom is created with a vacancy in

one of its bound shells. This vacancy is will be quickly filled by an electron from a shell

with a lower binding energy (other shells) or through the capture of a free electron from

the material. The rearrangement of electrons from other shells creates another vacancy,

which, in turn, is filled by an electron from an even lower binding energy shell. There-

fore, a cascade of more characteristic X-rays can be also generated. The probability of

characteristic x-ray emission decreases as the atomic number of the absorber decreases.

In some case in the photoelectric effect, a vacancy in K-shell that is created as a

result of photon interaction can be filled by another electron from the M-shell fills this

vacancy but releases some energy in the process equal to the difference between two

energy level. This photon is shown to have knocked off another electron from the M-

shell. The end result is a radiationless electron emission. This electron is called Auger

electron.

A single energy’s photopeak of incident gamma-rays is shown in Figure 2.4. Pho-

toelectric absorption is dominant when gamma rays have small energies.
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2.3.2. The Compton scattering

Compton scattering is observed when the incident photon interacts by free electron

or with loosely bound electron in valence shell (outer shell). The photon transfers part of

its energy to the target electron, and then both the recoil electron and the photon scatter

with a certain angle, while the photon preserve the rest of its energy. The energy of the

recoil electron as a function of θ:

Ee− = hν − hν ′ = hν

(
(hν/moc

2)(1− cos(θ))

1 + (hν/moc2)(1− cos(θ))

)
(2.2)

As shown in the equation 2.2, the energy of recoil electron depends on the angle

of the photon which is scattered.

Figure 2.5. Compton scattering [21]

•For θ ∼= 0, the incident photon lost so little part of its energy and scatter with

almost the same energy. Thereby, the recoil electron moves with little energy.

•For θ ∼= π, between the incident photon and the target electron, maximum energy

transfer takes place.

In a detector, all scattering angles from 0 to π can take place. As can be seen in

Figure 2.5, a continuous range of emitted energies is produced by the recoil electron. Ec

refers to the gap between the gamma ray and the Compton edge. The Compton effect is

dominant for intermediate gamma-ray energies [16].
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2.3.3. Pair Production

Pair production is the last significant interaction process. Pair production is a phe-

nomenon of nature where energy is converted to mass. An electron-positron pair created

by a photon and interaction must occur in the Coulomb field of the nucleus because of

the conservation of momentum, that is, pair production cannot take place in empty space;

something must absorb the momentum of the initial photon. The photon momentum can

be absorbed by an atomic nucleus, which is thousands of times more massive than an

electron or positron and can, therefore, absorb momentum without absorbing much en-

ergy; therefore the energy-conservation remains approximately valid. Consequently, pair

production is observed when high-energy gamma rays enter a solid. In that case, when the

photon has 1.022 MeV energy and above, pair production take place because the resting

energy of positron and electron is 511 keV. If the photon’s energy is the higher than 1.022

MeV, the surplus is shared between them as kinetic energy. Assume that total energy of

the electron and positron is stored in the detector capacity, the stored energy is given by

Ee− + Ee+ = hν − 2moc
2 = hν − 1.022MeV (2.3)

As can be seen from equation 2.3, to create electron-positron pair , the energy

must be Eγ ≥ 1,022MeV.

Figure 2.6. Histogram of the pair production and energy distribution [21]

There exists an inverse process to pair production called pair annihilation. Pair

Annihilation means the reverse process of pair production. In the pair annihilation, the

electron and the positron in the stationary state combine with each other and annihilate.

9



Surely, the particles are disappeared and radiation energy will occur instead of two par-

ticles. For the momentum conservation, the most frequent process in pair annihilation

is making two photons that have exactly opposite direction and the same amount of mo-

mentum. These two photons have energy 0.511 MeV before losing its energy completely.

Gammas created by pair production can escape doing Compton scattering or their ener-

gies’ can be stored with photoelectric absorption in the detector. Just like photoelectric

absorption, to pair production to occur, in other words, to conserve momentum, the event

has to take place in an atom. As can be seen from Figure 2.7, This process generates the

single and double escape peaks observed in the spectra.

2.4. Detection of Gamma Rays

Nowadays, various methods are used to detect gamma rays. Detection of gamma

radiation is one of the most important research tools in nuclear physics. It yields informa-

tion on various properties (excitation energies, angular moments, decay properties etc.) of

states in nuclei. In this section, gamma-ray spectroscopy and gamma-rays that are used at

detection methods are introduced. In Figure 2.8, the spectrum that shows three different

interactions of single gamma-ray energy is analyzed. In this spectrum, the vertical axis

shows counts (number of the event) per channel that detector measured, the horizontal

axis shows the stored energy in the detector that corresponds to each channel.

It is a typical gamma spectrum that shows up when the detector interacts with a

single energy gamma that sent to detector. In this spectrum, it is named as full energy peak

that all of incident gamma rays’ energy stored in. In other words, it is simple photoelectric

interaction and capture all of the kinetic energy from the photoelectron (Eγ).

The area under this peak gives a number of gammas that stored all energy in the

detector volume. These energies of gammas are the value of photopeak energy. When

looked at the types of interaction with matter of gamma rays, the results of Compton

scattering and pair-production can be seen in the spectrum which are another types of

interaction. Compton continuum occurs in the spectrum if all of the gammas escape via

Compton scattering without storing all of their energies in the detector. In this area gamma

ray energies cannot be determined accurately.

If the incident gamma ray‘s energy is greater than or equal to 1,022 MeV, it is in-

troduced in the previous section that electron-positron pair occurs. Afterward, the positron

and the electron annihilate each other. In this case, two 511 keV photon is formed. If one

of the annihilation gamma-rays that have 511 keV energies is captured by the detector and
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Figure 2.7. Gamma-rays Spectrum [22]

the other gamma, which has 511 keV energy, escape from the detector, it can be seen in

the spectrum single escape peak because of escaping one gamma in the detector without

interacting. If both annihilation gamma-rays escape this gives rise to the double escape

peak.

If a pair production event occurs in the surrounding shielding material, there is

possibility that one of the two annihilation photons will deposit energy into the detector.

When this happens, an annihilation peak can be observed at 511 keV.

As described in the Section 2.3.1, a characteristic X-ray is released by an absorber

atom that is, in most cases, reabsorbed near the atom that emitted it. If this process occurs

near the surface of a detector, the characteristic X-ray may escape the detector. Hence, a

new peak is created by the characteristic X-ray that escapes. This peak appears a distance

of the characteristic X-ray energy away from the full energy peak and is known as the

X-ray escape peak. This phenomenon is prevalent in low energy incident photons and

detectors with a large surface-to-volume ratio [20].

X-ray peak in the spectrum is a result of the detector absorbing the characteristic

X-rays that are emitted from the surrounding materials.

When gamma-ray, before hitting the detector, are scattered at θ = 180o by Comp-

ton scattering in lead shielding and housing, and the scattered gammas are absorbed in
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the detector, and then a peak that observed in the spectrum (Figure 2.7) is called the

backscatter peak.

2.5. Neutron-Matter Interaction Mechanisms

Due to being neutral, the detection process of the neutron is difficult. As we know,

gamma-rays interact with electrons directly in the detector, while neutrons do not [23].

More specifically, the interaction phenomenon occurs between neutrons and nuclei. When

a neutron collides with a nucleus, it deviates its path and scatters into a new direction or

absorbed. Those processes depend on the energy of neutrons. Many types of neutron

interaction with the nucleus are shown in Figure 2.9.

Figure 2.8. Shematic view of neutrons interactions [24]

First of all, analyzing scattering process, when a neutron is scattered by a nucleus,

the neutron loses some part of their energy, change direction and lower the speed. On the

other hand, proton and neutron numbers remain same in the nucleus. The nucleus gains

recoil velocity and it can be left in an excited state, for this reason, it releases radiation.

Scattering events subdivide into elastic A(n,n)A and inelastic scattering A(n,n′)A∗,

where this notation X(Y, Z)T means the interaction Y element with X nucleus, generating

afterwards the interaction the nucleus T and the particle Z, mainly produced in the MeV

range [24]. In elastic scattering, neutrons lost some part of their energy due to trans-

fer of their kinetic energy to the nucleus, nonetheless, total kinetic energy is unchanged

throughout the interaction. In-elastic scattering event refer that after the nucleus collides

with the neutron, the nucleus undergoes into an excited state and finally releases radia-

tion. This event occurs when the neutron energy is especially high ( > 1 MeV), moreover,

the nucleus does not change to an excited level in elastic scattering. However, the total
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energy of the neutron and the nucleus after the collision is less than the kinetic energy of

the incoming neutron.

Another type of neutron interaction is the neutron capture or absorption.These

phenomena generate many possibilities such as rearrange its internal structure or release

gamma rays. On the other hand, charged particles can be emitted. As can be seen clearly

in Figure 2.9 the most prevalent ones are proton (n,p), deuteron (n,d), alpha particle (n,α)

and fission products (n,f) after the neutron capture or absorption event. Neutrons cannot

be detected directly because of their uncharged nature. In that case, first of all, the neutron

is absorbed by the nucleus and eventually, it emits a charged particle and it is called

secondary process. Finally, it can be detected via the secondary process.

Detection of neutrons depend on the energies of neutrons. Therefore, there are

many types of the detector such as ionized 3He, BF3 chambers for slow neutrons [23],

while 4He, CH4 for fast neutrons also neutron interaction with aromatic scintillators

NEDA and Neutron Wall respectively.
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CHAPTER 3  
 

FUNDAMENTALS OF SEMICONDUCTOR PHYSICS 

 
3.1. Electrical Classification of Solids 
 

Solids are classified with respect to their electrical conductivity; conductors, 

insulators, and semiconductors. Conductor materials contain many free electrons, for 

this reason, they can move freely inside materials and they are objected to move with 

applying little potential. After electrons start to move, they collide with each other and 

then start the flow of electric charge, which is called the electric current.  

Insulator materials do not involve free electrons and those electrons bound to an 

atom. To break off these bonds, if the electrical potential is applied to conduction 

materials, this electrical potential must be too high. Furthermore, if the material is not 

strong as a structural, this high voltage can broke the material structure.  

Semiconductor materials are between conductors and insulators with regard to 

electrical conductivity. In other words, electrons are neither almost entire free nor bound 

to the atom in the material. Electrons cannot move at low temperatures under any 

voltage. If one is increased the temperature of a semiconductor, electrons may move and 

electric current will flow at moderate voltages.  

The band gap is an important property of solids, conductors, insulators, and semi- 

conductors that can be classified. In atoms and molecules, electrons just can be allowed 

energy levels, which is called band. In other words, the energy levels consist of energy 

bands. The energy levels are occupied by electrons, which start with the lowest energy 

level. Electrons can only exist allowed energy bands. Energy band gap Eg is shown as 

an alteration with respect to materials (Figure 3.1).  

Electrical conduction depends on the contribution of the electrons that are 

occupied an energy band. The electrons that are located in the outermost shell are called 

valence electrons and the valence electrons responsible for the chemical properties of an 

atom. The highest energy band that occupied electrons is called the valence band. In the 

insulator, valance band is exactly occupied. The next allowed band that has unoccupied 

states is called the conduction band and it is completely empty in insulators. Since the 



Figure 3.1. (a) The atomic energy levels are discrete lines. (b) In a solid, the allowed

energy states become energy states become energy bands [19]

energy gap is extensive, the tally of occupied states is always zero in the conduction band

(Figure 3.2). To provide the conductivity, electrons have to cross from the valence band to

the conduction band, which means that the band gap represents the minimum energy that

is required to excite an electron up to the conduction band. However, electrons cannot

be found in the conduction band and they cannot generate an electric current under an

electric field.

In conductors, the valance band lap over with conduction band (Figure 3.2). Thus,

most of the electrons in the valence band can jump to the conduction band without apply-

ing external energy.

Figure 3.2. Band structure of solids [25]

Semiconductors that have a narrower band gap between the valence band and

the conduction band are neither exactly good conductor nor exactly good insulator. At
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absolute 0 temperature, in a pure semiconductor the valence band is completely filled and

the conduction band is vacant. When a small amount of energy is supplied, the electrons

can easily jump the forbidden gap, thus allowing electrical conduction. The absence of

an electron in the valence band is referred to as a hole. This process called electron-hole

pair generation. That hole is treated as particles with the positive charge. Moreover, when

the electrons move in a direction with an electric field, the holes move opposite direction

because of its charge, that is, it responds to the force applied to them by the field. The

electrons in the valence band can move thanks to the holes.

3.2. Extrinsic and Intrinsic Semiconductors

The semiconductor is divided into two types; Intrinsic or pure semiconductor and

extrinsic or impure semiconductor.

An intensely pure semiconductor is called as Intrinsic Semiconductor. Silicon

and Germanium are categorised as intrinsic semiconductors, that is they are chemically

pure, including nothing but semi-conductive material. In intrinsic semiconductors such as

germanium or silicon, the conduction band is empty and valence band is completely filled

up with electrons at very low temperature. Due to the fact that germanium and silicon have

four valence electrons, each atom of them shares one electron with its adjacent atom. That

process is called the covalent bond. Intrinsic semiconductors do not contain free electron.

Therefore there is no conduction of electricity in them. As we mentioned in the previously

section, when an electric field is applied, electrons jump the conduction band and they

leave behind the holes in the valence band. For this reason, the number of electrons in the

conduction band and the number of holes in the valence band is equal each other. And so,

the overall electric charge of an atom is neutral.

An extrinsic semiconductor is an impure semiconductor, which means that when

the impurity is mixed in the intrinsic semiconductor, the conductivity of semiconductor

goes up. And also it is known as doping. There are two types of extrinsic semiconductors

with respect to the added impurity.

3.2.1. n-type Semiconductors

The n-type semiconductors are obtained when Group-V elements which are phos-

phorous, arsenic or antimony are added into intrinsic semiconductors. As we know, there
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are five electrons in the last orbital of the arsenic atom, which means that the arsenic atom

can make 5 bonds, however, the outer orbital of the silicon has 4 electrons and the silicon

makes 4 bonds. If the arsenic atom is doped into the silicon crystal atoms, the arsenic

makes the covalent bond with the 4 electrons of silicon in the outer orbital, but the fifth

electron of the arsenic finds no place in the covalent bond. Then it joins to electrical con-

ductivity, so conductivity increases. The atoms give extra electrons to the material in this

way called donor atoms.

Figure 3.3. n-type semiconductor [26]

Electrons generally called as carrier current in the n-type semiconductor. Al-

though several electron- hole pairs are taken place with thermal energy in n-type semicon-

ductor, that holes cannot be generated with the addition of the dopant. Holes are called as

minority charge carriers in the n-type semiconductors.

Figure 3.4. (a) Intrinsic and (b) n-type semiconductor. New electron states (donor

states) are created close to the conduction band [19]
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The N-type semiconductor has a large number of electrons. This does not mean

that electric charge of the n-type semiconductor is negative. Despite the fact that it con-

tains many mobile electrons that are provided by the donor atoms, the total electric charge

of the n-type semiconductor is neutral.

3.2.2. p-Type Semiconductors

The p-type semiconductors are obtained when Group-III elements such as gallium,

indium or boron etc. are added into intrinsic semiconductors. All these atoms have three

valence electrons, therefore, if the silicon (or indium or boron, does not matter) is doped

with the gallium, just three valence electrons of silicon make the covalent bond with three

valence electrons of the gallium. As we know, silicon has four valence electrons, which

mean that one valence electron of silicon cannot make covalent bond, for this reason, one

hole is generated for each gallium atom. The dopant is negatively charged because the

gallium atom behave negative ion when it accepts the extra electron, such dopant atoms

are called acceptor atoms.

Figure 3.5. p-type semiconductor [27]

By virtue of thermal energy, hole-electron pairs are generated. However, the num-

ber of holes are too high compared to the number of electrons and electric charge of

p-type semiconductor is neutral, even if it contains many holes that are provided by ac-

ceptor atoms. Holes called as carrier current in the p-type semiconductor. In brief, in a
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p-type semiconductor, holes are majority carriers and electrons are minority carriers and

in an n-type semiconductor electrons are majority carriers and holes are minority carriers.

Figure 3.6. (a) Intrinsic and (b) p-type semiconductor. New hole states (acceptor

states) are created close to the top of the valence band [19]

3.3. The p-n Junction

Semiconductors are the most important materials for radiation detection since they

are useful for their controllability not for their conductivity. This controllability and con-

ductivity have been used in microchips, transistors as well as detector systems.

P-n junctions are formed by combining n-type and p-type semiconductor mate-

rials. There are many free electrons on the n-type zone side, on the other hand, there

are many holes on the p-type zone side (Figure 3.7). Both sides have high concentration

electrons or holes. When this two type of semiconductors is joined, electrons get repelled

from each other because of the high concentration of electrons at n-type side. And then,

electrons diffuse from the n-type zone to the p-type zone. Likewise, holes diffuse from the

p-type side to the n-type side. This diffusion process will be continued until equilibrium

is reached. The encounter of holes and electrons eliminate each other. While the absence

of electrons creates positive ions in the n-type zone, the absence of holes creates negative

ion in the p-type zone.

There are no mobile charge carriers near the p-n junction region. This region

called depletion region. Depletion region acts like a barrier that goes against the flow of

electrons from the n-type zone and holes from the p-type zone. To exceed this barrier, the

external voltage should be applied which is greater than this barrier potential. Thus, elec-

tric current starts following. As a result of accumulative charge in the depletion region,
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Figure 3.7. Creation of the depletion region in a p-n junction [21]

this process signalises a non-zero local electric field contact potential Vb, which is usually

0.3 V for Ge and 0.7 V for Si.

If the positive station of a voltage resource is applied to the n-type contact and

negative station of a voltage resource is applied to the p-type contact, this process is called

reverse bias. In this case, electrons in n-type side move toward the positive terminal while

holes in p-type side move toward the negative terminal and an electric field extends across

this sensitive region.

Figure 3.8. Radiation detection mechanism in a reverse-biased semiconductor [21]

3.4. The High Purity Germanium (HPGe) Radiation Detectors

The nuclear structure has been explored by using Ge detector. HPGe (High-

purity Germanium) became important for High-resolution gamma spectroscopy in the

late 1970s. Ge detectors were developed for volume and purity among 1970s and 1980s
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[28–30]. Lately, the improvement of highly- segmented Ge detectors have extremely in-

creased the efficiency and the energy resolution.

High energy resolution detectors should be used to distinguish two gamma-rays

which have close energies. Since HPGe detectors have high energy resolution, it is a

perfect choice for this type of circumstances.

A HPGe is a diode which is produced by highly pure Ge crystal. It can be produced

by p-type material or n-type material. Moreover, it allows a variety of contacts to be used.

Nowadays, net impurity concentration of p-type and n-type crystals are 1010 atoms cm−3.

Therefore, some of the most important properties of HPGe detector are low impurity

concentration, high resolution, and large depletion region, which is a necessity in order

to produce an electron-hole pair with low ionizing energy. Whereas n+ hole-blocking

contact is produced by lithium diffused into the crystal, p+ electron-blocking contact is

produced by boron implication into the crystal. HP-Ge detectors are produced primarily

two types of configurations which are planar configuration and coaxial configuration,

respectively. (Figure 3.8)

Planar HPGe detector has two flat surfaces and so electrical contact ensure thanks

to this surfaces. As mentioned in the previous section, if a positive electrode is applied to

the n+ contact and a negative electrode is applied to the p+ contact a reverse bias occurs.

Thus, the width of the depletion region increases. Consequently, HPGe detector becomes

fully depleted.

Figure 3.9. Configuration of Planar [31]

A planar HPGe n-type detector is produced in following way, the n+ contact is

placed at the right side of the n-type crystal, p+ contact is placed at the left side of the n-

type crystal. To produce p-type HPGe detector, n+ contact is at the left side of the n-type

crystal, p+ contact is at the right side of the n-type crystal. And then when a reverse bias

is applied the whole n-type crystal or the whole p-type crystal, depletion region will be

occurred.
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A fully depleted detector is very important to obtain a pulse because when inci-

dent gamma rays interact with depletion region, electrons are excited by gamma rays and

they move toward the conduction band. Thus, electron-hole pairs are generated. These

electron-hole pairs instantly drifted toward each electrode by the electric field. Therefore,

charge-sensitive preamplifier converts these charges into the voltage pulses proportional

to the energy deposited in the detector.

Figure 3.10. Typical arrangement of components in a solid-state detector [32]

Planar detectors are not relatively convenient to produce large volume germanium

detectors. In that case, coaxial or cylindrical geometry ensure more advantages to large

detection efficiencies at high gamma rays. Coaxial detectors are produced in order to

increase depletion region. Many configurations of coaxial germanium detectors are pro-

duced such as true coaxial and closed-ended coaxial as can be seen in Figure 3.11. Also,

they have fabricated both HPGe n-type coaxial detector and HPGe p-type coaxial detector.

For p-type coaxial, n+ contact is located at the outer cylindrical surface and p+ contact is

located over the inner cylindrical surface. The contacts of HPGe n-type coaxial detector is

located opposite way with respect to the p-type coaxial HPGe detector. In p-type coaxial

detectors, outer contact which is Li-diffused has frequently 0.5 mm thickness, whereas, in

n-type coaxial detectors, outer contact which is boron implanted has 0.3 μ thickness [33].

The thin entrance window takes advantage for spectroscopy of low energy of gamma rays

that is why n-type detectors are preferred. There is one more important reason to choose

n-type detectors that is radiation damage. Since HPGe detectors have high resolution,

they are sensitive to radiation damage. Nevertheless, low sensitivity of n- type detectors

to radiation damage is caused by neutrons [34, 35]. Fast neutrons are emitted in any nu-

clear reaction with beam energies above the Coulomb barrier.These fast neutrons which
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have sufficient energies can dislocate the Germanium atoms in detector crystal. These

dislocations lead to defects. These affects the performance and resolution of detector be-

cause the dislocations can act as traps for holes, electrons, moreover, they may create new

donor or acceptor levels. These levels can capture electrons or holes and they release them

after a period of time. Clearly, if the trapping time is long, the captured carriers cannot

contribute to the measured pulse. All these phenomena change both the charge collection

and so the energy resolution. However, the novel n-type HPGe are clearly less precise to

neutron damage [34].The effects of radiation damage can be reversed with an annealing

process. It is necessary to just heat the detector crystal up to to 250o and for the period of

almost 1h and re-etching [30].

Figure 3.11. Three common shapes of coaxial detectors. At the bottom shows n-type

and p-type geometry and cross section of coaxial detectors [31]

Owing to the fact that Germanium has the relatively small band gap (0.7 eV) at

room temperature, germanium detectors must always be cooled by liquid nitrogen that has

a temperature of 77 K, which decreases thermally generated leakage current, when in use.

Furthermore, a leakage current thermally generates electrical noise in the crystal, that is,

cooling the detectors is important in order to reduce the contribution of noise associated

with leakage current.
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3.5. Energy Resolution

The aim of many concepts of radiation detectors is to measure energy distribu-

tion. Radiation detectors should have better capability to distinguish between radiations

of similar energy, which is called energy resolution. Good energy resolution depends on

the type of detector as well as the electronics because energy spectrum is obtained by the

noise of the readout electronics. Energy resolution is generally determined using a term

which is called Full Width at Half Maximum (FWHM). The FWHM is described as the

width of the distribution at a level that is just half the maximum ordinate of the peak.

Nowadays, there are many applications or software to measure FWHM.

Figure 3.12. Response function of the detector in Gaussian shape [31]

For pulse or peak shape in Figure 3.12 gives the definition of the energy resolu-

tion (FWHM). FWHM is given by FWHM=2.35σ, where σ is the standard deviation of

Gaussian shape. The lower the FWHM value, the greater the sensitivity level of the de-

tector and the two closely related gamma energies will be able to distinguish. The energy

resolution R is thus a dimensionless term always expressed as a percentage. Ho in Figure

3.12 is the mean energy value of the peak.
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CHAPTER 4  

 

THE EXOGAM DETECTOR AND THE NUMEXO2 

DIGITIZER 

 
4.1.  EXOGAM Detector and Array Design 

 
EXOGAM (EXOtic GAMma array spectrometer) has been used with 

cooperation an array of high-purity Ge detectors by using the exotic radioactive beams 

from the SPI- RAL (Systeme de Production d’Acceleration en Ligne) accelerator. At the 

present time it is located at GANIL (Grand Accelerateur National D’Ions Lourds), in 

Caen, France.  

Since gamma-ray spectroscopy detectors have been improved recently, these 

make it possible to research of nuclei that are undiscovered regions of the nuclear chart 

or regions of far from the stability. One of the most significant properties of High-

resolution spectrometers is that these are sensitive to detection of the weak transitions in 

the gamma spectra. Thus, the main purpose of the design of EXOGAM was the 

optimization of the photo- peak efficiency, in other words, to maximize the total photo-

peak efficiency, while conserving the quality of spectra. Another important properties is 

that Compton scattering leads to noise into the signal because a wide range of electron 

energies can come from a single ray, therefore, an optimized signal-to-noise ratio and 

especially high resolution within energy and time are important with respect to 

spectrum quality. In exotic beams experiments, it is a very challenging process to get 

high signal-to-noise ratio and a good resolving power [35]. Moreover, because of the 

major radiation environment in experiments, radiation shielding and geometrical design 

become considerably crucial. Different array design can lead to need for different 

experimental conditions; therefore, EXOGAM allows combining with ancillary 

detectors with respect to the type of experiment. Ancillary detectors also are of vital 

importance to detect both light and heavy charged particles and neutrons. The SPIRAL 

facilities enable to produce exotic ion beams and high-intensity stable ion beams. That 

gives an opportunity to physicists to investigate nuclear structure deeply [36].  



4.1.1. EXOGAM Design Specification

EXOGAM is composed of an array of high-resolution germanium detectors that

located close to the target point. These have been organized to give a high photo-peak

efficiency 20 % at 1.3 MeV gamma rays [38]. Each germanium detectors are enclosed

by an escape suppression shield generally performed from bismuth germanate (BGO).

Thus, suppression shield develops the spectrum quality. High- purity germanium detec-

tors which created EXOGAM are coaxial n-type HPGe crystals. Additionally, each one

of the four germanium crystals constitutes the segmented CLOVER detector that is placed

in the same cryostat.

Figure 4.1. EXOGAM detector array design [4]

EXOGAM is constituted by using 16 large volume HPGe segmented Clover de-

tectors in closed packed configuration (Figure 4.1). Segmentation design plays a major

role in order to decrease the Doppler broadening and multiple-hits incidents. Doppler

broadening can be observed in gamma-ray spectroscopy and it leads to the peaks in the

spectra to broaden because of the distribution of velocities by the Doppler effect. In this

way, each individual crystal in the segmented Clover detectors minimise the effect of

Doppler broadening and it is necessary in order to maintain good energy resolution [38].
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4.1.2. Segmented CLOVER Ge detector

The EXOGAM array design is composed of segmented CLOVER detectors. Each

Germanium crystal that is located in the same cryostat have been electronically segmented

into four regions (Figure 4.2). This segmentation is a significant requirement, not just be-

cause to get large volume but also to determine impact point of gamma-ray in the detector

better. Moreover, segmentation design gives rise to reduce Doppler broadening because of

the closed packed and efficient design. Especially, a nucleus that emitted gamma-rays has

high recoil velocity for this reason segmentation that is suited close geometry is effective

for those gamma rays which is scattered with a broad range of scattering angles.

High granularity is an obligation in order to maintain the good resolution and cor-

rect the gamma ray peaks for Doppler broadening [38]. Granularity is therefore obtained

by segmentation.

Figure 4.2. Left: A schematic diagram of the crystals in a segmented CLOVER Ge

detector. Right: Zoomed segmented crystal [4]

As can be seen clearly from the right side in Figure 4.2, each crystal that is in

Clover detector has an inner contact and four outer contacts, located at the corners of each

crystal and these allow the position of the event to be specified. High energy resolution

signals are output from inner contacts (2.1 keV at 1.3 MeV) due to cooled pre-amplifier

stage close to the contact whereas lower resolution signals are output from 16 outer con-

tacts.

Each germanium crystal made of 60 mm in diameter and 90 mm long. The rise

diameter enables the best performance with a compact design and the solid angle coverage
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of germanium. Each segmented Clover Germanium detector is surrounded by an escape

suppression shield such as a layer of scintillators like BGO or CsI(Na). Those are called

anti- Compton shield. When Compton scattering happens inside the germanium crystals

by gamma rays, they escape from active volume this means that only a portion of their

energy is transmitted to the detector. Furthermore, the pulse does not contribute to the

main photo-peak but appear at a lower energy as part of the background [39]. Compton

suppression crystals absorb the scattered gamma rays.

Figure 4.3. The EXOGAM Clover inside its BGO escape suppression shield, consist-

ing of a rear shield to be used in the most compact geometry and an ad-

ditional side shield to be used for improving the peak-to-total ratio in the

pulled-back geometry [4]

As provided by Figure 4.3 The EXOGAM shield is formed from three regions

which are a back catcher, a rear side shield, and a side shield. Those have 4 BGO channels

for each Clover. When the thickness of the rear side shield is 2.5 cm and width 2cm,

simulation demonstrates that almost 95 % of the maximum possible peak-to-total value

can be obtained at 1.33 MeV [4]. The thickness of the backscatter which composed

of CsI(Na) is 4 cm and it gives same performance at lower cost, relatively. Additionally,

those have 4 CsI(Na) channels for each Clover. In total, each segmented composed Clover

detectors include a set of 28 contacts, which consist of 20 for HPGe channels, 4 for BGO

channels, and 4 for CsI(Na) channels.

As we mentioned in the pervious section, EXOGAM array consist of 16 seg-

mented CLOVER detectors and these are located with 4 detectors at 135o, 8 detectors at

90o and 4 detectors at 45o to the beam direction. A cross-section schematic representation
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Figure 4.4. A Cross-section through the 16 segmented CLOVER EXOGAM array [4]

of 16 segmented CLOVER EXOGAM array is shown in Figure 4.4. As we mentioned

about CLOVERs design, configuration shows an alteration from experiment to experi-

ment. Ge crystal to target distance is d=11,4 cm in segmented CLOVER array, which is

called configuration A, whereas Ge crystal to target distance is d=14,7 cm in segmented

CLOVER array, which is called configuration B. Figure 4.4 shows a cross-section through

16 segmented CLOVER geometry in configuration A. This design allows space for beam

in and out.

4.1.3. EXOGAM2 Electronics

Segmented HPGe detectors are used in EXOGAM in order to obtain good energy

resolution and spectrum quality. Signals that come from the detector should be analyzed

in a good way in order to benefit from that segmentation design efficiency. For this rea-

son, a digital electronic system is used instead of an analog electronic system thus, a

new digital electronic system is produced for EXOGAM and new EXOGAM is called

EXOGAM2. Furthermore, gamma spectroscopy of exotic nuclei and getting more infor-

mation become possible with the digital electronic system that developed for EXOGAM.
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Figure 4.5. Digital electronic system design for EXOGAM2 [40]

In Figure 4.5 shows EXOGAM2 electronics layout. EXOGAM2 electronics up-

grade was necessary to have higher counting rates due to taking place interaction phe-

nomena very quickly. Since each event is very important in experiments, data record and

control is carried out with ADONIS, which is used to analyze raw data within the digital

electronic system in the EXOGAM2 detector. One of the most important reason to use

ADONIS technique is to study on the fastest data acquisition performance as possible

with new electronic system by adding EXOGAM2 to current EXOGAM.

EXOGAM former readout was based on VXI (VME eXtension for Instrumenta-

tion) bus. It supplied larger card options for higher performance, also it allows to define

all signals on the backplane. Although VXI had timing, shaping and ADC (Analog Dig-

ital Converter) for outer and inner contacts, EXOGAM array needed much more because

of their design. As we know EXOGAM consists of the segmented array built, so add-back

technique, which is used for the signals from different crystals of clover properly, gained

importance. EXOGAM former electronics details can be found in [40].

In order to increase EXOGAM performance, VXI system is altered with fully dig-

ital electronics which is called NUMEXO2 (NUMériseur pour EXOgam2) [41]. The NU-

MEXO2 digitizer cope with the analog to digital conversion. Moreover, it processes the

analog channels and the data readout. Each crystal has 4 outer channels, 1 BGO channel,

1 CsI channel and 2 inner channels contacts. High- resolution energy is obtained by inner
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contact. The Global Trigger and Synchronization (GTS) system supplies NUMEXO2 the

clock reference, the absolute time and the event trigger phenomenon. The Data AcQuis-

tion system DAQ is built with Ethernet network and NARVAL software which provide to

running the setup and the readout of the digitizers and the Global Trigger System GTS.

The timing of each data, trigger time can be easily controled by using Global Trigger Sys-

tem.The KALMAN processing system receives raw data from inner channels. KALMAN

filter provides both best estimate from noisy data amounts to filtering-out and cleans up

the data measurements even onto the state estimate.

4.2. The NUMEXO2 Digitizer

Research on the nuclear structure of exotic nuclei become obligatory to use high-

resolution gamma spectrometers in order to pursue the aims the new physics demands.

Ancillary detectors are necessary such as neutron and charged particle detectors to de-

termine products from the nuclear reaction. Moreover, electronic systems of detectors

play a major role to improve the quality of the data in experiments. Some requirements

are a necessity to examine data deeply, some of those requirements are data processing

capability, high counting rates, high-speed processing, fast communication as well as en-

ergy and timing calculations. Novel technologic array designs have the higher amount of

channels besides complex processing algorithms. In that case, analog electronics could

not cope with challenge events. At that point, high-speed analog-to-digital (A/D) devices,

fast communication optical links and reconfigurable logic devices are used in the front-

end electronics [42]. The A/D conversion is fulfilled by Flash Analog Digital Converter

(FADC) Mezzanines, part of the NUMEXO2 digitizer.

NUMEXO2 is the core of the NEDA and the EXOGAM2 front-end electronics.

The NUMEXO2 digitizer has been developed cooperation with GANIL. The NUMEXO2

digitizer application is set up to be used NEDA (Neutron Detector Array)and EXOGAM2.

NEDA is based on excellent neutron-gamma discrimination (NGD) performance and it

has efficient detection of neutrons in the energy range from 1 MeV to about 20 MeV [43].

4.2.1. Definition and Block Diagram of the NUMEXO2 Digitizer

NUMEXO2 plays a major role digitizing and pre-processing for NEDA and EX-

OGAM2. It has many advantageous applications such as A/D conversion, data pre-
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processing connection with the Global Trigger System (GTS), as well as communication

link management for 16 channels. Moreover, NUMEXO2 power can reach up to 2000W

to deliver the rest of electronics in the digitizer. NUMEXO2 digital electronic has data

transfer rate 100∼200 MHz (108 ∼ 2.108Hz), also NUMEXO2 has capability of to take

14 bits data at 200 Msps (Megasamples per second). It contains 2 high-performance Field-

Programmable Gate Arrays (FPGAs), those are the Virtex-6 and the Virtex-5. Figure 4.6

shows the block diagram of the NUMEXO2 digitizer.

Figure 4.6. NUMEXO2 block diagram [41]

4.2.2. The Virtex-6 Block

The Virtex-6 is one of the logical devices in NUMEXO2. Looking at the charac-

teristics of the Virtex-6, it consists of the oscilloscope, data readout, digital signal pro-

cessing, setup, inspection lines and FADC data collection (IOSERDES) (Figure 4.7).

•I/OSERDES (Input/Output Serialization-deserialization) block

This block gathers raw data from 4 FADC Mezzanines at 200 MHz sampling fre-

quency. And then, it allocates during 7 differential pairs for each channel and reallocates
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it to the rest of the FPGA as samples to be processed by standard algorithms after the

deserialization process.

•Digital Signal Processing Board

It can be shown an alteration between EXOGAM2 and NEDA. This block is

worked for energy calculation by making use of several blocks. First of all, average Mov-

ing Window De-convolution (MWD) carries out a trapezoidal filtering over the original

digitized pulse.Following, the energy is calculated as the height between the average of

the top and pre-trigger baseline samples. After all, some programs which create histogram

organize the energy calculations in a spectral form.

•Oscilloscope

The signals at different points inside the FPGA can be observed by using the

oscilloscope. For instance, it can observe raw data from the FADC, as well as data after

trapezoidal filtering.

Figure 4.7. NUMEXO2 Virtex-6 block diagram [41]

•Data readout

This block performs the data transmission from the Virtex-6 to the Virtex-5. It

contains two different modes such as energy value, timing measurements (parametric

mode) and the oscilloscope mode.

•Inspection lines

The IP (internet protocol) consist of the multiplexers and these multiplexers pro-

vide to select internal signals at different points of the Virtex-6. Furthermore, they allow

driving the signals out of the FPGA so that they can be computed by using the oscillo-

scope, increasing the test capabilities of NUMEXO2.

•Setup
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This block involves registers chains to configure the rest of the blocks in Virtex-6.

Registers can read and write thanks to the software tool Ganil Electronic COntrol (GECO)

[44] by way of Virtex-5.

4.2.3. The Virtex-5 Block

The Virtex-5 block is the second big-sized device on NUMEXO2 board. The

Virtex-5 consist of PCI Express, optical links, serial links and communication drivers,

such as Ethernet gigabit. FPGA controls GTS, and GTS synchronize the event that comes

from different detectors. Connection to the FADC Mezzanines for each motherboard: 4

Mezzanines will be plugged in it and each Mezzanine can process up to 4 channels. There-

fore, each motherboard can collect data from 16 channels. The Virtex-5 block conducts

the data that received with from the Virtex-6 after the processing, and the communication

ports. Figure 4.8 shows NUMEXO2 Virtex-5 internal block diagram.

Figure 4.8. NUMEXO2 Virtex-5 block diagram [41]

4.2.4. Data Readout

A software, which is called GRU (Ganil Root Utilities), has been developed by

employees of data processing centre of GANIL. This software has the ROOT [45] pack-

age program, which is necessary to save and readout the data, and the graphic interface,

that based on the programming language C++, which provides convenience to use com-

puter library that is required for analyzing the nuclear physics data. This program is
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specially designed for experimental data performed in GANIL, however, it also provides

conversion to the ROOT format by using the ROOT package program that commonly

used in international research centres. This allows the data to be easily read and made

process on, Apart from GRU, the program called VIGRU (Visualize GANIL ROOT Util-

ities) [46] that visualises the experimental data in GANIL, has been developed, which

based on working and processing logic of the ROOT package program. The ROOT can

read and measure the data that has the suitable properties in the form of spectrum, matrix,

and histogram.

Furthermore, another software has been developed in GANIL, which is called

GECO (Ganil Electronic COntrol). GECO provides control of the NUMEXO2 digitizer

units during the experiment and allows NUMEXO2 to run in coordination with another

detector systems. Also, GECO enables the required changes on the NUMEXO2 digitizer

without entering the test environment.

Figure 4.9. GECO test and control interface [47]

Figure 4.9 shows where GECO is placed within test and control interface. As can
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be seen in Figure 4.9, GECO and all the NUMEXO2 units that connected to the exper-

imental apparatus and their watcher panel, which the units can be modified or observed

is shown. In this control panel, it is possible to see the process of starting and stopping

the experiment, at what rate the electronic unit records data and at what rate data record

is being made to the storage unit. As can be seen in the flow chart, GECO is important to

know what can be done on the interface of the electronic control system and to show how

we can do them.

Figure 4.10. Left; NUMEXO2 trigger control panel, Right; Trapezoidal filter slope, K-

parameter control panel [47]

Main control interface is shown in Figure 4.10. This interface has two main

menus, the first is to open and load any of the previously saved control configurations,

the second is to load a previously saved configuration that works. Five different sections

can be seen, when passed to control process for each NUMEXO2, such as user, expert,

register, parameter and info (Figure 4.10).

Specifically, as it is clearly visible, there are five different subsections under the

user menu. Those are acquisition, DSP, inspection, oscilloscope and test generator.

In acquisition section, whether the two inner crystals of the EXOGAM2 detector

that connected to each channel of the NUMEXO2 should record data depending on which

triggering conditions can be determined. Or whether an external signal can be used to

carry out the data recording (see the left side of Figure 4.10).

DSP section, control of k- parameter, which determines the quality of the signal

proceed in the trapezoidal form, is provided. Furthermore, this parameter affects the

energy resolution that represents each gamma-energy peak in the energy spectrum (see
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Figure 4.11. Left; inspection control panel, Right; Oscilloscope control panel [47]

Figure 4.12. Left; Trigger timing control panel, Right; K, M ve alfa-parameters control

panel [47]

the right side of Figure 4.10).

In inspection mode, the data that received from Virtex5 or Virtex6 of NUMEXO2

is determined whether recorded in either digital (Trigger mode, valid or invalid data or

simple data etc.) or analog (raw data, filtered moving window etc.) mode (see the left

side of Figure 4.11).

In oscilloscope mode, the signal is saved depending on which mode (raw data,

trapezoidal mode etc.) or which part of the detector (inner1, inner2, external trigger etc.)

it needs to be saved (see the right side of Figure 4.11).

In the expert mode on the NUMEXO2 unit, it is possible to determine whether the

digital or analog modes of NUMEXO2 should process each signal received from Virtex5

37



Figure 4.13. Left; FADC control panel, Right; Each FADC fine adjustment control

panel [47]

or Virtex6, and which time interval it should taken (see the left side of Figure 4.12).

When the signal processed in the trapezoidal form, quality of the signal can be de-

termined not only by the K-parameter, but also by M-parameter and the alpha-parameter.

In the right side of the figure, it is possible to decide which parameter should be taken to-

gether with which option, and which detector unit is triggered according to that parameter

value (see the right side of Figure 4.12).

In expert mode, control of the FADC electronic cards within NUMEXO2 can be

done and their functionality can be checked (the left side of Figure 4.13). Fine tuning

of the FADCs calibration can be made. Clock and test generator sections are still under

development in expert mode. (the right side of Figure 4.13).

In register mode, as can be seen from the left side of Figure 4.14, if for example

Virtex-6 parameter of NUMEXO2 is required to record in which mode, we can see the

panel that performs control and modifies this recording value, while on the right side,

when each unit within NUMEXO2 reads data It is possible to determine which format

data to be readout.

Parameter which is the fourth menu in the left side of Figure 4.10, is still under

development, while in info menu, there is a flow diagram that shows units in NUMEXO2,

how they communicate with each other and in which order.

All these information about GECO interface are important, since controls of AGA-

TA, NEDA, DIAMANT, PARIS, which are used at the international project in SPIRAL2

at GANIL, and controls of all ancillary detectors system will be performed by means of

GECO. Additionally, GECO with oscilloscope mode provides data acquisition and con-
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Figure 4.14. Left; Control panel of data that is acquisition in data registration within

parts of NUMEXO2, Right; NUMEXO2 data readout value control panel

[47]

trol, GECO also makes it possible to make necessary adjustments on the devices without

physically entering the test environment, since it is important to be able to control the

devices in the experimental environment without physically accessible.

VIGRU is another program that is used after the experiment in order to analyze

data and it is as important as GECO.

Figure 4.15 shows VIGRU interface, and graphics which is produced in different

forms. While the experiment is proceeding, the VIGRU program offers the possibility

to check the qualities of spectra alpha, beta and gamma rays that belong to the intended

nuclei, and the spectra of whether the test data are recorded in the desired quality by

making approximate measurements during the test.

VIGRU software provides the display of histograms, one-dimensional, two- di-

mensional and three-dimensional spectra that are suitable data formats for the experiment.

Furthermore, it is a software that enables to perform intended measurements on these his-

tograms or spectra. Thanks to the VIGRU software, the spectra, histograms that belong

to each unit within each detector system can be displayed individually or collectively by

means of a graphical interface and required physical and statistical measurements can be

made on them. Furthermore, the most used functions are reported on the front of the inter-

face to be friendly and useful. VIGRU can also load root histograms or Ganil Acquisition

histogram

Before all these measurements or display process, calibration operations should

be made and calibration coefficient should be found. For this process, To find calibration
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Figure 4.15. VIGRU graphical interface control panel [46]

coefficient, VIGRU provides convenience to plot and display data that are taken from the

experiment.
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CHAPTER 5

RESULTS

A common requirement in scientific data processing is to detect peaks in a signal

and to measure their positions, heights, widths, and/or areas. By using known radioactive

gamma sources an energy calibration of the detector can be performed. Before creating

histograms, energy spectra or matrices that will be measured from received data, calibra-

tion coefficients analyses are necessary to make measurements before and after the exper-

iment by using radioactive sources. Calibration coefficients should be found by making

calibration for energy peaks that located two different regions and the center region by

using 152Eu calibration source that has intense energy peaks both low energy (100-200

keV) region and high energy (1400-1600 keV) region of detectors. Afterward, by using

these calibration coefficients for each detector and crystal in course of the experiment, the

signals that detected are correctly recorded.

We performed an experiment by using four NUMEXO2 digitizers and two EX-

OGAM2 detectors. GECO and VIGRU programs were made the check in order to save

the data. All the experiment data was saved as digital for the first time in our calibration

process. Before the actual nuclear experiment with the beam and target is carried out,

calibration process should be done. In order to obtain such calibration coefficient and

examine the performance of the NUMEXO2 digitizer, an actual on beam experiment was

carried out in April 2016, using the 58Ni beam at Ebeam ≈ 180MeV and 58Ni target on

518 mg/cm2 thick. During this experiment four NUMEXO2 digitizer were used with

two EXOGAM2 detectors. Before taking real data from this nuclear reaction 152Eu ra-

dioactive source was used in order to obtain calibration coefficients of each crystal used

in EXOGAM2 detectors.

To analyse this digital data, GRU, VIGRU, GECO and ROOT programs were used

with the computer that has Linux operating system. Intense energy peaks in energy spec-

trum made peak fitting process with ROOT program by using 152Eu calibration source.

Therefore, after peak fitting process of energy signals, these energy signals that obtained

from NUMEXO2 will be located in the right position. More clearly, Table 5.1 gives com-

monly observed gamma energies of 152Eu that can be obtained from the atomic database

[48].In this study our interested energy levels are both 344.785 keV and 1.408.006 keV.

Because these energy values are two extreme energy values. They may show different
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Table 5.1. Intense energy value of 152Eu radioactive calibration source

energy resolution values of crystals in these energy.

Table 5.2 shows the results that are measured. These results are obtained by using

the fitting process that belongs to energy spectra of 152Eu calibration source. Figure 5.7

and Figure 5.8 shows also how we obtain these mean energy values.

In Figure 5.1 shows that after peaks fitting process of 152Eu radioactive calibration

source at 344.785 keV and at 1.408.006 keV, mean energy values obtained for the second

crystal of the first of EXOGAM2 detectors.

The positions of the peaks in the measured spectra are obtained from a Gaussian

fit, with linear or constant offset. By using mean energy values obtained from peak fitting

process, correction coefficients that were got from each crystal were found by turning

these mean energy values into values in Table 5.1. These coefficients found by using

scatter diagram, thus the scatter diagram gave the line equation. Coefficients of the line

equation gave the calibration coefficients to us. Top left-hand corner in Figure 5.2 shows

these correction coefficients.

As we mentioned before, we used two EXOGAM2 detector which means that

totally eight germanium crystals are used. By using calibration coefficient, the energy

values of 152Eu radioactive calibration source in the spectrum was ensured that being in

energy values in Table 5.1. To show how calibration process works, energy spectra that

used calibration coefficients are shown in left side of Figure 5.3, while energy spectra that
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Table 5.2. Measured energy value of 152Eu radioactive calibration source

used without calibration coefficients are shown in right side of Figure 5.3 for first four

crystals (crystal 1, crystal-2, crystal-3, crystal-4 in the range of 0-500 keV). Figure 5.4

shows second four crystals of EXOGAM2 detector (in the range of 0-500 keV). While

Figure 5.5 shows first four crystals of EXOGAM2 detector (crystal-5, crystal-6, crystal-7,

crystal-8 in the range of 500-1500), Figure 5.6 shows second four crystals of EXOGAM2

detector (in the range of 500-1500).

One of each energy was selected from high and low energy spectrum by using

Figure 5.3, 5.4, 5.5, 5.6 that obtained by using calibration source. Therefore, energy reso-

lution was analyzed for each of crystals by using energy spectrum. For energy resolution,

related energy peaks were analyzed for each of crystal. These analyze shown in Figure

5.7 and 5.8. We used ROOT software for fitting process. In Figure 5.7 show the result of

peak fitting processes for 344.785 keV energy value, while In Figure 5.8 show the result

of peak fitting process for 1.408.006 keV.

After the energy peak fitting process, as we mentioned in Chapter 3, energy reso-

lution was calculated as FWHM. Energy resolution values for each crystal (344.785 keV

and 1.408.006 keV) was found by using obtained energy values and these results given in

Table 5.3. HPGe crystals should have 2.1-2.4 energy resolution, these values are defined

as the good resolution for HPGe detectors. The performance of HPGe detectors depends

on the operation temperature of crystal and electronics, therefore the temperature of the
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Figure 5.1. Peaks fitting process of 152Eu radioactive calibration source at 344.785

keV and at 1.408.006 keV

detector can affect the energy resolution, too. For this reason, sometimes energy resolu-

tion values for each crystal can show an alteration.

Table 5.3. Energy resolution values of the EXOGAM2 detector crystals
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Figure 5.2. Correction coefficients obtained by using energy fitting process by using

each of crystals for two EXOGAM2 detectors
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Figure 5.3. First four crystals of EXOGAM2 energy spectrum (in the range of 0-500

keV), the left side shows energy spectra that used calibration coefficients

and the right side shows energy spectra that used without calibration coef-

ficients
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Figure 5.4. Second four crystals of EXOGAM2 energy spectrum (in the range of 0-500

keV), the left side shows energy spectra that used calibration coefficients

and the right side shows energy spectra that used without calibration coef-

ficients
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Figure 5.5. First four crystals of EXOGAM2 energy spectrum (in the range of 500-

1500 keV), the left side shows energy spectra that used calibration coeffi-

cients and the right side shows energy spectra that used without calibration

coefficients
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Figure 5.6. Second four crystals of EXOGAM2 energy spectrum (in the range of 500-

1500 keV), the left side shows energy spectra that used calibration coeffi-

cients and the right side shows energy spectra that used without calibration

coefficients
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Figure 5.7. Results of energy fitting process of each EXOGAM crystal at 344.785 keV
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Figure 5.8. Results of energy fitting process of each EXOGAM crystal at 1.408.006 keV
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CHAPTER 6

CONCLUSION

One of the main goals of this thesis was to use the NUMEXO2 digitizer with EX-

OGAM2 array during the experiment in order to obtain the performance of NUMEXO2

which will be one of the most important device used with EXOGAM2 and with other

detector systems namely, NEDA neutron detector, PARIS calorimeter to discover new

properties of exotic nuclei. In order to improve the performance of EXOGAM2 array,

currently used analog electronic replaced with NUMEXO2 successfully. The NUMEXO2

digital electronic has data transfer rate of 100∼200 MHz (108 ∼ 2.108Hz) while the ana-

log electronic has data transfer rate of 10∼20 kHz (104 ∼ 2.104Hz). As can be seen from

data transfer rates, NUMEXO2 has better data transfer rate as ten thousand times then

analog electronic.

In order to examine the performance of the NUMEXO2 digitizer, an actual on

beam experiment was carried out in April 2016, using the 58Ni beam at Ebeam ≈ 180MeV

and 58Ni target on 518 mg/cm2 thick. During this experiment four NUMEXO2 digitizer

were used with two EXOGAM2 detectors. Before taking real data from this nuclear re-

action 152Eu radioactive source was used in order to obtain calibration coefficients of

each crystal used in EXOGAM2 detectors. Table 5.2 shows the energy resolution for low

(344.785 keV) and high (1408.006 keV) energy peaks are chosen for EXOGAM2 crys-

tals. Our results are demonstrated that resolution values at the low energy level and at the

high energy level are getting worse as it is expected and this is related to the characteristic

properties in the high energy efficiency of the detectors. Especially, the resolution of 4th,

7th and 8th crystals at low and high energy level shows the unexpected results which need

further examination in the future by testing this detector with other experiments.

As a result, in this study, we showed the performance of NUMEXO2 for its energy

resolution analyses. Moreover, we observed that the NUMEXO2 digitizer was worked

satisfactorily during the experiment and enabled us to have first good data set from a test

experiment.
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