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Abstract

A new type of fission chamber was designed, constructed, and tested using α-particles

emitted by a thin U-233 source that is capable of operating, in pulse mode, at detection

rates of 0.5 MHz and provide position information to less than a millimeter. The typical

fission chamber is in the form of a cylinder with a coating of fissionable material on its

inside surface and an electrode at its center for collecting electrons liberated by fission

fragments that are amplified as they are attracted to the central wire due to an electric

field created when the wire is held at a fixed voltage. The fission chamber in this work

replaces the cylinder and wire with a planar geometry that uses a new method to amplify

the electrons ionized by a fission fragment and collect those ions on a grid that provides

spatial information. The result is a fission chamber with the potential to improve many

applications that involve neutron imaging, non-destructive testing (NDT), and others that

wish to determine the location of a neutron in an environment with high neutron fluence.

xi



Chapter 1

Physical Concepts and Theories

Radioisotopes, such as U-233, emit α, β and γ particles which interact with the surround-

ing medium. If the medium is gasoues, the emitted particles from a U-233 coating lose

their energy by colliding with the atoms and molecules of the medium, which mostly leads

to the ionization of the gas. Depending on the deposited energy in the medium, primary

electrons are liberated with kinetic energies that could ionize the gas again liberating sec-

ondary electrons. If an electric field is present in the gas, it will transport and accelerate

the free electrons to prevent them from being captured until the free electrons collide with

the low voltage electrode. This chapter describes the interactions of α, β and γ-particles

with a gaseous medium to predict the detector’s performance.

1.1 Radioactive Decay

1.1.1 α-Particle Emission

Rutherford and Chadwick[1] studied α-emission from a classical point of view. Classically,

it should have been impossible to emit α-particles from the nucleus. However, they were

experimentally observed when Rutherford and Chadwick exposed U-nuclei to 9 MeV α-

particles. Unfortunately, they did not observe any α-particle scattering from the target

nuclei as they observed in the α-particles scattering from the gold foil experiment. Thus,

Rutherford and Chadwick could not illustrate α-emission from a classical point of view

since they thought that the α-particle was surrounded by a minimum of a 9 MeV potential

barrier.[1]

1



1.1 Radioactive Decay 2

However, α-emission was thoroughly studied after the development of quantum me-

chanics, specifically after the tunneling effect (or quantum tunneling phenomenon). The

core of quantum mechanics is based on probability, which gives scientists the flexibility

to study any system if the wave function is known. The tunneling effect involves the

possibility that an α-particle will escape from the nucleus after frequently encountering

its barrier.

The technique starts with determining the Coulomb potential for the system’s

Hamiltonian, which is represented by Equation 1.1.

V = 2Ze2/r (1.1)

Equation 1.2 shows the scattering S-wave solution for an α-emission by the WKB method[1]

ψ(r) = exp

[
2

~

∫ 2Ze2/E

R

√
2µ

(
2Ze2

r
− E

)
dr

]
(1.2)

where Z is the atomic number of the daughter nucleus, R is the radius of the daughter

nucleus, µ is the reduced mass of the α-particle and mass of the daughter nucleus, and E

is the corrected α-particle recoil energy. Considering the screening effect as reviewed by

Perlman and Rasmussen in Equation 1.3 in eV units,[1]

∆Esc = 65.3 (Z + 2)7/2 − 80 (Z + 2)2/5 (1.3)

would redefine the decay energy to E + ∆Esc, so Equation 1.2 is written as shown in

Equation 1.4, where B is the potential barrier height.[1]

ψ(r) = exp

[−2

~
(2MB)1/2R

(
X−1/2cos−1X1/2 − (1−X)−1/2

)]
(1.4)

X =
Eeff
2Ze2

=
Eeff
B

B =
2Ze2

R
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Finally, Equation 1.5 shows how to calculate the decay constant using ψ(r), here f is the

number of collisions per second.[1]

λ = fψ(r) (1.5)

In spite of the dominant transitions to the nuclear ground state in U-233 and Th-

232, the α-transition are restricted by a selection rule. α-particles have a zero spin and

an even parity, so the initial and final state is dependent on the angular momentum as is

shown in Equation 1.6. Therefore, L can be an even or an odd value if the parities are

similar. If the parities are opposite, the special rule for even-even nuclei says, “all of the

even-spin states have even parity and all the odd-spin states have odd-parity.”[1]

|li − lf | ≤ L ≤ |li + lf | (1.6)

where L is the orbital angular momentum, and li and lf are the angular momentum

eigenvalues for the transition’s initial and final state. Figure 1.1 shows the α-decay schemes

for U-233 and Th-232.

α-decay in odd-A nuclei is different from that of the even-even nuclei due to the

rotational characteristics of the ground state (degeneracy) for each type of nuclei. Th-

232 and U-233 represent two different types of nuclei that emit α-particles through the

transition to the ground state. For Th-232, the ground state has L=0, which makes it the

most likely transition as shown in Figure 1.1-b. On the other hand, the ground state of

U-233 has L=+5/2, which generates a rotational band for the ground state that competes

with the main transition to the ground state as shown in Figure 1.1-a. As a result, the

range of energy of the emitted α-particles from U-233 has an energy range of 4.5-4.85

MeV with 12 transitions, compared to that of Th-232, which only has 3 transitions at an

energy range of 3.82-4.00 MeV.[1]

The ratio of the reduced α-decay widths (Hindrent factors)for the ground state-

to-ground state decay to the decay width to the excited state in the daughter nucleus
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(a)

(b)

Figure 1.1: Energy level scheme for U-233 and Th-232 α-decay.[2]
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Alpha emitter Energy of final state (keV) Hindrent factor Emission Percentage (%)

Th-232 59 (+2) 0.545 21.7

U-233 0 1.17 84.3

42.8 3.7 13.6

98.9 10.5 1.61

166 180 0.042

316 13 0.012

365 60 0.0028

Table 1.1: Final states energy with hindrent factors along with emission percentages for

Th-232 and U-233.[1][2]

determines the probability of α-emission.[3] It gives unity for the ground state of even-

even nuclei and close to a unity for odd-A nuclei.[1] Table 1.1 shows the nuclear energy

states with difference in energy for successive states and the hindrance factor for each

nuclear state of U-233 and Th-232[1] and their emission percentages.[2]
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1.1.2 β−Particles Emission

β−-particle emission occurs when an unstable nucleus undergoes neutron decay to a proton

and an electron and then ejects the electron out of the nucleus. Equation 1.7 shows the

neutron decay products which have the antineutrino ν̄ as a neutral particle to conserve

of linear momentum for the products. The electron leaves the nucleus as a β−-particle

along with the antineutrino sharing the decay energy of the interaction.

n→ p+ β− + ν̄ (1.7)

The β−-particle separate energy is the difference in mass of the mother and the

daughter nuclei after subtracting theν̄ kinetic energy. The sum of the kinetic energy of

a β−-particle and the kinetic energy of an ν̄ is directly proportional to the difference in

mass of the mother and the daughter nuclei, and the β−-particle energy is what remained

after subtracting the ν̄ energy. However, if the daughter nucleus is a γ-emitter, the kinetic

energy of the emitted β−-particle will drop equivalent to the energy of the emitted γ-rays,

and total decay energy Qβ is defined as shown in Equation (1.8).[4]

Qβ− = K.ET = Eβ− + Eγ + Eν̄ + Erecoil (1.8)

As a rule of thumb, the emitted β−-particles have a wide continuous spectrum, and

the majority of them have an energy of (1/3)Emax. The main reason for the wide energy

range for β−-decay is due to the sharing of kinetic energy with the ν̄. The nucleus emits

both particles through an inelastic collision that conserves linear momentum, and both

particles share the energy and momentum neglecting the nuclear recoil (of order of few

eV) as shown in Figure 1.2.[4]
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Figure 1.2: β−-particle and ν̄ energy spectrum.

1.1.3 Internal Conversion and Auger Electrons

Internal conversion and Auger electrons are similar interactions in that both of them emit

electrons along with photons. Nevertheless, the beginning of each interaction is different.

In internal conversion, atomic electrons absorb the excited energy of the nucleus which

is emitted mostly as γ-rays. The electron energy is less than that of the emitted γ-rays

since the difference in energy is used in releasing the electron from the atom. On the

other hand, Auger electrons are released after absorbing part of the emitted X-rays from

the electron cascade when the electrons fill the vacancies after an electron capture by

the nucleus. Therefore, the outcomes of the two processes are similar in that they both

produce electrons and photons as X-rays and γ-rays.

Besides the fact that the internal conversion and Auger electrons start differently,

there is a difference in the emitted X-ray spectra for these processes. In internal conver-

sion, the irradiated X-rays from the atomic electron cascade is higher in energy compared
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to those emitted from the Auger electrons.[4] However, the irradiated γ-rays depend on

the state of the mother and the daughter nuclei as will be shown in the next section.

Both U-233 and Th-232 emit electrons by internal conversion and Auger electrons;

their average energy is 5.043 keV for U-233 and 11.82 keV for Th-232. The internal

conversion and Auger electrons of these radioisotopes are lower in energy compared to

the energy of the emitted β-particles from Pa-233.[4]

1.1.4 γ-Particles Emission

γ-emission occurs when a unstable nucleus transitions from an excited state to a lower

excited state or to the ground state. The emitted γ-particle energy depends on the dif-

ference between the initial and final nuclear energy state of the daughter nucleus. When

the unstable nucleus emits γ-particles, they isotropically spread them in the surrounding

medium to interact with its atoms and molecules by photo-absorption, Compton scatter-

ing, or pair production. Figure 1.3 shows the photo-absorption and incoherent scattering

cross sections for 90/10 Ar/CO2 gas.[5]

γ-emission usually is emitted with other radioactive decays such as α-decay and β-

decay depending on the final state of the daughter nucleus. If daughter nucleus occupies

an excited nuclear state after an α or a β-decay, it will emit γ-rays as mentioned previously

in section Section 1.1.2. However, if the daughter nucleus directly occupies the ground

state after the radioactive decay, it will ban any further γ-emission.[4] In this work, the

detector has a U-233 coating, and none of the radioactive nuclei has the ground state as

the final nuclear state during any α or β-decay.
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Figure 1.3: Photo-absorption and incoherent scattering cross sections for 90% Ar-gas 10%

CO2 gas mixture.[5]

A HP-Ge detector measured γ-emission from U-233 coating. The results showed

a very low emission that could be considered negligible. In addition, the gain of the

GEM detector is set to avoid detecting any of those gammas. Therefore, γ-emission was

negligible during all the detector’s signal measurements and analysis. Needless to say, the

γ-rays effect on the detector’s signal may not be negligible during the detector exposure

to a neutron flux. More details about γ-particle ionization and their simulations will be

discussed in Chapter 4.
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1.2 Energy Loss of Ions in Gases

1.2.1 Energy Loss of Heavily Charged Ion

The energy loss is a change in energy of a heavily charged particle when it reaches the

closest distance to a nucleus. The effect Coulomb’s force will cause a deviation in the

track of the incident particle along with a change in its momentum. Studying the energy

loss for heavy ions is simpler than studying the energy loss of electrons since heavy ions

are hardly deflected and do not have multiple small-angle scattering.[6]

Bethe-Bloch equation calculates the theoretical energy loss for charged particles in

the moderate relativistic energy range and is suitable for calculating the energy loss for

fission fragments and α-particles. The energy loss for heavy ions is mainly dependent

on the ion’s velocity and its effective charge. This makes it different from the electron

as shown in Equation 1.9. Thus, the energy loss for an ion will be similar to that of

an electron of the same velocity if the energy loss is scaled to the effective charge of the

ion.[6]

−dE
dx

= Kz2Z

A

1

β2

[
1

2
ln

(
2mec

2β2γ2

I

Tmax
I

)
− β2 − δ

2

]
(1.9)

Tmax =
2mec

2β2γ2

1 + 2γme

M
+ (me

M
)2

(1.10)

K
A

=
4πNr2

emec
2

A
= 0.307075MeV g−1cm2 (1.11)

The maximum kinetic energy is defined by Equation 1.10, where α is the fine structure

constant (α = e2/4πε0~c), M is the incident particle mass in MeV/c2, E is the incident

particle energy γMc2 in MeV, T is the kinetic energy in MeV, mec
2 is the rest mass of

the electron (mec
2 =0.51 MeV), re is the classical electron radius (re = e2/4πε0mec

2 =

2.8fm), NA is Avogadro’s number (NA = 6.022 × 1023mol−1), ze is the charge of the

incident particle, Z is the atomic number of the absorber, A is the atomic mass of absorber
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in g/mol, I is the mean excitation energy in eV, δ(βγ) is the density effect correction to

the ionization energy loss, and N is the electron density in unit of r−3
e .

When the heavy ions pass through a medium, the maximum energy transfer to

the medium is calculated using Equation 1.10. However, for heavy ions with a non-

relativistic velocity of γ → 1 and 2mp

M
γ << 1, Equation 1.10 can be written as shown in

Equation 1.12.[6]

Tmax =
2mic

2β2γ2

1 + 2γr + r2
= 4E

mp

M

(
1 +

E

2mpc2

)
(1.12)

where r = mp

M
, and mi and E are the mass and the energy of the heavy ion. If the ions

are identical, Tmax = E, then the amount of energy transfer reaches E/2.[6]

The density effect and the shell corrections in Equation 1.9 are negligible for heavy

ions. The passage of heavy ions in a material with an energy of order 1-2 MeV/amu do

not affect the material dielectric constant, especially if the medium has high Z materials

and the velocity of the heavy ion is larger than that of the electrons in the atomic inner

shells. Therefore, as far as the energy loss for the emitted α-particles and fission fragments

from U-233 is concerned, these two corrections are negligible.

However, there are other corrections that affect the heavy ions’ stopping power:

Born approximation, Barkas’ correction, and Bloch’s correction. The corrections for the

stopping power appear when the stopping number is expanded as shown in Equation 1.13.

Thus, Bethe-Bloch’s equation can be written as shown by Equation 1.14 as a first order

approximation.[6]

L = L0 + ZL1 + Z2L2 (1.13)

dE

dx
=

4πz2e4Z

mv2
NL0 (1.14)

L0 =
1

2
ln

(
2mec

2β2γ2

I

Tmax
I

)
− β2 − δ

2
= ln

2mc2β2γ2

I
− β2 − c

Z
− δ

2
(1.15)
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In Equation 1.15, L0 is the stopping number that is derived from Born approximation,

and defined originally by Equation 1.9. L1 is Barkas’ correction, L2 is Bloch’s correction,

and Z is the heavy ion atomic number.

Both Barkas’ and Bloch’s corrections are important for low energy ions such as

fission fragments. Barkas’ correction considers the little difference between the stopping

power for positive and negative ions, which is effective for targets that have high-Z and low

energy such as the emitted fission fragments from U-233 coating. Additionally, Bloch’s

correction calculates the effect on the stopping power for the ion when its velocity becomes

lower than that of the electrons in the inner shells for the target atoms and molecules.

Using these corrections, the stopping power can be written as in Equation 1.16.[6]

dE

dx
=

4πz2e4Z

mv2
NL (1.16)

Finally, the highly charged ions have a charge exchange with the target composites

and this charge does not always equal Z. When the highly charged ions pass through the

medium, electrons leave and attach to the projectile ion. An average charge for the ion

was be described using Equation 1.17.[6]

Zeff =

[
1− exp

(
− v

v0Z2/3

)]
Z (1.17)

Therefore, the final form of the Bethe-Bloch’s equation for the highly charged ions

can be written using the correction for the stopping number in Equation 1.13, and dividing

Equation 1.16 by Z2
eff from Equation 1.17 as a function of velocity with L1 and L2

corrections as shown in Equation 1.18.[6]

(
dE

dx

)
scaled

=
dE/dx

Z2
eff

=
4πe4Z

mv2
NL (1.18)

Simulation packages calculate the energy loss with specific uncertainties when a

charged particle passes through a target material. GEANT4[7] and Srim & Trim[8] es-

timate the energy loss for different media. Nevertheless, the uncertainty of STRIM &
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TRIM calculations in the gaseous media may reach 20%. The two types of calculations

will be illustrated in the simulation and analysis chapter.

The energy loss of heavily charged ions releases free electrons that lose their energy

in the surrounding medium. When the energy loss of the charged particles transfers

to the medium through elastic and inelastic collisions, the incident ion either ionizes or

excites atoms and molecules in the surrounding medium and exchanges charges with the

medium’s composites. Therefore, the passage of the heavily charged ions produces free

electrons which could interact with the medium’s composites again as will be discussed

in detail in the next section.

1.2.2 Electron Stopping Power

The electron loses its energy either by collision, radiation, or both depending on the

energy of the electron and the surrounding medium. When the electron interacts with

the surrounding medium, the energy transfers to the medium as shown in Equation 1.19.

If the electron is in the non-relativistic energy range, most of its energy transfers to the

medium by collisions. On the other hand, the electron could lose its energy by radiation

depending on the medium composites. If the atomic number of the medium is larger than

80, then the minimum energy of incident electrons will be at least 10 MeV to loss energy

by radiation (Bremsstrahlung).[6]

(
dE

dx

)
total

=

(
dE

dx

)
collision

+

(
dE

dx

)
radiation

(1.19)

The mean stopping power formula estimates the incident β-particles and free elec-

tron energy loss by collision. The Bethe-Bloch equation is used to estimate the electron

stopping power that is shown in Equation 1.20. It is simplified due to the gaseous medium

properties and to the expected energy range of the electrons that interact with gaseous

medium.[6]
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dE

dx
=

2πNz2e4

mv2

(
ln

(γ + 1)E2

2I2
− (

2

γ
− 1

γ2
) ln 2 +

1

γ2
+

1

8
(1− 1

γ
)2 − δ

)
(1.20)

As to non-relativistic electrons, such as those emitted from a U-233 source as β-

particles and free electrons produced by ionization, they have γ → 1 δ → 0, and the

density effect is negligible for gases due to the low density N. Equation 1.20 is simplified

to Equation 1.21.

dE

dx
=

2πNz2e4

mv2

(
ln
E2

I2
− ln 2 + 1

)
(1.21)

Thus, the stopping power for electrons is almost the same for all gases under the

same temperature and pressure, and the amount of energy loss is dependent on the inverse

of the squared velocity of the electron. Additionally, Equation 1.21 does not consider the

effect of the electric field that accelerates the free electrons in gas as it will be demonstrated

in detail in Section 1.3.4.
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1.3 Charged Particles Transport and Ionization

Studying diffusion and mobility of charged particles in a gas is classified into two main

groups, ion and electron diffusion and mobility. They are conceptually similar, but they

have many differences. First, the ratio between the mass of the electrons and the gas

atoms is very small, so with a few eV of work done by an electric field, the electrons

will gain a high velocity compared to ions that are accelerated under the same electric

field.[9] Also, the probability of low energy electrons to interact is higher than that of low

energy ions, and the electron interactions are supported with accurate calculations for the

electron drift velocity. Electrons at a low energy have the ability to produce vibrations

and excitations in the gas atoms or molecules which are measured within the lab frame,

but low energy ions have very low cross sections for most of the interactions for most

of these interactions.[9] When interactions occur, a complexity appears in measuring the

products of ion interactions. Nevertheless, the calculations are simpler for the velocity

distribution of electrons in many gases since the ratio between a gas atom or molecule

mass to the electron mass is very small.[9]

Since producing electrons is simpler than producing ions in a gas, many interactions

are responsible for producing electrons, such as thermionic emission, photo-emission, or

radioactive decay. On the other hand, creating an ion requires electron bombardment,

photo-ionization or electric discharge, which requires more sophisticated conditions for the

experiment. In addition, ions are not as sensitive as electrons for the non-uniformity of

electric and the magnetic fields.[9] Finally, the existence of impurities in a gas is always a

concern. The ions lose most of their energy at the molecular level, but the electron energy

loss is within the atomic level in a pure gas. As a result, the ionic velocity distribution is

not affected by the existence of these impurities except for some cases that are related to

highly accurate ionic studies in gases.[9]

As to ionization, it is the dominant interaction for non-relativistic electrons and ions

in a gaseous medium. Ionization occurs when the energy of charged particle is larger than
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the ionization potential or the minimum energy to produce an ion-electron pair in the gas.

If a charged particle moves under an electric field effect, this will accelerate the charged

particle and increase its kinetic energy to ionize the surrounding gas. However, high

energy ionizing particles are not effective in ionization since the ionization cross section in

a gaseous medium is inversely proportional to the kinetic energy of the charged particle.

1.3.1 Charged Particle Drift and Diffusion

The motion of a charged particle in a medium is controlled by the magnitude and the

direction of a drift electric field. The charge of a particle determines its velocity and

direction when it moves under the electric field effect. In a system of identical particles,

the particles move with the same direction as that of the electric field that will acceler-

ates them, or in the opposite direction of the electric field which will decelerates them.

Equation 1.22 and 1.23 represent the gain and the loss for each case. The total work of

the electric field on an identical particle system is mv2
d, where vd is the drift velocity, and

m is the mass of the charged particle as shown in Equation 1.24.[10]

∆εp =
m(v + vd)

2

2
− mv2

2
= mvvd +

mv2
d

2
(1.22)

∆εa =
m(−v − vd)2

2
− m(−v)2

2
= −mvvd +

mv2
d

2
(1.23)

∆E = ∆εp + ∆εa = mv2
d (1.24)

Additionally, the kinetic energy of a system of identical particles will fluctuate de-

pending the drift electric field. If the average energy of a charged particle is ε̄ = mv̄2

2
, the

fluctuation in its kinetic energy will be proportional to the average velocity of the charged

particle v̄ and its drift velocity vd when the charged particle moves with vd in a uniform

electric field as shown in Equation 1.25.[10]
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∆E

ε̄
=
mv2

d
mv̄2

2

∼
(vd
v̄

)2

(1.25)

1.3.2 Electron Drift and Diffusion

In a gaseous medium, electron density is dependent on the gas mobility and diffusion coeffi-

cient when electrons move in the medium. If an electron flux is defined as in Equation 1.26,

the continuity equation describes the relationship between the rate of the electron density

and the electron flux as shown in Equation 1.27, where q is a source of charge creation or

annihilation in cm3s−1. Not only is the average velocity of the electron constant in the

previous equations, but so are the mobility and the diffusion coefficients for a medium of

a constant temperature and pressure.[10]

Γ = ±nµE −D∇n (1.26)

∂n

∂t
+∇.Γ = q (1.27)

However, estimating the change in electron density using the continuity equation

is imperfect since the assumption in these equations is that all the electrons have an

identical transition in the macroscopic quantities of the gaseous medium, such as the

dielectric constant and the conductivity, which approximates the values of these macro-

scopic quantities. To accurately analyze the microscopic processes, such as ionization and

atomic excitation, the electron distribution function f(r, v, t) should be defined using the

Boltzmann transport equation.[10]

1.3.3 Heavily Charged Ion Ionization

The major interaction of the charged particles in a fission chamber is the ionization of

Ar/CO2 gas. Before operating a fission chamber, the air inside is flushed and replaced with

90/10 Ar/CO2 to increase the probability of ionization by an incident charged particle.
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Generally, the ionization cross section for air is smaller than the one for Ar/CO2 gas or

any inert gas mixtures.

A heavily charged ion produces ion-electron pairs when the ion ionizes a gaseous

medium. The number of ion-electron pairs produced by ionization is directly proportional

to the incident ion energy. Through out the ion’s passage, its kinetic energy decreases

because it exchanges its charge with the medium atoms and molecules. The charge ex-

change decreases the number of free electrons as the incident ion is transported further

in the region of the drift electric field. The number of free electrons can be calculated

using the mean ionization energy to create an electron-ion pair and the energy loss of the

incident ion in the medium as shown in Equation 1.28, where N is the number of incident

ions, and W is the mean ionization energy for the target, which equals on average 26 eV

for 90/10 Ar/CO2 gas mixture.[11]

Q = N × (dE/dx)

W
(1.28)

However, the assumption in Equation 1.28 is that ion energy loss in the gaseous

medium is completely for ionization without considering any other processes such as

atomic excitations and molecular vibrations. These latter two interactions were in fact in-

volved when GEANT4 simulated the ion transport in the gas as will be discussed in Chap-

ter 3.

1.3.4 Electron Ionization and Multiplication

It was experimentally observed that applying a voltage difference on a gas cavity produces

a current. Townsend observed a number of electrons produced by a uniform electric field

which was created by applying a voltage V on a gas cavity.[12] If the number of electrons

n0 travels a distance d in a gas, the number of the electrons, after passing the distance d,

is calculated using Equation 1.29, where α is The Townsendfirst coefficient. However, The

Townsendfirst coefficient specifies photo-ionization and electron collision with gas atoms
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and molecules as major processes for electron multiplication, ignoring the other processes

such as electron reattachment, electron scattering, and molecular excitations.[12]

n = n0e
αd (1.29)

Townsend studied the relationship between the Townsend first coefficient α and the

applied electric field E. Townsend accurately predicted all the values of α for different

values of E using Equation 1.30, where p is the gas pressure, A and B are constants that

are dependent on E and the gas thermal characteristics. Nevertheless, having a single

analytical function to fit the experimental results for a gas does not exist because α/p

is dependent on the number of produced electrons, and this number changes when the

average energy distribution of the ionizing electrons changes.[12]

α

p
= Ae(−Bp

E
) (1.30)

Besides the previous method, α/p could be calculated depending on the mean free

path of ionization using Equation 1.31 which defines the average mean free path λ, where

σi is the ionization cross section, and x is the distance traveled by an electron in a gas.

Substituting the value of λ from Equation 1.31 results in redefining A and B in terms of

the ionization cross section as shown in Equation 1.34.[12]

λ̄ =
kT

pσi
(1.31)

α = −f
′(x)

dx
= 1/λ̄eλi/λ̄ f ′(x) = e−x/λ̄ (1.32)

α

p
=

σi
kT

e−σi/kT (Vi/(E/p)) = Ae−B/(E/T ) (1.33)

A =
σi
kT

B =
σiV i

kT
(1.34)
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Percentage of CO2 A (cm−1Torr−1) B (V cm−1Torr−1) E
p

(V cm−1Torr−1)

3.7 5.04 90.82 16.2

2.8 221.1 207.6 21.6

87.2 158.3 291.8 32.9

100 145.1 318.2 36.4

Table 1.2: A and B measured values for different Ar-gas and CO2 gas mixtures.[13]

The Townsend ionization coefficient is directly proportional to the applied electric

field. Figure 1.4 shows the ionization coefficient for both Ar and CO2 gases. Ar gas

has a larger Townsend coefficient for a specific value of E/p than CO2 gas does due

to other processes that could occur in CO2 gas besides ionization, as will be discussed

in Section 1.3.5. Consequently, mixing the two gases decreases the number of free electrons

that are liberated during electron multiplication. Table 1.2 shows different values for A

and B when CO2 gas when the mixing percentage is changed along with E
p

.

However, the more accurate method to calculate electron multiplication is by solving

the Boltzmann equation. The Boltzmann equation defines a velocity distribution for

primary electrons when they are produced by the energy loss of the incident particles.

The velocity distribution is dependent on the electrons’ kinetic energy, electric field, and

gas transport properties such as drift velocity and diffusion coefficients. Additionally,

the velocity distribution in phase space is the appropriate method to study the effect of

microscopic processes, such as electron ionization and reattachment.[12]

If f is a distribution function of electron velocity in a gaseous medium, then the

Maxwell Boltzmann differential equation is written as shown by Equation 1.35, where n

is the number electrons propagating in the presence of an electric field E, c is the velocity

of the electrons, and S depends on the elastic and inelastic collision cross sections of the

medium.[14]
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(a)

(b)

Figure 1.4: Electric field in unit of V/cm.torr and the ionization coefficient α/p in unit

of cm−1.torr−1 for (a) Ar-gas. (b)CO2 gas.[10]
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∂

∂t
(nf) +∇.r(nfv) +∇.v

(
nf

eE

m

)
+ S = 0 (1.35)

The equation includes the loss of electrons as they transport across a surface bound-

ary in a volume element dr, and the effect of a uniform electric field in accelerating each

ndr electron which changes their velocity dc from one point to another in the phase space,

and the loss in the number of points in a time dt is dt∇.v(nfeEm )dvdr. The loss in the

electron density ∆n in dv is as a result of a quasi discontinuous change in a position ∆v

in velocity space as each electron attached to an ion.[14] The solution of the Boltzmann

equation in 3D-space for an electron traveling toward the z-axis under a uniform electric

field is represented by Equation 1.36, where r′ is defined as shown in Equation 1.37.[14]

n(x, y, z) =
i

(4πD)

expλ(r′−z)

r′
, (1.36)

r′ = (z2 +
DL

D
ρ2)1/2 (1.37)

The asymtotic solution for a stream of electrons originating from a hole in a metal

plate extends over a plane at z=0, and has a hole at the origin. The Scalar Boltzmann

equation can be written for an electron stream moving in the +z-direction, as shown

in Equation 1.38 taking into consideration all the conditions mentioned previously and

having S = 0, the general solution for Equation 1.38 is shown in Equation 1.39. [14]

D

(
∂2

∂x2
+

∂2

∂x2

)
n+DL

∂2

∂z2
−W ∂

∂z
n = 0 (1.38)

n = eλLz

∞∑
k=0

Akr
′−1/2Kk+1/2(λLr

′)Pk(µ) (1.39)

where r′2 =
√
x′2 + y′2 + z′2 , with x′ = (DL

D
)1/2x, y′ = (DL

D
)1/2y, 2λ = W

DL
, Km is

modified Bessel function, and µ = cosθ. More details about the solution in Equation 1.39

is provided in Appendix A.1.
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However, for an electron stream traveling toward +z axis in a uniform electric field,

the velocity distribution has only two terms f0 + f1 which are for a monopole and dipole

solution as shown in Equation 1.40 and Equation 1.41. These solutions are only applicable

for a constant electric field inside the hole. These solutions can be used to estimate the

change in the electron density for specific values of an electric field inside the hole.[14]

On the other hand, Garfield simulation solves the Boltzmann equation by using Mag-

boltz package with a variable electric field, as will be discussed in simulating the electron

multiplication by GEM preamplifiers. [15][16]

nmonopole = (
π

2λL
)1/2 e

−λL(r′−z)

r′
(1.40)

ndipole = (
π

2λL
)1/2 z

r′
(1 +

1

λLr′
)
e−λL(r′−z)

r′
(1.41)

r′ =
√
ρ′2 + z2 (1.42)

1.3.5 Gas Quenching

Gas quenching is mixing gases to embed non-ionizing processes such as molecular excita-

tion and vibration which decreases the energy of a charged particle to create ionization.

The gas mixture consists mostly of one gas whose atoms are the main source of elec-

trons along with another molecular gas which decreases the number of free electrons in

the gaseous medium. In other words, the probability for ionizing the atoms in the gas

mixture decreases due to the electron interaction with the quenching gas molecules by the

molecular excitations and vibrations that are shown in Table 1.3. Consequently, a higher

voltage is required to get a gain from this gas mixture than a medium which only has a

non-quenching gas.[17]

The quenching process not only decreases the ionizing electron energy, but also

decreases the energy positive ions (produced by ionization) when the ions collide with
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e + CO+ → CO+
2 + 2e Single Ionization

C +O+ + e Dissociative Excitation

C+ + O+ e Dissociative Excitation

C+ + O+ + 2e Dissociative Ionization

Table 1.3: CO2 gas electron interactions besides ionization.

these gas molecules. In the case of Ar gas, quenching emits one or more photons from

these positive ions which represents an energy loss in a form other than the ionization.This

effect is known as an argon escape peak.[17]

Mixing Ar gas with another organic gas such as CO2 decreases the number of sec-

ondary electrons. Producing an ion-electron pair in pure Ar gas requires 15.75 eV. How-

ever, after quenching with an organic gas such as CO2 gas at 9:1 ratio, the quenching

increases the mean energy required for producing an ion-electron pair to 26 eV on aver-

age for most of the incident charged particles. As a result, the number of free electrons

decreases through the passage of the charged particle through the 90/10 Ar/CO2 gas

mixture.[18]



Chapter 2

Apparatus

The detector was an ionization chamber which then used to detect the emitted ions from

the U-233 coating on a cathode plate in Ar/CO2 gas mixture. The ionization chamber

consisted of a cathode plate followed by three GEM preamplifiers and a segmented anode

plate to collect free electrons transported by an electric field created by a voltage differ-

ence applied between the cathode and the anode. The GEM preamplifiers established an

electric field to accelerate the free electrons when they passed through one of holes on

its surface and created secondary electrons. Secondary electrons avalanche after multi-

plication was collected by the segmented anode. The detector cavity, made of ertalyte,

contained all of the components and isolated them from the surrounding atmosphere. A

high voltage divider circuit was used to operate the detector and pass the detector signal

through a high-pass filter to send it to the data acquisition (DAQ) system. This chapter

discusses the detector construction and operation in detail.

2.1 GEM Detector Description

2.1.1 GEM Detector Assembly

As shown in Figure 2.1, the GEM detector was composed of a sealed cavity that contained

three GEM preamplifiers, a cathode and a segmented anode. Before installing the GEM

preamplifiers in the ionization chamber cavity, they were mounted on square fiberglass

frames in a clean room environment. Then they were separated by a vertical distance of

2.8 mm using M3 washers inside the detector cavity parallel to each other. The cathode

25
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plate had a vertical distance of 3.5 mm from the top of first GEM preamplifier. The

segmented anode had a 1 mm distance from the last GEM preamplifier.

Figure 2.1: The original GEM detector design.

A 10x10 cm2 cathode plate was built from a fiber glass copper clad plate which could

hold a voltage difference up to 5 kV without any spark discharge. A 1 mm thick fiber

glass copper clad plate was used as a cathode, and fiber glass layer helped to electrically

isolate the copper layers when the voltage was applied. The cathode design was tested

to hold a voltage of 5 kV (in air) between the top and bottom sides without any spark

discharge.

The segmented anode was composed of thin strips made of copper that intersected

with each other without being in contact. The charge collector was made of 50-80 micron

wide strips that were isolated from each other in order to determine the location of the

collected electrons. The strips were arranged to allow equal charge sharing on the upper
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(x coordinate) and lower (y coordinate) intersecting layers of the charge collector as shown

in Figure 2.2.[19]

Figure 2.2: The charge collector 50 micron and 80 microns for horizontal and vertical

strips successively.

Two machined plastic sheets, made of ertalyte, enclosed all the detector components

inside a 2 cm thick sealed cavity. The two 1.25 cm thick ertalyte plastic sheets set on

top of each other. they were machined to have a 13x13x2 cm3 cavity. A 13x13x0.05 cm3

kapton entrance window was built on the detector top to allow low energy range particles

into the chamber. Additionally, the cavity was supported by an o-ring strip that was

placed between the two plastic sheets and isolated the cavity after bolting the two sheets

together with M3 plastic screws around the kapton window. Figure 2.3 shows top, bottom,

and side views of the detector’s exterior design.

The GEM preamplifiers were properly aligned allowing electron transport and mul-

tiplication. The chamber had three GEM preamplifiers with a separation distance of 2.8

mm, and they were properly aligned to achieve transparency to allow electron transport
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(a) (b)

(c)

Figure 2.3: The detector external structure (a) top view. (b) bottom view. (c) side view.
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and three stages of multiplication. After setting voltage on each preamplifier, a signal

was received from the detector which confirmed the appropriate alignment and separa-

tion distances for the GEM preamplifiers.

It is important to point out that the GEM design described above was not unique.

GEM detectors differ in shape, area and number of the preamplifiers installed. The num-

ber of GEM preamlifiers varies depending on the required multiplication. For instance, a

triple GEM design (gain of 106 electrons) provides an amplification suitable for imaging

when using segmented readout plate. Moreover, the triple GEM is used for tracking low

ionizing particles.[20]

Finally, the last advantage of using a triple-GEM design is the low spark discharge

probability during the detector operation. The triple-GEM design has a gain of 106 elec-

trons by applying low voltage on each preamplifier when is compared to applied voltage(s)

on a single or a double GEM design. The lower voltage for the triple GEM design de-

creases the spark discharge probability and give a longer lifetime than the other GEM

deigns. Figure 2.4 shows the gain and the spark discharge probability for the three GEM

designs.[21]
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Figure 2.4: The probability of spark discharge for different GEM detector designs.

2.2 The Modified GEM Detector

The GEM detector was modified to be a fission chamber by installing a U-233 coating

on the detector’s cathode. The GEM detector design, as described in Section 2.1.1, was

thus modified to be a neutron sensitive detector with this coating. The U-233 coating was

installed on the cathode plate as a neutron sensitive material to mainly interact through

a fission reaction with the incident neutron flux since it has a relative high cross section

for the thermal and fast neutrons. The U-233 coating was placed to directly face the drift

region of the GEM detector as shown in Figure 2.5.

In addition, the drift region was increased in height to increased the deposited energy

from the heavily charged ions. The range of the heavily charged ions in a 90/10 Ar/CO2
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was 3.2 cm for 4.85 MeV α-particles. Therefore, the drift region was increased to 1 cm

to increase the deposited energy of the incident α-particles to around 1 MeV. When the

deposited charge by the ion increases, it decreases the required gain to observe the its

signal which will be discussed in the coming chapters.

Figure 2.5: Modifications of the original triple GEM design to a fission chamber with a

shutter.

The electroplated U-233 coating is a circular thin film of 2.5 cm diameter with a

thickness of 30-40 µm carried on a circular metal plate that was attached to the detector

cathode. Figure 2.6-b shows an 8 cm circular metal plate had the U-233 coating and

helped in installing it on the detector cathode. The original cathode plate was machined

to have a circular hole to make the coating directly be exposed to the drift region. Then

an adhesive was applied to one side of the cathode to install the metal plate that has the

U-233 coating as shown in Figure 2.6-b. The electrical contact between the two metal
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plates was maintained during the installation to avoid any electrical spark discharge.

A circular fiber glass shutter, with a 2.5 cm diameter and 1 mm thickness, was

designed to completely cover the U-233 coating, and it was manually opened or closed

by the operator from outside the kapton window. This 1 mm thick fiber glass shutter

was located 1.5 mm below the coating surface, and it covered the U-233 coating manually

without turning of the detector using an extended rod from the end of the shutter to

outside the kapton window. When the shutter was closed, it completely covered the

U-233 coating. When the shutter was open, it exposed the U-233 coating to the drift

region allowing the emitted particles from U-233 coating to ionize the gas. Figure 2.6-b

and Figure 2.6-c show the cathode with open and closed shutter respectively.
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(a)

(b) (c)

Figure 2.6: (a)The U-233 circular plate (b)The modified cathode with open shutter (c)and

closed shutter.
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Shutter position α-particles Rate (min.−1)

Open 6879

Closed 1

Table 2.1: α-particles rates for open and closed shutter.

The fiber glass shutter was tested to stop the emitted α-particles from U-233 coating.

An alpha particle counter showed a difference in the number of the counted α-particles

when the shutter was open and when it was closed as shown in Table 2.1.[22] Since the

α-particles were stopped when the shutter was closed, all the fission fragments will be

stopped that are emitted from the U-233 coating during the exposure to a neutron flux.

The height of the detector cavity was increased in order to have a larger drift region

to contain the modifications. The height of the kapton window was changed to 1.5 cm

from the first GEM preamplifier design which was 0.7 cm as shown in Figure 2.7. The

increment in height helped in installing the modified cathode with the fiber glass shutter

to provide the chamber with a 1 cm height drift region as shown in Figure 2.5.
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(a)

(b)

Figure 2.7: The detector external structure after modification (a) top view. (b)dimensions

of the new cavity.
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2.2.1 GEM Preamplifiers

A GEM preamplifier is a 50 micron thick kapton foil clad on both sides with 5 microns

of copper. A staggered pattern of 50 micron diameter holes, equally spaced by distances

comparable to the hole diameter, was chemically etched into the copper clad foil of a

140 um pitch distance over an area of 10x10 cm2 as shown in Figure 2.8.[23] The advan-

tage of using GEM preamplifiers is their ability to multiply electrons (preamplification).

The structure, shape, and number of preamplifiers changes depending on the application.

For instance, a single GEM preamplifier increases the number of liberated electrons by

two orders of magnitude via electron multiplication. However, a triple GEM assembly

increases the gain up to 106 electrons which is used mostly for imaging applications.[24]

Operating the GEM preamplifiers requires installing them in a sealed chamber, as dis-

cussed in Section 2.1.1, and then providing them with voltage, as illustrated in the next

section.

When the voltage is applied on the GEM preamplifier, it produces an electric field

inside the holes which is the main component in the electron multiplication process. Fig-

ure 2.8 shows the electric field lines inside the holes whose number increases close to the

edge of the hole. They are different designs for GEM preamplifiers that are different in

the size or shape of the hole, or different in the size of the rim around each hole. The aim

of those modifications is to increase the numbers of electric field lines and to study the

effect of their curvature on the gain of the used preamplifier. Furthermore, GEM designs

are used to study decreasing the spark discharge effect when in areas of high electric field

by testing different materials for isolating and cladding.[25]
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(a)

(b)

Figure 2.8: (a)The GEM preamplifier design with its electric field. (b) GEM preamplifier

card.
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2.3 High Voltage Divider Circuit

A high voltage divider circuit was used to apply a negative voltage between the top and the

bottom sides of each GEM preamplifier. Figure 2.9 shows the components of the voltage

divider circuit that provide negative voltages for each GEM preamplifier. It was designed

to place the first GEM preamplifier encountered at the highest voltage difference between

the top and the bottom sides while the last GEM preamplifier had the least voltage

difference. The advantage of decreasing the voltage as the preamplifier became closer to

the ground voltage was to avoid spark discharge during the detector operation. Figure 2.9

shows the high voltage circuit divider design [26], and Table 2.2 lists the voltage measured

on each GEM preamplifier.

Vsource ± 1 2579 2630 2680 2731 2781 2832 2900 2933

VG1T ± 1 2579 2630 2680 2731 2781 2832 2900 2933

VG1B ± 1 2259 2303 2348 2393 2373 2482 2562 2591

∆V1 ± 1 304 310 316 322 328 332 338 342

VG2T ± 1 1671 1704 1737 1770 1803 1836 1880 1902

VG2B ± 1 1394 1421 1449 1476 1503 1530 1567 1585

∆V2 ± 1 279 285 290 296 302 307 313 317

VG3T ± 1 818 834 850 866 882 898 920 930

VG3B ± 1 570 581 592 603 614 625 639 647

∆V3 ± 1 245 250 255 260 268 273 281 283

Table 2.2: Voltage measured on each GEM preamplifier using HV-voltage divider circuit.

The high voltage divider circuit included a high-pass filter that provided a trigger

(trigout) signal when the electrons left the last GEM preamplifier. One of the techniques

used to improve the detector signal was to use a high-pass filter that was in contact with

the bottom side of the third GEM preamplifier. When the electron stream left the last
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GEM preamplifier moving toward the charge collector, a positive current was produced

through a high-pass filter. The threshold frequency was dependent on a capacitor and

resistor in the high-pass filter. For instance, connecting 100 pF capacitor with 1 MΩ

resistor, connected to ground, created a high pass filter with a cut off frequency of 10

kHz. Figure 2.9-b describes the circuit of the high-pass filter used in the high voltage

divider circuit.
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(a) (b)

Figure 2.9: (a)The components of the HV-divider circuit. (b)High-pass filter design

circuit.
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2.4 Detector operation

The high voltage divider circuit provided the voltage to the GEM preamplifiers using a

high voltage power supply. A four-channel digital power supply, CAEN N470, provided

the voltage to the high voltage divider circuit, which distributed the appropriate voltages

to the top and bottom sides of each GEM preamplifier. A signal on an oscilloscope

was first observed when the provided voltage reached 2.55 kV and 3.25 kV to the GEM

preamplifiers and the cathode respectively. This corresponded to a drift electric field of

700V/cm. The first and last GEM preamplifiers had a voltage difference of 304 V and

245 V respectively.

The spark discharge probability increased with increasing the applied voltage on

each GEM preamplifier. To avoid the negative effect of continuous spark discharge, a

protection circuit was connected to trip the high voltage power supply the instant any

spark discharge occurred. However, the probability of spark discharge is very low when

the detector was operated at 2.87 kV and 3.87 kV for the GEM preamplifiers and the

cathode respectively.

The protection circuit from spark discharge effect is sensitive to spark discharges

wider than 15 µm. The power supply was connected to the spark discharge protection

circuit that had the detector signal connected to a Lemo 00 input to activate a kill option

for the power supply. While operating the detector, the kill Lemo 00 input was connected

to the detector charge collector so that if a spark discharge happened and its signal was

wider than 15 µs, the kill option tripped all the channels of the power supply.
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2.5 Data Acquisition (DAQ) System

A DAQ (data acquisition) system was used to measure the detector output using a charge

to digital converter (QDC) as a part of an electronic circuit to save the charge spectrum on

a data file in a storage hard drive connected to the CPU. An electronic circuit consisting

of a number of NIM bin modules was used to measure the charge by a CAEN V792 QADC

module (VME module)as shown in Figure 2.10. The QDC module required an integrating

gate 1 µs wide to measure the analog pulse that comes from the detector’s trigger output.

The QADC measures up to 400 nC as reported from the manufacturer that were sampled

to 4096 channels to provide each channel with storage capacity of 100 fC.[27] A trigger

supervisor communicated with the QDC module using a square pulse that was delayed

to 6 µs in time relative to the QDC gate.

Furthermore, the VME crate was connected to a CPU unit that had the CODA

2.6.1 software package which was responsible for collecting the data through the VME

crate and saving the measurements in a data file on an event by event basis. A script was

used to convert the collected data file to an n-tuple ROOT file to analyze the data using

a ROOT software package.
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Figure 2.10: Flow chart for the signal processing circuit and the spark spark discharge

protection circuit.



Chapter 3

Simulation

The main purpose of performing the Monte Carlo simulations was to estimate the number

of free electrons that reached the readout plate. U-233 emitted three types of particles:

α, β, γ-particles. Each particle has specific interactions with surrounding medium that

can be simulated when information about an incident particle can be provided such as

the kinetic energy and the emission rate.

Estimating the number of free electrons provided information about the collected

charge that contributed in the QDC charge spectrum. The collected charge by the QDC

on a specific channel number did not have any indicator for its source (ionizing particle).

However, simulating the ionizing particles in the same conditions that surrounded the

collected charge spectrum gave an indication to the amount of charge collected by the

readout for each ionizing particle within a calculated statistical error. In all the particle

simulations, ionization was the dominant interaction between the incident particles and

the atoms and molecules of the surrounding gas.

This chapter discusses the simulations of ionization for all the ionizing particles in

the drift region that were expected to share in the collected charge by the charge to

digital converter (QDC). Additionally, it discusses the effect of the fiber glass shutter

on the initial charge deposited in the drift region by each particle when the shutter was

open and when it was closed. It discusses the electron multiplication of the triple GEM

preamplifier detector depending on its voltage settings.

44



3.1 α-Particle Ionization 45

3.1 α-Particle Ionization

Simulations of using GEANT4[7] and Srim & Trim[8] benchmarked published data for

α-particles ionization in Ar/CO2 gas. The ENDF-database specified the emission rates

and the energies for each α-particle that the U-233 coating emitted in the drift region.

Then, GEANT4 and Srim & Trim estimated the deposited energy of an α-particle emitted

from the U-233 coating, evaluated the number of primary and secondary electrons that

were produced in the drift region, and finally showed the impact of the fiber glass shutter

on the deposited charge and the detected rates of the α-particles.
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3.1.1 α-Particle Emission Rates

α-particles have specific relative emission rates when they are emitted from U-233 radioac-

tive nuclei. Figure 3.1 shows the rates of the α-particles emitted from the radioactive nuclei

in a U-233 coating which is contaminated with Th-232.[28] For example, U-233 emits 85%

of its α-particles with an energy of 4.85 MeV while Th-232 emits 80% of its α-particles

with an energy of 4.00 MeV.

Figure 3.1: The mission rates of α-particles from nuclei in U-233 coating.

Furthermore, Figure 3.1 shows the α-emission rates of nuclei that are expected to

emit α-particles after exposure to a neutron flux.[2] If using this as a neutron detector,

it should be aware that a neutron flux produces new α-emitters, such as U-232, which

emits 70% of its α-particles with an energy of 5.3 MeV. However, the effect of U-232 is
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considered negligible due to its low concentration compared to the other α-emitters. It is

important to note that all the emission rates in Figure 3.1 are relative emission rates for

all the emitted α-particles from the same radioactive nucleus.

3.1.2 Primary and Secondary Ionization of α-Particles

α-particles produced primary electrons which produced secondary electrons as they passed

through the drift region of the detector. α-particles’ transport through the drift region

ionized the gas which produced primary electrons. These primary electrons scattered and

ionized the gas again to produce secondary electrons. Simultaneously with ionization, the

drift electric field decreased the probability of free electron reattachment to the ions and

collected the free electrons to transport them toward the first GEM preamplifier.

The drift electric field affected the number of the electrons collected in pure argon

gas. When an α-particle traveled in pure argon, it liberated up to 3×104 electrons through

primary and secondary ionization without any electric field.[29] Saito et al. measured the

number of primary and secondary electrons in region of 4.7 kV/cm drift electric field for

5.49 MeV α-particles. Saito’s group collected 2×105 electrons from the drift region using

a charge collector, and their measurements showed that the collector counted almost all

the electrons from ionization in the drift region.[30] This demonstrated that adding an

electric field decreased the probability of any electron-ion reattachment.

The model used in simulating the number of primary and secondary electrons in

GEANT4 and Srim & Trim was tested by estimating the α-particles range in Ar and CO2

gases separately. As shown in Figure 3.2-a and Figure 3.2-b, both packages simulated the

range of α-particles in Ar and CO2 gases with similar gas conditions of a pressure of 1 atm,

a temperature of 293 K, and a density of 1.64 mg/cm3. GEANT4 accurately simulated

the α-particle range in Ar and CO2 gases, matching Hanke and Bichsel measurements.[31]

However, the Srim & Trim model estimated the range 50% less than the range measured

by Hanke and Bichsel in pure argon[31] and estimated the same range of 4 cm for the

energies of all the alphas in CO2 gas.
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(a)

(b)

Figure 3.2: Range of α-particles in(a)CO2 gas. (b) Ar-gas.
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Consequently, GEANT4 was used to simulate the number of primary and secondary

electrons in 1 cm of 90% Ar-gas and 10% CO2 gas mixture as shown in Figure 3.3-a

and Figure 3.3-b. GEANT4 estimated 2.1 × 105 secondary electrons when a 5.49 MeV

α-particle penetrated 1 cm of the same gas mixture without any electric field. This was

close to Saito’s measurements of 2 × 105 electrons.[30] It could be interpreted that the

energy and range cuts used in the GEANT4 simulation were set to count for electrons of

a specific range, and the reattachment of free electrons was for all the electrons that had

lower ranges than the one specified in the range cut.

On the other hand, α-ionization simulation performed by Srim & Trim in a pure

Ar gas agreed with the data reported by Sauli.[29] Srim & Trim estimated 1 MeV energy

deposited by the incident α-particles in pure Ar-gas which made the final number of free

electrons be 3.75 × 104 electrons. If the minimum energy for producing an ion-electron

pair in the same gas is w = 26.7 eV/ip, then the simulations agreed with the number

of free electrons reported by Sauli for α-particles passing the pure Ar-gas without any

electric field.[29]
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(a)

(b)

Figure 3.3: (a)Number of primary electrons (b)Number of secondary electrons of the

emitted α-particles in 1 cm of 90% Ar-gas and 10% CO2 gas mixture
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3.1.3 Escaping α-Particles and Self-Absorption of U-233 Coat-

ing

The radioactive coating thickness has an effect on the rate and kinetic energy of the

emitted α-particles, which is known as coating self-absorption.[32] A 30 µm thick U-233

coating decreased both the emission rate and kinetic energy of an α-particle that escaped

from the U-233 coating. The amount of the deposited energy was dependent on the

range of the α-particles in the U-233 coating which determined the energy of the escape

α-particles before passing the drift region.

GEANT4 simulated the self-absorption of an α-particle when it passed through the

U-233 coating and the drift region. The energy of the escaped α-particles from the U-

233 coating, number of secondary electrons, and the range of the α-particle transmission

through the drift region were all simulated using GEANT4. The simulation model used

a 30 µm thick U-233 coating with a density of 10.97 g/cm3 to determine the relationship

between the coating depth and the percentage of penetration for an α-particle of an

initial energy of 4.85 MeV. Figure 3.4-a the energy of escaped α-particles and percentage

of penetration as a function of depth, and Figure 3.4-b shows the energy of the escaped

α-particles and the number of their secondary electrons produced in the drift regions.

GEANT4 simulation showed that the maximum depth of the α-particles of energy

of 4.85 MeV that were able to ionize the gas in the drift region was 5 µm passing the drift

region with an energy of 0.82±0.1 MeV. When the coating depth was 5.5 µm, the energy

of α-particles was only 0.31±0.05 MeV, and only half of the escaped ones that energy

produced 7000 secondary electrons. At 5.5 µm depth, some of the emitted α-particles

reached the drift region without ionizing the gas and were counted with the others that

ionized the gas in that region. At depth greater than 5.5 µm, all the α-particles were

completely absorbed by the U-233 coating.
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(a)

(b)

Figure 3.4: (a)Escaped α-particles from U-233 coating depth vs. penetration percent-

age and its escaping kinetic energy.(b)Number of secondary electrons for the escaped

α-particles.
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3.1.4 α-Particle Transmission Through the Fiber glass Shutter

The GEANT4 simulation tested the ability of an fiber glass shutter to stop α-particles

that were emitted from the U-233 coating. GEANT4 predicted the α-particle energy that

could completely penetrate the fiber glass shutter. An α-particle had to have a minimum

energy of 55 MeV for a complete transmission through the 1 mm fiber glass shutter as

shown in Figure 3.5.

Figure 3.5: α-particles transmission percentage through 1mm fiber glass shutter.

As discussed in Section 3.1.1, the emitted α-particles from the U-233 coating had

a maximum energy of 8.40 MeV with an average energy of 4.00 MeV and 4.85 MeV for

Th-232 and U-233 respectively. In Section 3.2.2, it will be shown that the shutter was

able to stop all the emitted α-particles and their primary electrons produced in the 1.5

mm distance between the shutter and the source.
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3.2 Ionization by β−-Particles, Internal Conversion

and Auger Electrons

GEANT4[7] and Garfield[16] were used for simulating electron ionization in 90% Ar and

10% gas mixture. GEANT4 performed the simulation of the electron ionization in the

drift region to estimate the number of primary electrons, then to estimate the number

of secondary electrons for all the emitted electrons from U-233 radioactive coating. The

U-233 coating is contaminated with Th-232 and other radioactive elements that appear

after exposing the detector to a neutron flux. Furthermore, GEANT4 was used to simu-

late the effect of the fiber glass shutter on the electron ionization when the shutter was

closed. Finally, Garfield was used for simulating the electron multiplication by the GEM

preamplifiers, and it also simulated the electron ionization in the drift region.

3.2.1 Electron Emission Rates

U-233 coating emits electrons in different rates from different radioactive nuclei, and part

of these nuclei appear after a neutron capture by Th-232. U-233 coating emits electrons

at different rates and energies as reported by ENDF-database.[2] Figure 3.6 shows all the

electron emission rates of more than 9% in the red box, which were the most probable

electron energies that would make an ionization in the drift region and might influence

the detector signal.

Additionally, Figure 3.6 shows the electron emission rate is greater than 20% for two

different energies before a neutron capture occurs by Th-232.[33] After the Th-232 neutron

capture, β-particles and Auger electrons emission rates increase as result of daughter

radioactive nuclei such as Th-233 and Pa-233 as shown in Equation 3.1, or the gamma

emission rates increase by U-232[33] as shown in Equation 3.2. Pa-233 and Th-233 emit

5-30% and 20% of Auger electrons with an energy between 100-400 keV and 200 keV

respectively. In addition, Pa-233 and U-233 emit β-particles that reached up to 560 keV
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Radioactive Nucleus Half life

U-233 1.59×105 years

U-232 68.90 years

Th-233 22.3 minutes

Th-232 1.41 ×1010 years

Pa-233 26.97 days

Table 3.1: Half lives of the radio-nuclei that emit Auger electrons and β-particles emitters.

and 1.2 MeV respectively, which would influence the detector signal.[2] The half lives of

all the electron emitters are shown in Table 3.1.

Th232
90

n→ Th233
90

β−→ Pa233
91

β−→ U233
92 (3.1)

Th233
90

β−→ Pa233
91 + n1

0 → Pa232
91 + 2n1

0

β−→ U232
92 (3.2)
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(a)

(b)

Figure 3.6: U-233 coating emission rates of (a)Auger electrons. (b)β−-particles.
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3.2.2 Electron Primary and Secondary Ionization

The electron ionization simulation was performed by the Garfield[16] simulation package

in the drift region inside the detector. The Garfield simulated the ionization by electrons

in the drift region that contained a mixture of 90% Ar-gas and 10%CO2 gas by volume. It

estimated the number of free electrons liberated by ionization depending on the incident

electron energy as shown in Figure 3.7. The number of free electrons which was 50-80±15

free electrons, was almost constant for all the electrons in the selected gas.

Similarly, GEANT4[7] and ESTAR[34] estimated the number of free electrons for

the incident electrons in the same energy range which ionized the drift region. GEANT4

simulated the number of primary and secondary electrons that are liberated in the drift

region, and the number of free electrons increased by increasing the kinetic energy of

the incident electrons until it reached 100 keV. At higher energies, the incident electrons

produced the same number of free electrons, about 200, in the drift region. ESTAR

calculations showed that the number of free electrons decreased when the energy of the

incident electrons increased. However, 150 free electrons were repeatedly estimated when

the incident electron energy was greater than 100 keV.

Although all the models agreed that the number of the secondary electrons did not

change when the electron energy was greater than 100 keV, they showed different es-

timations for the number of liberated electrons. ESTAR overestimated the number of

free electrons when the incident electron energy was smaller than 100 keV. Ionization

was not the dominant process. There were other physical processes that simultaneously

occurred, such as electron scattering, electron excitation, partial ionization (for CO2)gas,

and atomic vibrations. The cross sections of the previous physical processes were incorpo-

rated in Garfield and GEANT4 along with the cross section for electron ionization. Both

packages agreed to within two standard deviations.

ESTAR estimated the number of free electrons depending only on Bethe-Bloch equa-

tion which calculated the energy loss in the drift region by the emitted electrons from

U-233 coating. Then, the number of liberated electrons in the drift region was estimated
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Figure 3.7: Number of free electrons for the emitted electrons from U-233 coating in 90%

Ar-gas and 10% CO2 gas mixture estimated by different software packages.

by dividing the energy loss by 26 eV which is the minimum energy necessary to produce

an ion-electron pair in 90% Ar and 10% CO2 gas mixture as shown in Figure 3.7.[34]

However, both GENAT4 and Garfield estimated the number of free electrons in the drift

region considering both of the electron ionization cross section and electron scattering

cross sections along with calculations to complete the simulations.

Both Garfield and GEANT4 agreed that 55±10 electrons was the average number of

free electrons produced by the incident electrons in the drift region within two standard
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deviations when their incident energies were below 100 keV. However, Garfield showed the

number of free electrons in average was the same as the energy of the incident electrons

increased to more than 1 MeV, and GEANT4 estimated larger number of primary elec-

trons that reached 200 electrons and 300 electrons for primary and secondary electrons

as shown in Figure 3.7.

ESTAR agreed with the number of primary electrons estimated by GEANT4. ES-

TAR indicated that the electron deposited energy in the gas was all used in liberating

electrons. GEANT4 estimation for primary electrons agreed with ESTAR when the ener-

gies of the incident electrons were larger than 100 keV which was 150 electrons. The total

number of free electrons (primary and secondary electrons) simulated by GEANT4 was

300 electrons which showed that GEANT4 simulated the primary electrons whose energy

were larger than 100 keV to simulate the number of secondary electrons.

Both GEANT4 and Garfield considered the cross section of electron ionization

and electron scattering in the selected gas to estimate the number of primary electrons.

GEANT4 uses Moller and Bhabha scattering for calculating the scattering cross section

for electrons of energy with a kinetic energy cut of 1 keV. The delta rays are sampled and

their direction along with the incident electrons are calculated depending on the conser-

vation of momentum.[35] On the other hand, Garfield uses Magboltz software package[15]

to calculate (stored) the electron-atom (electron-molecule) ionization and scattering cross

sections to calculate the electron avalanche or electron drift velocity in the electric field

region using the class AvalancheMicroscopic.[36]

As a result, number of simulated free electrons by incident electrons in specific en-

ergy range were comparable within accepted uncertainty limits. Each simulation package

indicated that electrons of energy more than 100 keV deposited different amount of energy

in gas, nevertheless, they all agreed that the estimated deposited energy remained con-

stant. When the electron incident energy was less 100 keV, the results varied depending

on each package cross section calculations (or stored) for the electron interactions with

the gas composites.
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3.2.3 Electron Transmission through an fiber glass Shutter

The fiber glass shutter completely stopped the emitted electrons from U-233 coating with

energy smaller than 500 keV. Figure 3.8 shows the predicted transmission of electrons

that passed through a 1 mm fiber glass shutter when the U-233 coating was completely

covered by the fiber glass shutter. The shutter stopped all Auger electrons from U-232,

Pa-233, and Th-232 since their energies are less than 500 keV as shown in Figure 3.6-a.

Figure 3.8: Transmission percentage of the emitted electrons through a 1mm fiber glass

shutter.

On the other hand, β-particles with an energy greater than 500 keV penetrated

the fiber glass shutter during the exposure to the neutron flux. The energy of Pa-233

β-particles reached 570 keV at 9% emission rate, and their transmission probability was

0.02. Similarly, the emitted β-particles from Th-233 had energies between 1000 keV and

1200 keV with emission rates reached 30%, which made their transmission probability
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80-90% through the fiber glass shutter as shown in Figure 3.8.

Therefore, β-particles of energy more than 700 keV might have contributed to the

deposited charge in the drift region regardless of the position of the fiber glass shutter.

However, due to the dependence of their emission rate on the percentage of Th-232 inter-

acting with the incident neutrons, the expected β-particles that passed the drift region

could not be estimated unless more information provided about the neutron flux.
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3.3 Triple-GEM Preamplifier Gain

Garfield[16]simulated the electron multiplication in Ar/CO2 gas for the triple GEM detec-

tor. Garfield uses HEED[37] and Magboltz[15] software packages to simulate the ionized

electrons and their drift velocity distribution. Magboltz uses the longitudinal and trans-

verse diffusion coefficients along with the drift velocity in Ar/CO2 gas to solve Boltzmann’s

equation[14] in 3D. HEED simulates the ionization by electrons in the gas in order to sim-

ulate the electron multiplication of the triple GEM detector. Garfield also uses a finite

element method (FEM) software package ANSYS[38] to map the electric field in the holes

of the GEM preamplifiers for three successive layers, and in the regions around them

according to the voltage on each GEM preamplifer and on the detector cathode.

At the beginning, Garfield simulated the electron multiplication in the drift region

inside the detector. When an electric field of 700 V/cm transported electrons through

the 1 cm of the drift region, the electrons interacted with the gas atoms and molecules.

According to the Garfield simulation for the ionizatoin in the drift region, electrons lib-

erated 8±1 electrons before they reached the first GEM preamplifier. Ionization results

compared to GEANT4[7] simulations when the electron energy reached to 1100 keV were

previously shown in Section 3.2.2 along with the results from ESTAR calculations.[34]

Published data for the gain of a triple GEM detector in a 93% Ar-gas and 7% CO2

gas mixture were benchmarked by using Garfield simulation code[16] before simulating

the triple GEM gain in 90% Ar-gas and 10% CO2 gas mixture.[39] Figure 3.9-a shows

that Garfield estimated almost the same measured gain for the triple GEM preamplifier

detector when the voltage difference for each GEM preamplifier was 300V and 320V.

However, when the voltage exceeded 340V, the simulation model overestimated the gain

25% more than the measured value.

Consequently, the Garfield code was used to simulate the multiplication of the triple

GEM detector when the source voltage was 2.87 kV and the cathode was 3.57 kV in 90 %

Ar-gas and 10% CO2 gas mixture. At this voltage, the voltages of the GEM preamplifiers



3.3 Triple-GEM Preamplifier Gain 63

(a)

(b)

Figure 3.9: (a)Garfield simulation of the predicted gain with the measured gain for Ar-

gas 93% and 7% CO2 gas mixture. (b)Triple preamplifiers gain with 700 V drift voltage,

∆GEM1 =338 V, ∆GEM2 =313 V, and ∆GEM3 =281 V, and an ionization potetial of

200 eV.
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gradually dropped from 338 V for the first GEM preamplifier to 281 V for the last one

as shown previously in Table 2.2. Figure 3.9-b shows that the Garfield simulation was

about (6.1± 164)× 103 electrons for the electron multiplication with a drift electric field

of 700V/cm at room temperature and a pressure of 1 atm.
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3.4 γ-Particle Ionization

GEANT4 also simulated γ-radiation, the last type of radiation emitted by U-233 that

can cause an ionization in the drift region. GEANT4 simulated the ionization of γ-

particles emitted from U-233 coating when it interacted with Ar/CO2 gas. According to

the energy range of the incident γ-particles, photo-absorption and incoherent scattering

were considered as common interactions. More details about simulating the ionization of

γ-particles will be illustrated in the next sections.

3.4.1 γ-Particle Emission and Ionization

The emission rates of γ-particles were reported by ENDF-database for each radioactive

nucleus in the U-233 coating.[2] Installing the U-233 coating on the cathode exposed the

drift region to γ-particles from different radioactive nuclei, such as U-233 and Th-232.

If the U-233 coating was exposed to neutrons, new nuclei such as U-232, Pa-233, and

fission fragments might be produced. These nuclei emit γ-particles that could also ionize

the gas. Table 4.1 The possible sources of photons that are emitted from U-233 coating

including the nuclei produced during the exposure to neutron flux.[2]

Radioactive nucleus γ-particle average energy (keV) X-ray average energy (keV)

U-233 0.222± 0.003 0.888± 0.107

Th-232 0.197± 0.011 1.175± 0.094

U-232 0.222± 0.1 1.903± 0.138

Pa-233 176.507± 1.284 41.057± 0.563

Th-233 34.15±0.17 2.83±0.13

Table 3.2: Average energy of γ-particles and X-rays reported by ENDF-database.

Most of the γ-particles emitted from the radioactive nuclei interacted by photo-

absorption in the drift region. The exception was the higher energy ones from Pa-233.
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Photo-absorption occurs when a photon gives almost all of its energy to an electron around

the nucleus. The process is dependent on the cross section as a function of electron energy

as shown in Figure 3.10.[5] Additionally, within the same energy range, GEANT4 showed

an incident photon interacted with the surrounding gas by photo-absorption, and only

one electron was liberated with an energy slightly below the incident photon energy.

The liberated electrons interacted with the gas again to produce primary and secondary

electrons as previously illustrated in Section 3.2.2.

During the exposure to neutron beam, it will increase the ionization rate of γ-

particles in the drift region. γ-particles ionization rate will be increased after induced

fission events with the U-233 coating, and the emitted fission fragments mostly emit

photons during their passage through the drift region.[40] In addition, the neutron flux

will be mixed with photons that might ionize the gas in the drift region.
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3.4.2 γ-Particle Transmission through the fiber glass Shutter

The fiber glass shutter had the ability to block γ-particles when their energy was less than

or equal to 7 keV. The fiber glass shutter mostly blocked γ-particles that were emitted from

U-233 coating, except for the ones emitted from Pa-233. However, low energy photons

with an energy of 5 keV were attenuated and absorbed within 1.5 mm distance between

the U-233 source and the fiber glass shutter. Therefore, the fiber glass shutter blocked the

free electrons from the low energy ionizing photons as shown previously in Section 3.2.3.

Additionally, the high energy photons from Pa-233 and Th-233 completely penetrated the

fiber glass shutter and the drift region, though their emission rate was mostly negligible

Figure 3.10: Photo-absorption and incoherent scattering cross sections for the expected

energies of incident γ-particles in Ar-gas 90% and 10% CO2 gas mixture.
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since it was dependent on Th-232 concentration in U-233 coating.

Figure 3.11: γ-particles transmission percentage through 1 mm fiber glass shutter.



Chapter 4

Experimental Setup and

Measurements

The experimental measurements first characterized the U-233 coating, and the GEM

detector measured the output after the U-233 coating was embedded into the detector

drift region. α-particle and γ-particle spectroscopy were performed for the U-233 coating

to determine the energy of emitted particles. The second part includes the GEM detector

charge spectrum for U-233 coating using a VME based system that included charge to

digital converter (QDC) to save it on CPU storage desk. The charge spectrum has been

analyzed using ROOT[41] software package. Then the measured data were analyzed and

compared to the simulation results in Chapter 3 to identify the ionizing particle as will

be shown in the next sections.

4.1 U-233 Coating Characterization

4.1.1 α-Particle Spectroscopy

The α-particle spectrum was measured using a Canberra spectrometer under vacuum con-

nected to a multi-channel analyzer. The Canberra spectrometer model 7401[42] chamber

has a PIPS detector (passive implanted planar silicon) with a sesitive area of 1200 mm.

The spectrometer measured the spectrum of α-particles in a low pressure environment.

The pressure inside the chamber reached 16-20 µtorr. α-particles were detected after

increasing the biased voltage to 20 V. The analog signal was sent to the multichannel

69
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analyzer ORTEC model 926.[43] Figure 4.1-a shows ORTEC 926 which allowed the user

to select 8120 channels to specify the energy within 0.002 MeV.

The spectrometer calibration curve was constructed using standard α-particle sources.

These standard sources provided different α-particle energies that were in the range of

4.2-5.6 MeV. Figure 4.2-a shows calibration curve a linear with a slope of (1±0.04)×10−3

MeV/channel. Then the U-233 the spectrometer measured the α-particle spectrum for

the U-233 coating as shown in Figure 4.2-b, which shows a main peak at 4.853 ± 0.002

MeV with a 0.1 Hz detection rate. Another peak was detected at 4.835±0.002 MeV with

a detection rate 0.02. The energy resolution was 4.1% in detecting the 4.853±0.002 MeV

α-particles.
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(a)

(b)

Figure 4.1: (a) Electronic modules used in α-spectruscopy. (b) U-233 coating plate.
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(a)

(b)

Figure 4.2: (a)α-particle spectrometer calibration curve. (b) Energy spectrum of α-

particles emitted from U-233 coating.
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4.1.2 γ-Particle Spectroscopy

The spectrum of γ-particles from the U-233 coating was measured using a HP-Ge de-

tector. Figure 4.3-a and Figure 4.3-b show the HP-Ge planar detector with a Canberra

amplifier model 5615 and a KD model ND579 analog to digital converter (ADC) that

were used to measure the γ-particle spectrum as shown in Figure 4.3-c.[22] The detector

efficiency during the detection was 3%, and the detection time was 6000s.

The measured γ-particles emitted were low in rate, but showed more than one

peak measured from the U-233 coating as shown in Figure 4.4. The measured spec-

trum was compared to the background spectrum that had the same detection time of

6000s. Table 4.1 shows the energies of detected peaks from U-233 coating spectrum, and

ENDF-database for the X-rays and γ-decay energies were used to identify the expected

radio-nuclei in the U-233 coating.
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(a) (b)

(c)

Figure 4.3: (a)HP-Ge planar detector chamber (b) and crystal with the copper shielding.

(c) HP-Ge detector DAQ system.
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Figure 4.4: Measured γ-particles and X-rays spectrum for U-233 coating contaminated

with Th-232 by HP-Ge planar detector.

The detector sensitivity to these emitted γ-particles was negligible for two reasons.

First, during the detector operation, the gain of the detector was too low to amplify

the ionization from these photons observe their peaks above the noise level. Second,

the emitted γ-particles with the energies shown in Figure 4.4 easily penetrated the drift

region without ionization even when the fiber glass shutter was closed. The probability

of ionization was such that the photon mean free path was longer than the length of the

drift region.
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4.2 GEM Detector Charge

The differences between the detected signal from U-233 coating for open and closed shutter

was observed using an oscilloscope before measuring their charge spectra. The detector

output was changed when the position of the shutter was changed from an open to a

closed shutter as shown in Figures 4.2-a and Figure 4.5-b respectively. The signal for

open shutter had a raise time of 200±40 ns and a pulse width of 400±40 ns and the signal

for a closed shutter had a raise time of 60±10 ns and a pulse width of 150±10 ns with a

long tail of 120 ns.

An analog to digital charge converter CAEN V792 (QADC) was used to measure

the detector’s output charge collected by the charge collector. As was described in Sec-

tion 2.5, the electronics setup measured the charge for different ionizing particles passing

through the drift region. The data for charge measurements and their analysis using data

files collected by the DAQ system and the results of the formal simulation analysis, are

presented after calibrating the QDC.

Energy of the photo-peak (keV) ±1 Radioactive Nucleus Type of Photon

17 U-233 X-rays

18 U-233 X-rays

41 U-233 γ-particle

43 U-233 γ-particle

41 U-233 γ-particle

29 Th-232 X-rays

63 Th-232 X-rays

123 Th-232 X-rays

Table 4.1: U-233 coating photo-energies measured by HP-Ge planar detector.[2]
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(a)

(b)

Figure 4.5: (a) The signal of the fission chamber for open shutter with two peaks(b)and

for closed shutter with a longer tail.
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4.2.1 Charge Calibration Curve

The QDC was calibrated to measure the equivalent charge for each channel in the QDC

spectrum. A known amount of charge was ejected through the same electronic circuit that

the QDC used to measure the detector signal and the same integrating gate width of 1 µs.

Figure 4.2.1 shows the relationship between the collected charge and the channel number.

A linear fit results estimated a slope of 160± 10 fC/ChanNumber. The calibration was

used to estimate the charge of each peak in the charge spectrum measured by the QDC

as shown in the next section.

Figure 4.6: Calibration curve of the used QDC with statistical uncertainties smaller than

the plotting symbols.
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4.2.2 Charge of α-Particles

The QDC measured the charge of ionizing particles when the fiber glass shutter was

open and it was closed at two different GEM preamplifier voltages. The measured charge

spectra shifted to a higher charge when voltage of the GEM preamplifiers was increased

from 2.80 kV to 2.87 kV as shown in Figure 4.7. The shift was expected since the gain

increased for the GEM preamplifiers of a higher voltage. Additionally, the rate of each

peak dropped after closing the shutter which indicated that the measured charge spectrum

represented ionization events that were blocked by the closed fiber glass shutter. At a

higher voltage, spectrum showed a higher signal to noise ratio compared to the measured

spectrum at lower voltage.

Figure 4.7: The measured charge spectra of open (green) and closed (red) shutter for 2.80

kV (dotted) and 2.87 kV.

Measuring the charge of the ionizing particles emitted from U-233 coating required

a two stage approach. The QDC measured the charge for the ionizing particle and its
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detection rate when the shutter was open, and when it was closed. Then, the charge

spectrum of the closed shutter was subtracted from the charge spectrum measured when

the shutter was open as shown in Figure 4.2.2-a. Subtracted spectrum was a measure of

the charge liberated by ionizing particles, most likely α-particles that do not penetrate

the shutter. According to the simulation results, the charged particles were completely

blocked by the closed shutter if they were α-particles of energy less 55 MeV, and the

closed shutter measurements would represent a background to the signal of α-particles’

ionization.

After closing the shutter, both rates dropped to 0.1 Hz and 0.02 Hz which was 42%

and 25% of the rate of particles in open shutter for the first and second peak respectively.

Nevertheless, the shutter was unable to stop all the emitted particles due to the unavoid-

able gap between the U-233 coating and the fiber glass shutter. Therefore, the measured

charge for closed shutter was by the emitted particles with an angle in range of 7 degrees

to 90 degrees that passed through the gap as shown in Figure 4.8. Those α-particles

succeeded to make a signal in the detector because of the shutter diameter which was the

same as the U-233 source diameter. The fiber glass shutter shutter could not be larger in

diameter due to the limited space inside the chamber.

The second stage was to measure the charged of the ionizing particles accurately

after subtracting the pedestal. The QDC measured the pedestal appeared on channel

80±5 (equivalent to 13.1±0.8 pC). The pedestal was measured by the QDC after setting

equal voltages on the cathode and the top of the first GEM preamplifier simultaneously

during the detector operation. This had the effect of turning the detector off but leaving

the GEM preamplifiers on. The pedestal was subtracted to estimate the charge of the

ionizing particles collected by the charge collector.
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Figure 4.8: The emitted α-particles from the gap between the U-233 coating and the fiber

glass shutter.

The average charge for each peak in the QDC spectrum was calculated using the

calibration curve and a Gaussian fitting determined the average charge, the standard

deviation, and its statistical error. Figure 4.9-b and Figure 4.9-c show a QDC charge

spectrum had two peaks when the shutter was open 260±7 pC and 340±31 pC for the

first and second peaks respectively after subtracting the pedestal, which was 13±0.8 pC.

The simulation of the ionization of α-particles predicted that an ionization event

should liberate 2.4×105 and 2.5×105 electrons in the drift region for an α-particle of 4.85

MeV and 8.40 MeV respectively. The gas electron multiplier was set to (8.81±0.38)×103

electrons at 2.87 kV for the GEM preamplifiers and 3.57 kV for the cathode as shown

previously in Figure 3.9-b. The collected charge was calculated using the simulation’s
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(a) (b)

(c)

Figure 4.9: Charge spectrum for open and closed shutter for 2.87 kV and 3.87 kV GEM

preamplifiers and Cathode voltages respectively (a) Closed spectrum subtracted from open

spectrum (subtracted spectrum is the dotted line) (b) Gaussian fitting for the average

charge for the first peak and (c)for the second peak.



4.2 GEM Detector Charge 83

predictions as shown in Equation 4.3a. The calculated charge was comparable to the

average charge

α-Particle’s Charge = GEM Gain× Ionization Total Charge× Electron Charge (4.1a)

= 8.807× 103 × 2.02× 105 × 1.6× 10−7pC (4.1b)

= 284 pC (4.1c)

of the first peak in the QDC charge spectrum with a percentage difference of 9%. Using

the same procedure, the predicted charge for 8.4 MeV α-particles (2.5 × 105 secondary

electrons) was 352 pC with an percentage difference of 2% as shown in Table 4.2.

α-Energy (MeV)±0.02 Measured charged (pC) Predicted charged (pC) % Difference

4.83 260 284 9%

4.85 260 284 9%

5.80 340 331 3%

6.40 340 352 4%

8.40 340 335 2%

Table 4.2: The measured and the predicted charge for the charge spectrum of U-233

coating for 2.87 kV and 3.87 kV GEM preamplifiers and Cathode voltages respectively.

Additionally, the measured energy spectrum by an α-spectrometer showed a peak of

a highest emission rate for 4.85±0.2 α-particles. The α-spectrometer showed a main peak

for α-particles at 4.85± 0.02 MeV as shown in Figure 4.2, which gave another evidence

of the ionization source for the first peak. Besides the short run spectrum, a long run

spectrum was measured for the U-233 coating as shown in Figure 4.10. It showed a lower

rate peaks for α-particles of energy higher than 4.85±0.02 MeV including the ones that

had an energy of 8.40±0.02 MeV. This presented an evidence for the predicted α-energy
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Figure 4.10: Energy spectrum of α-particles emitted from U-233 coating with a run time

of 16 hour.

for the second peak. Although the difference percentages were close for 4.85 MeV and 8.4

MeV α-particles, the charge spectrum presented an average charge to include more than

one energy for the emitted α-particles as shown in Figure 4.10
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4.2.3 Measured Gain of the Triple GEM

The QDC-charge spectrum of α-particles was measured in different voltages to determine

the change in the gain of triple GEM detector. The spectrum of α-particles measured

when the GEM voltage was in different GEM voltage 2.80 kV and 2.87 kV as shown

in Figure 4.11. Calculating the gain was dependent on the first peak in the QDC spectrum

when the shutter was open and on the ionization simulation results for the 4.85 MeV α-

particles which predicted the number of secondary electrons to be (2.02 ± 0.2) × 105

electrons as previously shown in Figure 3.3.

Figure 4.11: The gain measurements using the the first peak of 4.85 MeV α-particle QDC

spectrum in 90% Ar-gas and 10% CO2 gas mixture.
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Figure 4.11 shows that the gain increased almost twice when the voltage of the

GEM preamplifiers increased from 2.80 kV to 2.87 kV which corresponded to a voltage

increment of 7±1 V on each GEM preamplifier. Besides increasing the gain, the standard

deviation increased almost twice at 2.87 kV which would decrease the measured charge

resolution to from 50% to 35%. Increasing the voltage more than 2.87 kV increased the

spark discharge probability caused the protection circuit to trip the power supply.
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4.3 Systematic Uncertainties

There were errors and uncertainties in the measured charged liberated by the α-particles.

The QDC spectrum of the α-particles was influenced by the voltage on the GEM pream-

plifiers, and measuring the difference required a high voltage probe with an uncertainty

of ±10. The effect of uncertainty of measuring the voltage decreased when the difference

in voltage between the top and bottom of the each preamplifier was calculated, or when

the voltage between the cathode and the top of the first GEM preamplifier was estimated

to evaluate the drift voltage.

Another factor that contributed in the uncertainty of the measured charge was

the fluctuations in the post-amplifier and the other electronic modules. The electronic

modules have systematic errors that were dependent on their designs or the environment

around them such as the surrounding temperature. The statistical uncertainties of the

electronic circuit from the charge calibration was ±1× 10−5 nC/channel in the estimated

slope in Figure 4.6 and ±0.03 nC in the post-amp as shown in Figure 4.12.

The measured charge spectrum using the QDC included both emission rates in an

average charge of a standard deviation of ±31 pC. The first peak represented the average

charge of all the emitted α-particles that deposited a charge of 260±31 pC. Similarly, the

charge of second peak represented an average charge of α-particles between 5.8 MeV and

6.3 MeV was 340±56 pC as shown in Figure 4.9. Both estimation for the average charge

was dependent on the QDC charge calibratiob curve that had a slope of 0.16±0.01 pC.

Therefore, the uncertainty in the measured charge by the QDC was estimated as shown

in Equation 4.2a.

∆(Measured Charge)

(Measured Charge)
=

∆Q(calibration)

Qcalibration

+
∆QPost-amp

QPost-amp

(4.2a)

∆(Measured Charge) = 267(
0.01

0.16
+

0.03

1.62
) (4.2b)

∆(Measured Charge) = ±22 pC (4.2c)
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Figure 4.12: linear fitting for the post-amplification output charge before being measured

by the QDC.

The uncertainty in the simulated charge using GEANT4 and Garfield for 4.85 MeV

α-particles was 12.5 pC considering the uncertainty in the models of ionization cross sec-

tion in Ar-gas. The uncertainty in the total charge of ionization produced by an α-particle

after multiplication was estimated using Equation 4.3a. The total charge of ionization

was dependent on the ionization cross section which had 15% uncertainty in the models

used in calculating it as shown in Figure 4.13. Therefore, Equation 4.3a was written in

terms of the uncertainty of the ionization cross section as shown in Equation 4.3b for an

electron flux passing through Ar-gas after an α-particle ionization.

Additionally, GEANT4 used Bethe-Bloch equation that accurately determined the

α-particles energy with negligible uncertainty, which was used in determining the number

of free electrons produced in Ar/CO2 gas. The simulation had a default threshold for the

ionization of α-particles. Although GEANT4 did not considered the α-ionization defects

in the medium, the low threshold did not affect the number of the primary electrons for
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(a) (b)

Figure 4.13: Argon gas ionization measurements and models
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the α-particles since they left the drift region with an energy higher than the ionization

defect energy. As a result, the uncertainty in the models of electron ionization cross in

Ar-gas was the main source of the certainty in the simulated charge after the electron

multiplication as shown in Equation 4.3b.

∆(Simulated Charge)

(Simulated Charge)
=

∆(GEM Gain)

(GEM Gain)
+

∆Qα-Ionization

Qα-Ionization

(4.3a)

∆(Simulated Charge)

(Simulated Charge)
=

∆σe
σe

(4.3b)

∆(Simulated Charge) = 284(
0.15× 10−20

1× 10−20
) (4.3c)

∆(Simulated Charge) = ±43 pC (4.3d)



Chapter 5

Conclusion

A fission chamber equipped with gas electron preamplifiers was designed, constructed, and

tested. A cathode containing a thin film of U-233 was installed to make the ionization

chamber sensitive to neutrons and to provide a source of α-particles that would ionize the

gas inside the chamber. A set of three gas electron multipliers were stacked on top of each

other to preamplifier the ionization signal. A summary of the detector’s performance is

given below.

Increasing the size of the drift region increased the deposited charge in it. The height

of the drift region increased to become 1 cm which increased the measured number of free

electrons for a 4.85 MeV α-particles to reach (2.02 ± 0.20) × 105 electron. However, the

difference in the deposited charge of the incident α-particles should be at least 27± 11 pC

when the fission chamber was operated at 2.87 kV and 3.57 kV for the GEM preamplifiers

and the cathode respectively and had 35% charge resolution.

GEANT4 simulated the number of free electrons in the drift region for β and γ-

particles when the scattering process was included along with the ionization. The num-

ber of free electrons was 100 electrons for β-particles of energy of exceeded 100 keV as

predicted by GEANT4 and ESTAR software packages. In addition, each emitted photon

from the U-233 coating liberated a single free electron since their energies are within the

photo-absorption limits. Therefore, the predicted contribution of β and γ-particles were

negligible for a 100 keV β-particles and all the photons that might liberate photo-electrons

within the same energy range. The prediction was dependent on the U-233 coating emis-

sion rate which was considered very low compared to the emitted α-particles or to photon

rates mixed with any neutron flux.

91
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GEANT4 simulations were performed to calculate the charge of each emitted particle

from the U-233 coating in the drift region. In a 90% Ar-gas and 10% CO2 gas mixture,

ionization was the main interaction in GEANT4 simulation that was used in calculating

the number of primary and secondary electrons in drift region. The α-particles produced

(2.02±0.20)×105 free electrons when their incident energy 4.85 MeV. It is largest number

of secondary electrons produced in the drift region (2× 103 folds) compared to the other

emitted particles in the drift region.

The measured charge spectrum by the QDC had two peaks, the first peak matched

the simulated deposited charge of 4.85 MeV α-particles. The Garfield and GEANT4

simulation for the deposited charge of the 4.85 MeV α-particles in the drift region agreed

with the first peak of a charge of 260 pC and a percentage difference of 9%. GEANT4

predicted 2.02×105 liberated electrons by ionization in the drift region. Garfield predicted

the multiplication of the triple GEM preamplifiers which was (8.81± 2.5)× 103 electrons

at 2.87 kV and 3.57 kV for the GEM preamplifiers and the cathode respectively.

The charge of the second peak matched GEANT4 and Garfield simulation for α-

particles of energy of 6.40 MeV. The predicted number of free electrons liberated by the

8.40 MeV was (2.38 ± 0.20) × 105 electrons which made the predicted charge collected

by the charge collector reached 335 pC after electron multiplication to have a percentage

difference of 2%.

Although the measured and the predicted charge for the first and the second peak

were very close with less than 9% percentage difference, the standard deviation reach 31

pC for each peak. The measured charge charged spectrum had a low charge resolution,

the average charge of the first peak was 260±31 pC for both energies 4.85±0.02 MeV and

4.83 ±0.02 MeV and the average charge of the second peak was 340 pC for 5.8 MeV to

8.4 MeV α-particles.

The predicted average charge carried by the signal of the light and heavy fission

fragments after the GEM multiplication of (8.81± 2.5)× 103 electrons are 1.53× 1012 for

7.13 × 1011 electrons. Each fission fragment liberated 1.7×106 and 0.8 × 106 secondary
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Figure 5.1: Simulation of the secodary electrons of heavy and light fission fragments from

a fission event of a induced neutron and U-233 atom.

electrons for light and heavy fission fragments respectively as shown in Figure 5.1. Al-

though the fission chamber distinguish the type of the fission fragments, the gain of the

fission chamber should be decreased to avoid any probability of spark discharge in the

fission chamber.

The advantage of a lower gain is to use the fission chamber in the pulse mode

during the neutron fluence test. Increasing the energy limit of low ionizing particles

(photons and electrons) to contribute in the detector signal is expected when the gain of
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the fission chamber decreases. Therefore, the detector detection rate to photons decreases

for photons which helps to use the detector in the pulse mode with an expected detection

rate of 5 MHz.

The statistical uncertainties were estimated for the gain of the GEM preamplifiers

simulated by Garfield and the number of secondary electrons simulated by GEANT4. The

statistical error in the mean and standard deviation for the estimated gain by simulation

was ±383 electrons and ±544 electrons respectively. However, the benchmarked data for

gain of 93% Ar-gas and 7% CO2 gas mixture showed a 25% increment when the difference

in voltage was 340 V on GEM preamplifier. Therefore, the simulated gain by Garfield

expected an increment of 25% at the maximum limit which agreed with the estimated

standard deviation of 2.5 × 105 electrons. Similarly, GEANT4 had a standard deviation

for the secondary electrons of 2× 103 electrons which agreed with the benchmarked data

simulation.

The uncertaity in the measured and the simulated charge were calculated using the

least square method. The uncertainty in the measured charge was ±22 pC using the

unceraity in the slope of the QDC calibration curve and the uncertanity in the post-

amp amplifcation. Additionally, the uncertainty in simulated charge using GEANT4 and

Garfield was ±43, which appeared because of the variety in the electron ionization models

that estimated the electron ionization cross section within an error of ±15%.
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Appendix A

Solving Boltzmann Equation

A.1 Solving Boltzamn Equation for a Hole of Uni-

form Electric Field [14]

Asymptotic solution details for Boltzmann Equation A.1 for a hole has a uniform electric

field takes the form in Equation A.2.

D(
∂2

∂x2
+

∂2

∂x2
)n+DL

∂2

∂z2
−W ∂

∂z
n = 0 (A.1)

n(x′, y′, z′) = eλLz
′
V (x, y, z) (A.2)

∇′2V = λ2
LV (A.3)

∇′2V =
∂2

∂x′2
+

∂2

∂y′2
+

∂2

∂z2
(A.4)

x′ =
DL

D
xy′ =

DL

D
y (A.5)

Using spherical coordinates, Equation A.3 as be written as in Equation A.6 which is

symmetric in φ direction.

1

r′2
∂

∂r′
r′2
∂V

∂r′
+

1

r′2sinθ′
∂

∂θ
sinθ

∂V

∂θ
= λ2

LV (A.6)
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Assuming V (r′, θ) = Rk(r
′)Pk(µ) the solution of the zenith angle direction is the Legendre

polynomial, and can be written as shown in the Equation A.7.

1

r′sinθ
∂

∂θ
sinθ

∂V

∂θ
= Rk(r

′)
d

dµ

[
(1− µ2)

dPk(µ)

dµ

]
(A.7)

and

d

dµ

[
(1− µ2)

dPk(µ)

dµ

]
= −k(k + 1)Pk(µ) (A.8)

so,

1

r′2
d

dr′

(
r′2
dRk

dr′

)
−
[
k(k + 1)

r′2
+ λ2

L

]
Rk =

d2Rk

dr′2
+

2

r′
dRk

dr′
−
[
k(k + 1)

r′2
+ λ2

L

]
Rk = 0 (A.9)

The modified Bessel functions, first and second kind, are the solutions for the previ-

ous equation but the boundary conditions determines which one to use, in this case r′ →
0, n → ∞ , and n → 0 as r′ → ∞ . so only the modified Bessel of second kind Kk are

the non-zaro terms. so the general solution for the equation is shown in A.10.

V = Rk(r
′)Pk(µ) = exp (λLz)

∞∑
k=0

Akr
′−1/2Kk+1/2(λLr

′)Pk(µ) (A.10)

The general form of the previous equation and its solution are defined as shown in

the Equations A.11, A.12.

d2y

dx
+

1− 2α

x

dy

dx
−
[
ν2γ2 − α2

x2
+ (βγxγ−1)2

]
y = 0 (A.11)

y = xαIν(βx
γ) (A.12)

y = xαKν(βx
γ) (A.13)

where Iν and Kν are the modified Bessel of the first and the second kind.

In case of of solving for the density number outside the hole, then the solution

contains only the modified Bessel of the second kind Kν , also applying the boundary
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conditions below n = 0, when z = 0, and as r > a where a is the hole radius. It implies

that Pk = 0 if k is odd, so the solution can be written as shown below.

n = Rk(r
′)Pk(µ) = exp (λLz)

∞∑
k=0

Akr
′−1/2Kk+1/2(λLr

′)Pk(µ) (A.14)

In case of GEM preamplifer r >> a, since each hole has a radius of 50 um, and the

electron streams appear in a millimeter scale distance. So Aks’ values decrease since it is

a function of λLa ( λLa << 1), so the higher order terms become negligible compared to

the first (monopole) and the second (dipole) term. Then the solution can be written for

the dipole term (anisotropic diffusion) :

n = A1 exp(λLz)r′1/2K3/2(λLr
′)P1(µ) (A.15)

and for the monopole term,(isotropic diffusion).

n = A0 exp(λLz)r′1/2K1/2(λLr
′)P0(µ) (A.16)

where:

K1/2 = (
π

2λLr′
)1/2e−λLr

′
(A.17)

K3/2 = (
π

2λLr′
)1/2(1 +

1

λLr′
)e−λLr

′
(A.18)

So :

nmonopole = (
π

2λL
)1/2 e

−λL(r′−z)

r′
(A.19)

ndipole = (
π

2λL
)1/2 z

r′
(1 +

1

λLr′
)
e−λL(r′−z)

r′
(A.20)

− ∂

∂r′
nmonopole = −(

π

2λL
)1/2 ∂

∂r′
e−λL(r′−z)

r′
(A.21)



Appendix A 102

for r′ =
√
ρ′2 + z2


