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Particle and nuclear physics experiments require state-of-the-art detector technologies in a pursuit

to achieve high data collection efficiency, and thus ensuring reliable data recording from the particle

collisions at the Large Hadron Collider (LHC) experiments of CERN. High demand for data to be

used for precision analysis has led to the development of MicroPattern Gaseous Detector (MPGD)

based structures: Gas Electron Multiplier (GEM) and MICROMEGAS (MM). A systematic study

is conducted on charging-up behaviour in a two-stage amplification structure, consisting of a single

GEM foil above a MM detector with 2D readout chamber. Charging-up effect arises in the detector

system due to combined effects from polarization of dielectric surfaces and accumulation of charges

on the dielectric surfaces of MM resistive strips under high external electric field. The internal fields

created from charging-up of dielectric surfaces can lead to a change in the applied electric field and

gain of the detector suffers. In this thesis, the instability of gain due to characteristic charging-up

process in GEM and MM is observed for different event rates and humidity level in the detector fill

gas (P-10 gas mixture). MM gain decreased with time due to charging-up of dielectric surfaces and

an exponential drop of gain by ≈ 30% is detected in case of dry gas i.e. fill gas without moisture.

By adding a small amount of water content into fill gas, the MM gain is observed to drop around

22 − 30%. Addition of 1320 ± 280 ppmV water content into MM gas volume yielded a higher gain of

about 10% compared to dry gas. In case of higher rate measurement, achieved by using GEM foil as

a pre-amplification stage between drift and readout electrode, the gain saturates at 70%. For low

rate measurement, the gain saturates at 68%. GEM gain is observed to increase slowly by 17% as

the dielectric surfaces inside its holes charged-up gradually over time.
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1. Introduction

1 Motivation for the Thesis
Fundamental research in the fields of particle and nuclear physics had been leaping

forward with the development of novel and sometimes revolutionary detector technologies.

The European Organization for Nuclear Research (CERN) is pushing the frontiers of

particle physics experiments using world’s largest and most complex particle accelerators

and detectors. The seven experiments at the Large Hadron Collider (LHC) use distinct

detectors to study an enormous range of particles produced by proton-proton collisions in

the accelerator.

A Large Ion Collider Experiment (ALICE) is one of the four largest experiments

at CERN dedicated to explore the underlying physics of strongly interacting matter at

extreme energy densities [6, 7]. The Time Projection Chamber (TPC) [6, 9] is a gas-filled

cylindrical main tracking detector of ALICE and located underground on the LHC ring at

point 2 as shown in figure 1.1. During the ongoing second long shutdown (LS2), all the 72

Multiwire Proportional Chambers (MWPCs) of the ALICE TPC have been replaced by

Gas Electron Multiplier (GEM). This upgrade will allow ALICE to be able to take data

at a higher event rate of 50 kHz compared to the previous rate of 500 Hz.

The sturdiness and versatility of GEM based detectors made it a favorable choice

for ALICE TPC Upgrade project [18]. The Micro Mesh Gas Detector (MICROMEGAS)

layout, however, was found suitable for precision tracking and triggering purposes at

the ATLAS Muon Spectrometer to enable forward muon detection [27]. Both GEM and

1



2 CHAPTER 1. INTRODUCTION

Figure 1.1: Schematics of the 27 km LHC ring [38]. The beam collides at 4 locations around the

accelerator ring that houses the four largest experiments shown as yellow dots. ALICE, TOTEM [11] and

LHCb [10] experiments use GEM detectors to track particles, while MM detectors are used at COMPASS,

CAST, NA48 and ATLAS [5] experiments.

MICROMEGAS (MM), belonging to the MicroPattern Gaseous Detector (MPGD) family,

can be used for covering large areas at a relatively low manufacturing cost. To ensure

optimal performance of these detectors during detection operation, extensive research on

the stability of detectors is needed. Gain instability in the GEM and MM may arise due

to detector geometry, rate of ionizing radiation, extent of water content in the detector

fill gas, charging-up of dielectric surfaces and other factors related to the manufacturing

process [12].

Charging-up effect in this case poses a real challenge to the long term stability of

the detectors by distorting external electric field generated from the applied voltage, thus

changing the detector gain during the initial stages of operation. Comprehensive studies

on the charging-up behaviour of MPGDs are required in order to determine a standard

reference for reliable starting time of the measurements. Hence, the motivation for this

thesis is to study the charging-up behaviour of GEM and MM detectors under various
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experimental conditions.

2 Background of Gaseous Detectors
In general, detector is defined to be a distinctly designed device that can detect the

presence or existence of a particular substance. Since the subatomic particles are too

tiny to see, it requires specifically designed sophisticated detectors. In experimental and

applied particle physics as well as nuclear physics and engineering, particle detectors are

used to detect, identify and track subatomic particles. After a fundamental interaction

between subatomic particles takes place, also known as an “event”, the resulting particles

produced in the event then pass through a particle detector that can identify them by

measuring their momentum and trajectories. As a part of particle identification, detectors

can also measure the fundamental properties of particles i.e. spin, energy and charge.

Gas-filled detectors, also known as gaseous detectors, are one of the oldest and most

widely used type of radiation detectors based on sensing direct ionization event when a

charged particle traverses a gaseous medium. These detectors can detect the presence of

ionizing particles given that the kinetic energy of incoming particles is sufficiently large

and can thus ionize the target atoms to produce electron-ion pairs. There are three basic

types of gaseous ionization detectors i.e. ionization chamber, proportional counter and

Geiger-Müller tube. All of them share the same basic principle of gas multiplication,

however, each uses a different method to derive an output electric signal by collecting

charges on readout electrode. Gaseous detectors are still considered an excellent choice for

particle detection due to the possibility of covering large active volume, while keeping the

material budget low.

A breakthrough in the field of gaseous detectors was made through the development

of Multiwire proportional chambers by French physicist Georges Charpak at CERN in

1968. MWPC structure includes a gas-filled box with many wires acting as anode, placed

at a short distance next to each other between two parallel cathode plates. Each wire in
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this case acts as an independent proportional counter. This property enables MWPCs to

be relatively faster than Geiger-Müller tubes as well as capable of multiple track resolution,

whereas the latter is only good for single track with limited precision and no position

information.

During 1990s, development of high granularity gaseous detectors started with an aim

to achieve higher rate capability, defined as the ability of detectors to cope with a high

number of incoming particles [41]. Gaseous detectors with very small distances between

the anodes and cathodes are considered to be high granularity detectors. Due to complex

manufacturing techniques, such detector fabrication was previously challenging until Anton

Oed suggested the use of microelectronic techniques instead [22]. This idea combined

with further advancement in photo-lithography and micro-processing techniques resulted

in a transition of detector structures from wire type to MicroPattern Gaseous Detectors

(MPGDs) in the early 90’s. MPGDs are popular for their excellent time and position

resolution, high radiation resistance, intrinsic ion and photon blocking capabilities as well

as high rate capability [36, 41]. MPGDs are now known as a broad class of detectors

consisting of many new designs and optimized existing structures with a wide range of

applications [41].

3 Thesis Structure
This thesis consists of six chapters. Following the introduction, a brief theoretical

background is given in chapter 2. The concept of charging-up effect is presented along

with a discussion on types of radiation and gas multiplication process. In chapter 3, a

summary of MPGD structures is provided. A detailed description of GEM and MM

detector structure is presented in addition to their characteristic charging-up behaviours.

Chapter 4 outlines the scope of research and experimental setup. The analysis method

and results of the measurements are discussed in chapter 5. Finally, chapter 6 summarizes

the findings of this thesis work and provides ideas for future research possibilities.



2. Theoretical Background

In the beginning of this chapter, I will describe the basic operational principle of gaseous

ionization detectors, introduce different types of ionizing radiation, and elaborate on how

these ionizing radiations interact with matter. Some of the concepts vital to understand

the overall background of this experiment, such as Townsend avalanche, gas multiplication

factor, space charge effect, Raether limit and charging-up effect will be presented later in

this chapter.

1 Operational Principle of Gaseous Ionization Detec-

tors
The basic design of gaseous ionization detector includes a chamber filled with an

easily ionizable medium i.e. air or special fill gas and two electrodes separated by this

medium [34]. When an incoming ionizing radiation beam traverses through the gas, it will

create both excited and ionized atoms/molecules along its track producing a finite number

of electron-ion pairs. Factors that affect these primary electron-ion pairs are direction

of the electric potential gradient within detector, pressure and type of the detector fill

gas. The two electrodes, namely cathode and anode, are kept at large relative voltage to

avoid recombination of ions with electrons. As the applied voltage is gradually increased,

the electrons will move towards the anode and the positive ions will move towards the

cathode under the influence of the electric field [43]. This movement of electron-ion pairs

toward their respective electrodes will result in an electric pulse across the circuit that can

5
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be measured by a meter [49]. The resulting signal is too small for detection and can be

further amplified into measurable signal using standard electronics as shown in figure 2.1.

+
+ +

-
-

-

Anode

Cathode

Incident 
ionizing 
radiation

Ammeter

Gas/Air

+ -

Figure 2.1: A schematic diagram of a gas-filled detector illustrating the principle of operation of gaseous

ionization detectors.

2 Brief Description of Ionizing Radiation
In simple terms, radiation is defined as the energy traveling through space in the

form of waves or particles. Depending on the energy and extent of interaction with matter,

radiation is categorized as ionizing and non-ionizing radiation. Ionizing radiation has

enough energy to remove one or more electrons from target atoms and hence ionizes

the atoms. Such radiation can break chemical bonds prompting chemical changes in the

matter [35]. Non-ionizing radiation on the other hand does not have enough energy to

remove electrons from target atoms but the energy is sufficient for excitation i.e. electron

moves to higher energy state. Depending on the nature of particles creating the ionizing

effect, ionizing radiation is further divided into two types:

( i ) Directly Ionizing Radiation Charged particles with mass and sufficient kinetic energy

can directly ionize atoms by interacting via Coulomb force with electrons. These

particles produce large amount of ionization through energy loss to the medium.

Some examples of this type are high energy electrons and positrons, high energy 4He
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nuclei, muons, charged pions, protons and various other nuclei i.e. accelerated metal

ions or ion beams [28].

( ii ) Indirectly Ionizing Radiation Electrically neutral particles do not interact heavily

with matter and as a result do not directly ionize atoms. Direct ionization by

neutral particles happens quite rarely and the amount of ion pairs produced in such

cases is very small. The Ionization effect observed in this type is due to secondary

ionizations. Neutral particles interact with matter producing high energy free charged

particles which in turn directly ionizes the atoms of the medium. Some examples of

this type are neutrons and high energy photons i.e. X-ray, ultraviolet and gamma

radiation [28].

Besides the ones mentioned above, there are other forms of ionizing radiation i.e.

fission fragments. Ionizing radiation can come from a wide range of sources, produced by

both natural and artificial radioactive materials. Apart from radioactive isotopes, ionizing

radiation comes from outer space in the form of cosmic radiation and also from man-made

machines i.e. X-ray machines, particle accelerators etc. The scope of this thesis is limited

to indirectly ionizing radiation since the radioactive isotope used in this experiment is an

X-ray source.

3 Interaction of Ionizing Radiation With Matter
The mechanism of interaction of ionizing radiation with matter depends on the

nature of the particles i.e. their type, mass, energy, electrical charge and composition of

surrounding medium.

3.1 Interaction of α-Particles with Matter
Alpha particles are fast-moving helium atoms consisting of two protons and two

neutrons bound together. They are produced primarily in the process of alpha decay.
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The symbol for alpha particles is written as α or α2+ indicating an electrical charge of

2 units. Being identical to helium nuclei, they are also denoted as He2+ or 4
2He2+. They

are the largest and most massive among all radiation types except for fission fragments.

Alpha particles have very high specific ionization, and lose energy mainly by ionization

and excitation of atoms of the substance. Due to +2 charge, these particles interact

strongly with matter which results in characteristic short-range, relatively slower speed

compared to beta or gamma while passing through a medium, and thus low penetrative

capacity. They maintain a direct route during penetration and depth of penetration is

correlated to the length of trajectory in a given substance i.e. magnitude of path. This is

why, alpha particles with equal initial energy will not end up travelling equal path in a

nonhomogenous absorbing substance [28]. These particles lose energy quickly in matter

and can be easily stopped by the first layer of skin, a sheet of paper or a few centimeters

of air[29].

3.2 Interaction of β-Particles with Matter
Beta particles are fast moving high energy positrons or electrons, ejected at a much

higher speed compared to alpha particles during a beta decay. Positrons are emitted

during positive beta decay denoted as β+, while electrons are emitted during a negative

beta decay denoted as β – . β-particles have less specific ionization and being lighter than

helium atoms, they have more penetrative capacity compared to α-particles. When passing

through matter, β-particles disperse easily, causing their trajectories to go beyond 1.5 to 4

times the thickness of the absorbing layer in the substance [28]. The path taken by these

particles correlates to the minimum thickness of that specific medium. Their penetrative

capacity is characterized by the magnitude of maximum path which in turn corresponds to

the path of particles with highest initial energy. β-particles can travel several feet through

air, 1 − 2 cm through water and several millimeters through plastic. This type of radiation

can be stopped by a piece of few millimeters thick Aluminium sheet.



3. INTERACTION OF IONIZING RADIATION WITH MATTER 9

Positrons interact with electrons from the surrounding matter to produce annihilation

radiation resulting in two gamma-rays, while electrons interact with matter either via

electronic excitation and ionization or bremsstrahlung; also known as braking radiation.

3.3 Interaction of Gamma/X-ray Radiation with Matter
Gamma rays are photons or quanta of light, a form of electromagnetic radiation, but

unlike visible light these rays have very high energy resulting in high penetrating capacity.

Gamma and x-rays are basically the same thing, the difference is where they originated

from. Gamma rays are produced from the atomic nucleus while X-rays are produced from

electron cloud around the nucleus. Gamma rays have no electric charge; hence, do not

participate in Coulomb interaction. The photon rest mass is zero, so gamma rays can

only be scattered or absorbed unlike charged particles and can pass through human body.

Depending on energy it can even pass through several inches of lead.

There are many possible interaction processes for gamma-rays in matter. These

processes may result in either partial or complete transfer of the gamma-ray photon energy

to electron energy either via photon absorption or scattering in that material. Only three

main types of such interaction mechanisms are discussed in this thesis.

Photoelectric Effect

In this process, a photon interacts by transferring all of its energy to an absorber atom

and then completely disappears. All of the absorbed photon energy is then transferred to

one of the atomic electrons, also known as photoelectron. Such absorption of excess energy

by photoelectron prompts the atom to eject it from one of its bound shells, as shown in

figure 2.2. Photoelectric absorption is possible only with the whole atom, and not with

free electrons. The kinetic energy of the photoelectron is given by

Ee− = hν − Eb (2.1)
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Where hν is the photon energy and Eb is the binding energy of the electron in K, L, M ,

or N shell.

Figure 2.2: Schematics of photoelectric effect where electrons are emitted when electromagnetic radiation

i.e. light quanta hits a material.

The ejected photoelectron then traverses through matter and loses energy as described

in the case of β-interaction. The atomic cross-section of photoelectric effect increases

with increasing atomic number of the material Z and decreasing photo energy hν. The

process leaves such atom in ionized state with a vacancy in one of its bound shells. This

vacancy is then quickly filled up by catching an electron from the surrounding medium

or via rearranging other orbital electrons. This results in one or several X-ray photons

known as the characteristic X-ray radiation of the atom. Internal absorption of these

characteristic radiation in the atom may produce Auger electrons to carry away the atomic

excitation energy. This mechanism is the predominant mode of interaction for low energy

gamma-rays.

Compton Scattering

As the photon energy increases, photoelectric effect becomes less predominant and

the significance of Compton effect grows. At large photon energy above 100 − 150 keV

Compton scattering is the dominant mechanism of interaction [28]. This discovery by
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physicist Arthur Compton led to the Nobel Prize in Physics in 1927. It proved that under

certain circumstances electromagnetic radiation behaves like particles.

The term scattering refers to a collision between two particles i.e. a photon with

either an electron or an atom. According to conservation of energy and momentum, photon

loses energy when scattered since a part of its energy gets transferred to the electron. In

this case, binding energy of the electron is much less compared to photon energy. The

resulting new photon emerges with a longer wavelength at an angle φ with respect to

the incident photon as shown in figure 2.3. This change in direction of the new photon

depends on the energy of the original photon.

Atom

Incident photon

Scattered electron

Scattered 
photon

θ

ϕ

Figure 2.3: Schematics of a Compton scattering event. The target electron receives energy from incident

photon and gets scattered at an angle θ. The photon loses some of its energy and is scattered with larger

wavelength at an angle φ.

Compton shift is given by the relation

∆λ = λc(1 − cos θ) (2.2)

Where λc is the Compton wavelength of the electron, given by h
m0c

and ∆λ = λ
′ − λ,
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denotes the shift. In Compton wavelength equation, h is the Planck constant, m0 is

particle’s rest mass and c is the speed of light.

The atomic Compton scattering cross-section, σc is directly proportional to the

atomic number, Z of the material. As the photon energy increases, electronic Compton

scattering cross-section σ decreases.

Pair Production

When incoming photon energy is greater than 1.02 MeV, it can interact with the

electromagnetic field of an atomic nucleus to produce a pair of particles i.e. an electron

and its anti-particle, positron as shown in figure 2.4 [29]. As the recoil energy of the

nucleus is relatively small, so according to the law of conservation of energy

E = Ee− + Ee+

hν = m−c
2 +m+c

2
(2.3)

Here Ee− and Ee+ are the total relativistic energies of electron and positron, re-

spectively. The total relativistic masses of the electron m− and positron m+ are always

larger than the rest mass m0 (= 0.51 MeV) of an electron. As a result, pair production

is possible only when photon energy is larger than two rest mass energies of an electron:

2m0c
2 & 1.02MeV [28]. This is the threshold energy of pair production and any excess

energy is then used as kinetic energy between the particles. Total kinetic energy available

for the pair is then given by

Ek = (hν − 1.02) MeV (2.4)

The pair of particles always tend to emit in the forward direction as shown in the

figure. This process is a classic example of Einstein’s equation E = mc2 in which energy

is converted into mass. The generated electron may interact with the matter through

β-interaction while positron may lose energy via ionization or excitation. If motionless,

the electron will interact with the positron to produce two gamma photons, each with an

energy of 511 keV.
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Atom

Incident photon
(E > 1.02 MeV)

Electron

Positron

Figure 2.4: A Schematic representation of pair production event creating a pair of e− and e+ particles.

In practice, pair production cross-section exceeds that of the Compton scattering

cross-section as the energy of incoming photons goes beyond 10 MeV [28].

4 Electron Avalanche Formation
Generally, gaseous ionization detectors achieve electron avalanche under proper

conditions. As mentioned under the operational principle, when the applied voltage

between two electrodes is very low, the electric field is insufficient to inhibit recombination

of original ion pairs released from ionization radiation. The collected charge in this case is

much lower than that of original ion pairs. As the applied voltage is increased, electrons

and ions drift towards their respective electrodes. During this movement of charged

particles they may collide with neutral atoms of the gas medium inelastically. The ions

have low mobility so they end up gaining insignificant amount of energy between such

collisions. Electrons, on the other hand, accelerate to a much higher velocity than ions

because of their low mass. This is why electrons may gain significant kinetic energy while

going through such collisions, and if this energy is greater than ionization energy of neutral

gas atoms, an additional electron-ion pair is created.

If the applied voltage is large enough, then with the increasing electric field electrons
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will acquire more average energy between collisions. The increasing field will also enable

the electrons created from secondary ionizations to accelerate. This process initiates a

chain reaction in the gas medium known as Townsend avalanche, named after John Sealy

Townsend who discovered the electron avalanche effect in 1897. The minimum electric field

required for secondary ionization to take place is 10 kV
cm at standard atmospheric pressure

in typical gases [29].

(+ve)

Original ionization events

Path taken by
ionizing radiation

Anode wire

Avalance region
begins here

e− e−

Figure 2.5: Each free electron in the gas multiplication process forms more free electrons creating a

cascade of secondary particles.

Townsend equation represents a fractional increase in the number of free electrons

per unit path length as
dn

n
= αdx (2.5)

Where α is the first Townsend coefficient for the gas, dx is the unit path length and n

is the number of free electrons. The value of α is zero for E < 104 V
cm and increases with

increasing electric field strength. The solution of the equation 2.5 predicts an exponential

growth of electrons with distance as the avalanche continues [29]:

n(x) = n(0) eαx (2.6)

Where n(x) is the number of electrons at location x.
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Eventually all the free electrons are collected at the anode and avalanche stops. By

maintaining proper conditions, it is possible to keep the number of secondary particles

proportional to the number of primary particles. As a result, the number of particles

produced from primary ionization can be multiplied by a factor of several thousands.

This characteristic initiates a charge amplification within the detector itself and improves

signal-to-noise ratio.

5 Space Charge Effect
The electrons produced during avalanche process are collected at the central anode

wire relatively quickly because of their high mobility, leaving behind positively charged

ions which move relatively slow towards the outer cathode shell. This cloud of the net

positive charges is known as space charge, shown in figure 2.6. The space charge effect

distorts the electric field inside detector. Subsequently, the electric field value reduces

compared to the expected value as per the applied voltage between anode wire and cathode

wall. This causes a change in gas multiplication factor for the upcoming ionization events

until the space charge is drifted towards cathode. Due to space charge nonlinearities,

there is a shift in the energy position of the voltage pulse [25] and energy resolution of the

detector suffers. For large TPCs space charge can be damaging, as electrons generated

from primary ionization drift towards the readout plate and space charge distorts the

electric field on their way to anode. Consequently, the accuracy of tracking will suffer.

There are two types of space charge effects, self-induced and general [29]. The

self-induced space charge effect takes place when gas gain of the detector is sufficiently

large. The positive ions produced during avalanche process can then change the electric

field and decrease the number of electrons produced in the subsequent stages. This effect

depends on the detector geometry and magnitude of gas multiplication.

The general space charge effect arises from the collective effect of positive ions

produced from several avalanche processes. This effect turns more prominent when rate
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Figure 2.6: A Garfield simulation of charge movement inside Gas Electron Multiplier (GEM) detector

hole. The light lines represent two electrons guided into the GEM hole, dots represent ionization events

and dark lines represent ions produced in avalanche process [17].

of events inside detector increases. Hence, the presence of space charge nonlinearities is

assessed at the operating voltage of the detector before starting with any measurement.

6 Gas Multiplication Factor
Gas multiplication process is observed by studying the single-electron response of the

detector. Single-electron response is measured by a controlled primary ionization in such a

way that only one electron is liberated outside the region of avalanche. This single electron

will initiate further gas multiplication in the avalanche region. The total charge generated

is then defined as the single-electron response and consequent pulse amplitude distribution

presents gas multiplication mechanism inside detector. By using single-electron response,

it is possible to deduce the pulse amplitude properties of many primary ion pairs.

Considering space charge effect is low enough and each avalanche is independent,
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the gas multiplication factor is given by [29]

Q = n0eM (2.7)

Where M is the average gas multiplication factor, Q is the total charge generated by n0

primary ion pairs.

It is possible to express the gas multiplication factor, M in terms of applied voltage

and detector parameters by solving Townsend equation 2.5 in cylindrical geometry, such

as, in case of a proportional counter. Conventional proportional counter consists of a

thin axial wire as anode, placed in the middle of a cylindrical cathode, and supported by

insulators at either end for connection to the high voltage. Considering radial dependence

of the Townsend coefficient α, the integration range is taken from the radius of anode a

to the critical radius rc, since the electric field is too low for further avalanche after this

point. α being dependent on the type of fill gas and electric field magnitude, E (r), the

equation 2.7 can be written as

lnM =
∫ E (rc)

E (a)
α(E ) ∂r

∂E
dE (2.8)

For cylindrical geometry, electric field at a radius r is given by

E (r) = V

r ln(b/a) (2.9)

Where V is the applied voltage, a is the radius of anode and b is the cathode radius.

Differentiating equation 2.9 with respect to E leads to, ∂r
∂E

= − V
E 2 ln(b/a) . Substituting

∂r
∂E

in equation 2.8, and assuming linear relation between α and E , the expression for M can

be obtained as

lnM = V

ln(b/a) × ln 2
∆V

(
ln V

pa ln(b/a) − lnK
)

(2.10)

Where ∆V is the voltage difference due to which an electron moves from one ionization

event to another, b is the cathode radius, p is the gas pressure and K is the minimum

value of E
p
below which gas multiplication does not occur.
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While deriving this general expression for M , space charge and photoelectric effects

are neglected. It is also assumed that no negative ions are formed during the multiplication

process. According to the equation 2.10, gas multiplication factor increases promptly with

applied voltage for a particular detector at constant pressure of the fill gas i.e. M varies

exponentially with V . As a result, it is very important to keep the supplied voltage stable

over the period of the experiment to keep gas multiplication factor stable in proportional

counters [29].

7 Raether Limit
German physicist Heinz Artur Raether proposed there is a physical limit to the gas

multiplication factor value during a Townsend avalanche process [42]. From equation 2.10

it seems that the gas multiplication factor, M can increase exponentially without any

boundary, but in reality there is an upper limit i.e. maximum gas gain possible is ≈ 108

in standard conditions. The gas gain of the detector is defined as the ratio between total

number of electrons measured on the anode wire to the number of primary ionizations

produced by incident photons and can be obtained from equation 2.6 as shown below

G = n

n0
= e

∫ x2
x1

α(x)dx

G = n

n0
= eαx

(2.11)

Where G is the gain of the detector and α is the first Townsend coefficient obtained by

integrating over differential α(x). The equation above has a limiting value before sparking

takes place

αx = 20 (2.12)

where x is the path length of ionization measured from the point where primary ionization

took place. This restriction on the possible value of gas gain is known as Raether limit

above which a continuous discharge affects the detector followed by breakdown. According

to Raether, such limitation arises from the cumulative effect of space charge on the electric
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field inside the detector.

8 Charging-up Effect
Charging-up, charge-up or charge accumulation is an unwanted effect observed in

the detectors containing dielectrics or insulating materials. The dielectrics commonly used

are in the form of solids, sandwiched between two conducting plates to ensure that there

is no direct contact and the distance between them remains smaller, which leads to higher

capacitance. Dielectrics are non-conducting materials with no free electrons, so no current

flows in them when placed in an electric field. charging-up of dielectric surfaces exposed to

the active gas volume takes place due to the polarization of dielectrics under high external

electric field and accumulation of charges on the dielectric surfaces following avalanche in

the amplification region [32].
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Figure 2.7: Schematics of dielectric material polarized by an applied electric field, E. The resulting

electric field from this polarization effect, Ep points to the opposite direction from E.

Dielectrics exhibit dielectric polarization caused by positive charges being pulled in

the direction of the electric field, while the negative charges shift in the opposite direction.

This polarization effect creates an internal electric field within the dielectrics due to

deposited charges on the dielectric surfaces that reduce the total applied electric field in

the detector as shown in figure 2.7. The effective electric field is then given by [44]

E = E0 − Ep (2.13)
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Where E0 is the electric field generated due to the geometry of the detector and Ep is the

internal electric field due to dielectric polarization.

Charges generated from avalanche near amplification region may accumulate on top of

the thin dielectric surface between resistive strips in case of MM. For GEM (see section 3),

such charge accumulation takes place on the dielectric surfaces inside double-conical holes.

This phenomenon gives rise to an internal electric field that compensates the effect of

Ep to some extent. This effect is particularly prominent if the radioactive source used

emits strong X-ray radiation resulting in higher event rate. Since the effective gain of the

detector depends on the strength of the electric field in the region of multiplication, a

change in local electric field due to dielectric polarization will change the amplification

gain. This lack of gain stability leads to a stark difference between experimental and

simulated results from a detector.

The accumulated charges from charging-up effect can stay on the insulator surface

or flow through it under the influence of the electric field. The time taken to completely

remove these charges may span several hours to days, a process known as charge evacuation,

charge-down or charging-down of the detector. The scope of this thesis work is limited to

the study of charging-up effect.



3. Micro Pattern Gaseous Detectors

MicroPattern Gaseous Detectors (MPGDs) are commonly designed to be high granularity

gaseous detectors with very small (< 1 mm) distances between the electrodes and a narrow

amplification gap of typically 50-100 µm [41]. Due to industrial advances in lithographic

techniques many novel MPGD structures have evolved from the initial ideas and there

are now more than 20 different designs of MPGDs known to us [46, 40]. In this chapter,

I will present a short background about the MPGD family, recent developments with

new detector structures, and detail the operational principles of MM and GEM detectors,

which are the main focus of this thesis work.

1 Types of MPGD
All MPGD structures can be roughly classified into four major categories i.e. mi-

crostrip/microwire, microdot/micropin, hole and parallel plate-type detectors. The first

MPGD structure to catch attention was the Microstrip Gas Chamber (MSGC), invented

by Anton Oed in 1988. It consisted of alternatively placed tiny metal strips of electrodes

i.e. cathodes and anodes, deposited on thin insulating support by a lithographic method

as shown in figure 3.1. MSGC works on similar principle as the wire chamber taking

advantage of the avalanche multiplication process, but uses fine printed metal strips

instead of thin wires. Due to photo-lithography technology used for manufacturing, it

is possible to achieve reduced spacing between anode and cathode strips by an order of

magnitude; for example, the spacing between anode strips in MSGC can be as small as

21
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200µm compared to several millimeters for wire chambers [41]. The anode strips are

typically 7-20 µm in thickness facilitating high electric field around it. Primary electrons

generated between drift and the anode-cathode plane from incident radiation drift towards

anode strips creating Townsend avalanche [22]. The ions generated from this avalanche

process then drift towards cathode strips and short drift path helps overcome the space

charge effect [41]. While the space charge effect limits rate capability of wire chambers,

MSGC offers high rate capability.

Cathode

Anode

Substrate

Drift plane

Pitch (200 μm)

Figure 3.1: A schematic drawing of a microstrip gas counter. The substrate is made of insulating

materials i.e. glass.

Suggested by Biagi in 1995, microdot detectors contain periodic structure of electrodes

of coaxial geometry deposited on dielectric substrate using lithographic technology as

shown in Figure 3.2. In this updated version of pixel detector, the cathode circles have

a typical diameter in the range of 170 − 225µm and anode dots are about 20µm [23].

A typical gain of 104 is observed in microdot detectors but with 6 KeV photons it can

operate stable up to a gas gain of 105 [16].

The Micro-hole structure consists of a dielectric sheet of typically 50 − 2000µm

thickness with metallized holes on both sides [22]. Each electrode in this case behaves like

electrostatic lance focusing field lines when a high voltage is applied and this characteristics

allows formation of high electric field inside the holes. After primary electrons are formed

in the drift region, they drift towards these holes generating Townsend avalanche (see

Figure 3.8). The most popular micro-hole detector in recent years is the so-called Gas
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ANODE 
READOUT LINE

Figure 3.2: A schematic diagram of a microdot gas chamber [48, 22].

Electron Multiplier or GEM; introduced by Fabio Sauli in 1996 [45] and detailed in the

next section.

Parallel Plate Avalanche Counter (PPAC) became popular due to its mechanical

robustness, better energy resolution and higher rate capability. It has a parallel-plate

geometry with two conducting parallel plates used as electrodes to collect the electrons

and positively charged ions upon ionization in the gas volume. By applying a high voltage

bias, strong electric field is generated between parallel plates. If this results in charged

particles to accelerate with energies above gas ionization energy, then avalanche is created.

Due to easy construction and reliable operation, PPAC has been used in beam experiments

to detect heavy charged particles i.e. alpha particles and fission fragments. The designs of

PPAC vary a lot in complexity depending on the range of applications. One dimensional

PPAC was first built in 1984 at RIKEN for measurement of charge state distribution of

heavy ions and later two dimensional position sensitive PPAC detector was built at RIPS

separator to be used as focal plane detectors [31].

In recent years a new type of MPGD emerged that has the properties of both

traditional solid and gaseous detector. The detector is called Micro-Gap Parallel-Plate

Chamber (MG-PPC) with solid converter. Porous solid converter of radiation i.e. CsI

can be combined with MG-PPC to minimize the effect of gas volume on the formation of

primary electrons and reduce the distance electrons pass during drift and multiplication
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stages [20]. The gap between electrodes of MG-PPC is kept around 100µm and this

structure is shown to improve position as well as time resolution even further. According

to [20] MG-PPC with one layer of converter improved efficiency to approximately 30% at

gas gain close to 105.

Some of the other notable MPGD structures include Micro Well Counter (CAT),

Micro Trench Gas Counter (MGD), Micro Slit Gas Detector, Micro Pin Array Detector

(MIPA), Micro Gap Chamber (MGC), Micro Dot Gas Avalanche Detector, Fast timing

micropattern, Capillary Plate Proportional Counter, Micro-hole and Strip-plate (MHSP)

and so on [40].

2 MICROMEGAS
A slightly modified version of PPAC is a Micro Mesh Gas Detector, also known as

MICROMEGAS, first proposed by Georges Charpak and Yannis Giomataris in 1996 [24].

MM is almost similar to PPAC, except the fact that the amplification gap between

micromesh and anode plate is much narrower [22]. Design of this structure was inspired

by several studies that found micrometer-scale amplification gaps suitable for attaining

large gain close to the upper value allowed by Raether limit [24, 21].

MM operates as an asymmetric two-stage parallel-plate avalanche chamber as shown

in Figure 3.3. The main components of MM consist of a thin metal grid (cathode) placed

above a readout electrode (anode), maintaining a small gap of approximately 50 − 100µm

in between [41]. Conventional metal grid or micromesh is made of nickel and widely

available in different shapes and sizes [48]. Micromesh wire, with a typical pitch of about

4 − 29µm, separates a few mm wide conversion gap from the amplification gap [22]. The

drift electrode, usually a standard nickel mesh, is placed ≈ 3−30 mm above the micromesh

to generate conversion-drift electric field by applying slightly higher voltage on it [24].

A uniform gap between the mesh and anode is maintained by placing equally spaced

supports made of insulating fibers or pillars, which in turn reduces dead space within



2. MICROMEGAS 25

+

-

Conversion 
Gap

Amplification
Gap

Drift electrode

Anode

Ionization

Micromesh

Spacers
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Figure 3.3: Schematics of a bulk MM detector. A large electric field in the amplification region and

a low electric field in the drift region are generated by applying appropriate voltages in the drift plate,

micromesh and anode.

the detector [24]. First prototype of MM consisted of insulating quartz pillars or spacers

attached to the anode plane but latest structures consist of a matrix of micro-spacers

with individual modules and an active area of about 40 × 40 cm2 [23]. There are two

Figure 3.4: A schematic representation of electric field and equipotential lines in the MM [48].

regions dividing the gas volume in MM: drift region and amplification region. Application
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of suitable voltages in the three electrodes creates a very high electric field of ≈ 100 kV
cm

in the amplification region and a comparatively low electric field of ≈ 1 kV
cm in the drift

region [24]. When incident radiation ionizes the gas volume in the drift region, positive ions

and negative electrons are produced. Due to large electric field in the amplification region

compared to drift region, the micromesh will appear transparent to the primary electrons

prompting them to move towards amplification region through the mesh holes. Both drift

and amplification regions have homogeneous electric field except near the micromesh hole

openings. Depending on the ratio between electric field in the drift and amplification

region, the electric and equipotential field lines around mesh hole openings are compressed

into a funnel-like shape as shown in figure 3.4. The primary electrons drift through mesh

holes into the small area between the mesh and readout electrode, where the field lines are

much more dense compared to the drift region resulting in a series of electron avalanche.

The whole area in the amplification region is available for charge multiplication, except

those tiny spaces occupied by the pillars.

The introduction of pillars for maintaining constant amplification gap between mesh

and readout electrode comes with a few drawbacks. Pillars are often made of dielectric

materials that can accumulate charges on its surface leading to charging-up effect when

exposed to external electric field. The charging-up of dielectric pillars may result in gain

instability since the induced current on anode gets smaller with time causing the detector

gain to drop. Additionally, particles located at the pillar areas completely skip detection

and the electric field values increase significantly in regions where pillars come in contact

with the mesh [15]. Such localized increase in electric field may lead to electric discharges

and interfere with the detection functionality. Therefore, it is important to keep the

volume occupied by dielectric pillars as small as possible.

Other than pillars the insulator surfaces between resistive strips too are prone to

charging-up effect. The charges produced following each avalanche near the readout plate

can accumulate on the dielectric surfaces of this thin insulating layer. Such accumulation
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of charges creates an internal electric field that adds up to the external electric field and

increases the gain of the detector over time. This gain asymptotically reaches stability

when charging-up and charge-down processes reach an equilibrium [44, 19, 8].

A typical gain of about 105 is possible to achieve with a MM detector. By tuning

the ratio between amplification and conversion gap electric fields to large values, it is

possible to catch most of the positive ions on the micromesh. Quick removal of ions from

gas amplification region prevents space charge build-up [41]. Narrow amplification gap

comes with some other advantages i.e. it is possible to achieve high time resolution, very

fast signals and a high rate with this structure [22, 41].

3 GEM
Inspired by the success of Multi-step Avalanche Chamber in detection of single

electrons in the photosensitive fill gases, GEM was designed based on the concept of pre-

amplification [47]. This is a novel type of gaseous ionization detector composed of a thin

polyimide foil of about 50µm thickness, metal coated on both sides with 5 − 15µm thick

Copper, and a matrix of evenly spaced holes of typical diameters between 40 − 120µm [14].

The hour-glass shaped holes are etched via performing two-step chemical etching through

the foil, a special technique refined at the CERN PCB workshop [41].

P
P

P
D

d

D = 70 ± 5 μm 
d = 50 ± 5 μm 
P ≈ 140-200 μm 

P

P

Figure 3.5: Graphic illustration of holes etched through GEM mesh.
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Each GEM foil of 10 × 10 cm2 area can have as many as 600, 000 holes in it consisting

of an outer and inner diameter of about 70µm and 50µm, respectively [26]. As shown in

figure 3.5, the holes are etched at a distance of about ≈ 140 − 200µm from each other’s

center, also called pitch [14]. The GEM foil is placed in between a drift electrode and a

charge collection electrode or readout plate at a short distance of a few millimeters.

Figure 3.6: A schematic representation of electric field and equipotential lines inside GEM holes [48].

Application of sufficiently large voltage between the top and bottom layers of GEM

forms a dipole field focused inside the holes between the drift electrode and the readout

plate, resulting in each hole act like an independent proportional counter. The primary

electrons, produced within the volume of drift electrode and top GEM, will be sucked

into these holes. The high electric field inside holes trigger charge multiplication due to

dense electric field and equipotential lines as shown in figure 3.6. The electric field inside

holes must reach the limit of avalanche formation (≈ 10 kV
cm) for charge multiplication to

take place. This property of GEM enables very high resolution 2D detection of charged

particles [48]. Most of the secondary electrons produced in avalanche will drift to lower

region below GEM foil where they will either get collected by the readout electrode or go
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Drift electrode

GEM foil

readout plate
(x-y strips for 
position sensitivity)

4 mm

5 mm

Figure 3.7: A schematic view of GEM detector system for gain measurement. It is possible to achieve a

gain as high as 104 with this setup.

into further multiplication when several GEM foils are used in cascade mode. The readout

structure is a two-dimensional patterned anode with X and Y coordinates that generates

negative signal by collecting electrons, as depicted in figure 3.7.

Figure 3.8 is a Garfield simulation of GEM, where the white zigzagged lines represent

electron avalanche, while positive ions drifting back toward cathode are shown in yellow.

Figure 3.8: Townsend avalanche seen in the Garfield simulation of a GEM foil [18]

In most cases GEM detectors contain Kapton, a polyimide film developed by DuPont,

that works as a thin dielectric surface between the top and bottom electrodes [8]. The

electrons and ions produced in both primary ionization and avalanche processes can
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accumulate on this Kapton surface. As a result, two opposing processes i.e. charging-up

and charging-down arise at the insulating surface. During avalanche process near the hole,

some charges may undergo lateral diffusion and get trapped on the dielectric surface inside

hole as shown in figure 3.9. However, due to double-conical shape of the holes, resulting

positive ions will mostly gather at the bottom part while negatively charged electrons will

accumulate at the top part of the conical surface [19]. These charges tend to remain on the

dielectric surface for rather long time because of dielectric polarization of the polyimide

surface under external field and high resistivity of Kapton. Such distribution of charges

on Kapton surface creates an internal electric field that adds up to the external electric

field and increases the gain of the detector with time. This gain asymptotically reaches

stability when charging-up and charge-down processes reach an equilibrium [44, 19, 8].
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Figure 3.9: Graphic illustration of charging-up effect inside a GEM hole. Here, E represents the electric

field arising from applied voltage, Ep represents electric field due to dielectric polarization effect and Ei

represents the internal electric field created from accumulated charges on the dielectric surface.

The field lines and equipotential lines developed near GEM holes depend on the

shape of the holes and have important role in fractional ion feedback as well as other key

characteristics of GEM foils [13]. Since the charge collection by anode is limited to only

electrons and positive ions have no contribution to the output signal, this detector has a

fast response and minimal space charge effect. The possible discharges do not affect the

front-end electronics directly in this detector system because of the detachment between

amplification structure and readout structure [41]. Probability of discharge is low for

multiple stacks of GEM foils as the total electron multiplication is then divided into many
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steps across the holes of these foils.

Most of the present high-rate applications use stacks of GEM foils with a small

separation of about 0.5 − 3 mm between each layer to extend gas amplification to several

steps. The voltages between these GEM foils are set in such a way that secondary electrons

generated from avalanche in one layer of holes will be drawn toward the next layer of holes

i.e. cascade multiplication can take place. This results in a gain boost of about 106 which

makes triple GEM structure the standard in many particle physics experiments.



4. Measurement

In this chapter, I will present the scope of study of this thesis and outline experimental

setup used to record the measurements. In the beginning of chapter 4, three core questions

to be explored as a part of this thesis are introduced under research scope, followed by a

short description of radioactive source and detector fill gas used in the experiments. Rest

of the chapter elaborates on the detector assembly layout for measuring charging-up effect

in MM and GEM along with the measurement tables, plots and schematic diagrams.

1 Research Scope
There are two ways to test high rate capability of MPGDs, either by irradiating the

detector system with a strong X-ray source or by installing a pre-amplification stage i.e.

placing one or more GEM foils between the cathode and the readout plate. The latter

option is suitable if the chosen radioactive source emits weak X-ray radiation. GEM is then

used for amplifying the primary electrons before they go through secondary multiplication

near MM, thus increasing the rate. The charging-up effect within the detectors may change

its nature with changing rate capability, type of fill gas and humidity content present in

the gas. There is room for extensive research to understand how charging-up behaviour

changes in case of higher vs. low incoming particle rate and in case of dry vs. wet gas as

well as in combination of rate and gas.

The aim of this experiment is to use qualitative and quantitative research methods

to answer the following questions

32
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( i ) How does charging-up process behave in MM only vs. GEM only cases?

(ii) Does charging-up behaviour change during low vs. higher rate operations?

(iii) Is there a difference in the charging-up behaviour of MM if the fill gas used has

water content in it?

2 Radioactive Source
The X-ray source used in this experiment is radioactive isotope 55Fe. Iron-55 is

one of the 28 isotopes of Iron and has a specific activity of 89.1 TBq/g [3]. Its nucleus

contains 26 protons and 29 neutrons, and decays by a process called electron capture to

Manganese-55 or 55Mn with a half-life of 2.70 years. Electron capture, also known as K-

or L-electron capture, is a process where the proton rich nucleus of 55Fe atom absorbs an

electron from one of its inner shells i.e. K or L shell. This vacancy left in the inner shell

is then filled by an electron from a higher shell as shown in figure 4.1. The difference in

energy between these two shells is then released by emission of Auger electrons at 5.19 KeV

with a probability of about 60%.

Figure 4.1: Demonstration of electron capture process in an electrically neutral atom [39].

The emitted kα1 and kα2 X-rays are almost same, so they are denoted as kα with an

equal energy of 5.9 KeV and about 28% probability (shown in figure 4.2). The emitted
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X-rays are monochromatic and continuously produced over a long period of time, so it is

used as one of the laboratory sources of X-rays.

Figure 4.2: An illustration of characteristic peaks in standard 55Fe spectrum [1].

No electrical power is needed for this emission, making it ideal as a portable X-

ray source. Additionally, there will also be kβ X-rays with 6.49 keV energy and 2.85%

probability.

3 Fill Gas
Fill gas works as the gaseous medium to be ionized by incoming ionizing radiation.

Typically a mixture of noble and quench gases are used as the fill gas with noble gas as

the principal component due to their inertness. The gases forming negative ions i.e. O2,

F2 etc. are avoided as the operation of these detectors are based on gas multiplication.

A small concentration of about 5 − 10% quench gas is added to prevent the possibility

of multiple pulsing through internal quenching. The quench gas is selected such that it

has a lower ionization energy and complex molecular structure compared to the principal

component. Some organic molecules, for example CH4 or methane, isobutane etc. are

common to be used as quench gases, while He, Ne or Ar are most popular as primary gas

component.

A compressed gas mixture P-10 is used as our detector fill gas, containing 10%
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Methane and 90% Argon. Methane absorbs UV photons and terminates every pulse

discharge that would otherwise cause spurious pulses.

4 Experimental Setup

MCA

Radioactive 
source

Collimator

Drift Plate

GEM top

GEM bottom

Micromegas

Preamplifier

Amplifier

Computer

Readout foil/Anode

5 mm

4 mm

+530 V

V1-in

V2-in

V3-in

0.128 mm
Mesh

Figure 4.3: Schematics of a two-stage amplification system. The primary electrons generated between

drift plate and GEM goes through an initial gas multiplication before entering the volume between GEM

and MM, where a series of secondary multiplication leads to formation of electron cascade.

In this study, two different tests are performed; first test with a two-stage amplification

structure to measure the charging-up effect in MM and GEM, and the second test with a

Rapidox multi-gas analyzer to measure water content of gas.

The experimental setup of the first test consists of a standard 55Fe source enclosed

in a capsule and placed on an X-ray collimator as shown in figure 4.4. The 55Fe source

activity is recorded to be 54.6 MBq in 2017. The collimator used in this setup is a 5 mm

thick Al plate with 2 mm holes on it through which X-ray radiation enters the detector

gas volume. Use of a collimator makes the output beam focused in a particular direction

and prevents X-ray from flooding the detector in all direction. The collimated beam then
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enters a 4 mm thick gas volume between the drift plate or cathode and the top part of

GEM detector as shown in figure 4.3. A constant voltage of −800 V is applied to the drift

plate as well as the top and bottom parts of GEM to skip the pre-amplification stage and

operate the setup for MM only cases.

To activate the GEM foil, a high negative voltage of −1273 V is applied to the

drift plate, while keeping the top and bottom GEM at slightly lower voltages of −1067 V

and −800 V, respectively. The micromesh is grounded, such that the voltage on it is

0 V, whereas the resistive strips of readout electrode is kept at +530 V throughout the

measurement. This increasing pattern of voltages up to +530 V ensures that the primary

electrons drift from upper volume through the GEM holes and continue further down

towards the MM readout strips.

A standard GEM foil of 60µm thickness and 10 × 10 cm2 area is used between the

drift plate and MM. The thin polyimide foil itself is 50µm in thickness with 5µm thick

copper coating on each side. The outer and inner diameters of each hole are 70µm and

50µm, respectively. The foil has approximately 600,000 holes chemically etched into it with

a pitch of about 140µm. The distance between the bottom layer of GEM and micromesh

is maintained at 5 mm. Figure 4.5 represents schematic cross-section of resistive-strip

MM detector with a two-dimensional readout structure, similar to the one used in this

experiment. The readout structure consists of a printed circuit board (PCB) located

0.128 mm beneath the micromesh. The stainless steel mesh, supported by equally spaced

pillars, separates the volume between the drift region, including pre-amplification stage,

and the amplification region.

While the electric field generated between drift electrode and GEM top is 515 V
cm ,

a significantly higher field of about 41.4 kV
cm is produced in the amplification region near

readout plate. Such high electric field may result in dead-time due to sparks as well as

damage the front end electronics of the detector [33]. This problem is solved by depositing

a thin layer of insulator and resistive strips on top of readout strips. Hence, the PCB
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Figure 4.4: Detector assembly consisting of two-stage amplification system. The encapsulated 55Fe

source is placed on an Al collimator with 2 mm holes. The left nylon pipe works as a gas inlet, while the

pipe on the right side flushes the gas out of the detector system.

PCB

Mesh

y strips

x strips

Resistive 
strips

Pillars

Figure 4.5: Schematic representation of vertical cross-section of a X-Y chamber.

board has three layers sandwiched on it, with a 70µm thick FR4 insulator between each

layer. The top layer contains resistive strips, whereas the middle and bottom layers contain

readout strips. 200µm wide X strips in the bottom layer are placed parallel to the resistive

strips, while Y strips of width 80µm in the middle layer are placed perpendicular to the

resistive strips. There are about 360 copper readout strips for each X and Y layer with a

strip pitch of 250µm. Each layer of readout strips is grouped such that each group contains

120 strips. The reason behind such specific grouping is that each Application-specific
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Integrated Circuit (ASIC) can read up to 120 channels. Altogether the resulting 3 groups

in each layer form a total of 9 sectors in a 3 × 3 configuration. When 55Fe source is placed

on a particular sector, only that sector is active, contributing to the local charging-up

effect. The generated charges on the readout electrode followed by an electron cascade

can then be read out with 6 APV ASICs.

A single readout channel, combined with one group of 120 strips, is in turn connected

with an Ortec pre-amplifier and then an amplifier to enlarge the recorded weak pulses. The

amplified signal consisting of pulses is then fed into an MCA-8000D Digital Multichannel

Analyzer which digitizes this signal for pulse height analysis and generation of pulse height

spectrum as illustrated in figure 4.3.

Run Sector Rate
Gas flow

( ml
min )

Gas

type

Drift

(V)

Top GEM

(V)

Bottom GEM

(V)

MM

(V)

1 Middle-left Low 23 Dry -800 -800 -800 +530

2 Middle Low 22.4 Dry -800 -800 -800 +530

3 Close-middle Low 22.4 Dry -800 -800 -800 +530

4 Close-middle Higher 22.4 Dry -1273 -1067 -800 +530

5 Front-middle Higher 26.1 Wet -1273 -1067 -800 +530

6 Front-middle Low 26.1 Wet -800 -800 -800 +530

7 Left-middle Low 26.1 Wet -800 -800 -800 +530

Table 4.1: Experimental configurations to measure the charging-up effect in MM and GEM. The MM

detector used for Run 1 was replaced with a new MM of slightly different configuration (detailed in

section 4) to record data for Run 2–7. Therefore, data from Run 1 are not considered for analysis. Data

from Run 2–7 are used in the analysis.

Dry gas in this experiment corresponds to P-10 gas mixture without any added water

content. Wet gas implies that a small amount of water is introduced into the detector

gas volume. Low rate in this experiment corresponds to the standard amount of charge

collected at the MM readout strips as electrons from primary ionization undergo gas

multiplication while drifting through the micromesh. In case of higher rate, the amount
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of charge generated at the MM readout strips is much higher (roughly 2 − 2.5 times in

this experiment) due to pre-amplification of electron charge inside the GEM holes. The

measurements are repeated for different sectors and gas flow, using either dry or wet gas,

to observe how charging up behaves with these varying conditions. List of all parameters

of the first experiment is tabulated in the table 4.1.

The nylon pipe used in the detector assembly as gas inlet and outlet is a type of

synthetic polymer. Polymers are not gas tight, which means they can let gas diffuse

through their membranes from high pressure side towards the low pressure side due to

differences in chemical potential [30]. Depending on the type of polymer and gas used as

well as the applied pressure and temperature, the amount of gas diffused through polymer

membrane will vary. This property of nylon and high permeability of water [37] are used

to introduce water content into the gas flow in the second experiment.

Figure 4.6: Rapidox 3100 sampling gas analyzer provides non-stop online analysis of water content in

the gas.

To study the effect of wet gas on charging-up behaviour, a short test is conducted

by introducing a small amount of water to the gas volume. The variation of this water

content with different gas flows over time provides the relation between gas flow in ml
min

and water content in parts per million by volume (ppmV).

The experimental setup of the second test includes a Rapidox 3100 gas analyzer, a

P40 P11 nylon pipe of length 5 m and pure Argon (Ar) as the fill gas. There is a 1 m long

nylon pipe built into the Rapidox system which is not added to the overall pipe length

due to its negligible contribution to the humidity content of the gas. To measure water
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Run
Pipe length

(m)

Ar Gas flow

( ml
min )

1 5 10

2 5 20

3 5 30

4 5 40

5 5 50

6 5 20

7 5 10

Table 4.2: Experimental configurations to measure the water content in a 5 m long nylon pipe with

varying gas flow.

content of gas, the 5 m long nylon pipe is used. About 4.3 m of this pipe is inserted into

a polyethylene bag filled with water soaked tissue papers and flushed with pure Ar gas

overnight before starting with the first measurement in the following day. Due to high

mobility and solubility of water, absorption of small water molecules takes place at the

side of nylon membrane that has higher chemical potential, followed by diffusion and

then finally desorption of water molecules at the other side of the membrane that has

lower chemical potential [2]. If the gas flow within the nylon pipe is low, then these water

molecules are expected to remain inside longer.

An initial gas flow is recorded to be 41.3 ml
min at the time when 5 m long nylon pipe is

plugged with the Ar gas pipe. After each measurement, the test pipe is flushed overnight

with Ar gas of specific gas flow values shown in the table 4.2. The overnight flushing is

done to minimize humidity and oxygen content inside the test pipe. A decrease of about

0.1 to 1 ml
min in gas flow is observed after overnight flushing in the following day, right before

starting the measurement. Figure 4.7 presents 5 m pipe in water tests for a range of gas

flows between 10 to 50 ml
min . The exponential curve

f(x) = ae−kx + c (4.1)
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Figure 4.7: The measured water content in ppmV with a five meter pipe for 10, 20, 30, 40 and 50
ml

min gas flows. The coefficients of exponential fit are a = 2900 ± 300 ppmV, k = 0.042 ± 0.009 min
ml and

c = 360 ± 150 ppmV.

fitted to the data points shows a clear exponential decrease of water content in gas with

increasing gas flow. The function f(x) then provides an estimate for water content as a

function of arbitrary gas flow. The result follows the expectation that as the flow of gas

increases, water molecules inside test pipe get flushed out of the pipe by high speed gas

molecules. Hence, it can be inferred from the plot above that the 5 m nylon pipe subjected

to a low gas flow of 10 ml
min contains ≈ 3.15 times the water content in the gas compared to

a higher gas flow of 50 ml
min .

The outcome of this measurement is used to find the exact water content for a specific

gas flow. This information is useful to understand the effect of wet gas on charging-up

behaviour in MM.



5. Results

The readout electrode or anode records the total charge generated from electrons followed

by each avalanche multiplication. As the total electric field gets reduced due to charging

up of dielectric pillar surfaces, the electrons reach anode with comparatively lower kinetic

energies. This reduction in the energy is observed from a shift in the recorded spectra.

This chapter includes a comprehensive analysis of recorded spectra from seven individual

runs or measurements under varying conditions. The chapter is further divided into four

sections to cover the three core questions to be explored in this thesis work.

1 Charging-up Behaviour of MM
In this section, the measurements of charging-up effect in case of a MM detector

only are presented. These measurements are listed in the table 4.1 as Run 1–3 and 6–7.

The data recorded from Run 1 are not considered for analysis due to detector malfunction

at the time of the measurement. The Run 2 and 3 are measurements with dry gas, while

Run 6 and 7 are measurements with wet gas.

The experimental setup in figure 4.3 consists of a micromesh and an anode at a

distance of 0.128 mm from each other, a gap of 4 mm between the drift plate and top

part of GEM foil and gap of 5 mm between the bottom part of GEM and micromesh.

The voltages between the top and bottom GEM foil is kept constant at −800 V, so that

GEM foil is bypassed and only MM charging-up phenomenon is recorded. The voltages at

the drift plate and micromesh are −800 V and 0 V, respectively. The resistive strips are

42
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kept at +530 V i.e. an electric field of 889 V
cm develops between the drift electrode and

micromesh. For Run 3, a temperature of 22.9 ◦C and atmospheric pressure of 1001 hPa are

noted at the beginning of the measurement. With a steady gas flow of 22.4 ml
min , the data

was collected for a duration of 15 s between 45 s breaks in total of 900 measurements. For

Run 2, the noted temperature at the start of the measurement is 22.8 ◦C and atmospheric

pressure is 993 hPa with a corresponding gas flow of 22.4 ml
min .
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Figure 5.1: An electron spectrum from charging-up effect measurement of MM detector (Run 3). The

spectrum is obtained after 5 h 37 s from the starting time of the experiment.

The interval of actual data collection is kept small (for example, 15 s) to record all

the changes happening during the steep shift of charging-up effect at the beginning of the

measurements. Number of counts registered in such a small interval is quite low and gives

rise to larger uncertainty compared to longer collection interval containing more counts.

However, some compromise in uncertainty estimation is needed to study the sharp change

in the charging up behaviour of the detectors.

Figure 5.1 presents a measured spectrum of 55Fe radioactive source by MM detector

in terms of channel vs. count from Run 3 (see table 4.1). The 512 MCA channels are

directly related to the energies of incoming electrons collected by the readout plate or
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Figure 5.2: The Gaussian fit result for a spectrum from Run 3 returns channel 184.8±0.7 and a standard

deviation of σ = 23.6 ± 1.4 for the photopeak, whereas escape peak channel is 94.5 ± 1.3 with a standard

deviation of σ = 17.2 ± 1.9.

anode, so channel number represents the induced charge of the detector system. Two

peaks are observed in the measured spectra: the peak with highest energy corresponds

to 5.9 keV photopeak from 55Fe source and the other peak with second highest energy is

the 3 keV Ar escape peak originating from Argon based gas mixture. The position of the

peaks can be located by fitting a Gaussian to the measured spectra. The location of the

Gaussian gives the average energy of the collected electrons and can be used to track the

change of this energy over time. In figure 5.2 peaks found are highlighted in green square

boxes while Gaussian fits through these peaks are drawn in orange and green curves. The

centre of each peak is the mean of their respective Gaussian.

Figure 5.3 presents movement of the photopeak location with respect to time. The

photopeak location is normalized to the maximum gain measured at t = 0 in order

to plot relative gain along the Y-axis, while the X-axis denotes the cumulative time

of measurements. The plotted data portrays relative gain values without air pressure

correction. An exponential drop in the relative gain is observed over time with apparent
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Figure 5.3: The plot of relative gain vs. time for MM only case (Run 3) shows exponential decrease of

detector gain over time. The value 1.0 on the normalized Y-axis characterizes the maximum gain (100%)

measured in the beginning of the experiment. The orange curve represents uncorrected relative gain of

the detector.

saturation roughly at 10 hours from the starting time of the experiment. A gain drop of

33% is observed which is compatible with the expected decrease in induced current due to

charging up of the detector.

The gain of the detector fluctuates significantly with various fill gas composition,

temperature and atmospheric pressure. With increasing pressure, the gain decreases which

is common for any gaseous detector. To correct the gain for pressure changes, a series

of short measurements are recorded over a period of time during which the atmospheric

pressure varied between roughly 990–1040 hPa. The MM detector setup is kept constant

i.e. gas flow, voltages and electric fields are same throughout the measurements. The

temperature in the laboratory environment is measured to be constant and therefore not

taken into account. The detector is exposed to the characteristic 55Fe X-rays and the
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Figure 5.4: The plot represents variations of air pressure recorded once every minute over the period of

measurement for Run 3 on 19th of March, 2018. The pressure data is obtained from Station for Measuring

Ecosystem-Atmosphere Relations (SMEAR) located at Kumpula, Helsinki.

collected charges in arbitrary numbers are measured. The results are shown in figure 5.5.

The exponential fit to the data points is chosen as the pressure-gain correction function

(given in equation 5.1) for the gain measurements, normalized to the standard atmospheric

pressure of 1013 hPa.

G(p) = AeB/p (5.1)

where B = 7300 ± 80 and A = 7.50 ± 0.59 are the fit parameters determined from the

exponential pressure-gain correlation function and p is the atmospheric pressure.

The live atmospheric pressure data are extracted from the online archive of SMEAR

III weather station [4] as shown in figure 5.4. For every measurement over time, the

normalized corrected relative gain is then plotted alongside normalized relative gain as

presented in figure 5.6. A clear difference in corrected and uncorrected gain is observed.

The corrected gain drops rapidly in the beginning and then slowly reaches a saturation

at 70% after ≈ 10 h of detector operation. Figure 5.7 shows both Run 2 and 3 reach

saturation at roughly same gain.
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Figure 5.5: A plot of atmospheric pressure vs. arbitrary numbers of collected charge at the MM readout

strips. The exponential fit 5.1 returns two coefficients, A = 7.50 ± 0.59 and B = 7300 ± 80.
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Figure 5.6: The corrected relative gain (Run 3) is fitted with a double exponential function 5.2. The

coefficients of fit are listed in the table 5.1.
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Figure 5.7: Corrected gain comparison between Run 2 and 3. The coefficients of fit are listed in the

table 5.1.

Due to the fast and slow components in the gain data points, a double exponential

function of the form

f(t) = ae−k1t + be−k2t + c (5.2)

is fitted to the data. Here, a and b are the scaling constants for the first and second

component of the double exponential, respectively. Time constants k1 and k2 signify the

rate at which gain is lost proportional to present gain. A detector would have lost half

of its gain with respect to the saturation after t 1
2

= ln 2
k1

hours, if b is small enough. The

constant of the double exponential, c denotes the point of saturation for each data. The

fit parameters for Run 2 and 3 are given in the table 5.1. Run 2 takes twice as much time

to reach saturation according to prediction by the fit.

All the gain values plotted in this thesis are relative gains, so the term “corrected

gain” indicates “corrected relative gain” in the subsequent plots.
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Run a k1 (h−1) b k2 (h−1) c

2 0.2057 ± 0.0016 1.534 ± 0.024 0.0908 ± 0.0018 0.1073 ± 0.0077 0.6927 ± 0.0030

3 0.1777 ± 0.0031 1.666 ± 0.049 0.1125 ± 0.0029 0.2777 ± 0.0098 0.70164 ± 0.00063

Table 5.1: The coefficients of fit for Run 2 and 3. Both are low rate measurements with dry gas.

2 Effect of Higher Rate Operation on Charging-up

Process
This section presents an analogy between higher rate and low rate measurements

of MM. The higher rate measurements with dry and wet gas are listed in the table 4.1

as Run 4 and 5, respectively. To enable higher rate operation in the detector, GEM foil

is activated as the pre-amplification stage by applying −1273 V to the drift plate, while

keeping the top and bottom part of GEM at −1067 V and −800 V, respectively. The

voltage on the readout strips of anode is kept constant at +530 V. A temperature of

22.9 ◦C, atmospheric pressure of 1014 hPa and a steady gas flow of 22.4 ml
min are recorded

at the beginning of Run 4.

The voltage difference between top and bottom GEM is chosen such that the electric

field inside holes reach the limit of avalanche multiplication. In this case, the 50µm thick

polyimide foil of GEM generates a large electric field of 53.4 kV
cm inside its holes with a

voltage difference of 267 V, which is comparable with the minimum electric field 10 kV
cm

required to start an electron avalanche. The electric field between drift plate and GEM

top is 515 V
cm , so primary electrons from drift region will be pulled through GEM holes

and undergo gas multiplication before entering the volume between bottom GEM and

micromesh. This volume has an electric field of 1600 V
cm , much larger than that of the drift

region, resulting in a series of secondary multiplications followed by an electron cascade

near readout plate where electric field is significantly high.

The net charge collected by anode during higher rate measurements is considerably

larger compared to low rate measurements. Figure 5.8 presents a recorded spectrum of 55Fe
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Figure 5.8: The Gaussian fit result for a spectrum from Run 4 returns channel 136.1±0.2 and a standard

deviation of σ = 15.96 ± 0.23 for the GEM+MM photopeak. The escape peak of MM is located at channel

57.7 ± 0.3 with a standard deviation of σ = 11.5 ± 0.3.

source by MM detector using GEM as the pre-amplification stage. A total of two prominent

peaks are found using peak searching algorithm. The peak with the highest energy at

the rightmost side of the plot corresponds to 55Fe photopeak arising from combined gas

multiplication in MM and GEM. Increase in charge leads to higher induced current, hence

producing a photopeak with higher energy. The second dominant peak observed on the

plot corresponds to escape peak of MM signal. The escape peak of GEM signal is not

visible since it overlaps with the photopeak of MM signal due to narrow dynamic range of

APV chips. However, the error caused by such overlap is found to be negligible according

to a previous study on GEM foils [26].

The Gaussian fits through the detected peaks provide position information for each

peak. The gain of MM is measured by extracting centroids of the second most energetic

peaks. These gain values are then corrected by using live atmospheric pressure data

from SMEAR III weather station and solving equation 5.1. The corrected gain from
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Figure 5.9: Corrected gain data of both higher rate (Run 4) and low rate measurements (Run 3) are

fitted with double exponential function 5.2. The coefficients of fit are listed in the table 5.2.

Run a k1 (h−1) b k2 (h−1) c

3 0.1777 ± 0.0031 1.666 ± 0.049 0.1125 ± 0.0029 0.2777 ± 0.0098 0.70164 ± 0.00063

4 0.2150 ± 0.0017 5.241 ± 0.082 0.08372 ± 0.00072 0.2850 ± 0.0047 0.68305 ± 0.00026

Table 5.2: The coefficients of fit for Run 3 and 4. Run 3 is low rate measurement and Run 4 is higher

rate measurement.

higher rate measurement (Run 4) is then plotted against the corrected gain of low rate

measurement (Run 3) as shown in figure 5.9. The green curve in this figure represents gain

measurement of MM during low rate operation, whereas the blue curve represents higher

rate measurement. The data is normalized to the maximum gain for each measurement

and then fitted with a double exponential function as given in equation 5.2. In both cases

the double exponential describes time dependence of gain properly. From the coefficients of

fit for higher rate gain data, it is evident that the first component of the double exponential

dominates the second component (a > b and k1 > k2), resulting in a steep drop of gain
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during the first 2 hours. The higher rate gain approaches saturation earlier compared to

the low rate gain with the first component time constant k1 = 5.241 ± 0.082 h−1. However,

for both cases the second component time constant is almost same k2 = 0.2850±0.0047 h−1.

This characterizes the slow approach to saturation for both measurements. In case of

higher rate, the gain reaches a saturation at 68% which is similar to low rate gain at 70%.

3 Effect of Wet Gas on Charging-up Process
This section details the measurements of charging-up behaviour in MM using dry

and wet gases. The measurements, for which the detector fill gas has water content in it,

are listed in the table 4.1 as Run 5–7. A temperature of 20.2 ◦C, atmospheric pressure
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Figure 5.10: An electron spectrum from charging-up effect measurement of MM detector with wet gas

(Run 6). For the photopeak, Gaussian fit returns channel 94.3 ± 0.2 and standard deviation σ = 11.2 ± 0.2,

while for escape peak channel is 48.2 ± 0.9 and standard deviation σ = 13.3 ± 1.0.

1006 hPa and steady gas flow 26.1 ml
min are recorded at the beginning of Run 6. For Run 5

and 7, a temperature of 22.8 ◦C and 20.2 ◦C, atmospheric pressure 1005 hPa and 1028 hPa,

respectively, are noted at the beginning with the same gas flow as Run 6.
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The experimental setup for Run 6 and 7 are the same as elaborated in section 1 and

the gain of MM is obtained by fitting a Gaussian through the photopeaks. Figure 5.10

shows 55Fe spectrum measured in terms of channel vs. count during Run 6. The corrected

gain of MM containing wet gas is then obtained by applying pressure correction to the gain

data using equation 5.1 and compared with the dry gas result. In figure 5.11, corrected

gain values in case of dry gas from Run 3 (green curve) are plotted against corrected gain

values in case of wet gas from Run 6 (pink curve). Both curves are fitted with a double

exponential 5.2 and normalized to the maximum gain for each measurement.
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Figure 5.11: Corrected gain data for both dry (Run 3) and wet gas (Run 6) measurements are fitted

with the double exponential function 5.2. The fit constants are tabulated in the table 5.3.

In this case, the time constants for both dry and wet gas measurements are comparable.

This means that the rate at which their respective gains saturate is approximately same.

However, a significant difference in saturation points is observed between these two

measurements. The decreasing gain in MM with wet gas reaches a saturation at 78% after
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≈ 8 h of operation compared to a 70% saturation achieved by MM with dry gas after

≈ 10 h of operation. The water content in the gas volume during wet gas measurement is

estimated from the pipe test result 4.7 and found to be 1320 ± 280 ppmV for 26.1 ml
min gas

flow.
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Figure 5.12: Corrected gain comparison for dry (Run 2 and 3) vs. wet gas (Run 6 and 7) measurements.

The fit constants are tabulated in the table 5.3.

Figure 5.12 presents a comparison between corrected gain data from four different

measurements for MM only case. The gain achieved by Run 6 is the highest among all

and it also achieved saturation faster. The decrease of gain in Run 7 follows similar trend

as Run 6 for the first ≈ 6 h but then keeps on decreasing instead of reaching a saturation

during 12 h of operation. From this plot, it can be inferred that the wet gas measurements

in general results in a higher gain compared to the dry gas measurements. All the fit

parameters for Run 2,3,6, and 7 are listed in table 5.3.
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Run a k1 (h−1) b k2 (h−1) c

2 0.2057 ± 0.0016 1.534 ± 0.024 0.0908 ± 0.0018 0.1073 ± 0.0077 0.6927 ± 0.0030

3 0.1777 ± 0.0031 1.666 ± 0.049 0.1125 ± 0.0029 0.2777 ± 0.0098 0.70164 ± 0.00063

6 0.1031 ± 0.0020 1.724 ± 0.049 0.1151 ± 0.0020 0.3283 ± 0.0062 0.77776 ± 0.00028

7 0.16396 ± 0.00076 1.316 ± 0.012 0.1312 ± 0.0057 0.0582 ± 0.0044 0.7003 ± 0.0064

Table 5.3: The coefficients of fit for Run 2, 3, 6 and 7. Run 2–3 are measurements with dry gas and Run

6–7 are measurements with wet gas.

4 Charging-up Behaviour of GEM
In this section, the measurements of charging-up effect in GEM only case are discussed.

higher rate measurements, labeled in the table 4.1 as Run 4 and 5, use GEM foil as the

pre-amplification stage between drift plate and micromesh. Therefore, these measurements

are used to study the charging up effect in GEM using the same experimental setup as

described in section 2.
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Figure 5.13: Time evolution of GEM gain values (Run 4). The left side Y-axis is the corrected relative

gain of GEM, while GEM+MM and MM gain are given in terms of MCA channel on the right side Y-axis.
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Figure 5.8 presents 55Fe spectrum recorded by MM with an active GEM foil inside

from Run 4. The gain of GEM foil is determined by dividing the centroids of the most

energetic peaks with the centroids of second most energetic peaks. The pressure corrected

gain values are then plotted as a function of time in figure 5.13. The purple curve

in this figure represents gain values from photopeaks originating due to combined gas

multiplication in GEM and MM, while the blue curve represents gain values arising from

gas multiplication in MM only. The ratio of gain values from these two curves provides

GEM gain, shown by the exponentially saturating green curve.
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Figure 5.14: The gain of GEM is ≈ 2.0468 ± 0.0100 in the beginning of the measurement at t = 0. The

coefficients of double exponential are a = −0.0353 ± 0.0051, k1 = 0.79 ± 0.18 h−1, b = −0.4442 ± 0.0078,

k2 = 0.0722 ± 0.0044 h−1 and c = 2.498 ± 0.013.

It is clear from the figure that the GEM charging-up behaviour is opposite to that of

MM. While MM gain drops over time, GEM gain is found to be rising over time. In case

of GEM+MM gain, the saturation is reached relatively quickly after ≈ 2 h, whereas as

described earlier, MM gain for higher rate measurement drops rapidly under the presence
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of GEM, but takes more than 15 h to reach saturation. The GEM gain grows very slowly

and does not reach saturation at the end of the measurement.

By fitting a double exponential to the GEM gain data, it is possible to predict the

point of saturation, which in this case is 2.498 ± 0.013 as shown in figure 5.14. This means

that the higher rate, achieved by the addition of GEM foil as a pre-amplification stage, is

not constant. Therefore, the charging-up on the dielectric surfaces inside the hourglass

shaped GEM holes is very slow i.e. the amount of charge generated inside the GEM holes

is quite small. Such gain instability may have arisen due to the use of a weak X-ray source

in this experiment. Another possible explanation is that the applied gain on GEM (≈ 2)

was insufficient to yield higher gas multiplication.

Based on this observation, the introduction of GEM is definitely adding more charges

to the MM resulting in a prompt drop of MM gain. Despite the fact that the higher rate

is achieved, it is not constant due to slow increase of GEM gain.



6. Conclusion

The advancements in the field of particle and nuclear physics along with the strive for

increasingly high precision measurements has surged the demand for high performance,

fast and reliable particle detector structures. A culmination of decades of research in

detector fabrication has led to the development of MPGDs, which operate based on the

principle of gaseous ionization detectors. However, until recently, detailed understanding

on the charging-up behaviour of this new class of detectors have been fairly limited and

under active research.

In this study, the charging-up behaviour of MPGDs, specifically that of MICROMEGAS

(MM) and GEM, is analyzed. The scope of this study investigates three core questions;

firstly, how charging-up behaviour varies in case of GEM vs. MM, secondly, how charging-

up behaviour changes during a higher vs. low rate operation, and finally, is there a

difference in charging-up behaviours of GEM and MM if the gas contains moisture.

The charging-up effect in GEM and MM was studied at five different sectors for

dry vs. wet gas and higher vs. low rate in a total of seven measurements using P-10 gas

mixture (10% methane, 90% Ar). In case of MM with dry gas, the gain quickly drops by

30% and reaches a saturation after ≈ 10 − 12 h of detector operation. In case of wet gas,

the gain drops by about 22 − 30% but yields much higher gain compared to measurements

with dry gas. To achieve higher rate, a standard GEM foil is added as the pre-amplification

stage. Electrons released by primary ionization undergo gas multiplication in the lower

part of GEM holes. Most of the multiplied electron charges are then transferred towards
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the readout chamber which leads to more charges at the MM. This results in saturation

for the MM after ≈ 7.5 h at 68% of the initial gain. In case of low rate measurement,

the gain saturates at 70% that is similar to higher rate gain saturation at 68%. Addition

of 1320 ± 280 ppmV humidity in the detector gas volume improves the achieved gain by

roughly 10% compared to the result obtained with dry gas. Finally, there is around 17%

initial rise in GEM gain upon application of voltage across the foil and the saturation

is not reached during the measurement. However, the GEM is found to be adding more

charges to the MM as observed from a quick drop in MM gain during the first 2 h of

operation.

This thesis work was conducted under the ALICE TPC Upgrade Project at the

Helsinki Detector Laboratory; a joint collaboration between Helsinki Institute of Physics

(HIP) and University of Helsinki. During the second long shutdown, ALICE installed

GEMs as main tracking detectors to benefit from this latest detector technology. The

detailed knowledge on the behaviour of GEM based detectors under charging-up effect

is vital in this undertaking, and the results of this study will provide an insight for long

term detector operations during and after commissioning.

There is potential for further research with different detector configurations, rates,

and GEM and MM voltages to reduce gain instability. One such possibility is to search for

an optimal combination of MM and GEM that will result in a detector more stable from

the beginning. Since such combination reaches stability much faster compared to MM

only case, it would be interesting to see if adjusting applied voltage on the GEM foil, and

a suitable combination of GEM and MM could counteract the strong charging-up effect.

Another interesting question to ponder would be, what causes the fast and slow components

in the gain data points. Understanding the physics behind these two components might

help to come up with a detector configuration that results in a fast saturation of MM

gain. Furthermore, systematic studies would be needed to understand how charging-up

behaviour changes in GEM by varying applied voltages in different sectors of the readout.



Bibliography

[1] Ametek x-ray detectors: Cdte x-ray and gamma ray detectors. http://www.amptek.

com/products/x-ray-detectors/cdte-x-ray-and-gamma-ray-detectors/

xr-100cdte-x-ray-and-gamma-ray-detector, visited on 2020-01-21.

[2] Barrier properties of polymers. http://polymerdatabase.com/polymer%

20physics/Permeability.html, visited on 30.11.2020.

[3] Nuclide safety data sheet iron-55. http://www.hpschapters.org/northcarolina/

NSDS/55FePDF.pdf, visited on 30.11.2020.

[4] Smear iii online data kumpula, helsinki. http://www.atm.helsinki.fi/SMEAR/

index.php/online-observations, visited on 18.10.2019.

[5] Aad, G. et al.: The ATLAS Experiment at the CERN Large Hadron Collider. JINST,

3:S08003, 2008.

[6] Aamodt, K. et al.: The ALICE experiment at the CERN LHC. JINST, 3:S08002,

2008.

[7] Abelev, Bezverkhny B. et al.: Performance of the ALICE Experiment at the CERN

LHC. Int. J. Mod. Phys., A29:1430044, 2014.

[8] Alfonsi, M et al.: Simulation of the dielectric charging-up effect in a gem detector.

Nuclear Instruments and Methods in Physics Research Section A: Accelerators,

Spectrometers, Detectors and Associated Equipment, 671:6–9, 2012.

60

http://www.amptek.com/products/x-ray-detectors/cdte-x-ray-and-gamma-ray-detectors/xr-100cdte-x-ray-and-gamma-ray-detector
http://www.amptek.com/products/x-ray-detectors/cdte-x-ray-and-gamma-ray-detectors/xr-100cdte-x-ray-and-gamma-ray-detector
http://www.amptek.com/products/x-ray-detectors/cdte-x-ray-and-gamma-ray-detectors/xr-100cdte-x-ray-and-gamma-ray-detector
http://polymerdatabase.com/polymer%20physics/Permeability.html
http://polymerdatabase.com/polymer%20physics/Permeability.html
http://www.hpschapters.org/northcarolina/NSDS/55FePDF.pdf
http://www.hpschapters.org/northcarolina/NSDS/55FePDF.pdf
http://www.atm.helsinki.fi/SMEAR/index.php/online-observations
http://www.atm.helsinki.fi/SMEAR/index.php/online-observations


BIBLIOGRAPHY 61

[9] Alme, J. et al.: The ALICE TPC, a large 3-dimensional tracking device with fast

readout for ultra-high multiplicity events. Nucl. Instrum. Meth., A622:316–367, 2010.

[10] Alves, A. A, Jr. et al.: The LHCb Detector at the LHC. JINST, 3:S08005, 2008.

[11] Anelli, G. et al.: The TOTEM experiment at the CERN Large Hadron Collider. JINST,

3:S08007, 2008.

[12] Azmoun, B. et al.: A study of gain stability and charging effects in gem foils. In 2006

IEEE Nuclear Science Symposium Conference Record, volume 6, pages 3847–3851.

IEEE, 2006.

[13] Bachmann, S. et al.: Charge amplification and transfer processes in the gas electron

multiplier. Nuclear Instruments and Methods in Physics Research Section A: Acceler-

ators, Spectrometers, Detectors and Associated Equipment, 438(2-3):376–408, dec

1999.

[14] Benlloch, J. et al.: Further developments and beam tests of the gas electron multiplier

(gem). Nuclear Instruments and Methods in Physics Research Section A: Accelerators,

Spectrometers, Detectors and Associated Equipment, 419(2-3):410–417, 1998.

[15] Bhattacharya, P. et al.: The effect of spacers on the performance of micromegas

detectors: A numerical investigation. Nuclear Instruments and Methods in Physics

Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment,

793:41–48, 2015.

[16] Biagi, S. F., D. Duxbury, and E. Gabathuler: Experimental results from a microdot

detector overcoated with a semiconducting layer. Nuclear Instruments and Methods in

Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated

Equipment, 419(2-3):438–443, 1998.



62 BIBLIOGRAPHY

[17] Bohmer, F. V. et al.: Simulation of space-charge effects in an ungated gem-based

tpc. Nuclear Instruments & Methods in Physics Research Section A-accelerators

Spectrometers Detectors and Associated Equipment, 719:101–108, 2012.

[18] Brücken, E. and T. Hildén: GEM Foil Quality Assurance For The ALICE TPC

Upgrade. EPJ Web Conf., 174:03004, 2018.

[19] Correia, P. M. M. et al.: A dynamic method for charging-up calculations: the case of

gem. Journal of Instrumentation, 9(07):P07025, 2014.

[20] Fonte, P. and V. Peskov: Micro-gap parallel-plate chambers with porous secondary

electron emitters. Nucl. Instrum. Meth., A454:260–266, 2000.

[21] Fonte, P, V. Peskov, and B. Ramsey: The fundamental limitations of high-rate gaseous

detectors. In 1998 IEEE Nuclear Science Symposium Conference Record. 1998 IEEE

Nuclear Science Symposium and Medical Imaging Conference (Cat. No. 98CH36255),

volume 1, pages 91–95. IEEE, 1998.

[22] Francke, T. and V. Peskov: Micropattern gaseous detectors. In Innovative Detectors

for Supercolliders, pages 158–179. World Scientific, 2004.

[23] Francke, T., and Peskov, V.: Innovative Applications and Developments of Micro-

Pattern Gaseous Detectors. Hershey, PA: IGI Global, April, 2014.

[24] Giomataris, Y. et al.: Micromegas: a high-granularity position-sensitive gaseous

detector for high particle-flux environments. Nuclear Instruments and Methods in

Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated

Equipment, 376(1):29–35, 1996.

[25] Hendricks, R. W.: Space charge effects in proportional counters. Review of Scientific

Instruments, 40(9):1216–1223, 1969.



BIBLIOGRAPHY 63

[26] Hilden, T. et al.: Optical quality assurance of gem foils. Nuclear Instruments and

Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and

Associated Equipment, 770:113–122, 2015.

[27] Iakovidis, G.: The micromegas project for the ATLAS upgrade. Journal of Instrumen-

tation, 8(12):C12007–C12007, dec 2013.

[28] Kharisov, B. I. and O. V. Kharissova: 1 main ionizing radiation types and their

interaction with matter. Radiation Synthesis of materials and Compounds, 2013.

[29] Knoll, G. F.: Radiation Detection and Measurement. John Wiley & Sons, 3rd revised

edition edition, 26 Jan. 2000.

[30] Kristensen, B. S.: Diffusion in flexible pipes. Technical report, Danmarks Tekniske

Univ., Lyngby (Denmark). Inst. for Kemiteknik, Jun 2000.

[31] Kumagai, H. et al.: Development of parallel plate avalanche counter (ppac) for bigrips

fragment separator. Nuclear Instruments and Methods in Physics Research Section B:

Beam Interactions with Materials and Atoms, 317:717–727, 2013, ISSN 0168-583X.

[32] Kumar, V. et al.: Studies on charging-up of single gas electron multiplier. arXiv

preprint arXiv:2002.09585, 2020.

[33] Lin, T. et al.: Signal characteristics of a resistive-strip micromegas detector with an

integrated two-dimensional readout. Nuclear Instruments and Methods in Physics

Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment,

767:281–288, 2014.

[34] Lovelock, J. E.: Ionization methods for the analysis of gases and vapors. Analytical

Chemistry, 33(2):162–178, 1961.



64 BIBLIOGRAPHY

[35] Makarov, I. E. and A. V. Ponomarev: Radiation-induced degradation of organic

compounds and radiation technologies for purification of aqueous systems. In Djezzar,

Boualem (editor): Ionizing Radiation Effects and Applications. IntechOpen, 2018.

[36] Maxim, T.: Perspectives of micro-pattern gaseous detector technologies for future

physics projects. arXiv preprint arXiv:1308.3047, 2013.

[37] Metz, S.: Water vapor and gas transport through polymeric membranes. Physical

Review E - PHYS REV E, January 2003.

[38] Mobs, E.: The cern accelerator complex. complexe des accélérateurs du cern. Jul 2016.

http://cds.cern.ch/record/2197559, visited on 23.11.2020, General Photo.

[39] Nave, R.: Other radioactive processes: Electron capture. http://hyperphysics.

phy-astr.gsu.edu/hbase/Nuclear/radact2.html, visited on 2020-01-21.

[40] Oed, A.: Micro pattern structures for gas detectors. Nucl. Instrum. Meth., A471:109–

114, 2000.

[41] Pinto, S. D.: Micropattern gas detector technologies and applications the work of the

rd51 collaboration. IEEE Nuclear Science Symposium & Medical Imaging Conference,

Oct 2010.

[42] Raether, H.: Electron Avalanches and Breakdown in Gases. Butterworths advanced

physics series. Butterworths, ISBN 9780598450210.

[43] Ramo, S.: Currents induced by electron motion. Proceedings of the IRE, 27(9):584–585,

1939.

[44] Renous, D. S. et al.: Gain stabilization in micro pattern gaseous detectors: methodology

and results. Journal of Instrumentation, 12(09):P09036, 2017.

http://cds.cern.ch/record/2197559
http://hyperphysics.phy-astr.gsu.edu/hbase/Nuclear/radact2.html
http://hyperphysics.phy-astr.gsu.edu/hbase/Nuclear/radact2.html


BIBLIOGRAPHY 65

[45] Sauli, F.: Gem: A new concept for electron amplification in gas detectors. Nuclear

Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers,

Detectors and Associated Equipment, 386(2-3):531–534, 1997.

[46] Sauli, F.: Gas detectors: Recent developments and future perspectives. Nucl. Instrum.

Meth., A419:189–201, 1998.

[47] Sauli, F.: The gas electron multiplier (gem): Operating principles and applications.

Nuclear Instruments and Methods in Physics Research Section A: Accelerators,

Spectrometers, Detectors and Associated Equipment, 805:2–24, 2016.

[48] Sauli, F. and A. Sharma: Micropattern gaseous detectors. Ann. Rev. Nucl. Part. Sci.,

49:341–388, 1999.

[49] Shockley, W.: Currents to conductors induced by a moving point charge. Journal of

applied physics, 9(10):635–636, 1938.


	Introduction
	Motivation for the Thesis
	Background of Gaseous Detectors
	Thesis Structure

	Theoretical Background
	Operational Principle of Gaseous Ionization Detectors
	Brief Description of Ionizing Radiation
	Interaction of Ionizing Radiation With Matter
	Interaction of Lg-Particles with Matter
	Interaction of Lg-Particles with Matter
	Interaction of Gamma/X-ray Radiation with Matter

	Electron Avalanche Formation
	Space Charge Effect
	Gas Multiplication Factor
	Raether Limit
	Charging-up Effect

	Micro Pattern Gaseous Detectors
	Types of MPGD
	MICROMEGAS
	GEM

	Measurement
	Research Scope
	Radioactive Source
	Fill Gas
	Experimental Setup

	Results
	Charging-up Behaviour of MM
	Effect of Higher Rate Operation on Charging-up Process
	Effect of Wet Gas on Charging-up Process
	Charging-up Behaviour of GEM

	Conclusion
	Bibliography

