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”No one undertakes research in physics with the intention of winning a prize. It is the

joy of discovering something no one knew before.”

- Stephen Hawking

" With particle physics, we can fill the ID of our universe”

- Amir Tosson



Abstract

The Gas Electron Multiplier (GEM) has been proven to fulfill the demands of high
energy physics experiments. The effective gas gain , the resistance to the electrical
sparks and the energy resolution are significant issues to be investigated.

A new type of GEM, made out of the ceramic as insulator and gold and silver as
conductor, has been produced and results from measurements with this ceramic GEM
are presented. The advantages of the ceramic material are its stability versus change in
temperature and its electrical properties.

Using Ar-CO2(80 — 20%) gas mixture and a X-rays source compiled with pads readout
system, the gain of the ceramic GEMs was measured and compared with the one for
CERN GEMs. The measurements included the energy resolution and the open area for
both types of GEM. These results assure the possibility of using the ceramic GEMs for

high-luminosity experiments.
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Chapter 1

Introduction

For over three thousands years, humans have tried to understand the nature of the
universe. 624-547 B.C., Thalws of Miletus, Greek philosopher gave the first hypothesis
about the matter. He assumed that water is the fundamental constituent of the matter.
As time went by, physicists developed the classical mechanics and discovered the atom
which is considered to be a scientific revolution. Then, quantum mechanics entered
the game and changed our idea about the Universe. ”Knowledge has to be improved,
challenged, and increased constantly, or it vanishes”- [Peter Druker], for this reason
physicists try to take a turn to the better. On 4th July 2012, a new particle -known as
Higgs boson- was announced to be the starting point for a new physics. Nowadays Higgs
field, Supersymmetry theory and beyond the Standard model are the most important

enigmas for the particle physics community to deal with.

1.1 Particle physics in a few lines

Particle physics is a section of science which demonstrates the inwardness of the particles
and their interactions with matter. The Standard Model (SM) is the sorting of the
elementary particles and the interaction forces [Gri08]. In particular, the fundamental
forces which govern the universe -as far as we know- are the gravitational force, the weak
interaction, the electromagnetic force and the strong interaction. Table 1.1 summarizes
the fundamental properties of these forces according to the Standard Model. So far so
good, but this is not the end of the story. There are many question marks that the
SM failed to answer. Such as, what is the origin of the mass for the particles?, why
is there an imbalance (asymmetry) between the matter and the antimatter? and what
is the dark matter?. All these questions are the motivation which forced the scientific

community to go deeply in this mystery. Therefore, many colliders were built and will
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be built in order to help us to travel inside the atom and discover the subatomic level
particles. In next section we discuss three of the particle colliders, i.e. Large Electron-
Positron collider (LEP), Large Hadron Collider (LHC) and International Linear Collider

(ILC).

— Gravity Weak Electromagnetic Strong
interaction interaction
Discovery 1687, 1933, 1821, around 1970

by Newton by E.Fermi by M.Faraday
Relative strength 10~42 101 1072 10

Dealing with Energy-Mass Flavor Electric charge Color charge

Range (mm) Infinite 10719 Infinite 10712

Mediator Graviton wt, w—, 20 Photon Gluon

Theory General Relativity | Electroweak | Electrodynamics | Chromodynamics

TABLE 1.1: Properties of the fundamental forces according to the SM

1.2 Particles colliders

In fact, if you have a look around yourself, you can find that you are surrounded by many
particles colliders (particles accelerators). For instance, your computer monitor (with
the cathode tube) is a small particle accelerator. Accordingly, the cathode tube (CT)
speeds the electrons up and then collides them with the target, the CT can control the
fields direction of the particles by the electromagnetic. Then, these accelerated particles
hit the target (the screen) which gives you a picture.

Comparatively, particle colliders -for a real particle experiments- work the same manner,
but the size is much bigger and the energy is much higher. In recent accelerators,
particles reach almost the speed of light and an energy around a few thousands of GeV.
These high energetic particles are very useful for many researches as their energy can
be use to produce new particles according to the Einstein relation F = mc?.

There are two types of experiments, the fixed-target and the accelerated-target. In the
first one, the particle is shot against a target at rest. The disadvantage of this technique
is the losing of kinetic energy of the accelerated particle as a recoil energy. For this
reason, the second type was developed. The collision happens between two accelerated
particles moving in opposite direction to each other that insures 100% of the kinetic
energy is used for new particles production.

Additionally, the accelerated-target is categorized into two other basic types of the
colliders. Namely, the circular accelerator in which the particles are accelerated in

a circle (Figure 1.1) and the linear accelerator in which the particles are accelerated

in a line (Figure 1.2)
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The circular acceleration means that the particles can go around many times and their
energy is increased each round. Moreover, large magnets are needed in order to keep
the particles going in a circle.

On the other hand, the linear colliders are much easier to build because there is no need

for large magnets.

Accelerating cavity

Bending magnet

Focusing
magnet

FIGURE 1.1: Circular accelerator [XV].

High-frequency
supply

: b

Cyclindrical Drift Tubes
(drift tubes)

FIGURE 1.2: Linear accelerator [Eme].

1.2.1 The Large Electron-Positron collider (LEP)

The Large Electron-Positron collider (LEP) is a circular collider (circumference = 27 km),
was operated at CERN between 1989-2000, shown in Figure 1.3. It was used to acceler-
ate the leptons (electrons, positrons) with center mass energy (1/s) around 91 Gev . It
contained four detectors ALEPH, OPAL, DELPHI and L3. LEP enabled us to measure

the Z and W bosons masses with high precision.
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FIGURE 1.3: The Large Electron-Positron collider (LEP) [Cel].
1.2.2 The Large Hadron Collider (LHC)

The first starting up was on 10 September 2008, at CERN (Figure 1.4). It accelerates
the hadrons (protons) to 3500 GeV with collision energy 7000 GeV [CERa|. The LEP
tunnel was used for the LHC collider. There are four detectors for this collider ATLAS,
CMS, ALICE and LHCb, see Figure 1.5. The most magnificent achievement was on 4th
July 2012, when the ATLAS and CMS discovered the Higgs boson with a mass of about
125 GeV. The Nobel prize was given to F. Englert and P. Higgs for this discovery in
October 2013.

T Ocant

FIGURE 1.4: The Large Hadron Collider (LHC) [Chul].

1.2.3 The International Linear Collider (ILC)

Physicists believe that the ILC is a new gate to discover the physics beyond the range of
today’s colliders. The collision energy is designed to be at the Tera-scale. It consists of

two linear accelerators facing each other (both 11 km long) with two damping rings in the

center -Figure 1.6. It is designed to reach a peak luminosity of around 2X1034ﬁ and a

resolution 10 times better than the one at LEP [Att09]. It accelerates the electrons and

their anti-particles (positrons) to -nearly- the speed of light. Two detectors will serve
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FIGURE 1.5: Map of the Large Hadron Collider (LHC) at CERN [Wik].

the ILC namely, the International Large Detector (ILD) and the Silicon Detector (SiD)
[Grol2]. Scientists and engineers admit that ILC will bring many new technological
benefits for many areas. For example, medicine, computing and environment will touch

a huge progress thanks to the ILC technology [Gra].

Fastion sours Oeaetns Eleciran source
Electrons | ! Positrons
- :
e £z 2 /"\
‘ et = aa AN . @
i H F 4 T S
™1
A / faat Beam delivery sysiems
I | |
Min Linac Damping Rings Main Linag

FIGURE 1.6: The International Linear Collider [Pet].
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Detection phenomena

The goal of this chapter is to give the reader an idea about the interaction between the

particles and the matter.

2.1 Particles and Matter

2.1.1 The cross section and the mean free path

When a charged particle passes through a slice of a material, the probability to interact
with the nuclei or the electrons in this material is proportional to the thickness of this
slice and the density of it [Tav10]. Equation 2.1 gives the relation of the interaction

probability (dW).

dW =dx N o (2.1)

where dx is the thickness of the material, N is the number of particle per unit volume
and o is the cross section. In particular, the concept of cross section is used to express
the effective area for the interaction.

The average distance between two successive collisions is known as the mean free path(\).

Equation 2.2 is the relation between the mean free path and the cross section.

A= (2.2)
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2.1.2 The energy loss of charged particles

If a charged particle passes through matter, it will perform inelastic or elastic collisions.
Consequently, it suffers energy loss and deviation in the traveling direction. The charged
particles are classified according to their mass. In other words, there are low mass
particles (e.g. electrons and positrons) and high mass particles (e.g. muons, pions and

protons). Equations 2.3 shows the Bloch formula of the energy loss (4£) [Kle98][Fer86]

dE

9mec2~2 32
_ 2= poe” T F
dx

T g (23)
where

p is the density of the material,

Z is the atomic number ot the material,

A is the mass number ot the material,

N4 is the Avogadro number,

me is the electron mass,

c is the speed of light,

B equals ¢,

~ is the Lorentz factor,

I is the ionization constant,

z is the atomic number of the incident particle (z = 1 for e~ and e*),

K = N 4 = 0307075 Mo g e’

2.2 Important Definitions

2.2.1 Drift velocity

The average velocity with which the charged particles (e.g. electrons, ions) drift when
an electric field is applied to a gaseous medium is known as the drift velocity [WB0S]. It
depends on the mass of the drifted particle. For this reason, the behavior of the electrons
differs from that for ions as a result of the mass difference between them. To clarify, let
us consider an electron with mass m. passing through an electric field in a volume fills
with a gas. The drift velocity vy of this electron is proportional to the strength of the
applied electric field E, equation 2.4 [WBRO0S].

ek

—T

Me

Vg = (2.4)

where e is the charge of the electron and 7 is the average time between two collisions.

Figure 2.1 displays the relation between the electron drift velocity and the applied electric
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field for Argon Carbon-dioxide gas mixture with (85—15%) concentration. Also, is shown
the changing in the drift velocity when an amount of Nitrogen is added to the mixture

[AATO04).

/c-n\ 6 T T T T
= r ]
= i i
o 50 .
= C n
= _ |
8 4 f
2 C ]
> L i
= 3 [ -
(e ] C i
C Ar-CO, [85-15] ]
2 N, content .
- A 0% 1
L e i = 10% —]
SR LML DR ® 20% ]
o+ ..y by w1

0.4 0.6 o.8 1 1.2 1.4

E/p (V/ecm/mbar)

FIGURE 2.1: The drift velocity vs the electric field for Ar — COy mixture with Ny in
addition

2.2.2 Diffusion

Generally, The diffusion is the tendency of the particles to redistribute their position,
randomly, after the collision and in the absence of the external fields. Thus, the momenta
of the electrons will have components in all directions [Shal4].

Equation 2.5 shows the diffusion equation according to the classical kinetic theory of

gases.
dN (x) No - z?
4Dt

de  aArD.i P

where d]zlfix) is the change of the electrons number per unit distance, Ny the initial elec-

trons, number D, is the diffusion coefficient for electrons and ¢ is the time [WBROS].

) (2.5)

For diffusion time ¢ the electrons will spread with Gaussian distribution with deviation
o(r);
o(r) = /6Dt (2.6)

2.2.3 Gas gain

Gas gain or gas amplification measures the efficiency of the gas filled detectors. Further-
more, when an electron passes through the gas medium inside the detector, it interacts
with one atom of the gas. If this primary electron has enough energy (higher than the

excitation energy of the gas atoms) a secondary electron will be freed which in its turns
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produces another one and so on. Finally, one primary electron produces an avalanche
of electrons along its track. The ratio between the number of primary electrons and the
number of secondary electrons is defined as the gas amplification of the detector. For

more details see chapter 4.

2.3 Types of detectors

2.3.1 Ionization chamber (IC)

An ionization chamber is a radiation detector which determines the intensity of the
incident radiation beam or counts the charged particles. It consists of a chamber filled
by gas and two electrodes to apply an external voltage difference (Figure 2.2). As a fast
charged particle passes through, it creates positive ions and free electrons ( electron-
ion pairs). It is considered to be the fundamental electrical signal developed by the
ionization chamber [Kno89]. The magnitude of the applied voltage difference specifies
the type of the gas-filled detector. Figure 2.3 represents the different types of gas-filled

detectors and their region with respect to the external applied voltage.

+ —_—
I— 1 L
Radiation ——
SOUNce + - - - l
L
i ki ' > A @D —
' +
| - )
lonization
chambear T
+

FIGURE 2.2: The ionization chamber [Ens].

2.3.2 Proportional counter (PC)

The Proportional Counter (P.C.) is another type of gaseous detectors developed in 1940.
In an ionization chamber there is no gas gain, in other words, the primary charge which
is created by a primary particle is not multiplied [Gru96]. In this case, the elementary
charge created by the incident radiation is collimated on the two electrodes when an
external voltage is applied. Thus, the collected charge is proportional to the applied
voltage (see Figure 2.3).
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FIGURE 2.3: The gas-filled detectors curve [gro].

2.3.3 Geiger-Mueller tube (GMT)

A Geiger-Mueller tube (GMT) was introduced in 1928 by Geiger and Mueller. It is a
gas-filled detector with the shape of a cylindrical outer layer as cathode and the sealed
gas-filled space with a thin wire as anode. The common used gas is Argon (Ar) with a
quencher which function is to prevent the discharge.

It reckons on the gas gain or gas amplification phenomena- see section 2.2.3. Therefore,
the applied voltage has to be higher than the one for the proportional counter. The
lower value of the applied voltage for GM region (Figure 2.3) is known as the threshold
voltage at which the incident particle is able to create an avalanche [Kno89|. Increasing
the applied voltage (the electric field) increases - in turn - the probability of produc-
ing more avalanches [Gru96]. Overall, the primary charge creates clusters of secondary

charges on its track which are collected by the electrodes.

2.3.4 Drift chamber

A drift chamber is a multiwire chamber in which the spatial coordinates of ionization
particle are calculated. That can be achieved by measuring the drift time of ionization
electrons. Particularly, the time required for ionization electrons to reach the anode
wires [Sau77|[Boc].

The operational procedure of the drift chamber is quite similar to that of the propor-
tional counter in producing avalanches via gas ionization by incident charged particles.
However, the main difference is that the collecting signals are from the avalanches them-
selves [Gru96]. For small drift fields the energy distribution of the electrons is the

thermal energy distribution and the average thermal energy of the electrons becomes
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constant [Alt06]. For this reason, the drift velocity follows the following relation:

E
v o (2.7)

where, N is the number of electrons and E is the electric field. Applying the ideal gas
law pV = NEKT', we obtain:

Vg X — 2.8

) (2.8)

where T is the temperature and p is the pressure.
According to equation 2.8, for constant pressure, temperature and electric field the drift
velocity is constant. To summarize, the drift velocity in the drift chamber (also in the

TPC) is constant because the drift fields are small.

2.3.5 Time Projection Chamber (TPC)

The Time Projection Chamber (TPC) is a cylindrical multi-wire proportional chamber
[Gru96] and was developed in 1970 by D.R. Nygren. It consists of a gas filled volume
divided into two halves separated by the central electrode. If a charged particle passes
through the gas volume, it will ionize the atoms of the gas around its trajectory. A
homogeneous external electric field is applied between the two endplates of the TPC.
The created electrons will drift to the anode due to the external electric field. Before
they can be detected by the readout system they have to travel through an amplification
stage, where they are multiplied by a large factor (gas gain). The main characteristics
of the TPC are:

-Only gas inside the active area, no constructional elements.

-Very long drift distance and constant drift velocity.

-The track points can be recorded in 3D.

-The particle flavor is defined by the energy loss (%).

In order to suppress the diffusion perpendicular to the electric field, a magnetic field

(parallel to the drift direction) is utilized.

2.4 Gas Electron Multiplier (GEM)

The Gas Electron Multiplier (GEM) is a proven amplification method, the first pro-
totype was developed by F. Sauli at CERN, 1997 (for more details see chapter 5). It
consists of a very thin sheet of two metal layers separated by an insulator layer [Saul2].
The tiny holes are made in a regular matrix on the GEM sheet (Figure 2.4a). A voltage

difference of 200 — 400 V is applied between the two metal layers which generates an
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electric field with focusing point inside the GEM holes (Figure 2.4b). Accordingly, if an
electron enters any hole, it creates an avalanche with amplification factor of 100-1000.
The number of created electrons is large enough to generate a current which is easily
detected by electronics. One can use a series of many GEMs that provides additional
amplification stages.

There are many possible applications for the GEMs such as, radiation detection [JMO7],
medical imaging [Sau07], astrophysics [AL07] and high energy physics.

The advantages of the GEM are;

-High resolution time and position can be achieved.

-Ability for high radiation rate.

-Flexible and can compile with many readout systems.

-Low costs.

FIGURE 2.4: The gas electron multiplier (GEM) (A) is a microscopic image of a GEM
(B) is the electric field distribution lines inside the GEM holes [Saul2].



Chapter 3

Experimental setup

In this chapter, the discussion focuses on the setup of the lab at Siegen University which
consists of two parts. The first one is the test chamber or the small chamber (which is
the main theme of this thesis), the second part is the prototype of the Time Projection
Chamber (TPC).

3.1 Test chamber

The test chamber is a small gas-filled drift detector which is used to check and test
the response and the performance of the GEMs, Figure 3.1. Its structure permits to
use not only one GEM but also two or three GEMs at the same time. Particularly, in
this thesis I used one GEM and combinations between two GEMs. The scheme of the
arrangement of the GEMs is shown in Figure 3.2. It is important to realize, that the
distance between the cathode and the nearest GEM is called the drift gap at which the
drift field is generated. Additionally, the distance between the readout system and the
closest GEM is called the induction gap for producing the induction field. In case of
using two -or more- GEMs, the distance between the GEMs is called the transfer gap.

3.2 TPC prototype

The time projection chamber (TPC) prototype at Siegen University lab is shown in
Figure 3.3. It consists of 2 lids and a central cylindrical body with diameter of 240 mm
and a total length of 400 mm. The whole body of the TPC is fixed on a movable

aluminum holder which enables the user to move the chamber in x and y directions.

13
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FIGURE 3.1: The test chamber st the University of Siegen, (A) is a real image of the
test chamber and (B) is a drawing of the test chamber [Gau08].
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FIGURE 3.2: A scheme of the arrangement of the GEMs inside the test chamber, (A)
in case of using one GEM and (B) for 2 GEMs.
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The overlook of the TPC prototype is shown in Figure 3.4. A gas mixture flows inside
the TPC from four gas inlet connectors on the endcap lid. In addition, there are two

gas outlet connectors on the cathode lid in order to insure the homogeneity of the gas

inside the chamber.

FIGURE 3.3: The overlook of the TPC prototype at Siegen University.

Cathode Lid Central Cylinder Endcap Lid
L

Cathode QO-ring Angular brackets O-ring

FIGURE 3.4: The geometrical drawing of the TPC prototype at Siegen University
[Gau08].
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3.3 High Voltage System (HVS)

The HVS is an integration of many components (e.g. power supplies, current meters
and high voltage cables) that function to provide the GEMs with the required voltage
difference and set the drift field inside the chamber.

3.3.1 HYVS of the test chamber

The test chamber HVS is shown in Figure 3.5. It consists of up to seven power supplies.
The number of the used supplies depends on the number of the used GEMs. They can
be adjusted manually to reach the required voltage. Also, the user can use the HVS of
the TPC to run the test chamber by generating a ramp files for two GEMs, see appendix
B.

FIGURE 3.5: The HVS for the test chamber.

3.3.2 HVS of the TPC

Similarly, the HVS for TPC contains seven supplies (for 3 GEMs) in addition to seven
current meters (Figure 3.6). The function of these current meters is to detect the
current at each GEM and make sure it does not exceed the current limit. Users can
define the current limits for the HVS by the HVS Lab-View program, see appendix B.
The HVS is protected by an automatic-shutting-down function which stops the whole

system automatically if the detected current exceeds the limit.

3.4 Gas system

The gas system is the unit for mixing the different gases to achieve the required gas

mixture. Generally, this system can mix four kinds of gases together. In fact, for our
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Current meters

FIGURE 3.6: The HVS for the TPC.

experiment we use Argon-Carbondioxide mixture with different ratios (e.g. 90 — 10%,
80 — 20% and 70 — 30%). The gas system is provided with a monitoring system which
enables the user to monitor the mixing quality, the pressure and temperature of the gas.

The procedure of gas system’s setup and configurations is explained in Appendix A.

3.5 The Readout system

3.5.1 For test chamber

The test chamber readout system is a pad-readout which collects the electrons generated
inside the chamber [Shal4]. The collected signal on each pad is sent to the Multi-
Channel Analyzer (MCA) by a charge-sensitive amplifier. In other words, each pad is
connected to a charge-sensitive channel at the preamplifier which is the first point in the
amplification stage (for more details see chapter 4). The pad numbers corresponding to

the charge-sensitive preamplifier channels are shown in Figure 3.7.

3.5.2 For TPC

The readout system for the time projection chamber consists of two main parts namely,
the TimePix Chip and FPGA card. They are connected by the intermediate board, for
more details see Appendix B and TOS manual [JK].
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FiGURE 3.7: The pad readout system and the related charge-sensitive preamplifier
channel .

3.5.2.1 TimePixChip

The development of the Timepix chip is based on the Medipix2 chip [CERb]. It is a
Silicon board with 256 x 256 square pixels representing an active area of 2 cm?. Each

pixel has its own electrical circuit to detect and process data created from the detector
[Ko611].

3.5.2.2 FPGA card

The FPGA card is the bridge of the data from the detector to the PC (Figure 3.8). It
controls the type of data passed to the PC. Also, it can store the data on its removable
flash memory. The passage for the data can be adjusted by the S1 switches on the
FPGA board, Figure 3.9 shows the used configuration.

3.6 The radioactive sources

There are many different available radioactive sources in Siegen lab. Usually, we use °°Fe
for test chamber and UV-laser for TPC. The characteristics of the collimated Iron-55

radioactive source are list in Table 3.1.
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FIGURE 3.9: The used FPGA card’s pins configuration.
3.6.1 Iron-55 spectrum

%Fe is an X-rays emitter with an energy of 5.89 keV. If the Argon gas is exposed to the
%Te, the photons (X-rays) will be absorbed via the photoelectric effect [Gau08]. This
produces electrons with kinetic energy depending on the difference between the incident
photon’s energy and the binding energy. In addition, the created vacancy can be filled
by Auger electron. The characteristic X-ray photon for the Argon (the used gas in our
experiment) has an energy lower than the binding energy. Thus, it escapes from the

detector due to the re-absorbing
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Type decay | X-rays
Maximum energy | X-ray = 5.89 keV
Kaipha = 5.19 keV and Kpet, = 6.49 keV
Half life | 2.7 years

TABLE 3.1: Iron-55 characteristics.

For this reason, the recorded spectrum of the used radioactive source (°Fe), is shown

in Figure 3.10, has two peaks. The higher peak includes the X-rays= 5.89 keV and the

lower peak is for argon escape with energy = 3.89 keV.

450i—
400 — The main peak
350 (lonization)
300
L =
E 250
3 -
200 —
150
100 — Argon escape peak
50—
o Pocei, o PP B | TP B
(v] 50 100 150 200 250 300 350 400
Channel
FIGURE 3.10: Iron-55 spectrum with Argon
Note:

For better view about the test chamber, watch the video about the procedure

of the small chamber under name (Test chamber in one minute). The down-
load link is (http://www.4shared.com/video/O_DBRpfLba/Test_chamber_in_one_

minute_.html)




Chapter 4

Calibration of the MCA

According to The Automotion system and Instrumentation Dictionary [N/A03], cal-
ibration means ”a test during which known values of measurand are applied to the
transducer and corresponding output readings are recorded under specified conditions”.
Moreover, calibration is considered to be the connection between the measured data and
the required results. As an illustration, by calibration, the channel number in the MCA
can be converted to the electrical charge reaching the readout system. For this reason,
one important task in our experiment is the calibration of the Multi-Channel Analyzer

(MCA). To achieve the calibration a special system has been designed, as following:

4.1 Arrangement of the calibration System

Generally speaking, the main idea is to send specific pulses (which represent the charge)
to the amplification stage and then monitoring the produced signal on the MCA. Conse-
quently, the channel number can be converted into electrical charge. An external pulser
is used to generate the required pulses, Figure 4.1 shows the setup of the calibration
circuit and Figure 4.2 represents the connection circuit between the pulser and the pre-

amplifier.

EARRNENR
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i o @
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Pulser Preamplifier Amplifier MCA Final peak

FIGURE 4.1: Scheme of the calibration circuit

21
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FIGURE 4.2: The connection circuit between the pulser and the pre-amplifier.

The signal from the pulser goes through the amplification stage that consists of the
preamplifier and the main amplifier which -in turn- sends the signal to the MCA for
digitalization stage. Finally, the MCA generates the final output as counts versus channel

number.

4.1.1 The pulser

As mentioned before, the first point in the calibration circuit is the pulser that generates
the signal to calibrate the MCA. This section provides the information about the pulser
used in the calibration. Table 4.1 lists the main parameters for the generated pulses
used to execute this process. As it shown in Figure 4.2, we use a capacitor to connect
the pulser with the pre-amplifier. This capacitor is used as an integrator for the circuit

and to stabilize the power.

Frequency | 1000 Hz
Offset | Zero
Pulse width | 100 us

TABLE 4.1: The parameters of the generated pulses for the MCA calibration

Figure 4.3 shows the shape of generated pulse by the external pulser, Figure 4.3a is the
pulse taken directly from the pulser (for magnitude 20 mV, as an example) for time scale
of 500 ps per unit length of the oscilloscope which represents a bunch of the generated
peaks. In addition, for time scale of 20 us per unit length of the oscilloscope (which

represents one single peak) is shown in Figure 4.3b.

4.1.2 The pre-amplifier

The pre-amplifier is the first station in the amplification process and the second point in

the calibration process. In this section, two pre-amplifier channels were investigated to
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FI1GURE 4.3: The shape of the peak directly from the pulser.

observe and decide which one will be used in the calibration and the experiment. The
inspected pre-amplifier channels are number six and eight, because they are correlated
with the largest parts in the readout board, for more details see section 3.5.1.

Figure 4.4 shows the form of the produced signals for the two selected pre-amplifier
channels. Figures 4.4a and 4.4c display one edge of the signal (time scale = 5 us) for
preamplifier channels six and eight, respectively. While, Figures 4.4b and 4.4d display
the whole shape of the signal (time scale = 200 us). As there is no significant difference
between both channels, channel eight was chosen for conducting the experiment. The
signal after the pre-amplifier comparing with the original one from the pulser is shown in
Figure 4.5. One can see, the signal after the pre-amplifier contains positive and negative
peaks which are produced from the charging and discharging of the used capacitance.
After accomplishment of this stage in the path of our calibration signal, the following

station to be considered is the main amplifier.

4.1.3 The main amplifier

The second juncture in the amplification process is the main amplifier which plays the
main role in shaping and amplifying the outcome signal- Figure 4.6. There are many
parameters to be configured in the main amplifier, for instance the fine gain, the pulse
mode, the peaking time and the main gain. In the following part we discuss the effects of
two parameters (the main gain and the peaking time) on the shape and the amplitude of
our peaks. The rest of the parameters are fixed to values which are correlated with the
used model of the MCA. As the main gain and the peaking time are the most important
parameters for forming the final spectrum, we investigate the following parameters for
the main gain = 50 & 100 & 200 and peaking time = 3 & 8 us. The results for the
calibration with various parameters are given in section 4.2. Figure 4.6 shows the shape

of the original pulse from the pulse generator (the yellow peak) and after the main
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(©)

FIGURE 4.4: The shape of the peaks from pre-amplifier channels ; (A & B) Channel

number 6 for time scale = 5 & 200 ps, respectively. (C & D) Channel number 8 for

time scale = 5 & 200 ps. (The original signal is generated by the pulser with amplitude
of 20 mV)

FIGURE 4.5: (A)The shape of the peak after the pre-amplifier using channel 8. (B)

The combination between the peak from the pulser - the green peak- and the peak

after pre-amplifier - the yellow one. (The original signal is generated by the pulser with

amplitude of 20 mV. The positive and the negative peaks are related to the charging
and discharging of the capacitor)
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amplifier (the green peak). Thus, the calibration system is ready and the next step is to
generate the relation to connect the channel number of the MCA with the corresponding

charge.

O e B el

FIGURE 4.6: Combination between the pulser peaks (the yellow peak) and the same
peak after main amplifier (green one).

4.2 Calibration of the MCA

In this part, we generate a simple relation between the channel number of the MCA
and the related charge. This procedure can be done for each parameter on the main

amplifier as the following:

1. Setup the specific parameters for the main amplifier that need to be calibrated.
2. Connect the pulser to the pre-amplifier.

3. Operate the pulser and increase the amplitude of the generated peak.

4. Scan and save the main peak position on the MCA for each amplitude.

5. Fit the main peak position vs the applied voltage, this fitting is linear and the
equation of the straight line is the relation between the voltage and the channel

number on the MCA.

4.2.1 Peaking time 3 us

As mentioned before, the investigation is done for two parameters, the main gain and
the peaking time. First, for peaking time 3 us for the main gain with values 50, 100 and
200 are investigated. The spectrum for each voltage was measured for 3 minutes. That

means, 180000 pulses per each voltage (the used frequency is 1000 Hz).
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Figures 4.7, 4.8 and 4.9 display the MCA spectra for different pulse amplitudes for main
gain 50, 100 and 200, respectively. In each spectrum, there are two peaks. The peak
on the right side represents the raising edge for the original peak. The second is for the
falling edge. This peak should be neglected. Table 4.2 gives the positions of the main
peak for each applied voltage. The fitting of these values gives the relation between the
voltage and the channel number on the MCA. Figures 4.10, 4.11 and 4.12 show the linear
fitting. Equations 4.1, 4.2 and 4.3 are the final relations between voltage and channel
number for main gain 50, 100 and 200, respectively. These relations will be used later
to estimate the gas gain of the system. As it was expected, the channel number on
the MCA related to each voltage is proportional to the value of the main gain of the
main amplifier. Consequently, the slope of the linear fitting changes with constant factor
depending on the value of the main gain. From the Gaussian fitting of the spectra, we
extracted the width of each peak which changes accordingly with the main gain. Table
4.3 lists the values for peak width related to the voltage.

Voltage (mV) = —0.057 £ 0.188 + (0.019 & 1.2 * 10~ %) * channel number (mV) (4.1)

Voltage (mV) = 0.05 £ 0.012 + (0.0087 4 4.5 * 10~%) % channel number (mV)  (4.2)

Voltage (mV) = 0.04 4 0.074 + (0.00431 # 1.6 * 10~°) % channel number (mV) (4.3)

| Voltage (mV) | Peak position (MCA) |

— Main gain 50 Main gain 100 | Main gain 200
5 247.1 £+ 0.18 567.87 £ 0.780 | 1160.8 £ 0.40
10 1146.90 £+ 0.083 | 2305.5 £ 0.14
15 761.67 £ 0.055 | 1718.49 £ 0.089 | 3448.7 £ 0.13
20 2292.64 £ 0.088 | 4657.8 £ 0.16
25 1278.91 £ 0.054 | 5794.9 £ 0.16 | 5794.9 £+ 0.16
30 3441.47 £ 0.090 | 6946.2 £+ 0.29
35 1797.18 £ 0.052 | 4017.01 £+ 0.092

45 2316.20 £ 0.052

TABLE 4.2: The peak position in the MCA related to each applied voltage from the

pulser for peaking time 3 us
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Voltage (mV) |

Peak width

— Main gain 50 | Main gain 100 | Main gain 200
) 27.6 £ 0.52 70.8 £ 0.12 121.4 £ 0.20
10 69.6 + 0.13 139.3 £ 0.21
15 31.97 £ 0.087 69.4 + 0.14 129.8 £ 0.23
20 68.8 + 0.13 178.8 £ 0.29
25 31.2 £ 0.12 70.1 £ 0.12 230.9 £ 0.25
30 68.0 + 0.14 198.6 £ 0.79
35 31.93 + 0.082 67.5 + 0.14
45 32.05 + 0.089
TABLE 4.3: The peak width related to each applied voltage from the pulser for peaking
time 3 us
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FIGURE 4.7: The distribution of the measured channel number with the MCA for
main gain 50. Peaking time 3 us and pulse amplitude; (A)5 mV. (B)15 mV. (C)25 mV.
(D)35 mV.
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FIGURE 4.8: The distribution of the measured channel number with the MCA for main
gain 100. Peaking time 3 pus and pulse amplitude; (A)5 mV. (B)15 mV. (C)25 mV.
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FIGURE 4.9: The distribution of the measured channel number with the MCA for main
gain 200. Peaking time 3 us and pulse amplitude; (A)5 mV. (B)15 mV. (C)25 mV.

(D)35 mV.
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Equation y =a + b*x
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FIGURE 4.10: The linear fitting for pulser applied voltage vs main peak position on

the MCA for main gain 50 and peaking time 3 us.
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FIGURE 4.11: The linear fitting for pulser applied voltage vs main peak position on
the MCA for main gain 100 and peaking time 3 us.
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FIGURE 4.12: The linear fitting for pulser applied voltage vs main peak position on

Peak position (MCA)

the MCA for main gain 200 and peaking time 3 us.
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4.2.2 Peaking time 8 us

In the same technique as for peaking time 3 us we execute the calibration for peaking
time 8 ps. This can be established via setting the peaking time to be 8 us and changing
the gain for main amplifier. Table 4.4 lists the peak positions related to the voltage for
main gain 50, 100 and 200. Figures 4.13, 4.15 and 4.16 display the spectra of the MCA
for each main gain. Figure 4.14 shows the linear fitting for main gain 50. One can see,
when we switched to main gain 100 and 200, peaking time 8 ps shows many strange
features like triple peaks or many entries with nearly zero amplitude (see Figures 4.15
and 4.16). For this reason, this setting was excluded from the experiment and peaking

time 3 us should be used.

’ Voltage (mV) | Peak position (MCA)

— Main gain 50 Main gain 100 | Main gain 200
) 130.29 + 0.023 | 238.24 £+ 0.061 506.2 + 0.15
15 424.41 £+ 0.009 748.0 £+ 0.17 1483.7 £ 0.78
25 719.34 £ 0.024 | 1288.25 £ 0.041 2500 £ 2
30 1548.71 £ 0.033 | 2975.1 £ 0.13
35 1012.21 £+ 0.027 | 4017.01 £ 0.092

45 1306.43 £+ 0.029 | 2063.15 £ 0.05 | 3915.0 + 0.11

TABLE 4.4: The peak position in the MCA related to each applied voltage from the
pulser for peaking time 8us
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FIGURE 4.13: The distribution of the measured channel number with the MCA for
main gain 50 and peaking time 8 ps; (A)5 mV. (B)15 mV. (C)25 mV. (D)35 mV.
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Equation y=a+bx
Adj. R-Square 1
50 Value Standard Error
A Intercept 0,57145 0,01568
A Slope 0,03401 1,88925E-5
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FIGURE 4.14: The linear fitting for pulser applied voltage vs main peak position on
the MCA for main gain 50 and peaking time 8 us.
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FIGURE 4.15: The distribution of the measured channel number with the MCA for
main gain 100 and peaking time 8 ps; (A)5 mV. (B)15 mV. (C)25 mV. (D)40 mV.
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FIGURE 4.16: The distribution of the measured channel number with the MCA for
main gain 200 and peaking time 8 us ; (A)5 mV. (B)15 mV. (C)25 mV. (D)40 mV.

4.3 Gas gain calculation

The following lines show the methodology to calculate the gas gain for the system.
First, we go through the theoretical calculations. Starting with the master equation for
the gas gain- equation (4.4).

N
Gg:;

(4.4)
Where,

N : number of the electron after the gas amplification inside the GEMs.

n : number of primary electrons produced by the radioactive source.

When using a radioactive source, e.g. °°Fe, the number of primary electrons is given by

the following formula:
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Where,
E; : the energy of the radioactive source, Epe,, = 5.89 keV.

E; : the ionization energy of the gas.

In our experiment we use a mixture of Ar — CO9;80 — 20%. According to this ratio we
find E; = 15.363 eV , where E4, = 15.7596 €V and Eco, = 13.777 €V,

n = 383 electrons (4.6)

Calculation of electrons after amplification stage:
Q=Ne =CV (4.7)

Where,

Q : the charge (coulomb).

N : number of electrons.

e~ : electron charge, 1.6 x 107 (coulomb).

C : the capacitance (farad).

V' : the voltage (volt).

For the used capacitance of 1 % 10712 farad, the charge produced from the pulse of the

pulse generator is given by the following formula:
Q(coulomb) = 1072 (farad) * V (volt) = 107" (farad) * V (millivolt) (4.8)

Thereupon, the relation between the charge <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>