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ABSTRACT

Development of Advanced Gaseous Detectors for Muon
Tracking and Triggering in Collider Experiments

Liang Guan
Department of Modern Physics
University of Science and Technology of China
Doctor of Philosophy

High luminosity and high energy collider experiments impose big challenges to conventional
gaseous detectors used for muon tracking and triggering. Stringent requirements, in terms of time
and spatial resolutions, rate capabilities etc. are expected. In the context of ATLAS muon upgrade
project, we present extensive researches and developments of advanced gas detectors for precision
muon tracking and triggering in high rate environments. Particularly, this dissertation focuses
on the studies of Micro-mesh Gaseous structure (Micromegas), thin gap Resistive Plate Chamber
(RPC) and small strip Thin Gap multi-wire Chambers (sTGC).

In this dissertation, we first present a novel method, based on thermally bonding micro-meshes
to anodes, to construct Micromegas detectors. Without employing the traditional photo-lithography
process, it is a convenient alternative to build Micromegas. Both experimental and simulation stud-
ies of basic performance parameters of thermo-bonded Micromegas will be reported. Development
of a new spark-tolerant resistive Micromegas and a fast timing parallel ionization multiplier will
be introduced.

Studies on precision tracking and fast triggering based on ~ 1 mm thick thin gap RPCs are
reported in the second part. Several beam tests are carried out to explore the timing performance,
both on-line and off-line spatial resolutions of thin gap RPCs. Results show that (sub-ns x sub-
mm X cm) logic cells could be realized with thin gap RPCs. High granularity in space and time
will be very powerful to remove backgrounds and the precision on-line tracking capability will be
precious to improve high momentum muon selectivity. Rate capability measurements of Bakelite
RPCs are performed and results show that RPCs with thin gap design could be fully efficient to
muons at greater than 15 kHz/cm? detected rate.

Simulation studies of the characteristics and performance of ATLAS New Small Wheel (NSW)
primary trigger detector-sTGC will be reported in the last part. The timing performance study
suggests that STGC is capable to perform LHC bunch crossing identification in Small Wheel en-
vironment. An analytical model is built to describe the charge sharing among sTGC readout strips
and understand the required spatial resolution of &'(100) um for the ATLAS NSW upgrade.

Keywords: Collider Experiments, Muon, Trigger and Tracking, Micromegas, RPC, TGC
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Chapter 1

Introduction

The discovery of a standard model compatible scalar boson [1,2] revolutionizes our understanding
of nature and matter. It opens a new era for elementary particle physics. However, the journey of
the discovery is extremely tough as the tiny signatures of new particles are buried inside remarkably
large amount of backgrounds. It is only made possible with modern complex and powerful high
energy accelerators as well as sophisticated giant particle spectrometers. As one of the core part
is to hunt for possible new particles and phenomena, the particle spectrometer records kinetic and
kinematic information of electrons, muons, photons and jets from the decay of heavy particles. In
hadron collider experiments, searching for new particles via leptonic channels are very important
and of great concern as these channels provide clean signals over enormous QCD backgrounds.
Since recording every collision data is impossible, triggering and selecting most interested high
energy hard collision events at the hardware level are very crucial . This selection is usually partly
done by muon spectrometers, as most muons are penetrating particles. Precision tracking of muons
is also highly demanding as it will affect the energy resolution of reconstructed heavy particles.
The muon tracking and triggering in collider experiments are performed by thousand square
meters of gaseous detectors due to their scalability, good localization capability. In addtion, they

are cheap and easy in construction, and they have low material budget which could minimize mul-
1



2 Chapter 1 Introduction

tiple scatterings. Taking the ATLAS muon spectrometer as an example, it implements monitored
drift tube chambers (MDT) as precision tracking detectors and utilizes resistive plate chambers
(RPC) at the barrel and thin gap multi-wire chambers (TGC) plus cathode strip chambers (CSC)
at the end-cap for muon triggering. However, muon triggering and tracking with ATLAS spec-
trometer will be increasingly challenging as the LHC will upgrade in several phases to reach a
center of mass energy of 14 TeV and an instant luminosity of 5-7 x 103 cm~2s~!. High energy
and high luminosity collisions mean that detectors will be exposed to high radiation backgrounds,
espetailly in the forward region. Degradations of MDT spatial resolutions are expected due to
the space charge effect and the gain reduction. Additionally, as shown in figure 1.1, the muon
level-1 triggering in ATLAS, which is the part of the very first level event selection, only relies
on three layers of TGCs at the middle station of the end-cap in the present system. Trigger rates
of high momentum (p7 > 10 GeV) muons are found to be dominantly from the end-cap. Only
less than 10% of triggered muons are associated with off-line muons. These “fake” triggers are
mostly from cavern backgrounds and it will be very difficult for the present system to maintain the
level-1 trigger bandwidth (~100 kHz including calorimeter level-1 trigger) and effectively select
high momentum muons.

To profit from the planned LHC upgrade and address the aforementioned challenges in muon
tracking and triggering so that the power of searching for new physics could be extended, ATLAS
will upgrade the innermost station of its forward muon system after the second long shut down
(LS2). The innermost station, named as small wheel, will be replaced by a New Small Wheel

(NSW) [3]. Requirements for the NSW are listed in the following:

¢ Muon momentum resolution: < 15% at 1 TeV
* Efficiency: > 97% at pr > 10 GeV

* On-line pointing accuracy: 1 mrad



* Timing: capable of LHC bunch crossing identification

« Operate with radiation background: up to 15 kHz/cm? in the inner most region

» Ageing: No degradation up to an accumulated charge of 1 C/cm? (with 3000 fb~! integrated

luminosity)

- ATLAS Run 201289 [LB 96-566], LHC Fill 2516, Apr. 15 2012, 50ns spacing
TGCZ— (AR LR BN L B B AL RN DL B B
E ATLAS
[ BOS GC 3 300—
RPC 3 hlgh F L17MU|1
RPC 2 WB-( TGC 1 250 — [1] matched to reconstructed muon
BMS ] F . matched to p, >10GeV reco. muen
RPC 1 2001~ !
A IU . !
IcL L : !
J | — - 150_— |
= Iowpé_ |
A _— !
] - ——iem T ) |
/ = i high-p; ] 1,
Y
T T
0 .
° Stnall wheel (SW]°  Big wheel (W)

Figure 1.1 A side view of 1/4 ATLAS muon trigger system (left) and 1 distribution
of Level-1 triggered muon (pr > 10 GeV) superimposed with 71 distribution of off-line
reconstructed muons (right).

In the context of the ATLAS muon system upgrade, extensive studies are carried out on three
types of advanced gaseous detectors: Micro-mesh gaseous structure detector (Micromegas), Re-
sistive Plate Chamber (RPC) and Thin Gap multi-wire Chamber (TGC). All these detectors will be
used in the upgraded ATLAS muon spectrometer. However, developments on these muon tracking
and triggering devices could be extended to other applications in future collider experiments.

The content of this dissertation is organized as follows. A brief review of the development of
gaseous detectors and their roles in historic discoveries will be given in chapter 2. Fundamental
principles of particle interactions with the matter and the detection of particles using gaseous de-

tectors will be introduced in chapter 3. Chapter 4 presents the development of a novel method
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to fabricate Micromegas detectors, simulation of Micromegas characteristics, studies on spark-
tolerant high resistivity anode Micromegas and fast timing parallel mesh ionization multipliers
(PIM). Chapter 5 presents the second topic on studies of precision tracking and fast triggering
based on thin gap RPCs. The third topic on the simulation studies of the ATLAS NSW primary
trigger detector-sTGC will be presented in chapter 6. A summary and an outlook of these advanced

gaseous detector developments will be given in chapter 7.



Chapter 2

A Brief History of Gaseous Detectors

In this chapter, a brief review of the history of the gaseous detector development is presented, with
personal perspective and emphasis on how the gaseous detectors contributed to most significant

discoveries of sub-atom physics from 19" century.

2.1 Birth of gaseous detector

The emergence of gaseous ionization detectors dates back to more than a hundred years ago, when
the phenomena of spontaneous radiation was first discovered and a new era for elementary particle
physics and modern physics was opened. In 1896, shortly after Rontgen discovered X-ray and
Becquerel revealed the presence of radiation from uranium salt, Marie Curie used an electroscope
with an ionization chamber to study the radioactive matters. She found the fact, first noticed by
Becquerel, that the discharge of electroscope due to the bombardment of the invisible radiation,
could be used to measure the radiation intensity. Although at that time, the charge carriers, elec-
trons and ions, were unknown until research works were done by J.J. Thomson between 1897 and
1899 [4-7], she had already used this simplest form of gaseous detector to discover new radioactive

elements, polonium and radium.
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In 1912, Hess found the first evidence of radiation originating from extraterrestrial source [8].
He boarded a balloon with three Wulf electroscopes [9] to measure the radiation intensity as a
function of altitude, as he was traveling up to 5 km above the ground. He observed that ionization
charges produced by the radiation at high altitude were three times larger than that at the ground
level, which contradicted with the assumption of the ground origination of radiations. This is
another example showing that such embryonic state gaseous device has played a crucial role in

historical discoveries, which take advantage of ionization effects in gas.

2.2 Geiger counter-detection of single radiation

In the early days, the means of detecting ionization charge with electroscopes could only use air
as gas media and no amplification of the charge was involved. Ionizations caused by individual
radiations were too weak to create noticeable effects. Therefore, only intense penetrating radiation
can be studied. The detection of individual radiation using gas-filled detectors was not so long
after the electron was discovered by Thomson. In 1908, Rutherford and Geiger developed an alpha
particle counter [10], as a part of their alpha spectrometer, to deal with the problem of counting the
number of emitted alpha particles. They learned the fundamental ionization mechanism discovered
by Townsend [11, 12] that ions could be produced by colliding ionized particles with neutral gas
molecules in strong electric fields. An automatic electrical method of alpha particle counting
was developed. As depicted in figure 2.1, they constructed a detecting vessel which was a brass
cylinder tube with a central wire that has a diameter of 0.45 mm. The tube was exhausted to a
pressure of a few tens of mbar. The outer wall of the tube was connected to the negative pole of
the battery while the central wire was connected to an electroscope. The alpha particles could be
fired from a source located inside the exhausted firing tube as shown on the left side of the plot.

Ionizations induced by an alpha particle entering the detecting vessel were immediately magnified
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and the large current lead to a sudden movement of electroscope needles, which became easily
detectable. The tube was believed to be the first cylinder-shaped gaseous detector that had ever
been made. The electroscope served as a convenient readout device before modern electronics was
invented. Numerous experiments using such instrument for in-depth studies of alpha radiations
from various radioactive sources eventually emerged the successful explanation of the nature of

alpha radiations [13, 14].

—  OSM —p
- quh‘—‘ """
(4 9 8
— : 2 ¢
f;rin‘g Tube Detecting Vessel

Figure 2.1 The schematic of the gas-filled cylinder tube developed by Rutherford and
Geiger to count alpha particles [10].

The counter invented by Rutherford and Geiger in 1908 was only sensitive to alpha particles
and the counting rate was limited to a few counts per minute due to the long time needed for
electroscope needles to discharge and settle down between successive detections of alpha particles.
In 1928, together with Muller, Geiger improved the early Geiger counter and latter it became
known as the Geiger-Muller counter [15]. The schematic view of the counter is shown in figure 2.2.
This improved version was implemented with the vacuum tube technology, which made the tube to
be compact and portable. It was sealed with low pressure inert gas such as helium or argon and was
sensitive to not only alpha radiations, but also beta and gamma radiations. However the detection
principle for the latter two forms of radiations is quite different from the former. It is in fact an
indirect detection of secondary electrons knocked out of the inner metal tube wall by external

electrons or gamma radiations. It is worth noting the method used to read out the signal from the
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counter: Currents produced from electron avalanches in the proximity of the central wire create
voltage drops across ~G€ resistors which are usually connected to the detector in series. The
output voltage signal could be suitably registered by an electroscope or a louder speaker [16]. This

is believed to be the opening of an era for electrically reading out signals from gaseous detectors.

[\3\ /WIRE ANODE lc
{(‘ “““““ V)4 A

r 4 DETECTOR

/ \a
CATHODE

-1000 V R

Figure 2.2 The schematic view of a Geiger-Muller counter [17].

The Geiger-Muller counter was further improved by Liebson [18] and others in late 1940’s.
A small fraction of halogen or polyatomic admixture was added to the mono-atomic gas. This
led to stable operations of such counting tubes over significantly longer time and at a much lower
voltage. The counter became widely used afterwards in various research fields, for instance, X-ray
spectroscopy [19], astroparticle physics [20]. At the same time, extensive studies on the avalanche
and quenching mechanisms of the gaseous counters were carried out.

Geiger-Muller counter’s popular application replies on its high output voltage signals which
simplify the design of the readout system. It provides an economic solution for radiation counting
systems. However counter output signals are almost identical due to the excessive growth of elec-
tron avalanches along the wire. Therefore, measurements of radiation energy losses using counter

output charge signals are impossible. Moreover, a long recovery time after the discharge is needed
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and counting rates are usually limited to no more than a few kHz per tube.

2.3 Ionization chamber- discovery from energy measurement

Another example in which the gaseous detector provided an essential tool for the sub-atom physics
research is the discovery of neutrons in 1932 [21]. Around 1930, fundamental building blocks of
the nature were presumed to be only protons and electrons. Shortly after that, researchers found
that an unknown form of radiation was emitted when some light elements were bombarded by
alpha particles. This type of non-ionizing radiation with high penetrating power was first assumed
to be gamma ray. Chadwick set up an experiment, as illustrated in figure 2.3 to do further investi-
gations on it. His experimental setup consisted of a source chamber, in which alpha particles from
polonium were fired towards beryllium or boron, and an ionization chamber, where ionizations of
recoiled protons, from the scattering of the unknown radiation with light elements, such as helium,
nitrogen, were detected. He also put paraffin between two chambers and observed an increase of
current in the ionization chamber. It indicated a large amount of protons had been knocked out by

the unknown radiation.

Vacuum pump
T paraffin
Po . To Oscillograph
] ) (-]
B : - i
M i I N I B B s
Valve amplifier
[ | 1
L L=

Source chamber lonization chamber

Figure 2.3 Chadwick’s experimental setup to prove the existence of neutron.
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He found that there were two serious problems in explaining the radiation with the aforemen-
tioned assumption. Firstly, the scattering cross-section of protons by the unknown radiation were
orders of magnitude larger than the predicted value of protons scattered by photons, which is be-
lieved to be similar to the Compton scattering of electrons by photons. Secondly, the energy of the
neutral radiation predicted by the energy conservation law was greater than what could be released
from the interaction of a few MeV alpha particles with beryllium atoms which resulted in C!3 and
massless photons. Therefore, he concluded that the new radiation could not be gamma rays but
should be neutrons, massive particles with no net charge. Using the conservation law of energy
and momentum, he derived that the mass of neutrons is roughly the same as the mass of protons.

The critical roles that the ionization chamber had played in this striking discovery were the
measurement of particle energy and the identification of the radiation. It is particularly interesting
to note that the energies of the recoiled protons recorded in the ionization chamber were derived
in two approaches. One is to detect the number of ion pairs created in the ionization process
which is directly proportional to the proton energy deposition. The other one is to measure the
range of the protons and to infer the velocity and thus the energy of the proton from velocity-range
curves. Both methods reply on the proportionality of the ionization with the energy deposition, as
interpreted by Townsend in his theory of gas ionization [22]. It should be noted that, at that time,
the energy measurement was made possible only for heavily ionizing particles, such as alphas and
slow protons which could produce a few tens of thousands of ion pairs. However, the energy of

low energy X-rays and electrons were still difficult to measure due to their low ionization yields.

2.4 Spark chamber- viewing traces from invisibles

Gaseous detectors in the early 20" century were primarily cylinder-shaped counters used for radi-

ation counting while cloud chambers were used for capturing traces of invisible particles. It was
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until around 1940s, spark chambers were developed and became the first type of gaseous detector
for position sensing. The development of spark chambers was first motivated by improving the re-
sponse time of radiation counters to study the gamma decay. The time it takes for a cylinder-shaped
counter to respond to an external radiation was found to be notably long, due to relatively long time
needed for ionized electrons to drift over long distances to the central wire. Researchers started
to develop parallel plate counters with a few millimeters thick gas gaps. Sparks with very short
charge pulses were noticed across the sensitive area as cosmic rays passed through the plates [23].
In 1953, the first photograph of luminous sparks associated with the cosmic-ray was imaged and
published [24]. Later on, several improvements, including stacking multiple plate layers, employ-
ing external trigger detectors, optimizing filling gas and plate charging circuit, were made [25,26]
to make the device more reliable and useful for tracking. The simple structure along with afore-
mentioned progresses made spark chambers mature to be constructed in large scales for recording
multiple trajectories of ionizing particles in the 1960s.

In 1962, the existence of the second type neutrino, later known as muon neutrino, was an-
nounced from the experiment hosted at Alternating Gradient Synchrotron (AGS) facility at Brookhaven
national laboratory [27]. The experiment was designed to record interactions of high energy neu-
trinos with matter to verify the uniqueness of the neutrino specie. Neutrinos were first produced in

association with muons from pion decays as described by:
rt—ut+v 2.1

Muons were absorbed by thick steel walls made from old battleship plates [28], leaving only

neutrinos to interact within the detector volume through following processes:

V+p— T+n
H (2.2)
v+n—Uu +p
If the assumption that neutrinos only have one specie holds true, electrons should be produced

with the same probability as muons from interactions in analogy to reactions illustrated in fig-
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ure 2.2. The key task of the experiment was to observe and distinguish possible productions of
electrons or muons from the neutrino interactions. It was made possible through the central ele-
ment of the experimental apparatus, a 10-ton spark chamber filled with high pressure neon gas.
Muons would leave luminous sparks along their trajectory, whereas electrons would initiate dis-
tinct showers. Feature of charged tracks visualization together with position measurements that
spark chambers had provided for pattern recognition eventually led to the impressive finding that
only muons were produced in the neutrino interaction, which confirmed the existence of a second

type of neutrinos, different from those produced in beta decays.

2.5 Wire chambers - boosting discoveries

Wire counters with broad usage in earlier researches for radiation counting were unable to meet
high demands, in terms of rate and energy measurements, for modern particle physics experiments.
Extensive researches were carried out in an attempt to confine avalanche sizes inside the counter,
and development of proportional counters with parallel plate structures or wires were reported [29]
in 1930s and afterwards. Similarly, spark chambers were soon found to be unsuitable for exper-
iments in the ever growing field of high energy physics where searching for rare processes and
recording large amount of particle data became essential.

As researchers were working on the improvement of spark chambers and introducing multiple
wires in spark counters for neutron and gamma detection [30,31], a breakthrough was made by
Chapark and his colleagues in late 1960s, when they introduced their newly invented multi-wire
proportional chamber (MWPC) [32,33]. This magnificent development was based on their previ-
ous experiences of dealing with spark chambers. They constructed new chambers with groups of
closely spaced thin wires stretched in between two parallel plate electrodes. Gas gaps were chosen

to be a few millimeters. Signals could be read out by amplifiers connected to individual wires. It
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was originally thought by others that the mutual induction between closely coupled neighboring
wires would destroy the chamber’s ability to measure positions. However, their work demonstrated
that such induction was in fact negligible and charged particles could be localized with an accuracy
on the order of wire spacing. Moreover, there are a number of advantages over other detectors used
at that time. These chambers with small gas gaps and appropriate gas mixtures plus operational
high voltage could prevent the avalanche from overgrowth and could evacuate ions in a relatively
short time, and it still keeps a high efficiency even for minimum ionizing particles. As a result,
time resolution, on the order of a few tens of nanoseconds, and a dramatically increased rate ca-
pability compared with those obtained from Geiger-Muller counters are obtained. Moreover, two
dimensional readout with a sub-mm spatial resolution were also achieved using segmented cathode
electrodes. Bubble chambers and spark chambers were then replaced by MWPCs in high energy
and nuclear physics experiments for charged particle tracking. The easiness of reading out fast
signals from MWPC with a large number of affordable advanced electronics plus the possibility to
process digital data via computers make them very suitable for the acquisition of massive charged
particle track information.

A few years after the first publication of MWPC, a variant of multi-wire chamber called the
drift chamber (DC) [34] was developed for position measurements. This new type of wire chamber
reconstructs track hit positions with respect to the sensing wire based on the principle first intro-
duced by Chapark and his co-workers at CERN in 1969 [35]. This principle of deriving locations of
incident charge particles is based on measuring the drift time of the liberated primary ionizations.
DCs are usually constructed with wider anode wire separations compared with MWPC. Potential
wires, with potentials identical to cathodes plates, are inserted between sensing anode wires in
order to create a more uniform drift electric field. The achieved position resolutions of DCs at the
time of the first publication were about 0.5 mm. However, compared with MWPC, it considerably

reduced the number of readout channels in order to get a comparable spatial resolution.
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In 1976, a new instrument, the time projection chamber (TPC) was proposed by Nygren [36]
to reconstruct multiple charged particle trajectories simultaneously in three dimensions. It was
considered to be an essential part for the magnetic spectrometers in electron-position collider ex-
periments. The conceptual detector was imaged to be composed of a large gas-filled drift volume
and a readout plane similar to the multi-wire proportional chamber structure. The track projec-
tion on readout plane was obtained from wires and segmented cathode pads as the case in MWPC
whereas the third coordinate along the chamber depth direction could be calculated using drift
times of individual ionization clusters. A number of progresses were made shortly after the pro-
posal even TPC was still in its infancy. Among them, some important works were optimizing the
gas mixture for better linear dependence of the drift velocity on the electric field, reducing electron
diffusions as well as introducing gating wires to eliminate slowly drifting ions produced in the
avalanche process, which otherwise would distort the drift field. The first TPC was successfully
constructed and started its operation in 1983 at SLAC [37,38]. Spatial resolutions on the order of
0.2 mm in the projection plane and 0.35 mm in the chamber depth direction were achieved [39].

After their inventions, all these wire chambers were immediately implemented in major particle
physics experiments such as experiments on SPS, LEP at CERN and on PETRA at DESY. MWPC
and Drift chambers were constructed in large scales for muon tracking and TPCs were employed
as inner tracker detectors to perform particle tracking, identification and transverse momentum
measurements. With these detector components, the number of tracks, events and data recorded
were increased enormously in 1980s and onwards.

Several notable discoveries of standard model particles were made possible at the end of the
20" century thanks to the rapidly developing gaseous detectors. Most notably, the existence of
strong force mediator, gluon, was confirmed by TASSO, PLUTO [40], JADE and MARK-J exper-
iments at DESY in 1979. Gluon is discovered by appearances of triple-jet events from electron

position annihilations as illustrated in figure 2.4. The annihilation creates a quark-antiquark pair
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which eventually results in two jets opposite in the azimuthal angle. The third jet is expected
to come from gluon bremsstrahlung. The central task of these experiments was to identify jets
with high transverse momenta which are composed of groups of high energy charged particles.
Therefore, the spectrometers were built very similarly with multiple layers of proportional wire
chambers for central charged particle tracking, calorimeters for energy deposition measurement
and drift chambers outside the magnetic yoke for muon tracking. Take the PLUTO experiment as
an example, the structure of the spectrometer [41] is shown on the left side plot of figure 2.5. A
spatial resolution of about 0.15 mm was obtained and resulted in a momentum resolution 6/p of
3% pr (pr >3 GeV) in a 1.69 Tesla magnetic field [42]. Due to the momentum conservation,
momenta of three jets could be projected to two dimensional “event planes” for jets separation
and display. One of the three-jet events from the PLUTO experiment is shown on the right side
plot of figure 2.5. Three jets were evidently isolated, proving the presence of a gluon, and their

compositing charged tracks were recorded clearly by the wire chamber tracking system.

> [

Figure 2.4 Gluon bremsstrahlung process in electron position annihilation.
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Figure 2.5 Side view of the layout of spectrometer for PLUTO experiment (left) and a
display of a three-jet event captured by PLUTO experiment (right) [42]. Proportional
chambers for central tracking and drift chambers for muon detection are indicated on the
left side plot.

Another milestone achievement from large spectrometers utilizing these wire chamber tech-
nologies was the discovery of weak force carriers, W and Z bosons, by the UA1 and UA?2 ex-
periments [43—46] at CERN in 1983, a decade after the neutral current interaction was observed.
A cut view of the UA1 detector [47] was shown on the left side plot of figure 2.6. The cylinder
central tracking detector, based on six separate layers of drift chambers, with 5.8 meter length and
2.3 meter diameter, was reported to be the largest drift chamber of its time [48]. The outermost
muon detectors were also constructed from a large amount of drift chamber cells. The W and
Z bosons can decay leptonically or hadronically. Since the hadron collisions produce vast QCD
backgrounds, the leptonic decay channels are the golden searching channels. More specifically,
the hunt for W boson implies searching for events consist of a charged lepton with large transverse
momenta and an associated large missing energy. Similarly, Z boson will be reconstructed from
events with two high energy leptons of opposite electric charges. Discoveries were soon announced

thanks to the high energy accelerator and the spectrometers dedicated for tracking and calorimetry.
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The first Z event recorded from UAT detector [49] is shown on the right hand side of figure 2.6.
The white dashed lines are the reconstructed tracks of the high energy electron and position from
the Z decay.

Wire chambers and their derivatives are still actively used for trigger and tracking in recent
large particle experiments including experiments on LHC as well as heavy ion collision experi-
ments on RHIC. Thousands of tracks per collision are recorded in TPCs and multi-wire and drift
chambers with a coverage of tens of thousands of square meters are usually employed. An exam-
ple application of the wire chambers, for the future ATLAS detector upgrade, will be discussed in

more details in chapter 6.
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Figure 2.6 A cut view of UA1 detector (left) and a candidate event display for Z — e*e
(right).

2.6 RPC and MPGD - shading lights to future

The resistive plate chamber (RPC), invented in 1981 [50], is a gaseous detector consisting two
highly resistive parallel plate electrodes and a few mm thick gas gaps. The resistive electrodes
used for RPC are either specially treated Bakelite plates or glasses. Usually, highly quenched

gas mixtures are used and high voltages are applied on outer surfaces of the electrodes. Induced
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signals could be read out by signal pick up boards capacitively coupled to the resistive electrode.
Unlike wire chambers which only have strong electric fields near wires to create avalanches, RPCs
have strong electric fields over 50 kV/cm across the whole gas gap. Therefore the electrons drift
velocities are high and avalanches develop immediately at where primary ionizations are created.
As a consequence, electron induced signals are very sharp and the time resolution is on the order
of a few nanoseconds. The RPC detectors are also different from spark chambers which also
have parallel plate structure but use metal electrodes. The resistive electrodes, first introduced by
Pestov and his colleagues [51] in a spark counter, could limit the amount of energy released by
the electron multiplication process. The streamer mode has current of a few orders of magnitude
larger than that from proportional avalanche mode. However, the detector could stably work under
the streamer mode and is immune to sparks due to the absorption of UV photons emitted in the
electron recombination process by the quencher gas and the prevention of a large amount of free
electrons from the electrode involving in the break-down process. The use of Bakelite material
allows the chambers to be economically produced in large scales and be tailored to any shape.
The conventional Bakelite RPCs operated under the streamer mode were immediately made into
practical use for muon triggering in large spectrometers or cosmic ray counting in ground-based
astroparticle physics observatories.

Since its advent, this technology has been grown rapidly. One of the notable innovations is the
development of multi-gap resistive plate chamber (MRPC) [52]. It implements multiple resistive
plate electrodes, usually made of regular glass, inside the gas gap. The plates split the sensitive
volume into a few hundred-micron-thick gaps. The primary ionizations and the avalanche develop-
ment are confined within the narrow gap. The induced signals are transparent to outermost readout
strips or pads. This configuration reduces the arrival time fluctuation of the ionization cluster thus
the timing jitter, but it still keeps the detection efficiency to be high thanks to the pronounced sig-

nals summed up from individual gaps. The excellent time resolution, feasibly achievable at around
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50 ps, makes it very attractive to be used as the time-of-flight (TOF) detector for particle identifi-
cation. Example applications are the MRPC TOF trays used by ALICE and STAR experiments for
the separation of pions, kions etc.

Confronted by the unprecedented requirements of modern particle physics experiments, the
RPC detector is developing towards the combination of high rate capability, high precision in
timing and localization. Since RPC’s rate capability is limited by the voltage drop due to current
flowing through the high resistive electrode, the improvement goes into two directions. One is to
develop low resistivity electrode such as low resistivity Bakelite materials or semi-conductor glass.
The other way is to explore the possibility to reduce the amount of charge released per detected
count and thus the overall current. The later approach consequently drives the development of fast
sensitive low-noise front-end electronics for detecting smaller signal amplitudes. Simultaneous
determination of charged tracks in space and time with high precision is of particular interests in
muon triggering at high radiation backgrounds. The development in this aspect will be elaborated
in chaprer 5.

Micro pattern gaseous detector (MPGD) emerges in late 1980s as the rate capability and gran-
ularity of multi-wire chambers approach their limitations. The first attempt was made around 1988
when the micro-strip gas chamber (MSGC) [53] was made. Alternating anode and cathode strips,
spaced a few hundred microns, were etched on an insulating substrate by photo-lithographic pro-
cess. A significantly larger number of hits could be resolved per unit area per unit time due to
reduced readout element spacing as well as fast evacuation of charges, or more specifically, the
positive ions. However, a few weaknesses and imperfections were lately found. Particularly, the
gain is limited to 10* before it breaks the insulator and the aging of the detector under continuous
radiation environment causes instabilities over long term.

Various new types of micro pattern gaseous detectors are developed to address these issues.

Among them, most notably, are Micromegas [54] developed by Y. Giomataris and gas electron
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multiplier (GEM) [55] invented by F. Sauli. The philosophy of operating these devices at high
counting rate is similar to that of MSGCs’. Special configurations of their structures, confining
strong electric fields in specific narrow regions, lead to counting rates exceeding 10° Hz/mm? [56,
57] at a reasonable avalanche size. Both types of detectors and many of their variants are used in
present particle physics experiments with high rate demands. Meanwhile, extensive developments
on trackers based on micro pattern gaseous detectors are carried out [58,59]. MPGDs based track-
ers have the potential to achieve spatial resolutions competitive to silicon-based trackers [60] but at
lower cost, faster response. Its low material budget feature could reduce multiple scatterings when
used as inner trackers.

Due to the micro-structure nature, MPGDs are relatively fragile and would easily break up
if any imperfection of raw material or dust is present in the production. Therefore, the greatest
challenge for their applications in large spectrometer systems is the production in large scale.
Moreover, they are much more sensitive to sparks which could be caused by dense ionizations.
This is of particular concern in the circumstance where heavily charged hadrons are present. For
this reason, many researches have been targeted on the spark-protection mechanism and detailed

discussions will be presented by chapter 4.

2.7 Summary

Gaseous detectors trace the invisible radiations and particles through the ionization process. They
have been used to explore the fundamental particles and their interactions since a hundred years
ago. As the scale and complexity of the particle physics experiments increase dramatically over
the last century, the gaseous detectors evolve from solo devices, for qualitatively examining the
radiation intensity, to be part of giant experimental spectrometers consisting million channels of

readout electronics to quantitatively study the energy, trajectories and flight time of enormous
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amount of particles. Revolutionary innovations of the gaseous detectors are not emerged from

epiphany but are rather from the inspiration of decades of accumulated work.
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Chapter 3

Principles of Gaseous Detectors

Gaseous detectors explore the ionizing radiation through detecting the electric “signature” left by
interactions between incident particles and the gas media. The interactions through electromag-
netic processes transfer part or all of the incident particle energy to gas atoms or molecules. The
energized gas atoms will then ionize and produce free moving electrons and ions. Usually, an elec-
tric field is applied across the electrodes separated by a specially filled gas. Signals are ultimately
induced on the readout electrodes as electrons and ions move across the gas volume. Counting,
traces, passage time, and energy loss in the gas could therefore be used to study the radiation in
great details.

Since the knowledge on interactions of particles with matter is prerequisite for understanding
how gaseous detectors identify particles and radiations, it will be introduced at the beginning of
this chapter. The transportation of ionized electrons and ions in the gas medium, basic mechanisms
on the development of avalanche and the induction of signals are briefly discussed in the following

subsections.

23
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3.1 Interaction of charged particles in matter

When a charged particle passes through the matter, it mainly interacts with a sea of electrons and
nucleus in the medium via electromagnetic forces. It will lose its kinetic energy basically through
two categories of processes. Firstly, it could impart its energy to the medium through electric
processes, i.e. ionization and excitation. Bonded electrons from the atoms could be knocked
out or the atoms could be excited and release low-energy photons. Secondly, it could lose the
energy through several radiative processes, i.e. bremsstrahlung, pair production and photo-nuclear
interaction. Bremsstrahlung is a process in which electromagnetic radiations are emitted when a
fast charged particle is deflected and decelerated by nucleus or electrons. Pair production creates
electron and positron pairs via virtual photons when high energy charged particle traveling through
the Coulomb field of nucleus. Photo-nuclear interaction is the inelastic scattering process of the

charged particles with nucleon or nucleus. All these interactions are illustrated in figure 3.1.

Charged particle Charged particle

Electron

(a)

Charged particle

Charged particle

Nucleus

()

Figure 3.1 Interaction of charged particle with matter: (a) Ionization process; (b)
bremsstrahlung (c) pair production; (d) photo-nuclear interaction.
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3.1.1 Energy loss in matter

Considering a charged particle of mass M and velocity B¢, its momentum p is given by

p=YMBc (3.1

The maximum kinetic energy, T;,,y, that could be transferred to a free electron of mass m, in the

collision process is given by
Ty = — 2B (3.2)
max — 2ym, Mo \D .

For instance, a muon with energy of 1 GeV could transfer a maximum energy of about 100 MeV to

an electron through a single collision process. The situation is different for a light charged particle,
the electron, which is approximately 200 times lighter than the muon. The incident electron could
impart all of its kinetic energy to the free electron. Most frequently, charged particles only transfer
very small amount of energy, typically below 100 eV, in a single interaction. Multiple collisions
happen in a thin absorber with a large variance of the energy loss. The mean energy loss, also
called stopping power, of heavy charged particles in the matter due to ionizations and excitations
was first derived by Bethe based on the first-order Born approximation [61]. However, this theory
only extends to a certain energy range. Several corrections [62—67] were made to take atomic shell
effect, polarization and other radiative effects into account. The electric part of the energy loss,

specifically for muons, is given by the modified Bethe formula:

dE

_ < > 6([3 Y> C 1 Tmax2
a electric -

g2 0By _C 1 Tna” )\ |4E
B 5 Z+8(}/Mc2)2}+A‘dx‘ (3.3)
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where the negative sign denotes the loss of energy. All the variables and parameters are described
in table 3.1.

The shell effect correction term —C/Z is needed especially at low energy, since the probability

of interactions with electrons in the inner shells of atoms is negligible when the incident particle

speed is close to the orbital velocity of electrons. The polarization correction term —o is added
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Symbol  Description Unit
c Speed of light m-s~!
M, Electron mass MeV.s!
Te Classical electron radius fm
Ny Avogadro constant mol !
K ATr,2Nym,c> MeV-cm?-mol !
Z Atomic number of the medium
A Atomic mass of the medium g-mol~!
B Muon velocity ¢!
Y Lorentz factor of the muon
Tnax Maximum transferable kinetic energy  MeV
1 Average excitation energy eV
M Muon mass MeV
o Polarization effect correction factor
C Shell effect correction factor

A|dE /dx| Bremsstrahlung energy loss correction

Table 3.1 Definitions of variables in electric energy loss formula for the muon.
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as the dielectric polarization of the medium shields the electric field far from the particle hence
reduces the long-range interaction cross section as well as the energy loss. Other minor correction
terms including spin and bremsstrahlung corrections are also added with the last two terms of
equation 3.3. As the particle energy continues to increase, the radiative energy loss becomes
significant and finally dominant.

The total energy loss, — <%> is usually parameterized as

dE dE dE

B < dx> = _<a>electric - <a>radiative'E (3.4)

The energy E. at which radiative and electric energy losses are identical is called critical energy.
The total energy loss for a positive muon in copper as a function of its momentum [68], as an
example, is shown in figure 3.2. Most notably, it is approximately inversely proportional to [3*5/ 3
when B7 is between 0.1 and 1. Then it reaches a minimum at which the corresponding muons are
called minimum ionizing particles (MIP). The total energy loss starts to increase with In(3y) when
B is greater than 4. It should be noted that after the polarization and other radiative corrections
are included, the electric energy loss gradually reaches a plateau which is called the Fermi plateau.
The plateau occurs at a muon momentum of around a few hundred GeV/c. As the muon energy
reaches ultra-relativistic region, the energy loss increases at a dramatically fast pace due to radiative

processes.
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Figure 3.2 Stopping power of positive muon in copper.

For gaseous detectors used for muon triggering in collider experiments, typically muons with
energy more than a few GeV are of great interests. Their ionization energy loss in the thin gas

medium is comparable to those of MIPs, which is roughly estimated to be [69]

dE MeV
_<dx>%2 2
g/cm

(3.5)

On average, MIPs leave about a few keV/cm energy in the gaseous detector filled with gas at 1 atm
pressure. A simulated example of energy loss from several charged particles in a 2.8 mm thick gas
medium filled with CO, and n-pentane (50:50) at atmospheric pressure and 17 Celsius temperature
is shown in figure 3.3. MIPs have an average energy loss of about 1 keV in the gas gap. The Fermi
plateau appears at the energy of around 100 GeV with an energy loss approximately 30% larger

than the minimum ionization energy loss.
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Figure 3.3 Simulated energy loss of charged particles in CO;:n-pentane (50:50) gas mix-
ture.

3.1.2 Fluctuation of energy loss in thin absorbers

Electric interactions of charged particles with electrons and nucleus in matter are discrete even in
thin materials. Therefore, they have statistical natures. These interactions are mainly categorized
into two types [70]. One type of interaction is long distance collisions with relatively low energy
transfers which result in the liberation of free electrons or excitations of the atoms. Another type
of interaction is short distance collisions with large energy transfers. Occasionally energetic elec-
trons, also called delta electrons or delta rays, could be knocked out with energy greater than a
few keV. They have ranges that are more than a few tens of microns in the gas media at normal
atmospheric pressure and room temperature. Delta rays could give rise to secondary ionizations.

Probabilities for these various types of interactions with atoms as a function of the transferred
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energy are qualitative represented in figure 3.4.
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Figure 3.4 Probability of electric interactions as a function of energy transfer.

The fluctuations of the total deposited energy by fast charged particles in a thin or light ab-
sorber, such as gas medium or thin silicon layer, are described by the Landau distribution [71]
[10] or more precisely by the Landau-Vavilov-Bichsel distribution [72]. The Landau probability
density function L(E), describing the energy loss, is given by [73]

1 c+ioo

L(E) expsin(s) +uE]ds, ds>0 (3.6)

N 2717100 c—Ioo
where c is any positive real number. It is a complex function and is usually handled numerically.

Another convenient approximation of the distribution is given by the Moyal [74] and reads

1 A +exp(—A
L(l):\/ﬁexp —+()

where A is the parameter characterizing the deviation of the energy loss from the most probable

(3.7

energy loss. A simulated example of energy loss of 180 GeV/c muon passing through a 2.8 mm

thick CO;:n-pentane (55:45) gas mixture is depicted in figure 3.5. The distribution is skewed
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towards the low energy end and has a long tail at the high energy end representing the occasional

large energy transfers.
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Figure 3.5 Simulated energy loss distribution of 180 GeV/c muons in a 2.8 mm thick gas
volume filled with a mixture of CO; and n-pentane (55:45).

The general formula determining the most probable value (MPV) of the energy loss is given by

2R2,2
2BV 1S 02— B2 5(By) (3.8)

AE :[1
wpv =& |In ] ]

where £ equals to (K/2)(Z/A)(x/B?) MeV and x is the equivalent thickness in unit of g-cm 2.
The mean energy loss is larger than the MPV, as can be seen from figure 3.5. The large fluctuation
limits the energy resolution of the gaseous detector for MIPs. Although, the energy resolution is of
little concern for muon trigger and tracking applications, wide dynamic range has to be considered
for the design of readout electronics due to the wide spread of energy depositions thus signal

amplitudes.
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3.2 Interaction of photons and neutrons with matter

3.2.1 Detecting photons

Photons do not have charge and thus do not directly generate ionizations in matter. While the
photon cannot transfer its energy to free electrons due to the violation of momentum conservation,
its energy could be absorbed by electrons if they are bonded by an atomic nucleus. Basically,
there are three types of interactions for photons, namely photoelectric process, Compton scattering
and pair production. Therefore, photons can be indirectly detected when they are “converted” into
charged particles. Distinct from interactions of charged particles with matter, a photon will transfer
all of its energy to electrons or only scatter with electrons through a single collision and leave with
a lower frequency. The probability of such energy transfer is governed by basic principles of
quantum mechanics. As a consequence, the range of photon in the absorber cannot be defined.
Instead, the intensity f of emerging photons after passing through a medium with thickness x and
density p is given by

f = foe ¥ (3.9)

where fj is the original photon flux and u is the mass attenuation coefficient usually expressed

L.em?. This attenuation coefficient is determined by cross sections of the above mentioned

in g~
interactions as well as the material atomic number. A mean-free path, after which the photon
intensity is reduced to 1/e of its original value, could be defined as the inverse product of p and u.

The photoelectric effect is essentially the absorption of a photon by an electron from a particular
atomic shell when the photon energy Ey exceeds the quantum energy level of that electron. The
probability for a photon to be absorbed is the sum of all possibilities to transfer its energy to
electrons on all shells with binding energy less than E,. There is a maximum in the interaction

probability when Ey is very close to the binding energy of a certain shell. After that, it falls rapidly

as the photon energy continues to increase. Calculations of the total interaction cross section are
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sophisticated due to the involvement of electrons from multiple shells. Generally, it is proportional
to Z3/E, when Ey is much greater than 0.511 MeV and has a dependence of Z°(Iy/E;)"/? to Z
when Ey is less than 0.511 MeV but higher than the ionization energy of those electrons. Released
photon-electrons are approximately perpendicular to the photon incidence direction when E, is less
than a few tens of keV and more forward directions are favored at the energy beyond that. This
process plays an important role in the absorption of low energy photons. Moreover, it is shown
in the later chapter that it provides an approach to calibrate the radiation energy measured by the
gaseous detectors due to its complete absorption of photon energy.

When the photon energy is in the range from few tens of keV to few tens of MeV, another
process, Compton scattering, becomes more significant. In this process, photons could undergo
incoherent inelastic scattering with quasi-free electrons and transfer part of its energy to electrons.
The remaining energy E;, is given by

Ey
1+ i(1 —cos 0y)

Mmec?

r_
E?,—

(3.10)

where 0 is the angle between the incident photon and its outgoing direction. The maximum energy
transfer occurs at backscattering when the photon is bounced back. The total cross section was first
calculated by Klein and Nishina and could be found elsewhere [69]. It is generally proportional
to the atomic number Z of the medium. An important feature of Compton scattering is that the
photon energy is partially transfered. Since scatterings are somewhat in random directions and
scattered photons have very rare chances to initiate a second interaction in thin gaseous detectors,
their incidences result in a continuum in the measured energy spectrum with a backscattering
photo-peak at the low energy end.

The third type of photon interaction is the pair production process. When a photon passes
through Coulomb fields of electrons or atomic nucleus, if its energy is greater than twice the rest
energy of electrons, it could be converted into a pair of electron and positron. This process is very

rare for thin gaseous detectors and usually electrons or positions converted from the heavy element
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material in front of them are detected.

Contributions of various processes to the total photon interaction cross section as a function of
the photon energy are reproduced from [75] and are shown in figure 3.6 for an argon medium. Note
that the total cross section also includes the contribution from elastic scattering processes which

are not discussed here.
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Figure 3.6 Photon total cross sections as a function of energy in argon.

3.2.2 Detecting neutrons

Similar to photons, neutrons cannot be detected unless they are converted into charged particles
through collisions. Interactions of neutrons with matter are of various types, from elastic or in-
elastic scatterings with nucleons to nuclear reactions producing heavy charged particles such as
protons and helium nucleus. The neutron interaction cross section depends on the atomic prop-

erties of the traversing media as well as the neutron energy. Generally, the cross section has a
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logarithmic falling with the neutron energy in substances with He?, Li® or B'? [76]. Thermal neu-
trons with a typical energy of 0.025 eV could be easily detected by gaseous counters filled with
BF3. The philosophy for detecting fast neutrons is to moderate them to lower energy in order to
increase the probability of neutron-induced reactions. Proton-rich substances are often used since
neutrons could have maximum energy transfers with protons of the same mass. The recoiled alpha
particles from neutron reactions usually have very short ranges in the gas medium and produce
dramatically denser ionizations than MIPs. Therefore, they are to some extent harmful to gaseous

detectors used for muon detections in hadron collider experiments.

3.3 Ionizations in gas

The ionization and excitation phenomena when charged particles passing through the matter have
been discussed in Section 3.1.1. For the passage of a charged particle in the gas media, liberated
charge carriers can freely move within the volume. The total number of ionized electron-ion pairs
Nr carries the information about the energy loss of the charged particle. Ionizations can be catego-
rized into three groups. One of the groups contains ionization clusters from the primary ionization
encounters. Each cluster has one, or occasionally more than one, ionized electrons. This process

is illustrated for a muon incidence by
U +A—=u +A T e, umHAuT AT FeTe (3.11)

A simulated statistical distribution of primary ionizations from passages of 180 GeV/c muons
in a 2.8 mm gas gap filled with CO;:n-pentane (55:45) at atmospheric pressure and 17 Celsius
temperature is shown in figure 3.7. On average, there are 23 primary ionization collisions in the
gas gap. It should be stressed that the total number of primary ionization N,, the product of
the mean number of primary ionization clusters and the average cluster size, only accounts for a

portion of total ionizations.
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Figure 3.7 Number of primary ionization clusters produced in a 2.8 mm thick gas volume
filled with CO, n-pentane (55:45) mixture.

The second group contains ionized electrons which are not directly ejected from the atoms
encountered by the charged particle itself but resulted from collisions of primarily ionized electrons

with atoms. This process is called secondary ionization and is illustrated as
e +A—e +AT+e T, e +A—e +ATT +eTe (3.12)

It produces much more electron-ion pairs in the gas media.

Third type of electron-ion pair production is related to the transfer of energy from those atoms
excited by the passage of charged particles or the primary energetic ionized electrons. This process
could happen when the energy transfer from the excited atom is high than the ionization energy of

electrons orbiting another nearby atom. These reactions could be illustrated by
U™ +A—u" +A*, A*+BT e

(3.13)
U™ +A—U™ +A* A"+ BT 4e e ..
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e +A—ut+A* A*+ Bt +e
(3.14)
e +A—e +AY, A*+ BT fee ...

The phenomenon of producing additional ionization by collisions between excited gas atoms
and another type of gas atoms with lower ionization potentials is called Penning effect [77]. It
makes important contributions to the growth of avalanches and could significantly increase the
total amount of electrons produced after the amplification process. This will be discussed with
more details in the study of Micromegas detector in chapter 4.

The primary ionization encounters in a gas medium are stochastic processes. It is convenient
to define a parameter A called the mean free path. A is the average distance that a charged particle

have traveled between two successive ionization encounters. Assuming the electron density of the

absorbing material is p and the ionization cross section is o;, A is then given by

A=1/(poi) (3.15)

If the detector has a thickness of s, the mean number of primary ionization interaction n,

produced from perpendicular incidences of charge particles is given by
n,=h/A (3.16)

Since ionization encounters are independent of each other, the fluctuation of primary ionization
collisions inside the gas gap follows the Poisson distribution. The appearance of having k primary
encounters, P(n,,k) is given by

k

P(ny,k) = "ki,e*"p (3.17)

Therefore, the efficiency of the detector is determined by

1 —P(ny,0)=1—¢" (3.18)

For a CO, dominant mixture at standard pressure and temperature, there are roughly 34 primary

ionization interactions per centimeter for MIPs. The efficiency for a 1 mm thin gas gap chamber
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filled with such gas mixture is 96.7%, which is sufficient for trigger and tracking applications.
Reducing the gas gap further by half will result in an usually unacceptable efficiency of less than
85%. This is the reason why single gap gaseous detectors used in muon spectrometers are always
thicker than 1 mm.

To determine the total ionization Nr, a few quantitative parameters should be noticed. The first
parameter is the ionization energy Iy which is the minimum energy required to remove an electron
from atoms in ground states. It is usually of tens of eV due to the fact that participating electrons
come from outer shells of atoms which are less bonded. The second parameter is usually called
the W-value which is the mean work required to produce an electron-ion pair. W-value is larger
than Iy simply due to the fact that part of the energy from the incident particle could be dissipated
to electrons in inner shells in excitation process or to nucleus by absorbing part of its momentum.
The typical value of W in gas is about 30 eV. If a charged particle deposits an energy of AE in the

gas gap, the total ionization N7 is determined by
Nr =AE/W (3.19)

It should be mentioned that W has a dependence with the energy of the incoming particle but is
almost constant for relativistic particles. In addition, it is slightly different for heavily charged par-
ticles, such as alpha particles, when compared with that for unit charge particles such as electrons
or muons. A summary of the ionization related parameters in several regularly used gases in large
detector systems is shown in table 3.2.

Besides the average number of ionizations in the gas media N7, its statistical variation should
also be considered in circumstances where energy measurements are important. Usually charged
particles leave few tens or hundreds of electron-ion pairs in gas gaps of gaseous detectors. They
can be considered to follow the Gaussian distribution with a standard deviation of v/N7. However,
the actual fluctuation is smaller than that derived from a Gaussian distribution by a factor of \/F.

F is called the Fano factor [78] which depends on the gas mixture. The typical value of the Fano
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Gas  Density (g-cm™) Iy (eV) Wy (eV) Wp(eV) dE/dx*(keV-cm™') N,* N *

Ne 8.39 x 10~* 21.6 36.6 36.4 1.45 13 40
Ar 1.66 x 1073 15.7 26.4 26.3 2.53 25 97
CHy 6.66 x 10~* 12.6 21.9 27.1 1.61 28 54
CF4 3.78 x 1073 16.0 540" 6.38 63 120
CO, 1.84 x 1073 13.8 343 32.8 3.35 35 100
iC4Hyo 2.49 x 1073 10.6 26.0 " 5.67 90 220

* Measured results are for unit charge MIPs

Table 3.2 Ionization parameters for several gases at NTP (20 °C and 1 atm). Iy: ionization
energy; Wy and Wp: mean works to produce one electron-ion pair for alpha and beta inci-
dences, respectively; dE /dx: mean energy loss; N, and Nr: primary and total ionizations,
respectively.

factor for ionizations in rare gases or their mixtures is around 0.2. Measured or calculated values
for some mixtures are reported in [79,80]. The reduction in the ionization fluctuation is essentially
due to the fact that the energy losses of incident particles and secondary ionizations in gas are not
purely random. The energy conservation requirement and the discrete nature of electron energy

levels limit the number of ways in which ionization yields could fluctuate.

3.4 Electron and ion transportation

As discussed in Chapter 2, gaseous detector is suitable for quantitatively studying the properties
of the radiation due to the easiness to collect ionized electrons and ions with an electric field.
The movement of these charge carriers has distinct characteristics, such as drift velocity, diffusion
and capture processes, compared with that in solid state detectors such as silicon detector. More-

over, the negative charge carriers, the electrons, have very different drifting behaviors compared
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with the positive charge carries, the ions produced simultaneously with the electrons. Therefore,

understanding their drifting behaviors is mandatory for working with gaseous detectors.

3.4.1 Drift of electrons in gas

Without an electric field, when electrons at outer shells of gas atoms are released, they have
isotropic multiple collisions with neighboring atoms and gradually lose their energies through
inelastic scatterings. After they have been “cooled” down by the atoms, electrons eventually re-
combine with atoms or molecules. The only energies left are due to their thermal motions after
they reached thermal equilibrium. At room temperature, the average electron thermic energy 7, is

determined by the well-known theorem of equipartition of energy states

2
<V > 3
< T, >= % = SkaT (3.20)

where < v > is the average velocity of the thermal motion, kp is the Boltzmann constant and 7 is
the temperature of the gas in unit of Kelvin. This results in an average electron energy of 0.0035
eV at room temperature. The thermic energy follows the Maxwell-Boltzmann distribution. Due
to thermal movements, a point-like electron cloud will diffuse in space. The probabilities to find
electrons at more distant places increase with time. Assuming the mean free path for an electron

between collisions is Ay and the mean time T between two collisions is given by

T= Ao (3.21)
<v>
The probability that no collision takes place after time ¢ is
I _:
P(t,0) = Ee T (3.22)

The electron cloud extension 72 at the time when the first collision takes place is determined by [81]

ool B
Sy
0T

al~

(%z)z — 20> (3.23)
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After time 7, the number of collision n is equal to ¢ /7. The charge cloud is now expanding to
62 (t) = n-2A?* = 2Dt (3.24)

where D is defined as the diffusion coefficient and is given by

o2(t) At 2
D= =—=—<T, 2
2% . m< e>T (3.25)

The electron probability density function is described by a Gaussian distribution of the form
)

p(7) = eexp (— ﬁ) (3.26)

where € is the normalization factor. Since the diffusion is isotropic as mentioned before, it is

convenient to decompose it into three dimensions, which yields
2
ox(t) =0y(t) = oy(t) = th (3.27)

When an electric field is present, if ionized electrons are neither absorbed by atoms nor attached
by ions, they tend to have organized movements superimposed on the random thermal movements.
The steady-state movement of an electron in an electric field results in a macroscopic velocity of
Vp roughly along the field lines. Vp is called the drift velocity and depends very much on the

electric field as well as the gas medium pressure. It could be qualitatively expressed as
Vp=uE/P (3.28)

where E is the electric field and P is the pressure normalized by standard atmospheric pressure.
is a characteristic parameter called mobility, which is related to the mean time between collisions

T by
e
Uu=—r1 (3.29)

m

where m is the mass of the charge carrier and e is the unit charge on an electron.
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It is also normal that gaseous detectors are placed inside a magnetic field and the movement of

electrons is subject to the government of Lorentz forces. The equation of motion is given by

-

d - = - = V
m Vo = e(E+Vp x B) —m7D (3.30)

where B is the external magnetic field strength. The first term on the right hand side represents the
Lorenz force and the last term models the friction force between the electron and its surrounding

gas atoms and molecules. The solution for the equation gives the drift velocity

a ‘Ll, - - - 2 —;.—» -
o= 15 [E + u(E x B)+ u*(E - B)B] 3.31)

One should remember that the cyclotron frequency @ of the electron in the magnetic field B is
determined by

ev.B = mw’r, (3.32)

where r. and v, are cyclotron radius and velocity, respectively. The mobility u is then related to @
by
UuB = w1t (3.33)

The expression for drift velocity could be rewritten as

Vp=———=F+ 07 w°T
D 1—{-(02”52[ + +

[—

(3.34)

The second term of the equation describes the motion in the direction perpendicular to both E
and B. The last term reflects the component in the B direction. With this general expression, one
could derive the drift velocity for various field configurations. If the B-field is zero, then Vp in
equation 3.34 is simplified and gives the same result as interpreted in equation 3.28 with the E
modified to E/P. If there is a non-zero B-field, for the case B is parallel to E, there is no force
caused by the magnetic field. Vp is the same as that only E-field is present. For the other case when

B is perpendicular to E, the electron drifts at an angle 6 with respect to the electric field direction.
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Its movement direction is pictorially shown in figure 3.8. The magnitude of the drift velocity could
be derived from equation 3.34 to be

_ ulE|
= Vit ot (3.35)

X

X X
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Figure 3.8 Drift of an electron under and electromagnetic field with a B field perpendic-
ular to E.

The angular deviation 8, between the electron drift velocity and the electric field, is called the

Lorentz angle, which can be written as
6 =tan ' (w7) (3.36)

The Lorentz angle for drift electrons in a given gas mixture is of particular concern when gaseous
detectors used for measuring track hit positions are places inside a B field perpendicular to E field.
Especially for TPC or any gaseous detector reconstructing charged particle hit positions based
on electron drifting time, dedicated corrections might be needed because the electron trajectories
are now bent. As can be seen from equation 3.36, the Lorentz angle is closely related to the B-

field strength and the mean electron collision time 7. 7 is somewhat gas and E field dependent.
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Therefore, proper selection of operational gases with low Lorentz angle parameters is favorable to
minimize such unwanted magnetic field effect for tracking.

Now one could look back at the diffusion of electrons in an electric field. Since the electrons
now have macroscopic movements long electric field lines, it is convenient to define two types
of diffusions. One is the transverse diffusion, which characterizes the lateral displacements of
electrons due to the diffusion in the plane orthogonal to the electric field. The other one is the
longitudinal diffusion, which describes the variation of electron drift velocity along the E field
direction and thus their arrival time on readout electrodes. Recalling the diffusion width given
by equation 3.27 for three independent dimensions, when there is no electric field, the transverse

diffusion width after time ¢ is given by
4
or(t) = th (3.37)
and the longitudinal diffusion width after time t is the same as that shown in equation 3.27

oL(t) = %Dt (3.38)

If one recalls the relationship between drift velocity and electric field from equation 3.28, the diffu-
sion coefficient given by equation 3.25, and the dependence of mean free time between collisions T
with mobility p from equation 3.33, the diffusion width of the electron cloud at time 7 after starting

with a point-like cloud in the presence of an electric field E could be rewritten as

/2 22 T, L [4<T,)>L
—D 2<le > > Y (3.39)
uE 3 eE

It must be noted that the mean electron energy < 7,” > is no longer only the thermal equilibrium

energy of 3kgT /2 but also includes the energy gained from the external electric field. Usually the
gas with a mean electron energy comparable to the thermal equilibrium energy is called “cold gas”,
and those with mean electron energies larger than the thermal energy scale is called “hot gases”.

An example showing the electron energy dependences with the electric field for hot and cold gases



3.4 Electron and ion transportation 45

are depicted in figure 3.9 [82]. The characteristic electron energy in the plot is 2/3 of the mean
electron energy discussed here. As can be seen from the plot, argon gas is a hot gas, which has
electron energy greater than the thermal energy scale even in an electric field with a field strength
of a few V/cm. In contrary, CO; is a cold gas with electrons at thermal energy level up to a few
kV/cm. It is explained in [83] that the cold gas could have various degrees of freedom to absorb
the electron energy.

From equation 3.39, one could find that in general the electron diffusion is reduced as the E
field strength increases. Simulated longitudinal diffusion coefficients as a function of the electric
field for several argon and isobutane mixtures are shown in figure 3.10 to demonstrate this point.
In addition, the diffusion is more significant if the electron energy is high. Therefore, cold gases
with low electron energy are favored for drift chambers, in which diffusions are expected to be as

low as possible.
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Figure 3.9 Characteristic electron energy for Ar and CO, as a function of the electric
field [82].
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Figure 3.10 Longitudinal diffusion coefficient as a function of the reduced electric field
(E/P) in argon and isobutane mixtures. “Iso” in the plot legend refers to isobutane.

Besides drift and diffusions inside the gas medium, ionized electrons could also get lost by
attachment and recombination processes. The attachment process is that electrons are absorbed by
the gas atoms and molecules to form negative ions. Since negative ions are heavy and slow moving,
attachments result in the loss of ionization hence the induced signal amplitude, which are mostly
unwanted for gaseous detector operations. Though negative ions could be formed in any gas, they
are only notably stable in a few gases and their mixtures. Among them are water vapor, halogen
and oxygen gases of which atoms or molecules have large electron affinity. They are usually called
electronegative gases. The mechanisms of the attachment process are basically discriminated in
two types. One is the absorption of low energy electrons in two-body process. In this process,
electrons are directly attached to an atom or to a molecule which later breaks up into two constitutes
and one of them becomes negative ion. This is typical for halogen gases such as Freon. Another
process is the absorption of electrons through three-body processes. Electrons could join molecules

to form excited metastable negative ions, and they become stable negative ions if a third party
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molecule collides with them and absorbs their excitation energies. Also the unstable molecules,
formed by two different types of molecules, could disintegrate into stable negative ions and neutral
particles when hit by electrons. This type of process plays an important role for electron attachment
in oxygen. Since these electronegative gases could dramatically change the electron drift behavior
and cause notable ionization losses even at smallest admixture, the cleanness of operational gases
and the tightness of gaseous detectors are of mandatory requirements. When the electric field
is low, electrons or negative ions could recombine with positive ions and this also results in the

reduction of ionization charges that could have been collected by electrodes.

3.4.2 Drift of ions in gas

Ions drift in an electric field in opposite direction to electron drifts. Unlike electrons which are light
and diffuse in all directions by frequent elastic collisions with gas atoms, ions are much heavier
than electrons and thus have much less diffusions when they drift towards the detector cathodes.
Their movements are much less disordered than electrons. They drift almost exactly following the
electric field lines.

The drift velocity for ions could also be expressed as equation 3.28. However, now U refers to
the ion mobility and m is the mass of ions. Since ions are three orders of magnitude heavier than
electrons, their mobility is three orders of magnitude smaller than that of electrons. The typical
drift velocity for electrons is around 5 cm/us, whereas ions usually only drift at a speed of around
50 um/us in an electric field of few hundreds of V/cm. This can be seen from figure 3.11 [84]
for several types of ions in their own noble gas medium. The ion mobility in low electric fields
tends to be constant. This has been explained in [83] that, in low electric fields, ions with energy
at thermal level regain an energy equal to the thermal energy after each collision. In high electric
field, the ion mobility decreases with 1/ VE. The detailed derivations and discussions can also be

found in [83]. There are a number of ion mobility measurements reported in literatures [85, 86]
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for noble gases as well as several polyatomic gases. In general, the ion mobility in a moderate
electric field of less than a few kV/cm and at normal temperature and pressure varies from 0.2
em?- Vs~ up to 10 cm?-V~1.s~!. From the general review of the experimental results, heavier
gases tend to have lower ion mobility. The ion mobility for mixed gas U, could be calculated by
using Blanc’s law [87]

L _vf

— 3.40
Himix Z i ( )

where f; and ; are the fraction of i gas and the ion mobility of i gas, respectively.

Due to the slow movement of ions in the electric field, ion-induced current is much smaller
than that induced by rapidly drifting electrons. As a consequence, it is difficult to collect induced
charges promptly in some detector configurations. For instance, in wire chambers of a few mil-
limeters thick, it takes a few hundreds of microseconds for ions to drift from the vicinity of anode
wires to cathode plates. Moreover, it causes space charge effect and is a limiting factor for the

detector to operate at high rate.
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Figure 3.11 The drift velocity of He™, Ne™ and Ar™ in their own gases as a function of
the reduced electric field. The broken lines have slopes of 1 and 1/2 for those on the left
and on the right, respectively [84].
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3.5 Avalanche

3.5.1 Electron multiplication under electric field

A minimum ionizing particle usually leaves only a few tens of ionized electron-ion pairs in a
few millimeters thick gas gap. Unlike solid state silicon detectors in which electrons liberated
by the ionization process do not have any multiplication during the period of charge collection,
ionized free electrons in a gas medium could be accelerated by the external electric field and initiate
avalanches. This significantly increases the total amount of charge that could be collected on the
electrode. The avalanche is developed when the electric field is sufficient to accelerate electrons
to surpass the ionization potentials of the gas atoms before they encounter atoms or molecules.
Assuming that a free electron is immersed in a constant electric field and it could gain enough
energy to ionize gas atoms after travels a short distance A, the number of ionization encounters per
unit length is given by

a=- (3.41)

where « is called the first Townsend coefficient and A is the mean free path between ionization
collisions as mentioned in equation 3.15. If the number of electrons at a point x is N(x), then the

number of fresh electrons produced at a small interval dx is
dN(x) = N(x)o dx (3.42)

Moving N(x) in equation 3.42 to the left hand side and integrating the equation from the avalanche
starting point to x on both sides yield the multiplication factor M which is given by

=N _ o (3.43)
No

where N is the number of electrons before the avalanche process, and M is called the gas gain.
Now one could look at a more realistic case considering that not every collision after a mean

free path Ay will give rise to an ionization. Since an electron has to gain an energy equal to the



50 Chapter 3 Principles of Gaseous Detectors

ionization energy in a drift length of A in order to knock out a secondary electron, A is related to
the electric field strength E by

_
A= (3.44)

It should be noted that the ionization only occurs when there is no previous collision took place
before the electron has traveled a distance of A. Otherwise the electron will lose its energy via
scattering with atoms. Recalling equation 3.17, the probability of no collision encounter in a drift
length of A is given by

P=e % (3.45)

Given the fact that Ay reduces proportionally with the inverse of the electron density p and thus the
pressure p of the gas medium, as has been interpreted in equation 3.15, a more realistic description
of the first Townsend coefficient, taking into account the total number of collisions per unit length
1/, is given by

_A __B_
a(E) = ;e h =Ape B/r (3.46)

where A and B are two positive constants depending on gas. For a parallel plate chamber with a
gap thickness of d, if the voltage applied across two electrodes is denoted as U, the gas gain is
given by

Bpd

M =exp[Ape” U] (3.47)

This relationship was first derived by Rose and Korrf [88] and found to be in good agreement
with experimental measurements. In order to take a closer look at the dependence of the gas gain

on the electric field, one could differentiate equation 3.47

de] Bpd  Bpd

d
—ln(M):Apdexp[— o7 =%

3.48
30 (3.48)

If o is proportional to U? hence EZ, one could derive from equation 3.48 that the In(M) has
a linear dependence on the applied voltage U or the gas gain M can be interpreted to be growing

exponentially with U. This indeed holds true for parallel electrode detectors such as Micromegas
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that the measured gas gains in various gas mixtures behave in this way. The linear dependence of
o with E? is valid as long as the electric field is kept at a proper range. Examples for two argon and
isobutane mixtures are shown in figure 3.12 to demonstrate the presence of such proportionality.
The region highlighted in light blue corresponds to an electric field strength of 30-50 kV/cm, which

is the typical field strength in a Micromegas detector with around 0.1 mm amplification gas gap.
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Figure 3.12 The first Townsend coefficient as function of squared electric field strength
in two argon and isobutane mixtures.

The mechanism of gas amplification for cylinder-shape proportional counters is the same as
for parallel electrode detectors. However, the electric field in a cylinder-shape counter has a 1/r
dependence with the radial distance to a wire. Avalanches only take place a few tens of microns
near the wire where a strong electric field is present. It is found that the gas gain as a function of
the applied voltage for proportional tubes cannot be well fitted by the Rose-Korff formula. The

Diethorn formula [89] shown in equation 3.49 is introduced to describe their correlations

In2 Vv ] (3.49)

In(M) = In(b/a)AV In [ln(b/a)aEmin(P/pO)
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where AV and E,,;;, are two gas-dependent constants.

For detectors with more sophisticated electric field configurations, gas gains need to be calcu-
lated by integrating the E-field dependent first Townsend coefficient & over an electron drift path.
This usually needs to be handled numerically using computer programs. When the electric field
in the detector is sufficiently high, an avalanche could further grow to an extent that created ions
distort the original electric field and reduce the proportionality of total produced electrons to the
original ionization. The avalanche process becomes more complicated in excessively high electric

fields and produces metastable states which eventually give rise to glowing discharges.

3.5.2 Statistical fluctuations of avalanches

Due to the stochastic nature of the avalanche process, the number of electrons obtained from the
amplification fluctuates around the mean value of the gas gain calculated in the previous section.
The naive assumption to is consider that each electron ionized by the charged particle initiates an
avalanche which is independent to the rest. When the number of avalanche-initiating electrons
N, is large, a Gaussian distribution for the total number of finally produced electron is followed
according to the central-limit theorem. The mean value of the total number of electrons is the
product of N, and the mean number of electrons generated in a single electron avalanche. Its
variance is determined by N, and the variance of individual avalanches.

In order to investigate avalanche fluctuations initiated by single electrons, it is convenient to

introduce a characteristic length parameter x

| S

(3.50)

X0 —

where U; 1s the ionization potential of the gas atom and E is the electric field strength that electrons
have experienced. xg gives the distance required for an electron to be accelerated to be capable to

ionize an atom.
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Firstly, one could consider the case that in weak electric fields, xq is usually small compared
with 1/a, the mean free path between two consecutive ionizations. This means that in a small
interval d/, an electron always has a probability p = adl to cause an ionization, irrespective of
its collision history. The probability for obtaining k fresh electrons in n collisions is given by the
binomial distribution

|
P(k,n,p) = —— k)!p"(l —p)t (3.51)

k!(n—
Therefore, the probability to find n electrons after a small interval d/ following a distance [ is

determined by
P(n,l+dl) = P(n,[)P'(1,n—1,p)+P(n—1,0)P'(0,n, p) + O(dI?) (3.52)

The first term in equation 3.52 is the probability to have exactly n electrons after a path length /
and no fresh electron produced in the interval d/. The second term is the probability to have n — 1
electrons after / and one ionization happening among n — 1 collisions in d/. The third term rep-
resents the sum of contributions from higher order corrections which are negligible. By inserting

equation 3.51 and neglecting higher order terms, equation 3.52 could be rewritten as
P(n,l+dl) =P(n,)(1—p)"+P(n—1,0)(n—1)p(1 — p)"2 (3.53)
Differentiating equation 3.53 and taking into account p = adl, one could obtain

d%P(n,l) =—P(n,)na+Pn—1,0)(n—1)o (3.54)

If one defines a parameter u = fé a(l’) dl’, equation 3.54 could be simplified as

9 pn,u) = %P(n, 0 /i—”l‘ — P(n—1,u)(n—1)— P(n,u)n (3.55)

When n = 1, the solution for equation 3.55 is given by

P(lu)=e™" (3.56)
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The solution for equation 3.55 could be derived by inserting equation 3.56 into the differential
equation and repeating the solving procedure for n > 1. Finally, the probability of finding n elec-

trons in an avalanche is given by
P(n,u) =e “(1—e )" ! (3.57)

Substituting # with length [/, equation 3.57 is expressed as

1 1 n—1
P(n,l) = ; dl,) (3.58)

I (1 T
eloo(l’) dr eloall
Note that the term exp| fol o (") dI'] is the mean gas gain for an electron traveled a path length of /,
which could be denoted as 7. If the avalanche size is large enough, equation 3.58 could be rewritten
as

1, 1 1 .
Pn,0)=lim =(1—=)""1=-e# (3.59)
n

As can be seen from equation 3.59, for single electron avalanches in weak electric fields, the
fluctuation follows an exponential distribution. This means productions of a smaller number of
electrons are more favorable in avalanches. The standard deviation of the gain fluctuation (/) is
given by

o(l) = (n) (3.60)

The assumption that the electron multiplication process is independent of the electron collision
history faces difficulties in explaining the avalanche fluctuations in strong electric fields, which is
no longer exponentially distributed but rounded at the lower end of the avalanche size distribu-
tion [90]. In an attempt to explain this phenomenon, Legler [91] introduced a parameter which is

defined as

= a(E)x (3.61)

As discussed before, in weak electric fields, the distance that an electron traveled between

ionization collisions 1/« is sufficiently longer than xo, hence y < 1. As the electric field increases,
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the ionization mean free path for electrons is shortened and gradually becomes comparable to
X0, hence ) approaches 1. It is especially worth noting that as ¥y — 1, electrons which have
ionization encounters lose their energy by eU;. They do not participate in the ionization process
unless they have gained enough energy. The energy distribution of avalanche electrons thus have
sudden changes especially at the early stage of an avalanche development. The assumption that
all electrons in the avalanche process hold equal probability of ionizations should be withdrawn.
A theory was proposed by Legler that in strong electric fields, the first Townsend coefficient o
depends on the avalanche size as well as the distance the electron has traveled [92]. The “round”
effect of the avalanche distribution in homogeneous strong electric fields has been reproduced
based on this theory. As the electric field becomes stronger and thus the mean avalanche size and
x increase, the variance of the distribution reduces and the peak in the probability distribution
approaches the mean. In non-uniform strong electric fields, as is the case for wire chambers in
which electric fields have 1/r dependences with the distance to wires, the single electron avalanche
fluctuation for sufficiently large avalanche size was found by Alkhazov [93] to resemble the Polya
distribution given by

P(nlii, 0) = %%(g) ol (3.62)
where 0 is the scale parameter related to ¥ and 7 is the mean number of electrons produced in the

avalanche. The variance of the distribution is given by
_ =2
=n"f (3.63)

where f is the width parameter describing the magnitude of fluctuations. Though the physics
meaning of scale and width parameters are dubious, they are usually used to characterize the energy
resolution of the detectors.

To summarize, the reduction of avalanche fluctuation in strong electric fields is closely related
to the avalanche electron energy distribution. The equal probability of ionization for avalanche

electrons should be abandoned and the electron collision history plays an important role in the
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determination of avalanche growth. In general, smaller number of ionized electrons at the early
stage means electrons have less ionization encounters thus reserve their energy and probability
for later ionization collisions. The overall effect is the reduction of the probability for developing
very small size avalanches given a large mean avalanche size. Therefore, fluctuations of produced
electrons for avalanches developed in strong electric fields deviate from exponential distributions
at lower ends and exhibit peaks in their distributions. Further understanding of the avalanche
fluctuation requires models incorporating sophisticated energy-dependent ionization and excitation
cross sections. Microscopic Monte Carlo simulation is a more suitable way and recent progresses

could be found in [94].

3.6 Signal induction

Signals from gaseous detectors are essentially charge currents induced by movements of ionized
electrons and ions in the gas medium. Recalling from section 3.4 that electrons have typical drift
velocities of 5-10 ps/cm in the gas whereas ions drift towards cathodes at the velocity of about three
orders of magnitude slower than that for electrons, typical current signals from gaseous detectors
have fast electron induced component of a few ns or less and slow ion induced component of
a few hundred nanoseconds or longer. In general, determination of induced charge currents on
an electrode is based on the calculation of induced charge density as a function of time. The time

structure of signals from two typical detector geometries will be briefly introduced in the following.

3.6.1 Induced signals from parallel plate structure detectors

For parallel plate structure detector, electrons and ions are moving towards two opposite sides in
an uniform electric field. Assuming an electron-ion pair is produced at a distance x to the cathode

of a parallel plate chamber with a thickness of d. The energy required to move such electron to the
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anode is given by
=-CU"—=CU
d 2 2

eU (3.64)

whereC is the capacitance of the detector. U and U’ are the voltages across the detector before and
after the movement of the electron, respectively. Two terms on the right hand side of equation 3.64
are the original and reduced energies stored on the parallel plate chamber, respectively. Taking into
account that the voltage difference, U — U’, on the electrode for moving the charge is negligible

compared with U, the induced signal amplitude on the electrode is given by

d—
AU, =U-U =252 (3.65)
C
Similarly, one could obtain the signal amplitude induced by the movement of the ion to be
ex
AU = —= 3.66
ey (3.60)

The total amplitude of e/C, given by summing the electron and the ion induced parts, is reasonable
as no net charge is produced inside the gas gap. The induced charge current from the electron and

ion movements as a function of time ¢ are given by

y d—
Ie(t):e%, te|o, ” x) (3.67)
e
it
I,-(t):e%, c [0,%) (3.68)
l

where v; and v, are ion and electron drift velocities, respectively. Since electrons and ions are
drifting at constant velocities in an uniform electric field, there is a steady current flowing through
the detector at the beginning. When electrons reach the anode, no further current is produced. Ions
continue to induce current which is three orders of magnitude smaller than the original electrons
induced current. More complicated situations in which ionizations are produced along the charged
particle track inside the gas gap could be handled by superimposing individually induced currents

at different places and taking account currents induced by fresh ionizations created in avalanche
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processes. It is worth noting here that the avalanche is growing towards the anode. Therefore,
majorities of the electrons are produced near the anode and thus contribute very little to the total
induced charge amplitude. Usually a long charge collection time is needed in order to produce a
pronounced signal to be registered by the front-end electronics. Thinner gas gaps, higher electric
fields and gas with higher ion mobility are favored to improve the timing performance of the

detector. This will be further discussed in chapter 4.

3.6.2 Induced signals from cylinder shape counters

The second type of most frequently used gaseous detector is proportional tubes consisting of a thin
anode wire and a cylinder tube wall that is a few millimeters from the wire. Assuming that the tube
has a radius r, and the tube wall has a radius r, if a positive high voltage U is applied to the anode
wire and the tube wall is grounded, the electric field strength and the potential at a distance r to the

anode wire center could be derived from Gauss’s law to be

CcU
271'8()7‘

E(r)=

(3.69)

r

/ E(r U s (3.70)

27‘680 a
where g is the dielectric constant in the vacuum and C is the capacitance per unit length along the
wire, which is determined only by the detector geometry and is given by

- 2TE
" In(b/a)

(3.71)

Assuming no energy is compensated, the electric energy change due to the movement of charge g

by a small step of dr is given by

Lo Lo _d _ de(r)
2lCU 2lCU =qE(r) dr—qdr(p(r) or [CUdV =gq i dr (3.72)

Inserting equation 3.69 into equation 3.72, the induced signal amplitude dV (= U — U’) is given by

qg 1

av =
dmeglr

(3.73)
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Assuming electrons and ions are produced at the same distance s from the wire center, their induced
signal amplitudes on the anode could be derived by integrating equation 3.73 over their radial

traveling distances

a-+s —
q a—+s
elec /a 2717801 n a ( )
b
Vion = dv = | 3.75
on a+ts 271:80[ n a + S ( )

Both electron and ion induced signals on the anode wire are of negative polarity and the ratio of

these two components is
Vetee  In(a+s)—1Ina
Vien Inb—In(a+s)

(3.76)

For a wire counter with a wire radius of 25 um and a counter radius of 1.4 mm, if avalanches are
mostly developed within 10 um from the wire surface, it could be calculated using equation 3.76
that electron induced signals are around 10% of those induced by ions. It should be pointed out
that this calculation represents a similar situation for multi-wire chambers with same wire diameter
and an anode-cathode separation equals to the counter radius mentioned here. Such configuration,
a single wire counter with a small tube diameter or a multi-wire counter with thin gas gap, gives
rises to a small yet non-negligible fraction of electron induced fast signals. In contrary, electrons
induced signals in typical single wire proportional counters with tube diameters of a few tens of
millimeters and avalanches development within a few um from the wire surface, have less than
1% contribution to the total induced charge amplitudes.

A very important aspect in view of applying wire counters in a high counting rate experiment is
to understand the time structure of its output signals. One should have noted that there is a long ion
tail from the counter. This usually limits the counting rate before the space charge effect becomes
prominent. In order to improve the rate capability, front-end electronics with a short shaping
time are employed to integrate part of the signal and filter out the rest of the slow ion induced
part. To aid the design of front-end amplifier sensitivity, it is essential to estimate the amount of

charges collected by the electronics compared with the total charges produced inside the gas gap.
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Assuming the signal is dominantly induced by ions drifting from the surface of the anode wire, the
ion position r as a function of time could be determined by recalling the relationship between the

ion drift velocity and the ion mobility given by equation 3.28

dr’ E(r) _ Mion cU

& 3.77
a Mo TpT T TP dner (.77)

r ion CU [! UionCU
'dr = N"’"—/ dt t) = sqrta® + —2——¢ 3.78
/a rdr P 2rmen o or r(t) =sqrta”+ TeoP ( )

Considering the r —t function for the ion given by equation 3.78, the signal amplitude as a function

of time could be derived from equation 3.73

(3.79)

t
q r(t) q UionCU
Viy=— [ av =— 1 — 1(1 z)
®) /0 2nel | a dregl N\ Te0dlP

It can be seen from equation 3.79 that the induced charge amplitude has a logarithmic dependence
with time. Given the fact that in a typical wire counter has a tube radius of a few cm, ions produced
in the vicinity of wires need a few hundreds of microseconds to be fully collected by the cathode
plane. More than half of the induced charges are produced after a few hundreds of nanoseconds,
which is comparable to or exceeds the maximum shaping time constant of pre-amplifiers in modern
front-end chips [95,96]. Therefore, operating wire chambers with a higher gas gain is required to
compensate the signal amplitude lost due to incomplete collection of the charge produced inside

the chamber.

3.6.3 Signal induced on multiple electrodes

It is quite common that planar electrodes of the gaseous detectors are segmented for precision
tracking. Charge signals are spread out to multiple readout electrodes and hit positions better
than the readout electrode pitch could be obtained using charge centroids. The general theorem
for calculating induced charges current on different electrodes, due to the movement of a charge

carrier inside the gas gap, is derived by Ramo using Green reciprocity [97]. The induced current
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on an electrode is given by
d
I(t) = —5.0(1) = —qv[x(t) |E (3.80)

where ¢ is the original charge inside the gas gap, and Q(¢) is the time-dependent induced charge
on a particular electrode. v and E,, are the drift velocities of the original charge carriers and the
weighting field of that particular electrode, respectively. The weighting field of an electrode is
equivalent to the electric field vector obtained by setting the interested electrode to unit potential
and all other electrodes to the ground. An example weighting field for the central readout strip
of a wire chamber is calculated using finite element method (FEM) and is depicted in figure 3.13.
It is worth noting that the unit for E, is 1/cm rather than V/cm, which could be verified from

equation 3.80.

Anode wire

Readopt Strips

ov ov 1v oV v

Figure 3.13 The calculated weighting field of the central readout strip in a wire chamber.

The induced charge Q on an electrode at time ¢, when original charge moved from their initial

position x( to a new position x, could be calculated by integrating equation 3.80

t 1 dx
o) = /O 1(¢)dt' = —q /0 By rdt’ = glop(x1) = p(x0)] (3.81)
where @(x) is called weighting potential and its relationship with weighting field E,, is given by

Ey(x) = —Vo() (3.82)
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¢(x) is the absolute potential value at position x when the interested electrode is given a unit
potential and the rest electrodes are grounded. It could be seen from equation 3.81 that the induced
charge depends on the starting and ending points of moving charge carriers but not their exact
trajectories. When electrodes are connected with impedances, corrections to equation 3.80 are
required in order to calculate induced charge currents, since the current change only takes place
when it flows among electrodes. It is also quite often for newly developed gaseous detectors to
implement resistive electrodes with external readout strips or pads capacitively coupled to them.
Complete theory of determining the signal shapes on these readout elements is not presented.
Alternative analytical models are usually developed, which treat the charge sharing among readout
elements into two steps: the induced charge extends on the resistive electrodes, and induced charge
on the resistive electode disperses in the distributed resistive-capacitive network formed by the
resistive plane and the readout plane. A detailed example model which describes the charge sharing

among the readout strips of a thin gap multi wire chamber will be presented in chapter 6.



Chapter 4

Thermo-bonded Micromegas

4.1 Overview

A typical structure for Micromegas detector is shown in figure 4.1. It has two asymmetric gas gaps
separated by a micro-mesh. The upper gas gap is called the drift or conversion gap, usually a few
mm thick. The lower gas gap is named as the avalanche or amplification gap, only about a hundred
microns thick. Negative potentials are usually applied on the micro-mesh and the drift electrode
while the readout strips are connected to the ground. The electric field is about a few hundreds of
V/cm in the drift gap and is a few tens of kV/cm in the amplification gap due to the extremely thin
gas gap formed between the micro-mesh and the anode readout plane. When a charged particle
passes through the detector, it produces ionizations in the drift gap along its track. These ionized
electrons are guided by the drift electric field towards the amplification gap where avalanches are
developed in the strong electric field. For the detection of photons, they could be converted into
photo-electrons or impart part of their energy to electrons through Compton scattering inside the

conversion gap.

63
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Figure 4.1 Typical structure of a Micromegas detector.

Thanks to the thin amplification gap structure, most of the ions created in the avalanche could
be collected by the micro-mesh in a few hundreds of nanoseconds, or even a few tens of nanosec-
onds if the amplification gap is further reduced [98]. The high rate capability, easily exceeds a few
MHz/cm? due to the fast evacuation of ions, plus excellent spatial resolution, achievable of a few
tens of microns using finely segmented readout electrodes, make the Micromegas detector well suit
for precision muon tracking. However, there are several issues in view of applying such detector
technology for muon trigger and tracking in hadron collider experiments. Firstly, similar to other
micro pattern gaseous detector technologies, it is undoubtedly challenging to construct the detec-
tor to m? scale. The maximum sizes of presently constructed and experimentally implemented
Micromegas detectors are 35 x 36 cm? and 40 x 40 cm? in T2K [99] and COMPASS [100] exper-
iments, respectively. The Micromegas detector contains micro-structures which in turn sets very
strict requirement on the mechanical precision of constructions. In addition, the micro-structures
tend to be relatively fragile under high electric field if any dust or debris is present. As a result,

there is also very tight restriction on the cleanness of constructional materials and handling during
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fabrication processes. Secondly, it is quite well known that standard Micromegas with micro-mesh
facing the metallic anode plane could develop discharges in hadron environment where dense ion-
izations are produced inside the drift gap after the passage of heavily charged particles. Due to
the large capacitance from the thin amplification gap between two parallel planes, the discharges
or sparks, releasing large amount of energy, are destructive to sensitive front-end electronics con-
nected to readout elements. Moreover, the long dead time associated with sparks [101], could
dramatically reduce the detection efficiency. Thirdly, owing to the long ion induced charge col-
lection time, typically a few hundreds of nanoseconds, signals from typical Micromegas detectors
have long rise time and relatively large jitter. Their timing performances are inferior to those from
RPCs. Optimizations of the detector structure, gas mixture might be needed for precision trigger
applications, in which good timing capability is essential for bunch crossing identifications.

In this chapter, a novel method to construct Micromegas detectors is first presented in sec-
tion 4.2. It is based on the thermal bonding of micro meshes to anode planes using thermo-bond
films. Details on attempts to fabricate small prototypes will be introduced. Basic performance
parameters of these thermo-bonded Micromegas prototypes are measured and reported in sec-
tion 4.3. Various simulation studies on improving the gain uniformity, optimizing electron trans-
mission through micro-meshes are discussed in section 4.4. Finally, motivated by applying the
Micromegas detector technology for muon tracking and triggering in hadron collider experiments,
attempts to develop spark-resistant Micromegas in an unconventional approach will be presented
in section 4.5. In addition, based on the thermo-bonding fabrication method, the development of a
Micromegas variant called Parallel Ionization Multiplier (PIM) with fast signals will be introduced

in section 4.6.
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4.2 Fabrication of Micromegas with thermo-bonded spacers

A couple of methods have been developed to construct the amplification gap of a Micromegas
detector. The original method is to suspend a micro-mesh on an anode plane using nylon fish-
ing lines [102] with diameters around one hundred microns. Two more advanced fabrication ap-
proaches which have been successfully developed and used for presently operational experiments
are bulk [103] and micro-bulk [104] techniques. The bulk Micromegas fabrication technique is
based on photo-lithography processing. A layer of micro-mesh is laminated with a thin layer of
photo-resistive film on a printed circuit board (PCB). Most part of the photo film is etched by the
lithography process and only small covered spots are left to form mesh-supporting pillars which
are usually 2-3 mm apart. The micro-bulk technique to fabricate Micromegas is based on the etch-
ing of thin Kapton foils. There are copper layers on both sides of a Kapton foils. Copper layers are
etched on one side of the Kapton to form the micro-mesh and on the other side to form the readout
patterns, such as strips or pixels. The Kapton foil itself is partially removed to produce supporting
pillars. There are mainly two types of micro-meshes used in the Micromegas structure. One is the
woven wire mesh using metallic wires of a few tens of microns in diameter. It has very good me-
chanical strength and is usually produced in industry at large scales. Therefore, such kind of mesh
has been employed in the bulk Micromegas production. The other type of meshes is chemically
etched or electro-formed. These meshes, such as those formed in a micro-bulk Micromegas struc-
ture, are only a few microns thick. They have very good uniformity and well defined geometric
structures. Electron transmissions through these meshes are relatively easy because they are less
likely to be trapped by the wire edges around the mesh openings. However, these ultra-thin meshes
are very fragile and thus are very difficult to be used for meter-scale applications.

Though photo-lithography processes used for producing bulk Micromegas are quite common in
industry which produces PCBs, it is still of great interest to find other convenient approaches which

allow researchers to easily construct Micromegas prototypes in their labs for various purposes of
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research and developments. A fabrication method which could simply and quickly change the
detector structure, size and shape, is desired to optimize detector operational parameters or verify
new ideas. Motivated by these considerations, a novel approach to fabricate Micromegas or its
variants with micro-meshes is developed. The core part of the innovation is to use commercial
thermo-bond films as spacers and separators for the Micromegas amplification gaps. The film could
attach a stretched woven wire mesh to an anode readout plane and keep an equal distance between
these two planes. Details on the material properties and the detector fabrication procedures will be

reported in the following subsections.

4.2.1 Micro-meshes and Thermo-bond films

The micro-meshes used in the Micromegas prototype fabrication are standard stainless steel woven
wire meshes. Woven meshes are basically characterized by two factors: lines per inch (LPI) and
the weaving method. LPI is the number of wires per inch in the direction perpendicular to wires.
Given a fixed wire diameter, mesh openings are smaller thus the mesh is less transparency to light.
Assume the mesh openings are squares, it is usually convenient to define a parameter called optical

transparency 7', which is given by
2

-4

where L is the mesh opening size and D is the wire diameter. The woven micro-meshes also have
two different weaving methods: plain or twill weaving. The plain weaving has orthogonal wire
crossings at each intersection and forms a crisscross pattern. The twill weaving usually has fewer
crossings and thus the mesh constructed is less sturdy.

In our experiments, we have attempted to use 350 LPI, 400 LPI and 500 LPI stainless steel
wire meshes. The 400 LPI wire meshes are available both in plain and twill weaving format. The
rest of the meshes are plain weaved. All these meshes come from industrial mass productions and

are delivered in rolls with a width of 1 meter. A roll of 350 LPI plain weaved mesh is shown
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in figure 4.2. All four types of meshes are scanned using scanning electron microscope (SEM)
and their magnified images are shown in figure 4.3. Irregular shapes of the mesh openings and
non-parallelism of wires are quite significant for 400 LPI twill weaved mesh. Variations in mesh
openings are also clearly visible for 400 LPI plain weaved mesh and are less apparent for 350
LPI plain weaved mesh. Wire diameters as well as mesh opening sizes are measured during the
SEM scans and these geometric parameters along with the calculated optical transparency for four
meshes are listed in table 4.1. The largest optical transparency is about 50% for 350 LPI mesh and

the least one is only around 30%.

Figure 4.2 A roll of 350 LPI woven wire mesh with 1 m width.
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Mesh type (LPI)  Wire diameter (um) Hole size (um) Optical transparency (%)

350 (Plain Weave) 21.7 50.5 49
400 (Plain Weave) 21.7 40.5 42
400 (Twill Weave) 26.4 342 32
500 (Plain Weave) 21.7 29.9 34

Table 4.1 Geometric parameters of woven wire meshes
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Figure 4.3 Four stainless steel woven meshes imaged by scan electron microscope
(SEM).

The thermo-bond film is a kind of specially formulated flexible adhesive film, which is solid at
room temperature and could be activated by heat and pressure for bonding a variety of substrates
such as metal, paper or many plastics. Bonding films we used are produced by 3M [105] and
Transilwrap [106] companies and are 80 um or 152 um thick. Photos of thermo-bond films in
200-500 mm wide rolls or Letter sized sheets are shown in figure 4.4. Other thicknesses in the
range of few tens of microns to a few hundreds of microns are also available but have not been

tried. Bonding films are generally composed of a thin layer of polyester core sandwiched between
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two dry polymer adhesive layers. The ratio of three layer thicknesses is either 1:4:1 or 2:2:2. Since
the core polyester layer does not melt at nominal film cure temperature, the main differences of
the former configuration compared with the latter are the former configuration has slightly weaker
bonding strength and less reduction in thickness when melted and pressed for bonding. Thin films,

less than 100 um thick, may only contain adhesive polymers.

4

Figure 4.4 Thermo-bond films in rolls (left) and sheet (right) formats.

Thermo-bond films typically have similar electrical and mechanical properties. Take 3M bond-
ing film type 406 as one example, measured properties are listed in table 4.2. These bonding films
are excellent insulators and have exceptionally good bonding strength, especially to metal sub-
strates including the stainless steel woven mesh that we used. The thicknesses of these films are
also found to be very uniform, variations are usually within 2 gum. These features make them suit-
able to be used as separators or spaces in Micromegas structures. Though physical parameters vary
from film to film, the typical temperature for the film to melt and become adhesive is about 100 to
160 Celsius. Usually pressures around 1 kgf/cm? are applied during thermal attaching processes

in order to make firm contact between substrates and bonding films.

4.2.2 Materials qualifications and fabrication procedures

In total, several tens of thermo-bonded Micromegas prototypes have been fabricated with sizes

from 2 cm X 4 cm up to about 20 cm x 20 cm. The maximum size, however, appears to be limited
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Physical  Thickness 0.08 mm
Color Translucent
Softening range 149-160 °C
Electrical Dielectric constant 24 @1 MHz
Dielectric breakdown strength 2300V/mil
Volume resistivity 5.9 x 107 Q-cm
Mechanical Tensile strength @ break 2600 psi
Overlap shear strength (bond to FR-4) 1120 psi

90 peel strength (bond to FR-4)
Overlap shear strength (bond to steel)

90 peel strength (bond to steel)

10 pounds per inch of width
1120 psi

10 pounds per inch of width

Table 4.2 Physical, electrical and mechanical properties of 3M™ bonding film 406.
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by our unrefined thermal treatment tools. General procedures of fabrication, improved after many
unsatisfactory attempts, are illustrated in figure 4.5. All processes are performed inside a class

100,000 clean room. They could be divided into the following steps:

Spacer Frame Tailoring

¥

[ Mesh Stretching ’

¥

( Parts (PCB, Mesh etc.) Cleaning l g

¥

{ Pre-bonding HV Test ’

{

”°

[ Thermal Bonding ’

¥

[ Assembling Prototype ’

{ Woven Mesh and Thermo-bond Film J

Figure 4.5 Procedures to fabricate thermo-bonded Micromegas.

» Material preparation: In this stage, woven meshes are tailored to make both avalanche and
drift electrodes. Due to the common presence of defects on the woven mesh, it is important to
check the mesh before stretched and bonded. A high precision, a few-um resolution, optical
gaging system as shown in figure 4.6 has been used to survey any suspicious region. Several
types of mesh defects are identified and depicted in figure 4.7. The presence of broken
wires on the mesh will definitely trigger sparks at shape wire tips hence caused detector

failures. Thin amplification structures are also vulnerable to debris and dusts even though
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they might be insulators. When these dusts are left in the tiny gas gap, they could be charged
up and initiate discharges. As they eventually become carbonized and conductive, persistent
shortage or break down will take place. Once dusts or floating wire segments are found,
meshes need to be brushed to remove them. If the mesh is found to be broken or any sign of

sharp folding at some points, it will be withdrawn.

For the preparation of mesh-supporting materials, thermo-bonded films are cut into rectangular-
shaped frames with a typical width of 5-7 mm and round-shaped spacers with diameters of
5 mm. These thermal bond film frames are intentionally made wide as they will be used as
to support the stretched meshes. Openings inside the rectangular frame define active areas
of the fabricated Micromegas prototypes. Round spacers are placed inside active areas when

the unsupported mesh span exceeds several centimeters.

* Mesh stretching: Woven meshes are stretched using several self-developed stretching tools.
These tools are shown in figure 4.8. The mid-sized mesh stretching tool is equipped with
force sensors which could measure total forces in two orthogonal directions. For small and
large prototypes, meshes are stretched using much simpler and lighter aluminum frames.
These frames are assembled from four separate side-bars and the meshes are hold by inch-
wide strips on top. When the screws at the corners of the frame are tightened, side-bars on
two opposite sides move away from each other and thus flatten meshes. The tensions on the
mesh in this case are monitored by a tensiometer. After the mesh is stretched, it is attached
to a transfer stainless steel frame using cyanoacrylate adhesive. This kind of adhesive have
excellent bonding strength but will completely lose adhesion within few seconds in hot water.
Therefore, it is ideal for quick transfer of stretched meshes and allows instant reworking

using the same frame. Typical tensions applied to the mesh are 10-20 N/cm.

* Material cleaning and pre-bonding HV test: Dedicated cleaning are performed for all



74

Chapter 4 Thermo-bonded Micromegas

parts used for building the Micromegas detector. Nylon screws, stiffening aluminum plates
and PCBs etc. are immersed in the acetone and cleaned with ultrasonic cleaner to remove
oils left on their surfaces. The stretched mesh, which has been bonded to the transfer frame,
is usually too large to be placed inside the container filled with acetone liquid. Moreover, the
acetone solution is aggressive to cyanoacrylate adhesive used to fix the mesh on the frame.
As a result, stretched meshes are not cleaned by the ultrasonic cleaner. They are first gently
soaked by alcohol and then cleaned with high pressure distilled water. Finally, meshes are
purged by compressed dry nitrogen from the center to all edges. It is found that blowing the
mesh with high pressure dry gas is an effective way to remove many attached dusts which
are otherwise hard to remove by water and alcohol. Several photos taken during the cleaning

process are shown in figure 4.9.

Before placing all parts to bond the micro-meshes on the anode PCB, it is important to check
if there are any defects which have not been visually identified. This is indeed true that when
the mesh size is large, visual check of every tiny spot is impossible. Moreover, tensions
on meshes may not be uniform after they are attached to the transfer frame. Worse still,
meshes may loosen if the adhesive loses its bonding strength after mesh cleaning. Continuing
the fabrication process without careful inspections of each individual part could result in
failure and thus waste of time and materials. To cope with these issues, we have developed
a practical way to verify the perfectness of the parts used to form narrow amplification gaps.
Pre-bonding HV test for the materials is carried out and the setup is illustrated in figure 4.10.
The test is performed at room temperature under dry air with relative humidity less than
40%. An anode PCB, separated by a 160 um thick thermo-bond film frame, is placed on
top of the stretched mesh. High voltage is applied to the mesh while the anode PCB is
kept at ground potential. If discharges do not occur when more than 900 V is applied to

the mesh, subsequent thermal bonding processes usually result in successful amplification
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gaps. In fact, experiments have been performed to find sparking voltages for different mesh
tensions. Results for unsupported mesh spans of 3-4 cm are listed in table 4.3. Basically,
mesh tensions around 7 N/cm could satisfy the need of suspending the mesh on the anode.
However, with such tension on the mesh, notable mesh sagging in the center of active area is
observed if more than 800 V is applied. Given that typical Micromegas operational voltages
in argon based mixtures are 400-650 V, we have practically kept tensions of the mesh on the

transfer frame to be more than 10 N/cm.

* Thermal bonding of amplification gaps: The bonding of micro-meshes to the anode PCBs
using thermo-bond films involves application of heat and pressure. Heat could be applied
from either side or both sides of the bonding film. The simplest way is to apply the heat
using a hot plate. The hot plate we used has a heating area of about 30 cm x 30 cm with
a temperature uniformity within 10 degrees. For small prototypes, stretched mesh, thermo-
bond film frame and anode PCB are placed in order on the top of the flat hot plate. Heat is
applied from the bottom of the PCB and the thermo-bond film is activated when its internal
temperature reaches about one hundred Celsius. When the surface of the film melts, it could
be easily identified by its change in transparency. At this stage, pressures are applied from
the top side of the mesh using a hand-held rubber roller. It should be pointed out that silicone
based papers are placed on the mesh so that the rubber roller is isolated from the mesh and
no melted glue from the bonding film will be attached to the roller. When heat is not even
at some corners of the bonding film frames, hot air gun is used as an extra heating source to

supply hot air from the top of the mesh.

Although, this kind of thermal bonding technique is not refined and depends on the ex-
ecutor’s experience, it has been found that the successful rate is relatively high and results
could be reproduced by many other students even without prior knowledge on the bonding

process. For larger size meshes, it is unpractical to handle the bonding by hands. There-
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fore, other methods using hot roller and hot press machine have been tried and preliminary

experiences will be discussed in the following subsection.

* Prototype Assembling: After bond film frames are cooled down and become solid, woven
meshes are cut from the transfer frame and glued to the HV contact points using conductive
epoxy glue. The “bulk” amplification structure, together with drift electrode and stiffening
plates are assembled. The finished prototypes are placed inside an aluminum gas box with

an opening on the top lid for testing.

Figure 4.6 Optical gaging system used to investigate micro-meshes.
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Figure 4.7 Several types of mesh defects and effect of damage to the mesh due to defects:
(a) broken mesh; (b) additional wire attached to the mesh; (c) debris; (d) burned points
after frequent sparks developed at where defects located.

Figure 4.8 Three mesh stretching tools developed with different sizes. The one in the
middle is implemented with tension measurement sensors. The rightmost photo shows
that a tensiometer is used to measure the mesh tension.
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Figure 4.9 Photos taken during the cleaning process.
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Figure 4.10 Pre-bonding mesh high voltage withstanding test setup

Drift mesh
electrode

Figure 4.11 Photos taken for some important fabrication steps (From left to right: mate-
rial preparation, thermal bonding and prototype assembling)
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Mesh tension in x direction Mesh tension in y direction sparking voltage

(N/cm) (N/cm) V)
3.6 3.5 850
5.8 5.5 930
7.7 7.4 940
12.5 11.8 1020

Table 4.3 Mesh tension vs. sparking voltage.

In summary, key steps of the thermo-bond Micromegas fabrication are the mesh stretching and
cleaning and thermal bonding. Photos taken during these fabrication steps are shown in figure 4.11.
Overall, it is quite convenient to build a small prototype in a few hours. Since the materials used are
all commercially available and widely used in industries, it has the potential to be an alternative and
economic approach to construct Micromegas detectors for charged particle tracking and imaging

applications.

4.2.3 Thermal bonding with different tools

Besides hand thermal-bonding, several semi-automatic approaches are also explored and some
of them may have the potential to produce large size chambers. The most challenging aspect of
bonding meshes to PCBs is to deliver proper and uniform pressure and heat to the bonding film
and substrates. Pressures applied when the film is still solid are of no help. However, once the
film is melted, sufficient pressure needs to be applied to the film immediately in order to ensure
good contacts of two materials. Another point of concern is the activation of the thermo-bond film.
Heating during the bonding process is not directly applied to the film but thermally transmitted

through PCBs. Temperature settings for the heating sources are few tens of degrees higher than the
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film activation standard and the temperature rise on the film could take few tens of minutes. The
slow transmission of heat from thick PCB substrates and quick dissipation at some edges of the
film exposed to the air result in non-simultaneous activation of the film. Therefore, special care in
controlling the temperature and heat curing time should be taken into account to avoid overheating
hence collapse of the film.

In order to improve the repeatability of good mesh bonding instances, the first method tried is to
use fixing plates to give constant pressure during the thermal bonding. This method is illustrated on
the left hand side plot of figure 4.12. The whole set with stretched mesh, thermo-bond film frame
and anode PCB etc. is clamped by two 10 mm thick fixing aluminum plates. Pressure is applied
when the screws at four edges of the fixing plates are tightened. The overall thicknesses measured
from the outer faces of the fixing plates are kept at the same value with variations less than 100 tm.
With this setting, the pressure is expected to be roughly uniform across the thermo-bond frame. The
fixed amplification structure is then placed on the hot plate with either the mesh side or the PCB
side facing the heating panel. Some photos showing the preparations, thermal processing and the
produced amplification structure are shown on the right hand side of figure 4.12. Prototypes with
gas gains exceeding 10* have been successfully constructed. The advantage is that no intervention
is needed during the thermal attaching procedure. However, it is found that controlling the pressure
uniformity with setting screws is very difficult. For larger area with pressure applied via screws
around fixing plate edges, the bending of aluminum fixing plates will be severe. Therefore, it is

concluded that such method could only be helpful for producing small prototypes.
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Aluminum Plate

Paper sheet
Mesh

Figure 4.12 Scheme of using clamping plates to apply pressure for bonding (left) and
photos showing the thermal bonding processes and the produced amplification structure
(right).

The second approach for the amplification gap bonding is to use the hot rubber roller. A photo
of the hot roller we used is shown on the left hand side of figure 4.13. It is a typical equipment
used to laminate plastic covers on paper products and is similar to that used to laminate photo-
lithographic films for bulk Micromegas fabrication. There are two vertically placed heated rolling
rods, of which temperature, rolling speed and rotating direction could be adjusted individually.
Surfaces of the rods are covered with silicone rubber. The heating parts are buried inside the central
stainless steel cylinder bars. The pictorial view of the thermal bonding process is represented on the
right hand side of figure 4.13. Similar to the method using hot plates, the rolling rods are pre-heated
to a temperature that is few tens of degrees higher than the film activation standard. Stretched mesh
together with bonding film, PCB or back supporting plates will go through two rollers. Pressures
are applied to the mesh via two rollers. Due to the maximum adjustable temperature for the roller
is only about 165 degree, single rolling is not sufficient to pass the required heat to the bonding
media. As aresult, the entire bonding set has to roll back and forth several times before the bonding

is firm and solid.
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Figure 4.13 A heated roller used for mesh bonding (left) and a pictorial representation of
the mesh bonding process (right).

The obtained amplification structures have been tested in the lab. The test results of these proto-
types, in terms of energy resolution and gain uniformity, are found to be inferior to those obtained
from prototypes bonded on a hot plate and pressed using a hand-held rubber roller. Several rea-
sons which caused defects are identified. Among them are undesirable repetitive rolling processes
which lead to shifts of bonding films and uneven heating condition, and non-adjustable roller pres-
sure, which passed the excessive forces to the stretched mesh-mesh lost tension after removed from
the roller. Other issues include lack of protecting bonding film on the top of the micro-mesh so that
unsupported mesh span is not pressed downwards by the soft rubber. Unfortunately, no suitable
heat-rolling machine is available to address these problems at the time of testing, therefore its fea-
sibility for thermal bonding is not proved. Nevertheless, as the hot rolling technique is quite mature
in industry, this is still believed to be a promising way to produce thermo-bonded Micromegas in
large size if the pressure and heating temperature could be adjusted in a wide range and harder
rubber coating of the rods could be selected.

The third method for mesh bonding is to use a hot press machine. The press machine we used
is shown in figure 4.14 with a working area of 25 cm x 25 cm. It has upper and lower two stainless
steel hot plates. The pressure is applied from the top plate by a gas cylinder filled with compressed

air. The pressure can be adjusted and the pressing time can be set to arbitrarily long. Thanks to the
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two-side heating configuration, the machine could provide even heating. Two amplification gaps,
one on the top of the PCB and another one at the bottom, could be fabricated on a single PCB.
Micromegas chambers with active areas of 20 cm x 20 cm are produced using this machine and

test results are quite promising [107].

Figure 4.14 Thermal bonding using hot press machine.

To produce even larger size thermo-bonded Micromegas chambers, the press machine could be
placed precisely up-right and the top hot plate keeps flexibly contacting on the mesh. A uniform
pressure across the whole working area may be given by a gas-filled vessel at the back side of the
plate which is connected to a flexible head. Attempts using this modified machine are presently

under consideration and investigation.

4.3 Measurement of basic performance parameters

To evaluate the basic performance of the thermo-bonded Micromegas, small prototypes with active
areas of around 40 mm x 40 mm are first used. No mesh-supporting spacers inside the active area

are used for these small prototypes. Anode readout planes of the prototypes consist of squared
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readout pad arrays of 3 x 3. Each pad has an area of 15 mm x 15 mm and pads are spaced 0.3 mm
apart. All these readout pads are connected together to the same ground through 10 MQ resistors.
The drift mesh electrodes and the avalanche micro-meshes are supplied with negative high voltage
using CAEN N471A dual-channel HV module. The module has a current resolution of 1 nA. The
normal leakage current for the prototypes are less than 1 nA thus any abnormal leakage current
or discharges could be easily detected. The gas mixture used in the tests is either argon with a
small fraction of isobutane (i1C4H|g) or CO; mixed with argon. Concentrations of gas components
are individually controlled by mass flow controllers. Gas mixtures flow at normal temperature and

pressure (NTP) with flow rates of 1-2 liters per hour.

4.3.1 Experimental setup

The general view of the experimental setup and the readout chain are shown in figure 4.15. Mi-
cromegas prototypes inside a gas box is irradiated by a 3Fe source with a radioactivity of 5 mCi.
The ¥ Fe source emits 5.90 keV K, and 6.49 keV Kp X-rays [108] when it decays to >5Mn via elec-
tron capture process. X-rays from the source penetrate a 15 um thick window made of polyvinyl
chloride foil and enter the drift gap under the drift mesh electrode. They primarily interact with gas
media via photo-electric process. When they are converted into photo-electrons, auger electrons

are also produced from same atoms. Therefore, measurements of full X-ray energy are realized.
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Figure 4.15 Setup for Micromegas performance evaluation and the electronics readout
chain.

Both micro-mesh and grouped anode strips are connected to Ortec 142 AH pre-amplifiers fol-
lowed by an Ortec 855 shaping amplifier. Amplitudes of the output signals from the main amplifier
are registered by an Ortec Easy-MCA-8K multi-channel analyzer, which has been connected to a
PC for data acquisition. The whole readout chain is calibrated so that the relationship between the
pre-amplifier input charge and the output MCA counts are determined. Signals from amplifiers are
also inspected or recorded by an oscilloscope.

As shown in the simplified block diagram [109] in figure 4.16, there are HV ports on the
pre-amplifiers which can withstand voltages up to 3 kV. It is found that the noise level from the
Micromegas readout electrodes could be reduced dramatically if high voltages are fed through
these pre-amplifiers, in which dedicated noise filter networks are implemented. Therefore, HV
supplies for micro-meshes are always provided with this connection scheme. The pre-amplifier
has a sensitivity of 1 V/pC and an internal calibration capacitor is included so that step voltage

pulses could be converted to charges and used for calibration.
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Figure 4.16 Simplified block diagram of Ortec 142 AH pre-amplifier.

A picture of the Micromegas test bench established in the lab is shown in figure 4.17. It is
basically composed of a gas system which is capable of mixing up to four gas components, a
mechanical structure and an electronics readout crate. A movable motor platform which could
hold an X-ray gun or radioactive sources, and a large shielding box are equipped later in the test
bench and are not shown here. The study of the Micromegas basic performance parameters include

measurements of electron transparency for the mesh, gas gain and energy resolution, as well as

uniformity under different operational voltages.
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Figure 4.17 Micromegas detector test bench.

4.3.2 Electron transparency

As reported in [98], electric fields in Micromegas detectors are uniform in drift and amplification
gaps except small regions close to the avalanche mesh electrode where funnel-shaped fields are
present. The electric field lines from the drift gap are compressed to the mesh openings towards
the amplification gap. The compression strength is related to the electric field ratio 1, between the

two gas gaps, which is defined as

Eo _ Va la
E;, V;—V,h,

Me = 4.2)

where E, and E, are electric fields of avalanche and drift gas gaps. V,, V;, hy, hy are high voltages
on the avalanche and drift electrodes, thicknesses of avalanche and drift gaps, respectively. The
higher electric field ratio is, the tighter field lines are compressed thus diffusing electrons from
the drift gap are less likely to be trapped by the mesh. In order to evaluate the electron transmis-
sion probability through the mesh, it is therefore natural to introduce a parameter called electron

transparency for Micromegas detector with a certain mesh geometry and operation gas. When the
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voltage on avalanche mesh electrode thus the amplification electric field is fixed, variations of the
5.9 keV photo-peaks in the measured > Fe spectra with drift electrode voltage represent the change
of electron transparency.

For Micromegas prototypes constructed with four different woven meshes, measured photo-
peak positions as functions of electric field ratios in Ar:iC4Hjq (95:5) are shown in figure 4.18. The
photo-peak position rises to MCA high channel as the field ratio increases and reaches a plateau
after a certain field ratio. As will be discussed in the following section, the plateau indicates a
maximum electron transparency, but not necessarily a full electron transparency, is achieved. Peak
positions decrease as electric field ratios continue to increase. This is due to the ionization recom-
bination in the drift gap and hence the loss of signal amplitude when the drift electric field is low.
Widths of these plateaus have large variations and the narrow plateau for Micromegas with 350
LPI mesh is likely due to the gas mixture contamination by electronegative gases. The maximum
electron transparency are obtained when the electric field ratio is around 100 for Micromegas with
350 LPI mesh and great than 500 for the prototype with 500 LPI mesh. It is obvious that electrons
are harder to cross the mesh if the mesh optical transparency is low or the mesh is very thick. Since
the typical electric field in the amplification gap is about 30-50 kV/cm, an optimum field ratio of
400-500 for 400 LPI (¢yir.=30 um) and 500 LPI (¢,;.=22 pm) mesh means the drift electric field
need to be kept below 100 V/cm. This will result in very slow drift of electrons in the drift gap.
Therefore, these meshes are not suitable for practical use and thus only Micromegas with 350 LPI

mesh are used in the following studies.
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Figure 4.18 The 5.9 keV photo-peak position as a function of electric field ratio.

For a Micromegas prototype with 350 LPI mesh, dependences of electron transparencies with
electric field ratios are measured at two different avalanche electrode voltages in Ar:iC4Hjq (95:5).
Results are shown in the left side plot of figure 4.19. As expected, the electron transparency
curves have similar shapes and are independent of the strength of the amplification electric field.
Measurements are also performed in several argon and isobutane mixtures with isobutane con-
centrations from 4% to 20%. Measured photo-peak variations are shown on the right hand side
of figure 4.19. Compared with most isobutane-rich mixture Ar:iC4Hjg (96:4), minimum electric
filed ratios required for maximum electron transparencies are about 40% smaller for Ar:iC4H;q
(80:20) mixture. This is apparently due to smaller magnitude of transverse diffusion for electrons
in isobutane-rich mixture. Setting the field ratio to around 100 in these mixtures allows high elec-
tron transparency plus high electron drift velocity at an optimum drift field of few hundreds of
V/cm. Dependence of electron transparency with mesh geometric parameters and gas mixtures are

also studied with simulation tools and results will be reported in section 4.4.2.
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Figure 4.19 Electron transparencies measured for a Micromegas with 350 LPI mesh: at
two different voltages (left) and in several argon and isobutane mixtures (right).

4.3.3 Gas Gain and Energy Resolution

A typical >Fe source spectrum measured by the thermo-bonded Micromegas is shown in fig-
ure 4.20. It is obtained at a gas gain of 3000 in Ar:iC4H ¢ (94:6) mixture. The main peak of the
spectrum is the superimposition of 5.90 keV and 6.49 keV photo-peaks. The smaller peak exhibits
at the lower end is mainly the escape peak of 5.90 keV X-rays in argon. Since K-shell electrons in
argon atoms have a binding energy of 3.2 keV [110], they leave with an energy of 2.7 keV when
they are knocked off argon atoms by 5.90 keV photons. If argon characteristic X-rays are emitted
after outer shell electrons transit to the inner vacancies, it is likely that they will escape the gas gap
and leave only 2.7 keV energy to be detected as an escape peak. Therefore, the ratio between the
5.9 keV photo-peak and its escape peak is approximately 2. This fact could be used to check the

linearity of the readout electronics.
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Figure 4.20 SFe spectrum measured in Ar:iC4Hg (94:6) mixture at a gas gain of 3000.

For gas gain measurements, the drift electrode voltage changes as the avalanche electrode volt-
age increases so that electric field ratios for maximum electron transparencies are ensured. Gas

gains are calculated using

= Ngoe = Nlo 4.3)
where Q is the total charge collected per detected photon. It is converted from the obtained 5.9 keV
photo-peak channel using the calibrated charge-MCA-channel correlation. e is the unit charge on
an electron, and N is the total number of electrons produced per detected photon, which is given
by Q/e. Ny is the mean number of ionizations created inside the drift gap by absorptions of 5.9

keV photons. N is given by E /W, where E is the photon energy and W is the mean work required

to produce an ionization in the Micromegas operational gas. For mixed gas, W is given by

where W;, Z;, P; are mean ionization work, effective atomic number and partial pressure for i gas
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component, respectively. Recalling table 3.2, Ny for argon-rich Ar:iC4H ¢ mixtures is calculated
to be around 230.

In order to determine the photo-peak positions as well as the energy resolution for 5.9 keV
X-rays, the main peaks of the measured spectra are fitted with two Gaussian functions and a linear
function. These two Gaussian functions represent 5.90 keV and 6.49 keV photo-peaks and the
linear function is an approximation of the noise floor. Finally, the obtained gas gain as a function
of the mesh voltage is shown on the left hand side plot of figure 4.21. Maximum gas gains exceed
10* are obtained in all argon-isobutane mixtures before the onset of frequency sparks.

Dependences of energy resolutions (FWHM) for 5.9 keV X-rays with gas gains are also ex-
tracted from the spectra and results are shown on the right hand side of figure 4.21. Energy reso-
lutions are worse than 20% when gains are smaller than 103. In all tested gas mixtures, they are
found to be better than 18% with over an order of magnitude in gain. Resolutions deteriorate as
gas gains continue to increase. Nevertheless, they are still below 20% at the highest gas gains of
2-3 x 10*. For a qualitative understanding of the energy resolution variation, its dependency on

ionization yield, and gas gain should be stated [111]

(5= () ()

Oy, . . e e . . . . .
where ¥, 0 %M are relative variances of total produced electron, initial ionizations in the drift

N°No> M
gap and gas gain for single electron initiated avalanches, respectively. This is based on simple
assumptions that ionization probabilities are identical for all electrons and avalanches are indepen-
dent of each other. The 1/Ny contribution of the multiplication process to the fluctuation of the
total electron population was evaluated by Snyder [112]. Since the fluctuation of initial ionizations
is the same, the worse energy resolution measured at low gas gain is linked to a relatively large
contribution from the multiplication process. The deterioration of resolution at high gain is due

to the additional avalanche fluctuations caused by photon emission processes. Such effect is more

pronounced in mixtures short of polyatomic molecule [113] which have vibrational and rotational
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energy levels to absorb energies from excited atoms and prevent excessive gain growth. This could
be noted from the bottom right plot of the energy resolution in figure 4.21 that energy resolution
in Ar:iC4H g (96:4) mixture is worse than that in Ar:iC4H ¢ (94:6) at a gain of 2 X 10*. The
best energy resolution for 5.90 keV X-rays presently achieved by a thermo-bonded Micromegas is
actually obtained from the spectrum shown in figure 4.20. The best energy resolution obtained is

13.7%( FWHM), and is slightly better than that obtained from a bulk Micromegas [103].
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Figure 4.21 Gas gain as a function of high voltage on the mesh (left) and dependence of
energy resolution (FWHM) with the gas gain in several argon and isobutane mixtures

4.3.4 Uniformity

Homogeneous pulse amplitude responses across entire detector active area, within a few per-
cent [114], is required for energy measurements in applications such as TPC readout. Though
the requirement on gain variations is not that stringent for tracking and triggering applications, it is
practically desirable to keep the gain variations within 20%-50% around the mean value [115,116].
In order to evaluate the gas gain uniformity of thermo-bonded Micromegas prototypes, >>Fe spec-
tra are taken from different places inside active areas when detectors are operated under the same

condition. An experimental setup for gain uniformity measurement is shown in figure 4.22. Two
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orthogonal slits with widths of 1 mm are etched at the top lid of the gas box. Active areas of Mi-
cromegas prototypes are scanned in two directions with steps of around 5 mm. Gas gain and energy
resolution as a function of the scanned position for a typical prototype with 45 mm x 45 mm ac-
tive area are shown in figure 4.23. Measurements are taken at gas gains of 10% in Ar:iC4Hj (95:5)
mixture. Results show that gain variations are roughly within 10% over the entire unsupported
area except points near the edges. The energy resolution for 5.9 keV X-rays are quite uniformly
distributed around 20% (FWHM). Though results are quite promising, performance differences in
the two scanned direction could be noted. This is closely related to the thermal attaching process.
Since pressures during the bonding processes are given by hand, it is difficult to control and deliver
them uniformly on thermo-bond film frames. Small variations, on the order of a few microns in
avalanche gap thicknesses, result in changes of amplification electric fields hence gas gains. It
must be stressed that the good result shown here is not a singular. Gain variations tested from few
tens of prototypes are usually within 20% of their average values. Measurement results for two
additional prototypes are shown in figure 4.24 as examples to prove the repeatability of uniformity

performances.
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Figure 4.22 Experimental setup for gain uniformity measurements.
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Figure 4.23 Gas gain (left) and energy resolution for 5.9 keV x-rays as a function of
scanned position in a thermo-bonded Micromegas with an unsupported mesh span of 45
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Figure 4.24 Additional examples to show the gas gain uniformities of thermo-bonded
Micromegas. Both prototypes have active areas of 45 mm x 45 mm.

Though variations of gas gain for small Micromegas prototypes are reasonably small, even
with uncontrolled thermal bonding processes, it is imperative to understand the origins of gas gain
changes so that the fabrication process could be refined and optimizations could be performed to
achieve a better and well controlled uniformity for larger chambers. Basically, variations of gas
gains are caused by differences in amplification gap thickness. In order to estimate the impact of
gap thickness to the gain variation, one could use the simple expression given by equation 3.43
and assume the first Townsend coefficient & is constant for a certain gap thickness. Recalling
equation 3.46 which describes o for parallel plate structures, In o is proportional to —1/E if gas
parameters A and B are assumed to be constant for a given gas pressure. The simulated o for
neon and several argon-isobutane mixtures is plotted in figure 4.25 as a function of —1/E. Note
that the region corresponds to normal Micromegas amplification electric fields, 30-50 kV/cm, is
highlighted in light red. Now considering that for our thermo-bonded Micromegas, the finished
avalanche gaps are somewhat around 120 yum using 160 um thick thermo-bond film frames. One
could calculate that for a reduction of 5 um in gas gap, reductions of gas gains for avalanche

electrode voltages set to 400 V and 500 V are 13% and 20%, respectively. This suggests that gas
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gains are extremely sensitive to the gas gap uniformity.
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Figure 4.25 The simulated first Townsend coefficient as a function of —1/E.

Recalling equation 3.47, the Rose-Korff formula describing the gas gain, its differentiation

gives

This indicates that there is a minimum in gain variation when the gas gap is equal to U /Bp. The op-
timum gap thickness is typically around few tens of microns to one hundred microns. Considering
that micro-meshes used are thick woven meshes, reducing the amplification gap of thermo-bonded
Micromegas to less than one hundred microns is undesirable and will likely introduce field non-
uniformity near the mesh and many technical difficulties in fabrication. Therefore, the direction
for thermo-bonded Micromegas to maintain a reasonable gain uniformity is to explore means to
improve bonding process and to keep parallelism between meshes and anode PCBs. In addition,

careful selection of operational gas, with the first Townsend coefficient less sensitive to the change
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of electric field, could help to improve the gain uniformity to some extent. This will be discussed
in section 4.4.3.

Besides gap thickness variations caused by the change of thermo-bond film frame thickness
after thermal processing, two other influential facts are also identified. The first fact is the PCB de-
formation due to the uneven strength on two sides. This is pictorially demonstrated in figure 4.26.
The PCB side with stretched mesh has strengths around PCB edges. It bends towards the mesh and
results in a lager gap in the center. Therefore it is quite usual that the gain measured in the center
are smaller than that obtained at all edges. For small prototypes, this could be corrected by adding
correctional forces from the backside of the PCB. Practically, to provide such correctional forces,
thin copper foils of one hundred microns thick have been attached to the PCB backplane near the
edges. Then the bulk amplification structure is screwed from the outermost edges on a rigid honey
comb plate. Effectiveness of the correction is shown figure 4.27. In Ar:iC4H ;o mixture, gain vari-
ation of about 20% is remarkably corrected to less than 5%. While this method of correction is
not suitable for larger area chambers, attaching another layer of mesh to form amplification gaps
on both sides of PCBs could help to balance forces. This idea is verified during the fabrications of

200 mm x 200 mm chambers using hot press machine.

Mesh 1

Honey comb frame

Figure 4.26 Demonstration of amplification gap change due to PCB warping and the
correction by adding additional force on its backside using copper foils.
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Figure 4.27 5.9 keV photo-peak variations before and after the correction shown in fig-
ure 4.26

The second fact is the mesh sagging under high electric field. The maximum width of the
unsupported mesh span we have constructed is around 50 mm. Chambers with unsupported span
larger than that is found to be very difficult to obtain the same performance as those from small
prototypes. Large deflection of the mesh in the center due to attractive electrostatic force could
be visually observed from the diffraction pattern under light. To qualitatively study the mesh
deflection, a precision measuring microscope is used to measure the change of vertical positions
of the unsupported mesh center when high voltage is applied on the mesh. The microscope has
an estimated vertical position measurement precision of &= 1 um. The measured mesh sagging
at different high voltages are shown in table 4.4 for two thermo-bonded Micromegas prototypes.
The micro-mesh for Prototype I is completely unsupported inside the active area of 40 mm x 40
mm. The active area of Prototype II is 100 mm x 100 mm and is divided into three 2.5-3 mm
wide regions by two 3 mm wide thermo-bond film strips. For typical operational voltages ranging
from 400 V to 600 V in argon based mixtures, the mesh sagging is 1-4 um for Prototype I. Gain
variation up to 10% is expected due to this deflection. The mesh deflection for Prototype II is
quite obvious due to the insufficient tension on the mesh. It could be concluded that spacers with

separations no more than 30 mm and sufficient mesh tension as mentioned in section 4.2.2 are
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Applied voltage (V) Sagging in Prototype I (um) Sagging in Prototype II (ttm)

0 0 0
400 1 4
500 3 5
600 4 6
700 5 8

Table 4.4 Mesh sagging in the center of the active area when applied with different volt-
ages.

essential to minimize gain variations caused by mesh sagging. Keeping the operational voltage at
around 500 voltages will help to control the gain variation due to mesh deflection to less than a few

percent according to the discussion right above equation 4.6.

4.4 Simulation studies

Motivated by gaining better understandings of detector operational mechanisms and providing
some theoretical grounds to support the optimization of thermo-bonded Micromegas fabrication
processes and detector operations, dedicated simulation studies using gaseous detector simulation
tools have been performed. Simulation topics are particularly chosen to focus on the studies of
penning effect, electron transparency and gas gain variations. Considerations on selecting topics
are the comparability of simulated results with experimental measurements accessible with our lab
setup, as well as the urgency in guiding the detector design.

The main simulation tool used is the Garfield [117, 118] software package. It has interfaces
with the Magbotlz package [119, 120] which calculates various electron transport parameters and

the HEED program [121] which computes ionizations of gas molecules by passages of charged
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particles. Garfield program can perform three-dimensional Monte-Carlo (MC) simulation of the

electron drift, diffuse and multiplication inside a specific detector geometry.

4.4.1 Penning effect

As discussed in chapter 3, energies transferred to gas atoms and molecules will give rise to both
ionizations and excitations. When more than two gas components are mixed together, if excitation
levels for gas atoms or molecules from one type of gas are higher than the first ionization level
of those from another type of gas, penning effect will take place. Additional ionizations could
happen when excited atoms at higher excitation levels transfer their energies to the low-ionization-
state gas atoms or molecules. Example gas mixtures with relatively strong penning effect are
argon-isobutane mixtures. Excitation and ionization levels for two gas components, without dis-
tinguishing fine structures, are shown in figure 4.28. lonization states are represented in thick
dark-blue lines. Excited argon atoms at s, p, d levels, with energies of 11.6 eV, 13.0 eV and 14.0
eV, could transfer energies to isobutane molecules and result in an ionization. Conversely, super-
excited isobutane molecules with energies of 17 eV may also impart their energies to argon atoms
with ionization levels of 15.7 eV. Exact yields of additional ionizations are determined by excita-
tion frequencies of these excitation states and the probability for an excited atom or molecule to

transfer its energy to another gas atom with a low-lying ionization level.



102 Chapter 4 Thermo-bonded Micromegas

i \
& 18
o exc.3 = 17.0eV
5 16
Ll e 5.7 eV
d —14.0eV
12 = 13.0eV
s ———116eV e 107 €V
10 exc2 =/ 97eV
exc.] m— 4 eV
6
Ground >
Argon Isobutane

Figure 4.28 Excitation and ionization levels for argon and isobutane.

Due to the fact that penning effect is not considered in Magboltz for calculations of the first
Townsend coefficients, simulated gas gains in argon and isobutane mixtures are always smaller
than those obtained from experimental measurements. In order to estimate the fraction of argon
excimers which participated in ionizations, it is simply presumed that all excited states of argon
atoms, denoted as Ar*, have the same probability of ionization encounters. Therefore, it is easy
to recalculate gas gains based on the modified first Townsend coefficient and find out the fraction
of ionization-participating argon excimers which gives the best match between the simulation and
the experimental data. Such comparisons for several argon-isobutane mixtures at atmospheric
pressure are shown in figure 4.29 and the extracted fractions of Ar* participated in penning transfers
are listed in table 4.5. For Ar:iC4Hjg (90:10), it is estimated that about 39% of excited argon
atoms have transferred their energy to isobutane molecules and caused extra ionizations. This
number is comparable to the 40% number reported in [122] with more dedicated calculations
and measurements. Overall, results suggest a higher probability of ionizing energy transfers for
isobutane-rich mixtures. In reality, the above assumption of equal contribution from all excited

states is considered to be inaccurate and the sophistication of penning transfers could be glimpsed
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from figure 4.30 where the excitation frequency of various excitation states as a function of electric
field in three argon and isobutane mixtures are shown. In the Micromegas operational electric
field strength range, 30-50 kV/cm, excitation frequencies for argon s, p, d levels increase as the
isobutane concentration decrease. This is contrary to the first impression that higher frequencies
of excitation result in higher probabilities of ionizing energy transfers. Moreover, as viewed from
the calculated first Townsend coefficient shown in figure 4.31, electric fields required to level up
the excitation rates and initiate penning transfers are different for admixtures with different gas

compositions. Most recent in-depth studies of penning transfers can be found in [122].

10000 o

— 95
—94
—93
—92
—91
—90
- ---95sim
- = = -94sim
- ---93sim
100 4 - ---92sim
3 - ---91sim
- ---90sim|

1000 4

Gain

T T T T T T T T 1
340 360 380 400 420 440 460 480 500
Mesh HV [V]

Figure 4.29 Comparison of measured (solid lines) and simulated (dashed lines) gas gain
in argon-isobutane mixtures. Argon concentrations are shown in the plot legend.
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z]

iC4H g (%) | Argon excimers participated in ionizations (%)
5 35.0
6 35.2
7 35.9
8 37.8
9 38.0
10 38.7

Table 4.5 Fractions of excited argon atoms participated penning transfer in several argon

isobutane mixtures
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Figure 4.30 Excitation rates of different states in three argon-isobutane mixtures.
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Figure 4.31 The first Townsend coefficient as a function of electric field calculated with
and without penning transfer using Magboltz.

4.4.2 Electron transparency

The electron transparency is studied experimentally by measuring the change of 5.9 keV X-ray
photo-peak as a function of the electric field ratio between two gas gaps. However, the exact frac-
tion of electrons that have passed the micro-mesh without being absorbed is unknown, especially
for low optically transparent meshes and highly diffusing gaseous. It is quite convenient to ex-
amine this quantity from simulation since the electron transportation parameters computed by the
Magboltz package have been proven to be quite precise and MC simulation using Garfield software
are widely used. The simulation in Garfield requires the import of three-dimensional electric field
data which will be used for electron transportation calculations. Ansoft Maxwell 3D [123] based
on finite element method (FEM) has been used to compute and generate the need field data.

The main difficulties for such simulation are the modeling of the micro-mesh and the com-
putation of the electric field for electron transportation calculations in Garfield since woven wire

meshes do not have regular and simple shapes. Two mesh models, as shown in figure 4.32, have
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been built for the electron transparency study. The model on the left side assumes that the woven
wires lie in the same plane. This has been found later in the Garfield simulation that it results in a
too optimistic estimation of the electron transparency and hence this model is abandoned. Instead
of constructing a complicated wire crossing model, a simple model, with wires in one direction
vertically spaced one wire diameter away from the centers of wires in the perpendicular direction,
is found to be very effective to mimic the real geometry of the mesh. The validity of this model is
checked by comparing the simulated electron transparency curve in a given gas admixture with the
measured photo-peak variation curve normalized by the maximum peak position. Exact matches
of the shape as well as the field ratio when the electron transparency reaches the plateau suggest
the suitability of the simulation. All simulated results presented here are obtained using the second

model in figure 4.32.

mesh

mesh

Figure 4.32 Two 3D micro-mesh models constructed for electron transparency study.

In the Garfield simulation of electron transparency, free electrons are liberated in the drift gap
of the constructed Micromegas model and are then traced using microscopic methods in which in-
teractions are simulated at the molecular level. Ending-points and their status, such as attachment,

drifting out of defined gas volume, are recorded so that the exact electron transmission rate across
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woven-meshes can be obtained. For those electrons trapped by the mesh, figure 4.33 provides
views of their typical termination locations. Mesh grids are reconstructed by these electron trajec-
tory ending points and are clearly visible from the left side plot of figure 4.33. As shown on the
right hand side plot of figure 4.33, it is also quite interesting to find out that most of the electrons
are ended on upper surfaces of top wire-plane. Diffusing electrons from the drift gap tend to be
confined by the funnel-shaped electric field across mesh openings and can mostly be transmitted to
the lower avalanche gap if they have successfully survived from being captured by the top surface

of the woven mesh.
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Figure 4.33 Ending-points of electrons trapped by the mesh.

As losses of electrons penetrating the woven mesh are caused by the transversal diffusion pro-
cess, electron transparency are determined by the mesh geometric parameters, specifically by its
thickness, the optical transparency, and the transverse diffusion coefficient of the gas medium. Im-
pacts of these parameters to the electron transmission are individually simulated and results are

listed below:

* Influences of mesh thickness: In Ar:iC4H( (95:5) mixture at normal pressure and tempera-
ture, the simulated electron transparency as a function of the electric field ratio for two types

of meshes with the same optical transparency and wire diameter but different mesh thick-
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nesses is shown figure 4.34. Thinner mesh tends to have higher electron transmission rates
at low field ratios. Since the mesh optical transparencies are relatively large, both meshes
could guarantee full electron transmission through the mesh if sufficiently high field ratio is
chosen. The relatively small impact of the mesh thickness to the electron transparency could
be partly understood from the discussion above that electrons are mostly captured at the top

surfaces of the mesh.
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Figure 4.34 Electron transparency as a function of electric field ratio for two kinds of
woven meshes (same optical transparency and different mesh thicknesses).

* Influence of mesh optical transparency: In this simulation study, wire diameters of the

woven meshes are fixed at 20 um, which are very close to the value chosen for massively
produced 300 LPI or denser woven meshes. Four mesh models with different mesh optical
transparencies are constructed. Corresponding mesh opening sizes are listed in table 4.6.
Dependences of the electron transparencies with field ratios for four meshes are simulated
and results in three typical gas mixtures for Micromegas operations are shown in figure 4.35.
While the mesh with 50% optical transparency has full electron transparency in all gas mix-

tures, in the extreme case that mesh only has an optical transparency of 10%, it is impossible
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Optical transparency (%) | Open square size (Um X [m)
10 9%x9
20 16 x 16
30 24 x 24
40 34 x 34
50 48 x 48

Table 4.6 Mesh opening size meshes with different optical transparencies (wire diameters
are 20 um).

for electrons to pass the mesh no matter which electric field ratio is used. For a moder-
ate mesh optical transparency, 20%-40%, the electron transmission rate gradually reaches
the plateau as the field ratio increase. However, significant fractions of electrons are still
captured by the mesh even if the detector is operated at the plateau condition. Electron

transparencies for meshes with less than 30% optical transparencies can never reach 80%.
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Figure 4.35 Electron transparency as a function of electric field ratio for four different
optical transparencies in Ar:C4Hig (95:5) (left), Ar:C4H;g (90:10) (middle) and Ar:CO,
(90:10) (right).
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* Influence of operational gas: In this study, meshes with optically transparencies of 40% and
50% are selected. Dependences of electron transparencies on electric field ratio are simulated
in few more gas mixtures based on argon and neon. Results are shown in figure 4.36. For
40% optically transparent mesh, the left hand side plot shows clear differences of electron
transmission rate for different gas mixtures. While electron transparency can be as high as
95% in Ne:CO, (90:10), it is less than 90% in all rest gas admixtures. This is what one
would expect. As seen from figure 4.37, the transversal diffusion coefficients for the “cold”
CO2-mixed gases are a factor of two lager than those for “hot” gases with argon and a
small fraction of isobutane. The difference in electron transparencies becomes much less
apparent if the mesh optical transparency reaches 50%. Almost full electron transparencies

are obtained at relatively low electric field ratios in all gases.
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Figure 4.36 Dependences of electron transparencies with field ratios in five gas mixtures
for 40% (left) and 50% (right) optically transparent woven meshes (wire diameters are 22
um), respectively.
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Figure 4.37 Transversal diffusing coefficient for highly and moderately diffusing gas
admixtures.

To conclude this study, transversal diffusion plays the key role in the determination of electron
transmission through the mesh. If the mesh is less optically transparent, operating detectors in
highly diffusing gas would result in electron losses when they cross the mesh. In addition, very
high field ratios are required to compress field lines from drift gap towards the mesh opening
centers so that maximum electron transmission rates could be reached. In this case, Micromegas
detectors are forced to be operated with very low drift electric field, less than one hundred V/cm,
which is undesirable. Simulation results suggest that typical woven meshes with 50% or higher

optical transparency will be sufficient to guarantee full electron transmissions through meshes.

4.4.3 Gain variation

Gas gain variations due to gap non-uniformity have been discussed in section 4.3.4. It is known that
avalanche gap thicknesses of thermo-bonded Micromegas detectors are difficult to be reduced to

few tens of microns, which is the optimum gap thickness with least sensitivity to gap deformations
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and variations. The detector gain uniformity is in any case subject to high demanding of gap
parallelism. One of the options for improving the uniformity in this situation is to properly select
the gas with the first Townsend coefficient changing less rapidly with respect to the electric field.
Pure neon as shown in figure 4.25 is a good example gas. In order to estimate changes of the
gain with respect to the gap thickness in different gas mixtures, Simulations of single electron
avalanches are performed using the Garfield program. Gas gaps with thicknesses from 10 um to
200 pum are tried. The simulated results in three argon-isobutane mixtures and pure neon at room
temperature and atmospheric pressure are presented in figure 4.38. High voltages on the avalanche
mesh electrode are set between 300 V to 500 V, which are the proper settings for Micromegas
operating in argon with a fraction of isobutane. Since the thermo-bonded Micromegas has a gas gap
of around 120 um, for a fixed voltage on the mesh, the simulated gas gain variation curves show
steeper slopes for isobutane-rich mixtures. Therefore, argon-isobutane mixtures with very low
isobutane concentrations are favored for Micromegas operations from the uniformity point of view.
In an attempt to verify this idea, special experiments are carried out to test the uniformity of the
same Micromegas prototype in Ar:iC4H1g (90:10) and Ar:iC4Hjo (95:5) gas mixtures. Considering
that the mesh sagging at high electric field will contribute to the overall gap thickness change, it
is based on the study presented in table 4.39 that voltages on the mesh for all tests have to be
kept at around 400 V. The contribution to the gain variation due to mesh sagging is believed to
be negligible. The measured uniformity for the 45 mm x 45 mm sized Micromegas in two gas
mixtures are shown in figure 4.39. The reduction of the gain variation from 10% to around 5% in

argon-rich gas is clearly visible.
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Figure 4.38 Simulated gas gain as a function of gap thickness.
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Figure 4.39 Gas gain variation measured for a Micromegas prototype with two different
argon-isobutane gas mixture.

It is also suggested from the simulation results in figure 4.38 that gas gain is insensitive to the
gap thickness change in neon if the gap thickness is greater than one hundred microns. Considering
that the gain in pure neon is relatively small for a typical mesh voltage of 500 V in argon-isobutane

mixtures, addition of a small quantity of polyatomic gas, such as CF, or isobutane, should help the
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detector to achieve reasonably large gains while still maintains the insensitivity to gap thickness
variations. Very preliminary tests of a 30 mm x 30 mm thermo-bonded Micromegas prototype in
the Ne:CF4 (95:5) mixture are carried out. A typical >>Fe spectrum and the measured uniformity at
a gain of few thousands are shown in figure 4.40. Results are quite encouraging as gas gains greater
than 10* and very good energy resolution for 5.9 keV X-rays are obtained. Gas gain variations are
found to be less than 3%. Further experimental studies with neon-based mixtures are likely to give
rise to good performances for larger area thermo-bonded Micromegas devices, in terms of response

uniformity, tracking precision and energy resolution.
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Figure 4.40 Measured >SFe spectrum in Ne:CF4(95:5) mixture (left) and gain uniformity
(right).

4.5 Micromegas with high resistivity anode

4.5.1 Introduction and motivations

It is well known that for gaseous detectors, there is a limit on the total amount of charge that can
be produced inside the gas gap without initiating a breakdown discharge. This phenomenon is first
studied by Raether for parallel-plate chambers [124] and is named as “Raether limit” afterwards

by other researchers. The maximum charge before a breakdown happens is called critical charge
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Qcrir., which is defined as

chit. = NOMmax (47)

where Ny and M,,,, are the total initial ionizations produced inside the gas gap and the maximum
achievable gain, respectively. Q... for well-made micro-pattern gaseous detectors is found to be
only about 10%-107 [125, 126]. Typically, MIPs produce few tens to one hundred ionizations in
the Micromegas drift gap of a few millimeter thick. The maximum gas gains are on the orders of
10* whereas the stable and safe operational gains for standard bulk Micromegas detectors are a
few thousands [127]. However, even at moderately low gains, Micromegas detectors are subject to
high voltage breakdowns and discharges in hadron environments, where highly ionizing particles
are present.

For applications of Micromegas in muon tracking and triggering for hadron collider experi-
ments, the biggest challenge is to make detectors spark tolerant. The general approach is to intro-
duce resistive electrodes. One of the methods of implementing resistive electrode is to adhere a
thin resistive film to the metallic readout anode plane using insulating glues [128, 129]. Another
method, developed at CERN, is to place on anode strip plane a thin layer of Kapton or epoxy, on
top of which resistive strips are formed by depositing thin resistive pastes [130]. Resistive film
and strips are electrically isolated from readout strips and signals are induced on the readout strips,
which are capacitively coupled to the resistive electrodes. Resistive film is grounded at its periph-
ery and resistive strips terminated at the strip ends. For applications involving large size chambers,
the surface resistivity of the resistive layer has to be kept at a low value, a few kQ/[]-1MQ/L], so
that charges deposited on the electrode could be quickly dissipated.

Motivated by reducing the spark rate and the amount of charges in the discharge, increasing
the operational gain and creating lateral signal spread on the readout electrodes so that wide read-
out elements can be used for hit positions reconstruction, an alternative approach is attempted to

implement resistive electrodes in the Micromegas structure. In this approach, high resistivity ma-
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terial, with bulk resistivity greater than 10° Q-cm, are glued directly without insulating layer to the
readout pads using a semi-conductive glue with similar or slightly lower resistivity. The schematic
view of the designed high resistivity anode Micromegas is shown in figure 4.41. Unlike the afore-
mentioned resistive Micromegas with insulated thin resistive layers, the resistive materials used as
anodes in such detector structure can be several millimeters thick. In this case, the lateral spreads
of signals on few-millimeter-wide readout strips are expected and the number of readout chan-
nels for precise position measurements can be reduced by using the centroid method. In addition,

the dissipation scheme for charges deposited on the resistive electrode is different in such device:

induced charge currents flow directly to the ground through metallic readout pads underneath.
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Figure 4.41 Schematic view of Micromegas with high resistivity anode.

Such RPC-like structure, with a few millimeters thick resistive anode has already been tried in
parallel mesh chambers [131, 132] for spark protection and charge dispersion. However, finding
suitable high resistive material suitable for high rate applications has been a long-sought question.
The material resistivity uniformity, mechanical properties as well as machinability and scalability
are all of great concern. In view of applying the high resistive material to Micromegas detectors,
the material also needs to have a smooth surface. After many searches, we have settled down to

two potentially useful high resistive materials, namely carbon-filled polycarbonate plastic sheets
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and semi-conductive (resistive) glasses. Along with thin regular glass sheets, these materials have
been used to construct small Micromegas prototypes with high resistivity anode. Discussions on
the material properties and studies of the detector performance, such as gas gain, energy resolution,
rate capacity and spark protectiveness, for these high resistivity anode Micromegas devices will be

presented in the following subsections.

4.5.2 Resistive materials, prototypes and experimental setup

A summary of the basic properties of experimented resistive materials are shown in table 4.7. The
semi-conductive glass sheet [133] has a bulk resistivity of around 10'® Q-cm and a thickness of 0.7
mm. The surface smoothness is excellent as it is finely polished. The size of the glass sample we
used is small, about 6 cm x 3 cm. However, glasses with sizes of 30 cm x 30 cm and thicknesses
from 0.5 mm to 2 mm are readily available.

The carbon-filled polycarbonate is essentially the plastic polymer resin loaded with micron-
sized graphite particles. Its conductivity is determined by the fraction of carbon powders mixed
into the base plastic resin. The conductive mechanism of such composite semi-conductive plastic
with a low carbon-loading fraction is believed to be due to the electron hovering and inter-particle
transfers. A quantitative theory of fluctuation-induced tunneling has been used to describe its
conductivity [134]. As shown in figure 4.42, the resistivity changes as a function of temperature for
carbon-loaded composites, and the resistivity of composite plastics are extremely sensitive to the
carbon-loading fraction. For resistivity of around 10° Q-cm, to achieve a bulk resistivity uniformity
of few times, rather than few orders of magnitudes, around the average value, the variation of the
carbon loading fraction for the entire material needs to be controlled well below 1%. The Zelux
SD-P carbon-loaded polycarbonate sheets [135] that we used are mainly used for electrostatic
discharge (ESD) protection. Therefore, the bulk resistivity is not ideally uniform over a large

area. Nevertheless, the bulk resistivity of several small-size samples cut from the large sheet are
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Resistive Material Bulk resistivity (2-cm) Thickness (mm)  Available size

Semi-conductive glass ~ 1010 0.7 30cm x 30 cm
Carbon-filled Polycarbonate ~ 101 1.5 Large
Regular glass ~ 1013 0.4 Large

Table 4.7 Resistive materials studied to make high resistivity anode Micromegas.

measured to be quite uniformly distributed around 10'! Q-cm. These small sheets with thicknesses

of 1.5 mm are then used for prototype chamber fabrications.
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Figure 4.42 Resistivity as a function of temperature for carbon-loaded composites [134].

The regular glass sheets used for prototype chamber construction have bulk resistivity close to
10'3 Q.cm and thicknesses of only 0.4 mm. These glasses are originally used for making MRPCs

for other projects. Photos of these restive materials are shown in figure 4.43.
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Figure 4.43 Photos of resistive materials. From left to right: semi-conductive glass,
carbon-filled polycarbonate and regular floating glass.

Construction of high resistivity anode Micromegas prototypes is similar to those standard
thermo-bonded Micromegas chambers except resistive sheets are glued to anode PCBs prior to
thermal bonding process. For testing gas gains and energy resolutions, > Fe source is used. The
detected photon rates are estimated around 400 Hz/cm? for most cases. Cosmic rays are triggered
using two scintillators as shown in figure 4.44. For rate capacity study, an intense X-ray gun with
a copper target is employed. Detectors are illuminated by 8 keV Cu characteristic X-rays as well
as low energy bremsstrahlung photons. Rate adjustments are performed by changing the filament
current of the X-ray gun, the spacing between the X-ray exit-window and the detector as well as
collimator slit width. The setup with the X-ray gun operating is shown in figure 4.45.
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Figure 4.44 Trigger logic for cosmic ray spectrum measurements.
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Figure 4.45 Experimental setup for detector rate capability measurements.

4.5.3 Basic performances

The typical energy spectra of >Fe of the three prototypes in Ar:iC4H g (95:5) gas mixture are
shown in figure 4.46. The best energy resolution of 14.7% (FWHM) is obtained with the resistive
glass anode, when the mesh voltage is set to 320V and the gas gain is 1100. For prototypes with
carbon-filled polycarbonate and regular glass anodes, their best energy resolutions are 25.6% and
15.7% at gas gains of 1300 and 1700, respectively. The non-uniformity of the surface resistivity,
in particular for the polycarbonate filled with irregular carbon particles, might have contributed to
the deterioration of energy resolutions. Cosmic ray spectra were also taken and checked for these
resistive prototypes. An example cosmic ray spectrum, superimposed with a >>Fe spectrum taken
under the same condition, is shown in figure 4.47. The ratio of two spectra peaks, representing the

difference of initial ionizations in the drift gap, is consistent with the theoretical calculation.
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Figure 4.46 Energy spectra of >>Fe X-rays. From top to bottom are spectra measured
from Micromegas prototypes with resistive glass, carbon-filled polycarbonate and regular

Resistive Glass
0 200 400 G600 800 1000 1200 1400 1600 1800 2000
MCA channel

Polycarbonate

200 400 600 BOD 1000 1200 1400 1600 1800 2000
MCA channel

Regular Glass

200 400 600 BOO 1000 1200 1400 1600 1800 2000
MCA channel

glass anodes, respectively.

Counts

Figure 4.47 Comparison of a cosmic spectrum with a >>Fe spectrum taken with the same
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Energy resolutions of 5.9 keV X-ray as a function of the gas gain in Ar:iC4Ho (95:5) gas
mixture are given in figure 4.48. The energy resolution of the prototype with the resistive glass
anode does not degrade significantly as the gas gain increases, while the resolutions of the other
two types of prototypes deteriorate as the gas gain increases. We believe that degradation of energy
resolutions as the gas gains increase for the two prototypes with higher resistivity anodes is mainly
caused by the gain fluctuations due to the charging up of the resistive surface under the X-ray
exposure. Degradations of energy resolutions become less prominent when the rate of the X-ray is
much reduced. Energy resolutions measured in the Ar:CO, (80:20) gas mixture are typically 10%

worse than that obtained in Ar:iC4Hq (95:5) at the same gas gain.
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Figure 4.48 Energy resolution (FWHM) of 5.9 keV X-rays as a function of gas gains
measured by three types of high resistivity anode prototypes in Ar:iC4Hjq (95:5).

The measured gas gains as a function of the high voltage on micro-meshes are shown in fig-
ure 4.49. Gas gains from a standard Micromegas without resistive layer protection are also shown
in the plot for reference. Micromegas prototypes with high resistivity anodes can reach maximum

gas gains of greater than 103 without abnormal leakage current and high voltage breakdowns,
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whereas the standard Micromegas suffers from frequent sparks at a gas gain of about 2 x 10%.
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Figure 4.49 Dependences of gas gains with micro-mesh voltages for resistive Mi-
cromegas prototypes and a standard Micromegas without resistive protection.

Under high rate illuminations, charges may gradually accumulate on the high resistivity anode
surfaces, causing the electrical potential difference between the anode and micro-mesh to decrease
with time. This charging up effect results in the reduction of gas gain with time until an equi-
librium is reached. An example of the anode surface charging up and gas gain reduction in the
carbon-filled polycarbonate anode prototype is shown on the left side of figure 4.50. Data for each
spectrum were taken in 150 seconds. Severity of the charging up effect for the polycarbonate and
resistive glass anode prototypes at different gains is summarized and shown on the right hand side
of figure 4.50. Counting rates are estimated to be 200 Hz/cm? and 400 Hz/cm? for the resistive
glass and polycarbonate prototypes measurement, respectively. The rate difference is due to the
difference in X-ray conversion efficiencies in drift gaps with different thicknesses, when these two
prototypes are tested. The gas gain of the polycarbonate anode prototype in Ar:CO, (80:20), at
1.2 x 10*, drops immediately after the X-ray exposure starts and reaches a stable value that is

about 15% lower than the initial gas gain within about 30 minutes. The charging up effect for the
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prototype operated at lower gain is less prominent. It is not observed at 200 Hz/cm? counting rate
in the resistive glass anode prototype, whereas the gas gain reduction for the regular glass anode
prototype (not shown in figure 4.50) is much more severe under a similar condition, that makes the

detector unable to be operated at a rate of few hundreds of Hz/cm?.
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Figure 4.50 Gas gain reduction with time in a Micromegas with carbon-filled polycar-
bonate anode (left) and a summary of charging up effect in polycarbonate and resistive
glass anode prototypes at different gas gains (right).

4.5.4 Rate capabilities

In order to understand rate limitations of Micromegas with high resistivity anodes, prototypes are
exposed to X-rays from the micro-focus X-ray gun. Data taking starts immediately after the X-
ray gun is turned on. A 5 mm thick copper collimator is used to reduce the X-ray intensity. The
slit opening of the collimator is 2 mm x 0.3 mm and that defines the detector illumination area.
Relative gain changes as a function of counting rates for three types of prototypes in Ar:iC4Hjg
(95:5) are shown in figure 4.51. Three sets of data are taken at different high voltages and gas
gains are shown for each prototype. The initial values of gas gains are shown in the box located
in the lower left corner of the figure. As expected, the gain reduction with rate is much steeper in

prototypes with higher resistivity anodes or when the prototypes are operated at higher gains. Note
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that an 8 keV copper K, X-ray photon generates about 300 free electrons in drift gaps while a MIP
liberates only about 30 electrons in a 3 mm drift gap required for minimum ionization detection
in argon based gas mixtures. The rate capabilities of these detectors would be about one hundred

times higher if they are tested using MIPs under the same conditions.
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Figure 4.51 The gas gain reductions as functions of counting rates in the resistive glass,
carbon-filled polycarbonate and regular glass anodes at different gains.

4.5.5 Spark probability and tolerance

Large spark-like pulses in our Micromegas prototypes with high resistivity anode are extremely
rare. Here, sparks-like pulses that we observed are abnormally large pulses. They are not as large
as sparks occur in a standard Micromegas. Two approaches are used to study such large pulses
under different conditions in our prototypes. The first approach is “spark counting” by sending
amplified signals from the micro-mesh to a discriminator and counting pulses with amplitudes
exceeding certain thresholds. Rates of spark-like pulses recorded at gas gains ranging from several

to ten thousands are counted when the prototypes are illuminated by the >>Fe X-ray source. Since
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the normal avalanche size with a gain of about 10* is roughly 0.3 pC for 5.9 keV X-ray signals,
the discrimination threshold for large pulse counting is set to 0.75 pC, which is 2.5 times larger
than the largest charge that could be deposited from a normal avalanche. Ratios of large amplitude
signal rates to the X-ray counting rates at different gains are plotted in figure 4.52 for prototypes
with resistive polycarbonate and resistive glass anodes. The regular glass prototype is not included

since its “spark” rate is extremely low and is not measurable.
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Figure 4.52 Probability of abnormally large amplitude signals as a function of gas gain
in two resistive prototypes.

The second approach that we used to study this phenomenon is to directly couple signals from
the readout pad to the 50 Q impedance input of a digital oscilloscope without any amplifier. Plots
in figure 4.53 show typical accumulated “spark” waveforms. Figure 4.53 (a) shows “spark” wave-
forms in the resistive glass anode prototype at a gas gain of 2 x 10* in Ar:iC4H;jo (95:5) mixture.
Figure 4.53 (b) and figure 4.53(c) are for the polycarbonate anode prototype with gas gains of
about 3 x 10* and 4 x 10* in Ar:CO; (80:20) gas mixture at different discrimination thresholds.

It is found that “sparks” associated with X-rays in the cases shown figure 4.53 (a) and figure 4.53
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(b) have similar durations of less than 100 ns. Their amplitudes are typically less than 0.1V and
the total amount of charges released are on the order of a few hundred pC. The spark rate increases
when the gain is raised. For the polycarbonate anode prototype operated at mesh voltage of 700
V, we have observed rare large pulses with amplitudes larger than 0.5 V, which are shown in fig-
ure 4.53 (c). The probability for such large pulses to happen is less than 2 x 10~ per detected
X-ray photon and the amount of charges in each pulse can reach a few nC. Nevertheless, the charge
sizes of such pulses are still small compared to those from sparks in a comparably sized standard

Micromegas made of metallic mesh facing the metallic anode.
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Figure 4.53 Typical waveforms of sparks-like pulses in prototypes with resistive glass
and polycarbonate anodes.
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4.6 Parallel ionization multiplier (PIM)

Parallel Ionization Multiplier (PIM) [136-138], primarily designed for tracking low energy beta
rays or minimum ionizing particles, has a similar structure as Micromegas with micro-mesh elec-
trodes. The difference is that PIM employs more than one layers of micro-meshes and usually
there are multiple gas gaps on top of the anode readout plane for electron drifting, charge transfer
or multiplication purposes. One typical PIM configuration for minimum ionizing particle detection
is to implement a few millimeters thick drift gap followed by several few-hundred-micron thick
avalanche gaps in cascade, or occasionally a few millimeters thick charge transfer gaps with rela-
tively low electric fields inserted between these amplification gaps. Avalanches could develop in
multiple gaps and the charge cloud could be spread out to reduce the spark probability. With this
particular setting, the ion induced signals are still the dominant part of the total collected signals on
anode readout elements. Therefore, the signal has a relatively long rise time and the detector has a
moderate timing performance as those for traditional Micromegas detectors. For certain tracking
applications where timing are also crucial, a large fraction of electron induced fast signals from the
detector is desired.

Motivated by improving the timing performance for parallel-mesh structure detectors, we have
designed a PIM structure with the configuration illustrated in figure 4.54. It incorporates a drift gap
of few-millimeter thick, an amplification gap of around 300 ptm in the middle and an induction gap
of around 120 um at the bottom. The device could be conveniently constructed with the stainless
steel woven wire meshes and thermo-bond films. It will work in a GEM-like mode, in which
electrons generated from the avalanches between meshes M1 and M2 will be partly extracted and
transferred to the bottom induction gap. Fast electron induced signals are expected from the anode

readout plane.
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Figure 4.54 The schematic view of the PIM structure

In order to understand the composition of induced signal on the anode, theoretical calculations
and simulations are performed and results will be discussed in the following. Optimizations of the
detector electric field configuration for an optimal electron transmission across multiple meshes
are also studied with simulation tools. Preliminary verification of the designed PIM structure and

test results from small PIM prototype will also be presented.

4.6.1 Calculation and simulation of fast signal component

In order to calculate constitutions of induced signals on the anode of Micromegas or PIM devices,
it is simply assumed that the electric field in the Micromegas avalanche gap or PIM induction gap
is uniform. Therefore, the first Townsend coefficient & is constant over the electron drift path. The

total induced signal can be divided into three categories:

* Signals induced by initial electrons passing through the micro-mesh
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* Signals induced by avalanche-generated electrons drifting towards the anode
* Signals induced by avalanche-generated ions drifting towards the mesh

As illustrated in figure 4.55, assuming that there are Ny electrons successfully passed through
the micro-mesh (mesh M2 in the PIM case), at a distance x from the micro-mesh, the number of

fresh electrons or ions dN, produced in the avalanche process in a small interval dx, is given by

dN = Noe® avdx (4.8)

Recalling equation 3.65 and equation 3.66 for calculating the induced signal amplitude by the
presence of a charge in a parallel plate structure, the induced signals due to the movement of ions

and electrons are given by
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where d is the thickness of gap and C is the capacitance of the parallel structure formed between
the micro-mesh and the anode plane. U, and U_ are the signal amplitudes induced by ions and
electrons, respectively. The first term in equation 4.10 is the signal amplitude induced by initial

electrons entering the gas gap.
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Figure 4.55 Illustration of electron-ion pair movement in the PIM induction gap.
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If one defines a parameter 17, which is the fraction of electron induced signal amplitude, it is

given by
. U-. M-1_ M-I
Uy +U-  adM  MIn(M)

n 4.11)

where M is the gas gain for the gas gap given by exp(ad). According to equation 4.11, the
computed electron induced charge component 1 as a function of gas gain in the Micromegas
avalanche gap or PIM induction gap is shown in figure4.56. If the gas gain equals to one, which
means no amplification is taken place, only electrons passed the mesh induce signals on the anode.
Therefore, the prompt signal is 100%. For the typical Micromegas configuration, when gas gains
of few thousands are expected, the prompt signal is only 10%. This is further verified with simulate
charge signals at two different gas gains using the Garfield program. The induced current signals
at gas gains of around 5 and 700 are shown in figure 4.57. Prominent ion tails are clearly visible
at a gain of 700. The integrated electron induced signal of 50% at a gain of 5 and 17% at a gain of

700 are in very good agreement with the calculation.
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Figure 4.56 Dependence of electron induce fast signal component with the gas gain.
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Figure 4.57 Induced current signals in the Micromegas avalanche gap or PIM induction
gap for two gas gains.

Assuming for the given PIM structure, the total effective multiplication factor comparable to
that from the Micromegas could be obtained, if the gas gain in the induction gap can be controlled
to 2-3, almost 60-70% of the total charge signal on the anode is prompt electron induced signal.
This gives a very sharp rise of the signal hence a good timing performance. In addition, the total
charge collection can be finished in few tens of nanoseconds instead of few hundred nanoseconds,

which is needed for Micromegas.

4.6.2 Electron transmission optimization

As discussed in the above subsection, the main challenge for our proposed PIM structure is to
obtain an effective gas gain of a few thousands or even higher. This is indeed of great concern
due to the special arrangement of electric fields in the avalanche and induction gap. In contrary to
the case for Micromegas where field lines from the upper gap are compressed towards the mesh

opening and most of the electrons are allowed to pass the mesh, the electric field lines from the
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avalanche gap of PIM structure are mostly terminated on the bottom mesh (M2). Therefore, only a
fraction of electrons from the avalanche will be able to enter the induction gap. This is illustrated

in figure 4.58.

E1<E2

Figure 4.58 Electric field lines across meshes for a smaller (left) and lager (right) electric
field setting in lower gas gap.

For PIM with electro-formed micro-mesh of 5 um thick and a large optical transparency, about
25% of the electrons from the high electric field gap could be extracted [137]. If mechanically
more robust thick woven meshes are used, the electron extraction probability might be too low
for the detector to be useful. In order to assess the viability to construct a PIM prototype with
the 50% optically transparent woven mesh used for thermo-bonded Micromegas fabrication, MC
simulation of the electron extraction coefficient is performed using the Garfield program. The
obtained electron extraction coefficient as a function of electric field ratio between the avalanche
and induction gap in several gas mixtures are shown in figure 4.59. At a gas gain of 2-3 in the
induction gap, the fraction of electrons that could be extracted from the avalanche gap is close
to 10%. Though this fraction is not very high, it is considered still to be useful. Given the fact
the real mesh is laminated to reduce its thickness, our simulation is on the pessimistic side and
underestimates on the fraction. The simulation also suggest that for a mesh separation of 0.3 mm,

the displacement of the two mesh layers does not affect the electric field uniformity and the electron
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transmission behavior.
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Figure 4.59 Electron extraction coefficient as a function of electric field ratio between the
avalanche and induction gas gaps in PIM.

Assuming the electric field ratio between the avalanche and induction gaps, E,,,/E;, is kept at
2 so that more than 10% electron extraction coefficient for the bottom mesh of the avalanche gap
could be achieved, it is expected that the gas gain from the induction gap will be low. For a typical
amplification field of 30 kV/cm, the simulated gas gain as a function of the field ratio E,,,/E; is
shown in figure 4.60. Considering the calculation given in equation 4.11, with gas gains between
1.5 and 3 in the induction gap for the case of E,,,/E; equals to 2, 70% of the total charge signals

are expected to originate from fast-moving electrons.
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Figure 4.60 Simulated gas gain in the induction gap as a function of electric field ration
between avalanche and induction gas gaps (Electric field in avalanche gap is fixed at
30kV/cm).

4.6.3 Prototype fabrication and preliminary tests

Given the above systematic studies, a small PIM prototype with parameters listed in table 4.8 is
constructed to verify the design and measure its basic performance. A photo of the constructed 30
mm X 30 mm prototype is shown in figure 4.61. The prototype is tested in the Ar:iC4H;g (95:5)
mixture. Typical simultaneous signals from micro-meshes and anode readout pads, after amplified
by charge-sensitive amplifiers, are shown on the left hand side of figure 4.62. The signal for either
micro-mesh has a rise time of more than 500 ns. This reflects the long time needed to collect the
dominant ion induced charges in a 0.3 mm wide avalanche gap. The ratio between the anode and
micro-mesh signal amplitudes, representing the electron extraction coefficient of the bottom mesh
(M2), is found to be around 15%. In fact, these signals are taken with an avalanche-induction gap
field ratio of 4. The measured electron extraction coefficient is encouragingly larger by a factor of

two than the simulated result.
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Active area 30 mm x 30 mm
Drift (Conversion) gap thickness 6 mm
Avalanche gap thickness ~ 0.3 mm
Induction gap thickness ~ 0.13 mm
Micro-meshes 350 LPI stainless steel woven (¢y;.=22 pm)

Table 4.8 Basic parameters of the constructed PIM prototype.

Figure 4.61 A photo of the constructed PIM prototype with an active area of about 30
mm X 30 mm.

The >3Fe spectra are recorded from the anode readout in order to study the gain, electron trans-
parency and extraction coefficient etc. A typical >>Fe spectrum with an effective multiplication of
10* at the anode is shown on the right hand side of figure 4.62. An energy resolution (FWHM) of
28% is obtained. Though this is not superb, it is completely acceptable for tracking purposes.

The electron transparency of the top mesh (M1) is measured with voltages (Vys1, Var2) on two

inner micro-meshes fixed. The 5.9 keV photo-peak variation as a function of the voltage difference
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between the top mesh and the drift electrode is shown on the left hand side of figure 4.63. A
maximum electron transparency is obtained when the voltage on the drift electrode is about 80 V
higher than that on the top mesh.

If one defines the effective gas gain M,y as the total number of electrons reached the anode

divided by the total number of initial ionizations Ny in the drift gap, it is given by
N
Meff: ]7 =& &M M, (4.12)
0

where €1, &, M, M, are electron transparency of top mesh (M1), electron extraction coefficient
for bottom mesh (M2), gas gains in avalanche and induction gaps, respectively. For the effective
gas gain measurements, the voltage on the drift electrode is set to be 80 V higher than that on
the top mesh, so that close to 100% electron transparency of the top mesh is guaranteed. The
electric field ratio between the avalanche and induction gaps on both sides of the bottom mesh is
kept at constant so that the electron extraction efficiencies are the same during the measurements.
The electric field in the induction gap is kept below 6 kV/cm to ensure that there is very little
multiplication development in this region. The measured effective gas gain as function of the
absolute voltage difference between mesh M1 and mesh M2 are shown on the right hand side plot
of figure 4.63. A maximum effective gas gain of 10* is obtained before the prototype becomes
unstable to operate. Considering that in our configuration, € is close to 1 and &; is around 15%.
The actual gas gain in the avalanche gap should have exceeded 4 x 10*. Running such device at

an effective gas gain of a few thousands is quite stable.



138 Chapter 4 Thermo-bonded Micromegas

THOBE ME OBX ZT N ME =N SF IR BN Mm
@l Entries 2048
_ 1] E Mean 1168
— 5 90 RMS 2902
8 E ¥ Indf  721.3/608
80 Prob 0.001018
N T E po 74.07 £ 0.60
W= p1 1245+ 1.1
" i p2 148.2+ 1.0
e
a0 Rkalpha:0.280301
30
100
£ 1 4 I
oL

w Y PRI LIS P P i | ¥ 1
200 400 600 800 1000 1200 1400 1600 1800 2000
MCA channel

o

Figure 4.62 The induced signals on PIM readout electrodes (left) and the obtained >>Fe
spectrum from the anode readout at an effective gain of 10% in Ar:iC4Hjg (95:5) (right).
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Figure 4.63 Electron transparency for the top mesh (M1) (left) and the effective gas gain
as a function of absolution voltage difference between mesh M1 and mesh M2.

4.7 Summary

In the chapter, a novel method to fabricate Micromegas detector is presented. The amplification
gap is produced by thermally bonding a layer of stretched stainless steel woven wire mesh on

the anode plane using thermo-bond film frames and spacers. The thermo-bond film is a kind of
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adhesive film with very good thickness uniformity, excellent dielectric and mechanical properties.
It is ideal for bonding various substrates, such as FR-4 and stainless steel mesh that have been used
for Micromegas fabrication. It is usually activated by heat and pressure and has good bonding
strength when properly handled. The construction of thermo-bonded Micromegas detectors do not
involve the photo-lithography process which is required for bulk Micromegas fabrication. Together
with the wide commercial availability of thermo-bond films, it allows one to produce moderate-
sized Micromegas detectors in almost every labs with hot plate or any other hot press machines.

Tests of small prototypes with 350 LPI stainless steel woven meshes show that gas gain up
to 2 x 10* could be reached. Very good energy resolution (FWHM), 13.7% for 5.9 keV X-rays
is obtained in argon-isobutane mixture. In fact, it is slightly better than that from the bulk Mi-
cromegas of around 20%. The gas gain uniformity across 45 mm mesh span can be within 10%. In
most cases, 20% gas gain variation around its mean inside active areas are achievable and results
are be reproduced conveniently. While it is not ideal for energy measurements, the uniformity is
completely acceptable for tracking and trigger applications. It should be pointed out that thermo-
bonded Micromegas with sizes of 20 cm x 20 cm, limited by the working area of the hot press
machine, have been constructed using a non-refined hot press machine. Results are comparable
with those obtained from small prototypes. It is believed that productions of thermo-bonded Mi-
cromegas at least with sizes of that used in COMPASS experiment are possible using refined hot
pressing tools.

Simulation studies of the characteristics of thermo-bonded Micromegas are performed. They
have been particularly focused on the penning effect, electron transparency of woven meshes and
the optimization of gas mixtures for better gas gain uniformity. From the comparison of simulated
results with experimental data, it is found that the fraction of excited gas atoms participated in the
ionization process in penning mixtures of argon and isobutane is higher for isobutane-rich mix-

tures. The estimated penning transfer probability for Ar:iC4Hg (90:10) mixture generally agrees
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with the dedicated calculations and measurements reported by other researchers. The simulation
study of electron transparency for thick woven wire mesh suggests that full electron transparency
cannot be assumed in some highly diffusing gas, such as argon with a small fraction of isobutane, if
the optical transparency of the mesh is smaller than 40%. For typical woven mesh constructed from
wires with diameters of around 20 pm, optical transparency higher than 50% is recommended. The
influence of gas transverse diffusion to the electron transparency is very minor in this case. The
simulation study of the dependence of gas gain with gas gap show that improvement of gain uni-
formity in thermo-bonded Micromegas, with thicker than a hundred microns amplification gaps, is
possible by careful selection of gas mixture in which the first Townsend coefficient has less sen-
sitive with electric field. An example gas mixture suitable for relatively large amplification gap is
neon with a small fraction of quencher gas such as CFj.

Motivated by developing spark-tolerant Micromegas to be used in harsh hadron collider en-
vironment and creating a lateral spread of charge signal on the Micromegas anode so that wider
readout element could be used, an alternative way of constructing resistive Micromegas is studied.
In this approach, high resistivity material, with bulk resistivity higher than 10° Q-cm, is directly
attached to the metallic readout plane using high resistivity glues. Three high resistivity materials,
semi-conductive glass, carbon-filled polycarbonate and regular glass, have been used to construct
small prototypes. Systematic studies of their gas gains, charge up effects, rate capabilities as well
as spark protectiveness are carried out. Test results show that gas gains of around 10> could be
obtained with these resistive Micromegas detectors. The charge up effect, basically the gas gain
drop with the accumulation of charge on the thick resistive electrode, is observed for polycarbonate
anode Micromegas at a gain of 10% with few hundreds Hz/cm? rate, whereas the effect is negligible
for resistive glass Micromegas with an order of magnitude smaller bulk resistivity at 10! Q.cm.
Protectiveness of the high resistivity anodes are quite obvious, the total amount of charge released

is limited to less than a few nC. The total dead time due to sparks are less than few hundreds of
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nanoseconds. The rate capabilities of these prototypes are measured with an intense X-ray gun
with a copper target. While it is apparent that Micromegas with regular glass anode cannot be
operated at a rate higher than a few hundreds Hz/cm? due to extremely high resistivity of the glass,
the semi-conductive glass anode Micromegas is estimated to be able to work at more than few tens
of kHz/cm?. The carbon-filled polycarbonate will be useful if the resistivity can be controlled at
around 10°-10'° Q-cm.

Motivated by improving the timing performance of parallel-mesh structure detectors, a parallel
ionization multiplier (PIM) structure with a few-mm thick drift gap followed by a few-hundred-
micron thick avalanche gap and a hundred-micron thick induction gap is proposed. These gaps
are separated by woven wire mesh and could be realized using thermo-bond films as frames and
spacers. In this structure, ionized electrons in the drift gap will be guided by the electric field
towards the avalanche gap where multiplications occur. A small fraction of electrons generated in
the avalanche gap will be transferred to the induction gap where signals are induced on the anode
plane. In this specific configuration, the detector operates at a “GEM-mode” with only fast electron
signals induced on the anode. However, gas gain of few tens of thousands could be reached with
one amplification gap. The dependence of the prompt electron induced signal component with
the gas gain in the avalanche gap of the Micromegas detector or the bottom induction gap of PIM
structure are calculated and simulated. Both studies, in good agreement with each other, suggest
that more than 60% of the total induced signal will be fast electron signal if the gas gain in the
PIM induction gap is kept as low as 2-3. Compare with Micromegas operates at the same gas
gain, a faster rise time of the induced signal thus an improved timing performance as well as a
shorter charge collection time, around few tens of nanoseconds, are expected from PIM. A small
PIM prototype is constructed in order to assess the viability of operating such PIM structure at
GEM-mode. An effective ionization multiplication factor up to 10* is obtained on the anode with

proper electric field configuration. In addition, it is experimentally verified that about 15% of the
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electrons from the 350 LPI woven micro-mesh separating the avalanche and induction gap can
successfully pass the mesh. All these studies partly demonstrated the potential of using PIM for

minimum ionizing particle tracking and triggering.
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Thin-gap Resistive Plate Chambers

5.1 Introduction

The resistive plate chamber (RPC) is a type of parallel plate structure gaseous detector. It usually
consists of two several-mm-thick high resistivity plates separated by a few mm, or multiple resis-
tive plates stacked on top of each other with several-hundred-micron spacers. High voltages are
distributed over the outer surfaces of the outer resistive plates, which are coated by thin graphite
layers with around few MQ/L] surface resistivity. Signals readout elements are capacitively cou-
pled to RPC chambers. For RPCs with single few-millimeter-thick gaps, they are usually called
trigger RPCs and mainly used for muon triggering in large collider experiments or ground based
cosmic ray experiments. Most widely used trigger RPCs are constructed from Bakelite materials.
Bakelite plates, formed by laminating thin melamine layers on the phenolic resins, are very good
resistive electrodes with resistivity from 10° Q.cm to 10'?> Q.cm. They are light-weighted plates
which can be produced at the scale of few meters and be tailored to various shapes. Those RPCs
with several hundred-micron-thick gas gaps are usually called timing RPC. They are mostly con-

structed with thin glass plates. Thanks to the small gas gap, ionizations are locally confined which

143
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yields good time resolution of less than 100 ps [139].

For trigger RPCs used in collider experiments, gap thicknesses are usually chosen to be 2 mm.
Their time resolutions are around 1-3 ns [140, 141] and space resolutions are around few mm us-
ing centimeter-sized readout strips or pads [142, 143]. However, muon triggering in present or
potential future high energy and high intensity collider experiments tends to be increasingly chal-
lenging. Utilizing detectors both high in spatial resolution and timing resolution becomes crucial.
Again taking muon triggering in the forward region of ATLAS detector as an example, interested
muons with high transverse momentum have to be selected out of about 15 kHz/cm? [3] radiation
backgrounds at the hottest innermost region, among which are mostly photons and neutrons [144].
Charged particle backgrounds, such as electrons, protons etc. are also present. Thought in small
portions compared with photons and neutrons, due to their power to penetrate multiple detector
layers, charged backgrounds are more likely to confuse the trigger detectors and urge them to gen-
erate fake triggers at first place. The simulated time distributions of arrival muon and background
hits, after time of flight subtracted, at the muon small wheel within one LHC bunch crossing time
of 25 ns are shown in figure 5.1 [145]. Around 90% of muons comes within 2 ns. In contrary, 90%
of those neutrons and photon arrives later than 2 ns. If trigger detectors are designed to work with
a tight acceptance time window of 2 ns, synchronized with bunch crossing clocks, the 15 kHz/cm?
rates per detector plane would be reduced to 1.5 kHz/cm?, among which only 30% is from uncor-
related photon and neutron hits. The coincidence rate of two detector layers in one LHC bunch
cross time is as low as 0.005 cm ™2, which is substantially lower than muon and charged track co-
incidence rates. The charged particle backgrounds, also named as correlated backgrounds because
they come in time with proton collisions, can be further removed if precision tracks could be recon-
structed at the online level to check their origins. Based on this discussion, effective and powerful
means of removing vast majority of backgrounds can only be reached using trigger detectors with

sub-nanosecond time resolution as well as a very good spatial resolution at the trigger level.
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Figure 5.1 Time distribution of arrival muon and background hits at the ATLAS muon
small wheel within one LHC bunch crossing time (25ns) with time of flight subtracted.
Note that the top-right plot for charged particles also includes muon counts [145]

Since RPCs are unique gaseous detectors with excellent timing capability, they are very suitable
to be used in a trigger system that meets the stringent trigger requirements as discussed above. The
scheme for an example fast and precision trigger system based on RPC detectors is shown in
figure 5.2. In this trigger system, there are two large-scale RPC triplets which are separated by
a few tens of centimeters. For each RPC detector layer in a triplet, it is equipped with fine pitch
strips perpendicular to the precision tracking coordinate. Strips are read out from both ends using
mean-timer circuits [146]. The mean-timer circuit contains a bunch of delay cells with delay time
steps of a few hundred picoseconds. The hit position along the strip direction is encoded in the
first coincidence gate. Since the sum of signal arrival times from both strip ends is expected to be
independent of hit positions along the strip, the first coincidence output given by the mean-timer

is solely determined by the detector timing jitter. Assuming the detector has a time resolution of
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around 500 ps, a 2 ns acceptance window, synchronized with the bunch crossing clock, could be set
to make two out of three coincidences among three contiguous RPC layers in a triplet. Further fast
coincidences between two triplet stations within around 10 ns could be used to select candidate
charged tracks. Limited charge and timing information from readout strips of relevance could
be subsequently read out followed by the triplet coincidences and could be sent to off-detector
processing units. It should be emphasized that for trigger applications where timing budget is low,
sophisticated calculations of charge centroids to determine the hit position might not be allowed.
However, with the implementation of narrow readout strips, simple digital readout, only using hit
information of yes or no from strips, is capable to provide a reasonably good pointing accuracy.
For instance, if the hit position is defined as the center of the strip when only one strip is fired, and
the middle between two strips when two are fired, and so forth, the position resolution of single
RPC layer with 1 mm strip pitch should be better than 0.3 mm. For two triplet stations separated
by 300 mm, as the case for two trigger wedges in ATLAS muon New Small Wheel, an on-line
angular resolution of less than 1 mrad from the trigger system could be obtained. Such a trigger
system with good angular resolution, high granularity and fast coincidence capability will be very
powerful and robust to remove backgrounds as soon and as much as possible yet keep a very high
muon trigger efficiency. For applications where good pointing accuracies are not tightly required,
the strip pitch could be increased to reduce the number of readout channels. The excellent timing

capability is still beneficial to improve muon selectivity.
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Figure 5.2 The scheme of an example fast and precision trigger system based on thin gap
RPC.

The success of constructing a fast precision trigger system as described above relies on re-
alization of a sub-ns timing performance and a sub-mm spatial resolution at the on-line level in
a single RPC. Tough excellent timing capability is well-known for MRPC and lab tests of RPC
position resolutions using charge interpolation method [147, 148] or based on calculations of sig-
nal propagation time in graphite layer [149] suggest a few-hundred-micron localization capability
is achievable, there is no systematic study exists to prove the possibility to combine these per-
formances together in a simple RPC structure. Motivated by developing RPCs suitable for fast
tracking trigger, special RPC detectors with dedicated readout structures are designed and several
test beam campaigns have been carried out to study their performances and assess their viabilities
of performing trigger tasks in challenging circumstances. The detector design considerations and
detailed descriptions of the constructed RPC detector structure are presented in section 5.2. Beam
tests are carried out on the CERN SPS-H8 beam line with 180 GeV/c muons. Setup and test re-
sults of these RPCs based on two types of front-end readout electronics are presented separately in

section 5.3 and section 5.4. In addition, test results of rate capabilities for high-rate Bakelite RPC
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will be briefly introduced in section 5.5.

5.2 Thin-gap RPC for fast precision muon triggering

Starting the improvement by reducing the gas gap from 2 mm for conventional RPC detectors
to around 1 mm, the time jitter from RPCs should be reduced to less than a nanosecond due to
better confinement of primary ionizations. Further reducing the gap gas will result in notable
efficiency losses as discussed in chapter 2. Such RPC structure is named as thin-gap RPC simply
to distinguish it with those used in the present muon spectrometers of collider experiments. To
determine the hit position with precision of less than 1 mm at the on-line level, the simplest solution
is to use readout strips of around few mm. In this case, the total thickness of the RPC chamber
including resistive electrodes is also needed to be optimized so that the induced charge could be
dispersed right to 2-3 strips.

An existing RPC design very close to our needs is that used for constructing 1 m? sized dig-
ital hadron calorimeter (DHCAL) in Argonne National Laboratory (ANL) [150]. Using readout
pads of 1 cm x 1 cm in size, the hit multiplicity in those 1.2 mm gas gap RPCs with thin glass
electrodes is close to unity under regular operational condition, suggesting a small charge profile
in the readout plane. Therefore, we have used similarly structured thin-gap glass RPCs, with fine
pitch readout strips instead of pads, for our beam test studies. A cross-sectional view of the RPC is
shown in figure 5.3. Two float glass plates with thickness of 0.85 mm on the ground side and 1.15
mm on the high voltage side are used as resistive electrodes for the RPC. The volume resistivity is
around 10'? Q.cm thus chambers are used for exploring the intrinsic time and spatial resolutions
rather than for high rate operation. Two glass plates are separated by 1.15 mm diameter plastic
tubes, which are fixed using nylon mono-filament fishing lines along the longest direction of the

chamber. The outer surfaces of two glass plates are painted with resistive paint maintaining a sur-
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face resistivity of 1-5 MQ/LI. Signal pick-up boards, separated by a thin layer of Mylar film, are
capacitively coupled to the ground side of the chamber. The strip width and pitch of the signal
pick-up board are 1 mm and 1.27 mm, respectively. Negative high voltages are applied to the high

voltage side resistive paint of these glass chambers during tests.
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Figure 5.3 Cross-sectional view of the thin-gap glass RPC structure.

The glass chambers used for beam tests have sizes of 96 cm x 32 cm and a photo of one glass
chamber under cosmic test is shown in figure 5.4. The spacer tubes of glass chambers, shown on
the left hand side of figure 5.5, are cut shorter than the chamber length. As shown on the right of
figure 5.5, gas flowing inside the chamber follows a zig-zag path and is more evenly distributed
to the thin gas gap. The operational gas used is a three-component mixture of Freon (94.7%),
Isobutane (5%) and SFg (0.3%). With the normal working high voltage set at around 6.5 kV, the

dark current of the meter-long chamber is less than 0.1 nA/cm?.
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Figure 5.4 A photo of the thin-gap glass RPC chamber with signal pick-up board under
the foam.
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Figure 5.5 Unpainted glass chamber showing the spacers (left) and gas flow inside the
chamber (right).
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5.3 Beam test using MDT readout system

5.3.1 Beam test setup

Primarily aimed at studying spatial resolutions of the thin-gap RPC chamber with fine readout
strip pitch, beam test of the glass RPC with a readout system used for ATLAS monitored drift
tube (MDT) chambers [151] is employed. The beam line setup is shown in figure 5.6. The glass
RPC is placed about 30 cm away from one side surface of a small-tube MDT chamber (sMDT).
The sMDT chamber [152], an improved version of ATLAS MDT detector for high rate operation,
has eight layers of drift tubes with 15 mm diameters. The chamber is filled with 3 bar absolute
pressure Ar(93%):CO2(7%) mixture. The single tube spatial resolution, depending on the track
hit position with respect to the central wire, is on average measured to be around 120 um. The
whole sSMDT chamber is able to measure muon tracks with an angular accuracy of 0.4 mrad thus
provides an external reference for the RPC spatial resolution measurements. Two closely coupled
round-shaped small scintillators, with diameters of 1 cm, are placed close to the glass RPC in
order to measure local efficiencies. Two large scintillator paddles with one vertically installed at
the upstream of the beam line and the other one horizontally placed at the downstream, are used to
make coincidences and provide common triggers to the entire readout system. There are also two
Bakelite RPCs sit on the beam line for some advance front-end electronics studies, which are not

discussed. A photo of the entire setup is shown in figure 5.7.
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Figure 5.6 Schematic view of the beam test setup with glass RPC read out by MDT
electronics.
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Figure 5.7 A photo of the beam test setup.

A schematic view of the readout connections is shown in figure 5.8. In total, there are 72 strips
read out in three bands. A group of 24 strips is connected from both ends to two adapter boards
named as “Hedgehog cards” through blue ribbon cables of about 50 cm in length. MDT frond-end
boards, named as MDT mezzanine cards, are plugged on the hedgehog cards and 24 channels of
signals from one RPC strip band are connected to inputs of three Amplifier-Shaper-Discriminator
(ASD) chips. Discriminated signals are digitized inside the ATLAS Muon TDC (AMT) chip on
the same front-end board and sent to an off-detector processing module called chamber service
module (CSM). The CMS has communications with the DAQ system installed on a PC through
optical fibers. It provides controls and settings to ASD and AMT chips as well as collecting data
from many front-end boards. It should be emphasized that the glass RPC strips are read out using
exactly the same DAQ system which also controls and reads data from sMDT chamber. Therefore,
data from the glass RPC is automatically synchronized with sMDT data, allowing easy tasks to

find muon reference tracks from the SMDT chamber.
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Figure 5.8 Schematic view of the glass RPC readout connection.

In order to provide timing references to the glass RPC chamber, discriminated signals from

two small scintillators as well as their coincidence signals are sent to a separated mezzanine card

connected to the same CSM for digitization. The connection scheme is shown in figure 5.9. Signals

are attenuated to amplitudes of a few mV to be accommodated within the ASD chip input range.
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.. Attenuator To mezzanine card
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Threshold: 30mV
Width: ~20ns

Figure 5.9 Scheme for digitizing output signals from two small scintillators.
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5.3.2 MDT readout front-end electronics

A photo of the MDT front-end mezzanine card is shown in figure 5.10. One of the core part
of the MDT front-end mezzanine card is the ASD [153] ASIC (Application Specific Integrated
Circuit). Its simplified block diagram is depicted in figure 5.11. Input signals from the chamber
will first be amplified by a pre-amplifier associated with a pseudo-preamplifier. Several stages
of differential amplifiers are followed to further amplify the original signal and perform bipolar
shaping. The shaped output signals are fed into a discriminator and a Wilkinson ADC where
charges are integrated on a holding capacitor within an adjustable gate width and the capacitor
later discharges a constant preselected rate. The output signals are sent out through a pair of
differential line with LVDS level standard. Pulses are handled differentially throughout the entire
processing chain for good stability and noise immunity. There are two operation modes for the
ASD chip: ADC mode and Time-over-Threshold (ToT) mode. For ADC mode operation, signal
arrival times are defined by the recorded leading edges and charges are encoded as the output pulse
width of the Wilkinson ADC. For ToT mode operation, signals from discriminators are sent out
to the output driver. Whenever signal crosses the threshold, it is detected and recorded. The time
when the leading edge of a pulse crosses the threshold defines the signal arrival time and the time

between the leading and trailing threshold crossings represents the charge.
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Figure 5.10 A photo of MDT Mezzanine card.
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Figure 5.11 Simplified block diagram of MDT ASD chip.

The Wilkinson ADC output pulse width as a function of the input charge for several gate width
settings is shown in figure 5.12. Non-linear dependency of output width with input charge is
clearly visible. This in fact introduces a non-negligible systematics in determining hit positions
when charge weighting method is used. The output width is saturated at around 200 ns. Due to the
better representation of charge using ADC mode compared with ToT mode. Only ADC mode is

used during the tests. A list of key parameters for entire ASD chip is summarized in table 5.1.
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Channel per chip 8
Input impedance 120 Q
Noise level ENC = 6000 e~ rms
Shaping Bipolar, 15 ns shaper peaking time
Sensitivity 8.9 mV/fC
Nominal threshold 40 mV

Table 5.1 MDT ASD specifications [153].
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Figure 5.12 Pulse width as a function of input charge.

Another key ASIC chip on the front-end mezzanine board is the AMT chip. The simplified
block diagram [154] is shown in figure 5.13. The chip is running with a 40 MHz frequency system
clock. The system clock, multiplied to 80 MHz using internal phase locked loop (PLL), is provided
to the internal ring oscillator with 16 taps. It is then used as a reference to digitize the input signals

and yields a digitization resolution of 0.78 ns. There are in total 24 channel inputs of the AMT
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chip accepting signals from three octal-channel ASD chips. For each channel, 4 events could be
buffered before they are written to a common level-1 buffer with a depth of 256 words. The chip
also accepts triggers signals in the meantime. The event count and the trigger time tag are stored
in an 8 words deep first in first out (FIFO) unit. Trigger-event matches are performed to select hits
related to the trigger using the pre-configured matching parameter. Matched event data are passed
to a 64-word deep readout FIFO and eventually sent to the off-detector CSM which handles data

from 18 mezzanine cards.
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Figure 5.13 Simplified block diagram of AMT chip [155].

The match of a trigger signal and its related hits information from readout channels is illustrated

in figure 5.14. When a trigger signal is accepted, a trigger time is defined as its coarse time tag
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minus an offset (bunch_count_offset). Searches of validate hits start from the trigger time and end
at the trigger time plus a match window. An extended search within the search window is used
to find out all hits which might have not been written to level-1 buffer in strict time order. To
speed up the trigger match process and to prevent buffer overflow, older hits before a specified
reject time are rejected. This is done using a separated reject time counter with an adjustable

“reject_count_offset” to determine which hit should be rejected.

Coarse Time
Reject Time r '

Reject_Count_Offset

Reject
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Window -
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Figure 5.14 Illustration of trigger matching in AMT chip.

5.3.3 Results

5.3.3.1 Charge and raw time spectra

Typical recorded charge spectra from both ends (denoted as End A and End B, respectively) of
a strip is shown on the left two plots of figure 5.15. Each ADC count in fact represents output
charge pulse width of 0.78 ns from Wilkinson ADC. Pedestal counts well below 50 ADC counts
have been cut and are not displayed in the spectra. Deviations of spectra shapes from landau
distributions are mainly due to the non-linear representation of charge. The long tails at the lower

ends of the spectra are partly due to smaller induced charges on that strip when muons have fired on
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its neighboring strips. Even reading from both ends, the average ADC of 177 counts when the RPC
is operated at around 6.5 kV, is exceedingly large compared with the average ADC counts of 70 for
MDTs [156]. Recalling the pulse width and input charge correlation given in figure 5.12, charged
centroid measurements from the glass RPC strips are very much limited by the insensitivity of
the front-end electronics to the induced charge variations. Nevertheless, a reasonable digitization
precision of the output pulse width, 0.78 ns, still leaves rooms for improving the hit localization
precision when charge information is used. Very good correlation of the measured charged from
two opposite ends of a strip is clearly visible and result is shown on the rightmost plot of figure 5.15.
This good correlation has also been observed for other strips. Therefore, analysis of the muon hit
positions can be performed using data from either strip end.

Typical leading edge time spectra recorded from both ends of a strip are shown in figure 5.16 for
effective thresholds of -58.75 mV (top two plots) and -108.75 mV (bottom two plots), respectively.
The negative threshold setting is simply due to the fact that induced signals from strips on the RPC
ground side are of negative polarity. All raw timing distributions are roughly flat and the clear
absence of any random count at side bands indicates the data recorded is almost free from any
background, noise hits. Changing the threshold does not alternate the results. It is believed to be

due to the low noise rate of the glass RPC chamber.
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Figure 5.15 Typical charge spectra at two ends of a strip (left two plots) and their corre-
lations (rightmost plot).
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Figure 5.16 Leading edge raw time distributions from two ends of a strip for effective
thresholds of -58.75 mV (top two plots) and -108.75 mV (bottom two plots), respectively.

5.3.3.2 Hit distribution, efficiency and cluster size

Distributions of muon hits on two ends of strips are shown in figure 5.17, when hits are also found
on two small scintillators. Missing hits at End A of strip 9 and strip 11 are due to two dead channels
from the connected mezzanine card. Counts are less at side strips because the scintillators are of

round shapes and thus trigger narrower areas near the edges.
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Figure 5.17 Distributions of hits on two opposite ends of strips triggered by a small
round-shaped scintillator.

For the study of glass RPC local efficiency, hits from both small scintillators, digitized by the
same MDT readout system are required. Since these scintillators give independent signals and
they are triggered by those large scintillator paddles, requiring hits from two small scintillators
is in fact making logical coincidences of all four scintillators and thus confirms the passage of
muons. Areas of two overlapping small scintillators are smaller than that covered by 72 strips thus
they could be used for monitoring RPC efficiency change. Searches of the glass RPC responses
to muons are started by looking for the strip with earliest signal arrival time. If at least on strip is
fired, a 20 ns time window is opened, starting from that earliest arrival time, to look for any hit from
neighboring strips associated with that muon track. A cluster is defined as a group of contiguous
strips found with hit in the given searching time window or a group of fired strips with no more
than one missing strip. The number of events with hits associated with muon tracks divided by all
small scintillators triggered events gives the efficiency of the chamber. The measured efficiency
and average cluster size as a function of absolute high voltage is shown in figure 5.18. The glass
chamber efficiency reaches the plateau at 6.3 kV and a plateau of more than 700 V is obtained. The
measured maximum efficiency is found to be more than 97%. In addition, as shown in table 5.2,
the measured efficiency at 6.5 kV is almost unchanged when the absolute value of the effective

threshold is raised to twice as high as the recommended threshold for MDT readout. Given the
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Effective threshold (mV) Efficiency (clusize size > 1)

-48.75 mV 974 % + 0.3 %
-78.75 mV 972 % £ 0.2 %
-98.75 mV 97.8 % £ 0.2 %

Table 5.2 Dependence of efficiency with threshold. High voltage is set to 6.5 kV.

fact that MDT ASD is designed for detecting a few tens of fC charged whereas the average RPC
prompt charge at the working point is on the order of a few hundred pC, insensitivity of efficiency

to the threshold change at 6.5 kV is expected.
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Figure 5.18 Efficiency and average cluster size as a function of absolute high voltage.

For the RPC hit cluster study, it is found that the average cluster size increases from 1.2 at
5.5 kV to 2.5 at 7.0 kV. In addition, as shown on the left hand side of figure 5.19, the number
of clusters for most cases is found to be only one. This is another evidence that the chamber is
quite quiet during the operation. A working point of 6.5 kV for the chamber is eventually selected

for further time and spatial resolution studies. The distribution of the cluster size for those event
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with only one cluster at the working point is shown on the right of figure 5.19. On average, there
are 2.3 strips fired. This is less than ideal since clusters with more than three strips are desirable
for centroid calculations. Optimizations of RPC detector geometries are considered in the future

development to better match the charge spread on the readout plane and the readout strip pitch.
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Figure 5.19 Distributions of number of clusters (left) and the cluster size for one-cluster
only events (right) at 6.5 kV.

5.3.3.3 Prompt charge signal

The 180 GeV/c muon signals from the glass RPC chamber are investigated directly without any
amplification when detector is operated on the efficiency plateau. An example recorded signal on
an oscilloscope with 50 € termination is shown in figure 5.20 when the chamber is operated at -6.6
kV. The signal seen on the oscilloscope is the prompt charge signal induced by moving electrons.
The total amount of prompt charge for this particular event is measured to be 0.35 pC. Most of
the events observed have signal amplitudes smaller than this one. The average prompt charge size
is estimated to be at least a fact of two smaller than that from 2 mm gap RPCs used in the barrel
of ATLAS spectrometer [157]. Signals from the 1 mm gap glass RPC have durations of less than
5 ns and the leading edges are expected to be smaller than 2 ns. This can also be observed from

figure 5.20. It needs to be stress that when fast electronics with nanosecond level peaking time and
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a comparable shaping time are used, thin gap RPCs with very short output pulses will possess a

very low occupancy and will be very powerful to handle unexpectedly high trigger rates.

Figure 5.20 Prompt charge signal from the 1.15 mm gap glass RPC signal operates at
-6.6 kV

5.3.3.4 Spatial resolution

The spatial resolution of the thin gap RPC is studied by comparing reconstructed hit positions in
RPC (Ygpc) with those extrapolated from muon tracks reconstructed from sMDT (Ysypr). The
geometric relationship between the glass RPC and the sMDT chamber is shown in figure 5.21.
For muon tracks reconstructed from the SMDT chamber, the slope parameter m and the intercept
parameter b are given for the y-z plane. The extrapolated positions at the glass RPC are plotted in
figure 5.22. Regular low counting intervals appear about every 8 mm. A careful study shows that
these are due to the lack of dedicated calibration of the sMDT chamber and tracks pass close to the
wire or penetrate between tube walls are constructed with large uncertainty and low efficiency.
For detected muon events, typical charge-time structures on glass RPC strips are plotted in 3D
histograms and results are shown in figure 5.23. For the event represented on the left side plot,

the central strip with maximum induced charge has the minimum arrival time. The variation of
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strip signal arrival time can be as much as 4 ns. This is believed to be due to the earlier threshold

crossing for large signals. In some of the cases, as shown on the right side plot of figure 5.23,

charges from two neighboring strips are quite comparable and the arrival time differences cannot

be distinguished.
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Figure 5.21 Geometric relationship between the glass RPC and the sMDT chamber.
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Figure 5.23 Display of charge and signal arrival time on RPC strips for two muon events.
Given the charge and signal arrival time correlations from RPC readout strips, it is possible to
reconstruct muon hit positions on RPC using a number of methods:

* Single strip determination: the muon hit position is considered to be the center of the strip

with maximum charge or minimum signal arrival time.

* Conventional charge centroid: the muon hit position Ygpc is calculated using

Y(72—S;)-ADC;-1.27

Yrpc = 5.1
RPC Y ADC; (5.1
where S; and ADC; are strip identification number and strip charge, respectively.
* Reconstruction with only timing information: the muon hit is determined to be
Y (72 —-S8;)-1.27
Yrpc = ( N ) (5.2)
f

where Ny is the number of fired strips.

The distribution of residuals between RPC reconstructed hit positions using single strips with
maximum charges and the sMDT chamber predicted ones is shown in figure 5.24. The resolution

including at least 100 um sMDT prediction uncertainty is found to be only 420 um. Even after



168 Chapter 5 Thin-gap Resistive Plate Chambers

subtracting that prediction uncertainty, it is still worse than the expected single strip resolution of
367 um determined by 1270 um /+/12. The reason has been found to be the variation of charge
gain from different MDT readout channels. In some of the cases, hit positions are falsely assigned
to neighboring strips. The residual distribution when hit positions in RPC are reconstructed using
only strips with minimum signal arrival times is shown on the left hand side of figure 5.25. A single
Gaussian fitting gives the overall resolution of 374 um. By subtracting the 100 um sMDT predic-
tion uncertainty, RPC resolution is estimated to be 360 um, comparable with the expectation from
single strip determination. Better resolution obtained using the later hit position determination
method is due to the relatively small channel offset in time. It is also found that about 22% of the
events have two strips with indistinguishable minimum arrival times. If one defines the hit position
as the middle between two strips, as shown on the right hand side of figure 5.25, the resolution for
those events with indistinguishable minimum signal arrival times from two strips are derived to be
only 290 um. This improvement is due to the involvement of two strips in the determination of hit

positions.
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Figure 5.24 Residuals between RPC reconstructed positons using maximum charge and
sMDT predictions.
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Figure 5.25 Residuals between RPC reconstructed positons using minimum charge and
sMDT predictions.

For the measurement of spatial resolution using charge centroid, those events with only one
cluster, representing more than 95% of the total recorded events, are used. The general procedure
is to find the strip with minimum arrival time and then open a 10 ns time window to find all val-
idate hits of that cluster. The correlation between the reconstructed hit position in the glass RPC
and those predicted by the sMDT reconstructed tracks is shown in figure 5.26. Good correlations
are obtained expect small regions appearing every about 8 mm. The large dispersion of sMDT
predicted positions in these regions are clearly visible. Unfortunately, we are unable to perform
dedicated calibrations for the SMDT chamber and thus have to be selective for the regions to be
used for position resolution study. Those regions with abnormally large deviations between the
RPC reconstructed positions and sMDT predicted ones or with low statistics are abandoned. Mea-
sured RPC spatial resolutions across a 72-readout-strip region for two separate runs at the same
running condition are shown in figure 5.27. Assumptions of 100 um uncertainties from the sSMDT
predictions are made and believed to be conservative, as the RPC is quite far away and no correc-
tion or calibration has been performed for the sSMDT chamber. On average, the spatial resolution
obtained using charge centroid is around 220 pum. This result also includes the effect of any mis-
alignment between the RPC and the sMDT chamber. Results for two runs are quite consistent with

each other. The best single strip resolution, shown as an inset in figure 5.27, is found to be 201 +
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4 um after subtracting the sMDT prediction uncertainty. However, it must be stressed that these
results are greatly limited by the charge representation precision in MDT electronics, as they are
primarily designed to record rough charge information for time-walk correction. Moreover, part
of the large charge signals from the RPC saturates the electronics and causes the degradation of

performance in position measurements.
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Figure 5.26 Correlation between RPC reconstructed positions using charge centroid and
sMDT track extrapolated positions.

e
o

0.55F £ T
%250—
200 E
150F E
100F E

50F E

e
(3

0.45

©
>

0.35

-17-050 05 1 15 2
sMDT'YRPc (mm]

v 84 -,
*I':H' lt‘#“‘+=? i =+

Y.

Spatial Resolution [mm]
o
w

0.25
0.2
0.15

1Y | TR AN IVVIN IV I I I
) 10 20 30 40 50 60

Strip Number

~
o

Figure 5.27 Spatial resolution of the glass RPC using charge centroid method.
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Time window (ns) Cluster size Spatial resolution (strip 57) ({m)

20 248 2157
10 241 2157
5 2.36 236 £8
3 2.12 290 £9
2 1.91 315+ 10
1 1.6 467 + 13

Table 5.3 Impact of opened time window length on the cluster size and spatial resolution.

For a specific run, an analysis of the impact of the opened time window on the cluster size
and spatial resolution is shown in table 5.3. A time window as short as 10 ns, started from the
minimum signal arrival time of an event is more than enough to find all validate hits associated with
a muon penetration of the detector. As the time window tightens to less than 5 ns, the cluster size
reduces and the spatial resolution worsens rapidly due to the missing of information for centroid
calculations. Compared with other gaseous detector with typically a few tens of nanoseconds or
longer signal collection time, the small spread of signal arrival times will be very helpful to reduce
the latency for triggering with high rate, provided that suitable fast electronics are equipped.

For the evaluation of thin gap RPC online precision trigger capability, spatial resolution study
only using timing information is also performed. Fired strips are selected within a 20 ns time win-
dow from the earliest signal arrival time of an event. The hit positions are determined subsequently
to be the average center of all fired strips. A typical distribution of the local residuals between RPC
reconstructed positions using only timing information from fired strips and those sMDT predicted
ones is shown in figure 5.28. The RPC spatial resolution in this case, after the assumed100 um

sMDT prediction uncertainty subtracted, is determined to be 287 + 8 um. The global residual
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distribution from most of the readout strips with large statistics is shown in figure 5.29. Overall,
spatial resolution using such “digital” readout without using charge information is found to be 344
um, including contributions from misalignment and sSsMDT prediction uncertainty. It should be
stress that this accuracy could be achieved at the on-line level with simple logics using only timing

information from a few strips. It makes RPCs excellent precision detectors for muon triggering.
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Figure 5.28 Distribution of local residuals between sMDT predicted position and those
reconstructed in RPC only using timing information of fired strips.
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Figure 5.29 Distribution of global residuals between sMDT predicted position and those
reconstructed in RPC only using timing information of fired strips.

5.3.3.5 Time resolution

The time resolution of the glass RPC is also measured with the reference from the small scintilla-
tor. Typical distributions of strip signal arrival time, corrected by the small scintillator, are shown
in figure 5.30 for two opposite ends of a strip. The measured time jitters on both ends are around
1.8 TDC counts, which are about 1.5 ns. As is common for all timing measurements with differ-
ent signal amplitudes, the signal amplitudes and rise time have strong correlations. For a given
threshold, smaller signals cross the threshold later than large amplitude signals with sharp front
edges. A typical correlation between the corrected RPC time and the recorded charge is shown in
figure 5.31. This information is used to correct the time jitter and the correction is usually called

the slew correction. f.,,, the corrected time is given by

Leorr = tuncorr — ft (ADC) (53)

Where fc0rr and f;(ADC) are the time before slew correction and the function describing the time

and amplitude correlation. Distributions of slew corrected times are shown in figure 5.32. The
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time jitters are found to be about 1.4 TDC counts, which are roughly 1.1 ns. These results include
the jitter from reference scintillator, which is about 0.6 ns. The de-convoluted jitter from the glass

RPC is less than 1 ns. However, it is mostly limited by the low TDC resolution of 0.78 ns.
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Figure 5.30 Time distributions for two opposite ends of a RPC strip.
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Figure 5.31 Time-amplitude correlation of the recorded RPC signals.
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Figure 5.32 Time distribution from both ends of a strip after slew correction.

5.4 Beam test using NINO based readout system

The beam test with MDT electronics shows that a good spatial resolution could be achieved with
thin gap RPC for on-line tracking. However, the ultimate timing capability for the thin gap chamber
design remain unexplored. We have therefore prepared three additional beam tests dedicated to
thin gap RPC timing studies. The front-end readout electronics have been chosen to be the NINO
electronics [158]. NINO is a fast front-end ASIC chip specifically designed for precision timing

measurement of MRPCs used as time of flight detectors for ALICE experiment. Goals of these

beam tests include:
* Measurement of RPC efficiency with NINO front-end electronics

* Measurement of time jitter from thin gap RPCs

Verification of the idea of using RPC detectors as mean-timers

* Measurement of position resolutions using signal propagation time differences from two

ends of a strip

With the help from two silicon detectors during the period of last beam test, spatial resolutions are

also studied for RPCs with NINO readout.
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5.4.1 Beam test setup

The side view of the first beam test is shown in figure 5.33. Basically, it is a combined test with
Thin Gap Chambers (TGCs). Three RPC detectors are installed at the upstream. RPCs denoted as
RPC1 and RPC2 are two 1.15 mm gas gap glass RPCs which are exactly the same design, shape
and size as the one used for beam test with MDT electronics. The one denoted as RPC 3 is a 20
cm X 20 cm Bakelite RPC. It is made from standard 2 mm thick Bakelite used for RPCs at the
barrel of the ATLAS detector. The gas gap is 1.0 mm. Two small scintillators, same as used in
beam test with MDT readout system, are placed close to one of the glass RPC and used to check
RPC local efficiencies. There are also two large scintillators along with several TGC doublets and
quadruplets at the downstream of the beam line. For the arrangement of readout in these RPCs,
signal pick-up boards with 1.27 mm strip pitches are still used at ground sides of RPCs when
negative high voltages are applied on opposite sides. As illustrated in figure 5.33, strips for two
glass RPCs are placed horizontally whereas strips are arranged along the vertical direction for the
small Bakelite RPC. With such configuration, it is possible to use the Bakelite RPC as a reference
for measurements of position resolution along the glass RPC strip length direction and vice versa.
In occasional cases, two signal pick-up boards are coupled to both sides of the glass RPC (RPC1)
at the downstream in order to compare the differential readout with the single side readout. The
strips on two sides are roughly aligned so that two strips right facing each other at opposite sides
could pick up signals of same absolute amplitudes and form a pair of differential signal. A photo

of the entire beam line setup is shown in figure 5.34.
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Figure 5.33 Side view of the first beam test setup for RPCs with NINO front-end elec-
tronics.
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Figure 5.34 A photo of the beam line setup for RPC tests with NINO ASIC.

Schematics of other two beam tests are shown in figure 5.35 and figure 5.36, respectively. In
general the readout system is exactly the same as that in the first beam test. Setup is also similar

except that a MRPC, with five 0.25 mm gaps and sized 87 cm x 52 cm, is installed during the
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second beam test as a time reference for single gap RPCs and two silicon ladders are installed

during the last beam test as references for precision position measurements.
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Figure 5.35 Side view of RPC beam test with MRPC chamber installed in the beam line.
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Figure 5.36 Side view of RPC beam test with two silicon detectors for position resolution
study.
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5.4.2 NINO ASIC based readout system
5.4.2.1 Overview

The general scheme for the NINO based readout system is shown in figure 5.37. Signals either
differential or single ended are brought to a NINO front-end card via a “strip adapter”. Each NINO
card has three octal-channel NINO chips handling signals from 24 strips. Output signals from four
NINO cards are transmitted to an interface board called “4to3 Adapter” board through specially
shielded cables (VHDCI, Very High Density Cable Interconnect). Interface boards route input
signals to three 32-channel connectors which could be linked with VME based TDC modules
using twist-pair ribbon cables. Detailed connection to “4to3 adapter” is shown in figure 5.38.
Digital signals sent to three TDC modules are digitized and then transmitted to DAQ machines
via a VME bus controller. In order to synchronize the data from three TDCs modules, a clock
replicator is designed to deliver 40 MHz system clocks simultaneously to three TDC modules.
Common triggers are also given to three TDCs modules at the same time. A photo of the off-

detector readout system fitted inside a crate is shown in figure 5.39.

CAEN V1290A VME

Strip Adapter NINO Board 4 to 3 Adapter 128-ch TDC  Controller
} i ST 0
:>\i¥)
/ \ ‘ /‘ ) DAQ PC

ittt b
w Trigger i ‘ Data path

¥ I

i - Clock path

40 MHz System ! T Trigger path
Clock b

Figure 5.37 General scheme of the NINO based readout system.
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Figure 5.38 Connections at 4to3 adapter board.
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Figure 5.39 A photo of the RPC readout system in the CERN SPS-H8 beam line.

The trigger logics are almost the same for three beam tests. The one for the first beam test are
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shown in figure 5.40. Common triggers for RPC readout system as well as TGC and further added
silicon detectors readout systems are all given by coincidences from large scintillators. However,
special veto logics are implemented for the RPC readout system since the TDC reading actions
will generate noises, also the TDC event buffer has a limited depth. The general logical flow is that
after the initialization of the DAQ system, TDCs accept common triggers while they are counted
down on a scalar. When the trigger counts reach a preset number, the counting scalar will send out
a signal to block the common trigger and request the VME controller to execute read command so
that data inside the TDC buffers will be read out. When the VME controller finished the reading
action, signals are sent to three TDCs to clear their event buffers. In the meantime, signals are
sent to scalar to reload the counting and enable the common trigger to TDCs. The various gate
generators in the trigger logic system are used mainly for keeping the timing sequence of the
trigger logic or converting high and low levels. The counting scalar is set to count down from 100
to 0 so that data from TDCs are read out every 100 events. This is to deal with data readout in burst
environment, where a large number of hits come in a short time and TDC event buffers might be

overflow before data are transmitted [159].
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Figure 5.40 Trigger logic for RPC beam test with NINO readout system.

5.4.2.2 NINO ASIC

One of the core part of the readout system is the ultra-fast octal-channel NINO ASIC with pre-
amplification and discrimination functions. The simplified block diagram of the chip is shown in
figure 5.41. It utilizes differential signal processing throughout the entire chip to against the noise
from the power supply and grounding. The input stage accepts differential signals from readout
strips on two sides of a RPC chamber facing each other. Four stages of identical low gain, high
bandwidth amplifiers in a cascade are followed. A pulse stretcher is implemented right before
the LVDS output driver to stretch the pulse with a longer width. Since the output pulse width
before stretcher stage is 2-7 ns, stretching is needed for use with some TDC chips, such as the
HPTDC [160] chip in our beam test used TDC modules, in which only leading and trailing edges
from pulses with widths greater than 6 ns can be registered. The final output stage of the NINO

chip is an open-drain differential circuit which generates output signals with levels compatible to
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LVDS standard.

NINO ASIC block di (adjustment )
o agram ?-ofﬂ'on

v

differential ulse
—— " L p | » LVDS output | »
input Input stage stage 1 stage 2 stage 3 > stage 4 streteher [ 7] rvar

L low frequency b
feedback Hysterisis
to control offset
A
other 7 channels
Threshold
adjustment

Fig. 3. Block diagram of the NINO ASIC.

Figure 5.41 Block diagram of NINO ASIC chip [158].

A summary of the NINO ASIC specifications is shown in table 5.4. Input impedances of
the chip can be adjusted between 40 Q and 75 Q. The peaking time is only around 1 ns and
the front edge time jitter from the chip is less than 25 ps, giving a good performance for timing
measurements. The threshold can be set from 10 fC to 100 fC and this best suits the relatively large
signals from RPCs. The implementation of differential driving of output signals results in a good
noise immunity. Output differential signals, with characteristic impedances of 110 Q are capable
to be driven to a long distance before been digitized. In our application, output signals from NINO
chips have been driven to more than 4 meters to the input of TDC modules.

A picture of the ALICE ToF NINO front-end board that has been used in our beam tests is
shown in figure 5.42. There are three NINO chips per board accepting 24 channels of signals from
the RPC strips. All signals from the RPC readout strips are AC coupled to the input of NINO chips
through 1 nF capacitors. Meanwhile, strips are grounded through 1 MQ resistors. For most of
our applications, only negative signals from ground side strips are injected into the NINO chips.

Positive input ports are capacitively coupled to the ground in this case.
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Input/output type differential

Input impedance 40Q<Zi, <75 Q

Noise level ENC =5000 e~ rms
Peaking time I ns
Front-end time jitter <25 nsrm
Threshold 10-100 fC

Table 5.4 Specifications for NINO ASIC.

e
N e S Ny e B

Figure 5.42 A photo of an ALICE ToF NINO front-end board.

5.4.2.3 TDC and DAQ software

The 128-channel VME based TDC modules (CAEN v1190A) used for digitizing leading and trail-
ing edges of discriminated signals from NINOs are implemented with four 32-channel HPTDC
chips per module. The simplified block diagram of the HPTDC chip is shown in figure 5.43. In

general the HPTDC has the same architecture as the AMT chip used in the MDT readout sys-



5.4 Beam test using NINO based readout system 185

tem. The TDC chip can detect individual leading and trailing edges, therefore time-over-threshold
(ToT) of NINO output signals could be measured to represent the charge from the readout strip.
The HPTDC chip performs similar trigger matching functions as the AMT chip in order to find
the correct hits associated with a trigger signal. However, HPTDCs in the v1190A module have
higher digitization resolutions of 100 ps. This gives us the possibility to measure the sub-ns timing
capability from thin-gap RPCs.

The data acquisition in the beam tests is performed using a LabVIEW based software, which is
developed and adapted by Roman Zuyeuski from the DAQ software used for Extremely High En-
ergy Event (EEE) project [161]. A snap shot of the DAQ software interface is shown in figure 5.44.
Basically, it is composed of two sections: configuration and run control. The configuration sec-
tion could set link parameters for the commutation among PC, VME controller and TDC modules.
Trigger match parameters such as search window width, offset etc. could also be configured in this
section. The second section simply sets all parameters related to running the system. All data are

stored in binary formats for further analysis using ROOT software [162].
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Figure 5.44 A snapshot of the LabVIEW based data acquisition system interface.
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5.4.3 Results
5.4.3.1 Charge spectra, hit distributions and efficiencies

Typical charge spectra, represented by time-over-threshold, for two 1.15 mm gap glass RPCs and
a 1 mm gap Bakelite RPC are shown in figure 5.45. Similar to the case when MDT electronics are
used, deviations of charge spectra from Landau distribution is due to the non-linear representation
of charge. Recalling that each TDC count refers to 0.1 ns, on average, discriminated signals
from these thin-gap RPCs have a width of 120 ns at their nominal working condition. For some
circumstance, when the voltage applied to the chamber is exceedingly high, a second peak or even
multiple peaks could appear on the measured charge spectra. This is suspected to be the change of
impedance when NINO is saturated by large signals [163]. However, a complete understanding is
still missing. It is found that charge spectrum usually shows only one peak with the default NINO
impedance setting, when detector is operated right at the knee of the efficiency plateau. Therefore,
measurements of timing and spatial resolution are performed only in the condition that charge
spectra are normal without multiple peaks.

Distributions of hits on both ends of strips when triggered by small scintillators and 12 cm x
12 cm sized large scintillators are shown in figure 5.46 and figure 5.47, respectively. Clean profiles
of small round-shaped scintillator can be seen from both strip ends. Horizontal and vertical beam
profiles are clearly revealed by two RPCs with orthogonal readout strips. The low counting region
of a few mm shown in the middle of the plot on the right hand side of figure 5.47 is due to the
inefficiency near the glass RPC spacer tube.

Local efficiencies measured in three types of RPCs as a function of high voltage in Freon:
1C4H10:SFg (94.7:5:0.3) mixture are shown in figure 5.48 for several NINO threshold settings.
For 1.0 mm gap Bakelite RPC, lowering the threshold from 60 fC to 40 fC results in the knee of
efficiency plateau moves 200 V to the lower end. Reducing the threshold from 40 fC to 30 fC does

not alternate the efficiency curve. However, similar threshold change for 1.15 mm gap glass RPC
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results in the shift of the plateau knee by 300 V. For the MRPC, it is applied with negative and
positive high voltages of the same absolute potential on both sides of the chamber. Changes of
efficiency curves with the threshold settings are substantial. The threshold change from 60 fC to
30 fC ends up with about 1 kV change of the plateau knee. In all cases, RPC chambers are able to

be operated with efficiencies great than 97%.
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Figure 5.45 Typical charge spectra recorded from 1.0 mm gap Bakelite RPC and 1.15
mm gap glass RPCs. Charge is represented by time-over-threshold (ToT).
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Figure 5.47 Beam horizontal and vertical profiles recorded by 1.0 mm gap Bakelite RPC
and 1.15 mm gap glass RPC, respectively.
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Figure 5.48 Measured efficiencies for three different types of RPCs as a function of high
voltage in Freon:iC4Ho:SFg (94.7:5:0.3) mixture. Actual voltage difference for MRPC
is twice the number as shown in the plot.

5.4.3.2 Time resolution

In order to measure time resolutions of these thin-gap RPCs, two types of detectors, small scin-
tillators and a MRPC chamber, are used as references for timing measurement. The time jitter
from two small scintillators (denoted as S1 and S2) is shown in figure 5.49. Neglecting the peak
structure in the center of the timing distribution, a Gaussian fitting gives a time resolution of 825
+ 8 ps. Assuming two scintillators have the same jitter, the time resolution for single scintillator

is 583 + 6 ps. To further improve the accuracy of this timing “ruler”, the average time from two
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scintillators is used. This results in a reference time uncertainty of 413 £ 4 ps. Distributions of
signal arrival time in 1.0 mm gap Bakelite RPC and 1.15 mm gap glass RPC, corrected by the
average time from two scintillators, are shown on the left side plots of figure 5.50 and figure 5.51,
respectively. The total jitter for 1.0 mm gap RPC is 697 + 18 ps. After subtracting 413 ps uncer-
tainty from reference scintillators, the jitter is 562 £ 18 ps. Similarly, the jitter for 1.15 mm gap
glass RPC is derived to be 574 4 15 ps. After applying slew corrections, distributions of time jitter
in two types of chambers are shown on the right hand side plots of figure 5.50 and figure 5.51.

Time resolutions are determined to be 453 4 15 ps and 510 =+ 13 ps for 1.0 mm and 1.15 mm gap

RPCs, respectively.
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Figure 5.49 Time jitter from two small scintillators.
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Figure 5.50 Time jitters measured in 1.0 mm gap Bakelite RPC before (left) and after
(right) slew correction. Results are convolved with 413 ps jitter from reference scintilla-

tors.
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Figure 5.51 Time jitters measured in 1.15 mm gap glass RPC before (left) and after (right)
slew correction. Results are convolved with 413 ps jitter from reference scintillators.

Time resolutions from thin gap RPCs are also measured with the MRPC as a reference “ruler”.
The obtained results without any slew correction are shown in figure 5.52. The time resolution for
MRPC is not measured during the beam test and is conservatively assumed to be 100 ps, which
is nominal performance before any correction applied. Subtracting this uncertainty from MRPC,
time resolutions are about 521 ps and 529 ps for 1.0 mm gap Bakelite RPC and 1.15 mm gap glass

RPC, respectively. Errors are not estimated because the uncertainty of the reference MRPC jitter
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is actually unknown. This is roughly comparable with results obtained using small scintillators
as references. The slight discrepancy measured with two references for 1.0 mm gap Bakelite
RPC is likely due to the gap deformation. Nevertheless, the bottom line conclusion is that around
500 ps resolution can be achieved with RPCs of around 1 mm thick gaps. This performance is
achieved without dedicated slew correction. It could be further improved at off-line after a number
of corrections. For instance, by selecting minimum arrival times on certain strips thus eliminating
fluctuations due to signal propagation to strips further from muon hit positions, the time jitter in a
1 mm gap RPC could be further reduced to less than 400 ps. An example timing distribution after

such correction is shown in figure 5.53.
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Figure 5.52 Time jitters measured for 1.0 mm gap Bakelite RPC (left) and 1.15 mm gap
glass RPC with the reference time from a MRPC.
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Figure 5.53 Timing distribution of the 1.0 mm gap Bakelite RPC with only minimum
signal arrival time of an event used for muon hit time determination.

5.4.3.3 Mean-time measurements and spatial resolution along strips

Denoting signal arrival time at two ends of a strip as 7y and 7p, the mean-time which is the average
signal arrival time from two ends is given by (74 + Tg) /2. In principle this should be independent
of muon hit positions since the total signal path is constant along the strip. The measured mean-
time as a function of muon hit positions along a strip in the glass RPC is shown in figure 5.54.
The predicted muon hit positions are obtained from the Bakelite RPC with orthogonal strips. It
is found that there is no clear dependence of the mean-time with the hit position. Fluctuations of
14 ps are due to the TDC digitization accuracy. The mean-time from thin gap RPCs is expected
to vary strip by strip and layer by layer, due to different strip and cable lengths, as well as circuit
delays. However, these delays could be compensated by programmable delay circuits and after the
compensation, the total time jitter of the system will dominantly be the intrinsic jitter of around
500 ps from the RPC. It is possible to do fast coincidences within 2-3 ns between RPC layers to

reduce fake triggers from backgrounds in high level muon triggering.
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The muon hit positions along a strip could be determined using the signal arrival time difference
(At) from two strip ends. Typical time difference as a function of muon hit position along the strip
obtained in a 1.15 mm gap glass RPC is shown in figure 5.55. A linear function fitting indicates a
signal propagation speed along the strip of 15 cm/ns, which is almost half of the speed of light in
the vacuum. Signal propagation speeds are also measured for other readout strips and are found to
be varying between 12 cm/ns to 16cm/ns.

Using the obtained signal prorogation speed along horizontal readout strips of a glass RPC,
residuals between muon hit positions determined by the Bakelite RPC with 1.27-mm-pitch vertical
strips and those reconstructed using time differences are shown as the blue colored histogram in
figure 5.56. A single Gaussian function fit gives a spatial resolution of 11 mm. Due to the use
of fine pitch readout strips, there are usually 2-3 strips fired in a detected event. It is possible to

reconstruct the hit position using
N — T
Yrrc= =) ——=Vi 54
RPC N; 5 Vi (5.4)

where N is cluster size of an event. Ty;, Tp; and v; are the signal arrival times at two ends of
jmylarhrmih serin and the signal propagation speed of it strip, respectively. The residual distribution
using strip-averaging method is shown as the red colored histogram in figure 5.56. Resolution of
7.3 mm is obtained. Since reference positions given by 1.27-mm-pitch Bakelite RPC strips are less
than 1 mm, these results reflect the localization capability along the strip using100 ps resolution
TDCs. Measurements are repeated for all three types of RPCs used in the beam tests. Results of the
measured signal propagation speed as well as spatial resolutions obtained using single strip time
differences are shown in figure 5.57. The results shown for the glass RPC is from another chamber
different from the one shown in figure 5.56. It is found that around cm level spatial resolutions

with 100 ps resolution TDCs are highly reproducible.
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Figure 5.54 Mean-time as a function of muon hit position along the strip. The mean-time
has an arbitrary offset.
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Figure 5.55 Signal arrival time difference from two ends of a strip as a function of muon
hit positions along the strip.
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Figure 5.56 Spatial resolution along the strip using signal arrival time information from
two ends of a strip.



5.4 Beam test using NINO based readout system

197

Time Difference [ns]

Time Difference [ns]

Time Difference [ns]

T

v =13.8cm/ns

T T

L 1 ]
100 120 140 160

Hit position [mm]

1.8 T
1.6
1.4
1.2F

EERNEARE RE

-

T T

0.8
0.6
04
0.2

T

ol b ben b b b b 10N

880

Il 1
100 120 140 160
Hit position [mm]

0.6F
0.4}

0.2f

v =159cm/ns

s b b b b b by

80

1 1 1
100 120 140 160
Hit position [mm]

700F E

600"
5001
400"
3000
200;

100

T T T T

0=13.4 0%0:

Residual [mm]

a | | | | L 1]
G‘160 180 200 220 240 260 280 300

09 mm

1200f

400F

1000
800

600F

200F

o 111

0=9.37+0.8

caa b b b baa o |

6 mm

8000F
7000
6000f
5000}
4000f
3000
2000f
1000}

0 20 40 60 80

Residual [mm]

gw

E 0=10.0 0t

T T

NN FREEE SRREE FRERE SRR SRR TS RREE

0

E 1 1 Il 1
60 80 100 120 140 160 180
Residual [mm]

3 mm

Figure 5.57 Measured signal propagation speeds and spatial resolutions along strip direc-
tions in three types of RPCs. (From top to bottom: 1.0 mm gap Bakelite RPC, 1.15 mm
gap glass RPC and 0.25mm x 5 gaps MRPC)



198 Chapter 5 Thin-gap Resistive Plate Chambers

5.4.3.4 Precision coordinate spatial resolution

The precision coordinate spatial resolution of thin gap RPCs with NINO readout are measured
with the reference from two silicon detectors. These silicon detectors are used for charged particle
tracking and identification in AMS experiment [164]. Each silicon detector is called a ladder and
has orthogonal readout strips on junction and ohmic sides with pitches of 110 um and 208 um,
respectively. The spatial resolution for junction and ohmic sides are around 10 ym and 30 um,
respectively [165]. In order to check whether two silicon ladders are functioning normally, they are
placed close to each other and residuals between two ladders for two orthogonal coordinates are
measured. The results show that residuals have Gaussian sigma widths of less than 70 ym, mostly
contributed by the beam divergence. Each silicon ladder is then placed close to one RPC to measure
its spatial resolution. For the study of spatial resolution with NINO readout, RPCs are operated at
the knee of their efficiency plateaus. On average, cluster size for the 1.15 mm glass RPC with 1.27-
mm-pitch strips is about 3 and is slightly larger for 1.0 mm gap Bakelite RPC due to a wider spread
of charge in thicker electrodes. Muon hit positions are reconstructed using centroid with charge
represented by ToT. Correlations of muon hit positions reconstructed in silicon ladders and Bakelite
or glass RPCs are shown in figure 5.58. Periodic “fuzzy” structures every about 1 mm in the
coordinate showing RPC constructed positions suggest substantially lower resolutions from these
RPCs compared with the silicon detector. Residuals between muon hit positions reconstructed in
silicon ladders and in the 1.0 mm gap Bakelite RPC or the 1.15 mm gap glass RPC are shown
in figure 5.59. The obtained resolution for the Bakelite and glass RPCs are 297 um and 294
um, respectively. Since the contribution from the silicon detector is negligible, uncertainties are
dominantly from RPCs. Besides beam divergence of around 0.7 mrad and misalignment due to
only single points rather than precise tracks from one silicon ladder are used as references for each
RPC, results are significantly worse than those obtained from RPC with MDT readout electronics.

This is most likely due to the less ideal charge representation in NINO. As can be seen from
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figure 5.60, ToTs which encode charges are in very similar amount for several readout strips in
a cluster. Typically, ToTs from different strips fall within 1.5 ns. Considering that TDCs have
resolutions of 100 ps, there are only 15 effective digits can be used for charge weighting. The
inaccuracy in charge representation and the low charge digitization resolution are believed to be
the reasons for worse resolution. It is concluded that in this particular case, electronics rather than

the chamber are the limiting factors to reach higher localization precision.
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Figure 5.58 Correlation between muon hit positions reconstructed in a silicon ladder and
in a 1.0 mm gap Bakelite RPC (left) or a 1.15 mm gap glass RPC (right).
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Figure 5.60 Charge measured by NINO and encoded in TOT on three RPC readout strips
for a typical muon detection event.

5.5 Rate capability measurements

5.5.1 Introduction

The present RPCs implemented in major collider experiments for muon triggering are designed
with a rate capability of about 1 kHz/cm? [166, 167] using 10'°-10'! Q.cm Bakelite plates. As
present and future collider experiments are planned or will be designed to run at higher and higher
luminosity, trigger detectors are required to operate at unprecedented high radiation backgrounds.
For instance, trigger detectors at the innermost station of the ATLAS muon spectrometer forward
direction need to work at a rate up to 15 kHz/cm? after LHC upgrades its luminosity to 7 x 103*
cm~2-s7!in 2018.

The limiting factor for RPCs to operate at high rates is the high voltage drop across the gas gap
due to current flow through high resistivity plates. The decrease of the effective electric field in

the gas gap results in reduction of avalanche signal amplitudes and thus efficiency. Increasing the
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high voltage is of no help because higher current will flow through the plates and the electric field
remains low as long as the chamber is exposed to high rate environment.
In order to develop high rate RPCs, it is desirable to understand parameters that related to the

voltage drop. The voltage drop across the gas gap AV is determined by
AV = RQph (5.5)

where R is the detected particle rate in the RPC given in units of Hz/cm®. p and / are the bulk
resistivity and resistive plates total thickness given in units of Q-cm and cm, respectively. Q is the
total charge produced per detected particle. It should be noted that though the prompt charge can
be quickly collected, ionic charges, slowing moving inside the gas gap, continue to induce charge
current on the resistive plates and the induced currents need to flow through the resistive plates to
the ground.

As can be seen from equation 5.5, methods to reduce the voltage drop include lowering re-
sistive plate bulk resistivity or thickness and reducing the amount of charge delivered per particle
detection. It is non-trivial to develop low bulk resistivity resistive plates. Resistivity stability and
uniformity for plates with bulk resistivity slightly less than 10° Q-cm are extremely hard to main-
tain. Moreover, the spark protectiveness for RPCs with very low resistivity plates has not been
proved. However, developing low resistivity plates with bulk resistivity around 10° Q-cm is still a
possible way for improving the RPC rate capability as plates with similar resistivity have been used
in the ALICE di-muon spectrometer [168]. The reduction of charge means limiting the avalanche
development within the gas gap. It could be realized with small gas gap configuration. To main-
tain full efficiency for RPCs with smaller signals, on one hand, low-noise sensitive amplifiers need
to be implemented. On the other hand, multiple-gap structures could be employed to add small
signals from individual thin gas gaps. In order to explore the possibility to operate RPC at few
kHz/cm? or higher rate, a bi-gap RPC made from standard Bakelite plates used for ATLAS barrel

RPCs is tested at CERN Gamma Irradiation Facility (GIF). Setup and brief results are reported.
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5.5.2 Setup and results

The structure of the small bi-gap RPC tested is shown in figure 5.61. Three 2 mm thick Bakelite
plates with bulk resistivity of around 2 x 10'0 Q.cm are separated by two 1 mm thick gas gaps.
The chamber has a total active area of 18 mm x 18 mm. High voltage is applied at the outer
surface of one Bakelite plate while the other side is grounded. Induced signals are readout by
the signal pick-up board with a centimeter wide strips connected to sensitive low-noise front end
amplifiers [169]. Amplified signals are further discriminated for counting.

2mm Bakelite (~10°Q-cm)

Insulating layer

Gas

Gas outlet

inlet

Figure 5.61 Cross-sectional view of the bi-gap RPC.

The setup of the bi-gap RPC rate capability test in front of a '3’Cs source with a radioactivity
of about 740 GBq is shown in figure 5.62. The source mainly produces high flux 662 keV photons.
However, low energy photons due to the Compton scattering are also present [170]. Three filtering
lead plates of various thicknesses are installed in front of the source and they could be used to
reduce the radiation rate. Photon rates could also be adjusted by placing the detector under test at
different distances to the source. The bi-gap RPC is inclined to face the source opening. Four large
scintillator paddles with two above the RPC (denoted as S1 and S2) and two below the chamber
(denoted as S3 and S4) are shielded by lead blocks and placed vertically to trigger cosmic rays.
A smaller scintillator (denoted as S5) with an area smaller than the bi-gap RPC active area is also
employed and placed close the bi-gap RPC. Basic parameters of the RPC monitored during the

tests are current inside the chamber, single count rate and the efficiency. The current inside the
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chamber is monitored by the HV power supply module with current resolutions of around 1 uA.
The single counting rate is measured by counting total number of discriminated signals from the
bi-gap RPC in a 10 ns time window. Since the noise rate of the chamber is on the order of few
Hz/cm? at nominal working point, the counting gives the number of detected photons in most

cases. The logic for determining the bi-gap RPC efficiency is given by

(S1&S2) & S5 & RPCpigap (5.6)

(S1&S2) & S5
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Figure 5.62 Rate capability test setup in front of the intense *’Cs source at CERN GIF.

The measured efficiency and total counts as a function of applied voltage on the bi-gap RPC are
shown in figure 5.63. Maximum efficiency of 95% is obtained when the chamber is not exposed to
the source. 5% inefficiency is due to the spacers inside the chamber active area as well as geometric
acceptance of the trigger setup. Compare with the measurement without source exposure, the bi-

gap chamber reaches the same maximum efficiency when the radioactive source is fully opened at
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a voltage of about 350 V higher. The total detected photon rate when the bi-gap RPC is operated

at the knee of the efficiency plateau has exceeded 18 kHz/cm?.
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Figure 5.63 Efficiency times acceptance and total counts as a function of applied voltage
on the bi-gap RPC.

The current flowing through the chamber as a function of applied voltage is shown in fig-
ure 5.64. With the help of measured counting rates, the delivered charge per detected photon can
be calculated using the current information. Calculated charge per count as a function of applied
voltage is also shown in figure 5.64. The high charge per count at low applied voltage is due to the
inefficiency from the RPC strip readout thus an underestimation of the photon counting rates. The
measure results show that only 2 pC charge per count is delivered to the chamber at full efficiency.
Considering that the charge per count for present ATLAS RPCs is about 30 pC, the rate capability
compared with the present ATLAS RPC could be increased by a factor of 15 for the bi-gap cham-
ber. This suggests that a rate capability of about 15 kHz/cm? is achievable, which is consistent
with our measurements shown in figure 5.64. It should also be stressed that reducing the charge

production inside the chamber is also precious to the mitigation of chamber aging.
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With all these measured results, we conclude that RPCs even with 1010 Q-cm Bakelite plates

are capable to be operated with full efficiency at a detected photon rate of greater than 10 kHz/cm?.
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Figure 5.64 Delivered charge per count, current as a fucntion of applied voltage on the
bi-gap RPC.

5.6 Summary

In this chapter, new studies on fast timing and high precision tracking based on RPCs are reported.
Several beam tests as well as rate capability tests are carried out at CERN H8 muon beam line
and Gamma Irradiation Facility in order to study the timing capability, spatial resolution and rate
capabilities of thin gap RPCs constructed with around 1 mm gas gaps. Time resolutions from these
RPCs are found to be about 500 ps. The spatial resolutions of less 200 um using charge centroid
and less than 300 um only using on-line timing information are obtained from a meter long RPC
with 1.27-mm-pitch strips read out by the ATLAS MDT readout electronics. It should be stressed
that the offline spatial resolution using charge centroid in our beam test is limited by the non-linear

representation of the charge by the MDT readout electronics and the ultimate spatial resolution
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should be much better than that presented in this chapter. This could be verified from another RPC
performance study performed by the ATLAS RPC community that spatial resolution of 130 ptm is
obtained with 8-mm-pitch strips [171].

A RPC readout scheme with readout from both strip ends is explored for fast triggering. The
mean-time from two ends of a strip is verified to be independent of the hit position along the strip
and the readout system jitter with such scheme is dominantly determined by the jitter from the
chamber, which is only a few hundreds of picoseconds. This would allow one to do fast coinci-
dence within a few nanoseconds between contiguous RPC layers to effectively reject uncorrelated
backgrounds. The time difference from two ends of a strip could be used to determine the hit
position along the strip. With 100 ps resolution TDCs, around 1 cm spatial resolutions along the
strip length direction are obtained in a number of RPCs.

The rate capability of a bi-gap Bakelite RPC is measured with an intense '3’Cs source. Results
show that RPC made with 10' Q.cm Bakelite plates is fully efficient at a detected photon rate of
more than 15 kHz/cm?. The reduction in gas gap compared with conventional RPC with 2 mm
gas gaps results in a reduction of delivered charge per count by about 15 times at an operational
condition with full efficiency. This is the key for operating RPCs at high rate environment.

With the thin (~ 1 mm) gap design plus readout from both ends of fine pitched strips, it is
possible to create (sub-ns X sub-mm X cm) trigger logic cells using RPCs. The fine granularity
in space, precision tracking capability at the on-line level, along with excellent timing capabil-
ity can be very powerful to remove backgrounds as much and as soon as possible for high level
muon triggering in a harsh and high rate environment, as well as improving high momentum muon

selectivity.
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Small-strip Thin Gap Chamber

6.1 Introduction

The LHC will be upgraded in several phases with the goal of obtaining an instantaneous luminosity
of 5-7 x 10** cm~2-s~! at a center of mass energy of 14 TeV and integrated luminosity of 3000
fb~!. The ATLAS detector will also be upgraded in stages to cope with higher collision rates and
radiation background. The ATLAS muon Small Wheel detectors cover the pseudo-rapidity range
of 1.3 < Inl < 2.7 and provide forward muon precision tracking. Level-1 (L1) muon triggering is
based on track segments in the TGC chambers of the Big Wheels detector. To reduce the problem
with high muon trigger rates and degraded muon tracking at high luminosity, ATLAS plans to
replace the present Small Wheel detectors with the New Small Wheels (NSW). The NSW will
employ Micromegas detectors (MM) for precision tracking and small-strip, Thin Gap Multi-Wire
Chambers (sTGC) for primary L1 triggering. The proposed NSW will be composed of two four-
layer MM detector sandwiched between two four-layer sSTGC quadruplets.

A schematic view of the sTGC structure is shown in figure 6.1. It is similar to the present TGC

in ATLAS [172]. The distance between neighboring wires is 1.8 mm and the distance between the

207
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wire and the cathode plane is 1.4 mm. There are a few changes compared with ATLAS TGC:s:

Resistive
Cathode

4
Insulator (0.1 mm)
y Strip (pitch 3.2 mm)

Figure 6.1 The structure of the ATLAS NSW sTGC.

* Lower cathode surface resistivity: To reduce charge accumulations on the cathode when
chamber operates at high rate, cathode surface resistivity is changed from MQ/L] to a few

tens of kQ/C].

* Smaller cathode-readout plane distance: The distance is reduced to 0.1 mm to increase

the capacitive coupling between the cathode and readout plane.

* Smaller strip pitch: The pitch is reduced to 3.2 mm to improve the measurement of charge

centroid position by charge interpolation.

* Pad segmentation on one side of the cathodes: Pads are used for fast pattern recognition

of tracks to select strips for read out.

The sTGC detectors are required to identify each bunch crossing and to measure the muon
trajectories with an angular resolution of less than 1 mrad for 1.3 < Inl < 2.7 at L1. The present
TGC detector has wires along the ¢ direction, the ATLAS NSW sTGC detector will have fine-
pitch strips along the ¢ direction and wires approximately aligned along the azimuthal direction,

as illustrated in figure 6.2. An additional requirement is the ability to operate in a high neutron and
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photon radiation environment with hit rates up to a few tens of kHz/cm? in the innermost region
of the NSW. The sTGCs will be operated at lower voltages than TGCs to minimize aging effects.
Moreover, the chambers are exposed to stray magnetic fields from the nearby end-cap and barrel
toroids and hence must tolerate modest magnetic fields without a loss in performance.

We have carried out various simulation studies of the characteristics and performance of the
sTGC detector. This Chapter is organized as follows: Section 6.2 presents the simulation of the
electric field inside the chamber that determines the electron drift behavior and the detector tim-
ing performance; Section 6.3 presents studies of the ionization from charged particles in the gas
gap using the HEED program as well as results on electron transportation properties; Section 6.4
discusses avalanche and charge production processes simulated using the Garfield package to-
gether with the Magboltz program; Section 6.5 reports detailed studies on timing performance;

Section 6.6 show the simulation of charge spread and modeling of sharing among readout strips.
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Figure 6.2 The orientation of ATLAS NSW sTGC readout strips as viewed in the y-z
plane (left) and orientation of sSTGC wires as viewed towards the z direction (right).
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6.2 Electric field simulation

The simulation uses a coordinate system where x is along the strips, y is along the wires and z
defines the chamber depth. The electric field inside the chamber is simulated using both the Ansoft
Maxwell software based on a finite element method (FEM), and the neBEM package [173] using
the nearly exact boundary element method. Both packages are able to perform three-dimensional
simulation of electric field with arbitrary geometries. An example of the simulated normal com-
ponent of the electric field in the y-z plane with a high voltage of 3.0 kV is shown on the left
hand side of figure 6.3. Results from two different methods are consistent and agree well with
the two-dimensional analytical calculation in Garfield. The discontinuity of the simulated electric
field near the wire surface using the FEM method is clearly visible. This is mainly due to the
interpolation between element boundaries and the inadequate field approximation using low-order
polynomials.

Normal components of the electric field in the y-z plane, simulated by using the neBEM pack-
age with high voltages from 2.0 kV to 3.0 kV using a step size of 0.2 kV, are illustrated on the right
hand side of figure 6.3. A field strength of a few kV/cm up to a few hundred kV/cm is seen for
most regions. The electric field map in the y-z plane for a typical operating high voltage of 2.85 kV
is shown in figure 6.4 for half of the wire-to-wire region. The electric field is more than 1 kV/cm
in 97% of the gas volume, with the weakest field only in a small region in the middle of the two

neighboring wires.
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6.3 Ionization and electron transportation

6.3.1 Electron-gas molecular interaction and ionization

The operational gas for sSTGC is a mixture of CO; and n-pentane (CsHj;) with a ratio of 55:45
at atmospheric pressure. The electron energy distribution at different electric fields and electron
interaction cross-sections in this gas mixture are shown in figure 6.5. With a typical field strength
of a few kV/cm throughout most of the chamber volume, the average electron energy is less than
1 eV. The dominant process is elastic scattering and the contributions from the attachment process
are negligible. The mean electron energy increases to several eV when the electron is within
few tens of microns of wire surface where very high electric field is present. The attachment
process occurring in that region will primarily affect the overall avalanche size rather than the
timing performance of the detector, which is mainly determined by the uncertainty on the arrival
time of the earliest arrival cluster.

Ionization statistics of MIPs in a sSTGC chamber with 2.8 mm gas gap operated with CO,:n-
pentane (55:45) has been simulated with the HEED program. Distributions electron-ion pairs per
cluster and total number of electrons produced in the gap by 180 GeV/c muons are shown in
figure 6.6. On average, 22.8 clusters could be produced and each cluster has about 2 electron-ion

pairs.
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Figure 6.5 Electron energy distributions (left) and various for electron-gas molecule in-
teraction cross-sections (right) in a CO;:n-pentane (55:45) mixture.
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6.3.2 Electron transportation

Ionized electrons drifting along the electric field towards the electrodes have frequent collisions
with gas atoms and molecules and diffuse laterally and longitudinally with respect to the electric
field direction. In addition, their motions will be affected by the external magnetic field. This is
explicitly discussed in section 3.4.1. The simulated electron drift velocities in several CO; and
n-pentane mixtures at atmospheric pressure are shown in figure 6.7. The n-pentane is liquid at
room temperature and the gas blends are obtained by bubbling CO, through the liquid and mixing
with saturated n-pentane vapor. The temperatures shown in the plot are what needed for obtaining
various mixtures at atmospheric pressure. Additionally, the simulated drift velocity as a function
of the electric field in a CO,:n-pentane (55:45) gas mixture is compared with the experimental data
as reported in [174]. Good agreement is found up to 10 kV/cm.

In the presence of a magnetic field orthogonal to the electric field direction, the drift velocity
is modified due to changes in mean collision time. Moreover, electron drift path, related to the
Lorentz angle, could be elongated and the timing performance of the sTGC detector might be in-
fluenced. To understand the impact of magnetic field on the electron drift behavior, the electron
drift velocity and the Lorentz angle in CO;:n-pentane (55:45) mixture with a magnetic field or-
thogonal to the electric field is simulated using Magboltz and results are shown in figure 6.8 (a)
and figure 6.8 (b), respectively. The modification of the drift velocity with a magnetic field up to
1 T is found to be negligible. The Lorentz angles are relatively small and less than 7 ° for B-field
less than 1 T. The predicted results are similar to those reported in [175-177], which show that gas

mixtures with a significant amount of CO, generally have small Lorentz angles.
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Figure 6.8 Simulated electron drift velocity (a) and Lorentz angle (b) as a function of
the electric field in CO;:n-pentane (55:45) mixture with the presence of an orthogonal
magnetic field.

The electron diffusion, the electron mean track deviation in any direction due to the scattering

with gas molecules, over a distance S is given by:
oLt =DrTVS (6.1)

where Dy and D7 are longitudinal and transverse diffusion coefficients, respectively. Transverse
diffusion of electrons in the plane orthogonal to the electric field vectors determines the lateral
spread of the charge cloud and longitudinal diffusion of electrons along the electric field direction
determines the fluctuation of electron arrival time on wires. Both coefficients as functions of the
electric field and orthogonal magnetic field have been simulated and are shown in figure 6.9. The
longitudinal and transverse diffusion of electrons over a drift length of 1.4 mm in sTGCs are

expected to be less than 40 um.
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Figure 6.9 Simulated dependence of transverse (a) and longitudinal (b) diffusion coeffi-
cients with electric field in CO;:n-pentane (55:45).

6.4 Charge production

6.4.1 The electron avalanche and its fluctuation

The electron avalanche process in sTGCs is simulated using Garfield with a microscopic method,
which traces electron interactions at the molecular level. An avalanche initiated by a single electron
at 2.4 kV is illustrated in figure 6.10. Avalanches are usually developed within a few tens of
microns of wire surface where strong electric field is present. The avalanche process is a stochastic
process and fluctuations in the strong and non-uniform electric fields, as the case in sTGC, is
discussed in section 3.5.2. In general, gas amplification fluctuations in STGC could be described
by the Polya distribution.

As mentioned at the beginning of this section, the microscopic method is used in Garfield and

relies on both ionizing and non-ionizing inelastic collision cross-sections provided by Magboltz to
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simulate the avalanche process. The simulated number of electrons produced by single electron
avalanches at 2.5 kV and 2.7 kV in CO;:n-pentane (55:45) mixture are shown in figure 6.11. Fits of
the simulated distributions with Polya functions result in relative width parameters (f) of 0.71 and
0.59, respectively. It should be pointed out that CO;:n-pentane is a Penning mixture in which CO,
molecules excited to certain levels could transfer energy to n-pentane molecules and give rise to
ionization. The recuperation of part of the excitation energy leaves less room for fluctuations [178]
and therefore reduces the relative width [179]. The simulation here thus gives upper limits of the

gas gain fluctuations.
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Figure 6.10 Single electron avalanche profile viewed from the wire cross-section (left)
and along the wire (right). Places where ionizations and excitations occur are marked
with magenta and brown dots, respectively.
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Figure 6.11 Simulated fluctuations of single electron avalanches in sTGC with applied
voltage of 2.5 kV (left) and 2.7 kV (right). Gas mixture used in the simulation is CO;:n-
pentane (55:45).

6.4.2 Induced charge component and charge collection

By importing a three-dimensional electric field into Garfield, the induced current signals can be
simulated. One typical example of the induced signals on a group of wires is shown in figure 6.12
for the first 30 ns after the passage of a muon. The spikes are electron induced currents from
individual clusters and the long tails are due to ions. The integration of current over time gives the
amount of charge collected.

According to Ramo’s theorem, the induced current on electrodes is related to the electron
and ion velocities. While the electron drift velocity is very well known from experiments, no
knowledge on ion mobility in CO,:n-pentane (55:45) is available. Since only the mobility of the
COEL ions in CO; gas was reported (close to 1.1 cm?-V~!s~1) under an electric field of a few
kV/cm [86] and the mobility is usually smaller in larger molecular-weight gases, the ion mobility
in the simulation is varied from 1.2 cm?-V~!s™! to lower values. Due to the lack of an explicit
model describing the dependence on the electric field, the ion mobility is assumed to be constant

over the entire ion drift path in the simulation. The gas gain is fixed to 107 so that the total
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number of electrons produced in the gas gap per event is the product of the fixed gain and the
number of ionized electron, which can be retrieved from the Garfield terminal output. The Garfield
program can automatically compute an avalanche profile based on the integral of the first Townsend
coefficient over the electron drift path. Although this leads to an actual amplification slightly
different to the specified one, rough correction of the gain is applied when calculating the total
number of produced electrons.

The simulated fraction of integrated charge as a function of the integration gate width starting
immediately after the muon incidence is shown in figure 6.13 for several assumed ion mobilities.
The integrated charge is found to be proportional to the logarithm of the gate width. Results are also
compared with measurements reported in [180] by normalizing the charge measured at a 100 ns
gate width with the simulated charge collection ratio and scaling other measurements accordingly.
Fairly good agreement is obtained with the assumption of an ion-mobility of 0.4 cm cm?-V~1s~1,
This implies a very low C02+ mobility in the n-pentane gas if it is the main positive charge carrier.

In the simulation, it is also possible to look at the induced charges from electrons and ions
separately. Results are shown in figure 6.14. After the passage of a muon, electron-induced signals

can be collected within 25 ns while ion-induced signals arrive over a few tens of ts. About 60%

of the charge collected in the first 25 ns is found to be induced by fast-moving electrons.
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Figure 6.12 Typical induced current signal on the wires.
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6.4.3 Gas gain

Using the dependence of the charge collection on the integration gate width, the measured charge
presented in [180] , with the '°Rh SB-rays irradiation of a chamber with the same geometry as a
sTGC, can be converted to obtain the gas gain. The ionization produced inside the chamber by
196Rh B-rays with a maximum energy of 3.54 MeV is simulated in Garfield and the average num-
ber of electron-ion pairs created in a 2.8 mm gas gap is found to be 31. The usage of a gate width
of 300 ns results in a collection of about 42% of the total charge created in the avalanche. The
simulated gas gains can be extracted from Polya function fits of the single electron avalanche dis-
tributions. A comparison of simulated gains in CO;:n-pentane (55:45) with two series of available
experimental data with similar n-pentane concentrations (converted from the measured charge), is
shown in figure 6.15. Though no measurement was performed with CO,:n-pentane (55:45), the

average gas gain is expected to be between the values measured in CO;:n-pentane (60:40) and in
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COs:n-pentane (48:52) with the same operational voltage. The simulated gain curve has a similar
slope to those from experimental data, but the absolute gain values are found to be only about one-
quarter of the measured ones. Lower gas gain from the simulation is mainly due to that penning
transfer rates are unknown and the transfer process is not implemented. It is foreseen that these
discrepancies, combined with careful comparison of simulated avalanche fluctuations with exper-
imental measurements, can be used to determine the Penning transfer rates in CO; and n-pentane
mixtures in future studies.

With about 20% of the total avalanche charge collected in about 25 ns according to the results
shown in figure 6.13 and about 2 x 10° gas gain when running at 2.85 kV as shown in figure 6.15,
the average charges collected by the electronics from the wires, pad, strips are expected to be
about 0.3 pC, 0.15 pC, and 0.06 pC, respectively. Details of charge sharing among strips are in
section 6.6. The sTGC detector in this condition will be operated in proportional mode instead of

saturated avalanche mode.
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6.5 Timing performance

The timing performance of sTGC is crucial for Level-1 triggering to enable the detector to identify
single bunch crossings at a collision rate of 40 MHz. The jitter of the detector response time
mainly arises from the variation of the drift time of electrons generated in different places along
the charged particle track. The presence of complex magnetic fields in the NSW region as shown
in figure 6.16 must also be accounted for (plots are generated using Persint [181]. Electron drift
trajectories will change in the presence of magnetic fields.

The simulated maps of average electron drift time at different locations inside a STGC unit cell
are shown in figure 6.17 for a 1 T magnetic field orthogonal and parallel to wires, respectively. The
magnetic fields are parallel to the detector cathode plane in both cases. Due to the small Lorentz
angle of less than 7 ° up to 1 T and no electric field along the wire direction, a magnetic field that
is perpendicular to wires will increase the electron drift length by less than 10 um, and thus has
negligible effect on the electron drift time. A magnetic field parallel to wires shrinks or elongates
the electron drift lines depending on the electron position with respect to the wire location. This
results in a “rotation” of the electron drift map around the wire by a small angle compared with the
case without a magnetic field. For both cases, drift electrons from more than 80% of the gas volume
could reach the wire within 25 ns. Exceptions only take place in the center of two wires or near
the cathode plane due to relatively weak electric field. The detector response time, however, has
more than 80% probability to fall within the 25 ns gate starting from the track enters the chamber.
This is simply due to the fact that a few tens of clusters will be generated across the gas gap and

the timing response is only determined by the earliest arrival time of a few clusters near the wire.
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Figure 6.16 Magnetic field around the ATLAS Muon Small Wheel.
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Figure 6.17 Single electron drift time maps in a unit STGC geometric cell with 1 T mag-
netic field parallel (a) and perpendicular (b) to the wires. Magnetic fields are parallel to
the cathode plane in both cases.

6.5.1 Earliest cluster arrival time

Due to the strong electric field inside the small gas gap and relatively low electronics threshold
(about a few fC) that can be used, amplifications of the first few clusters near the wire usually
create a signal exceeding the discrimination threshold. Therefore the timing performance of the
sTGC detector will be mainly determined by the earliest cluster arrival time. In other words, the
fluctuations of the minimum drift time of clusters gives the physical limit of the detector time jitter.

The simulated earliest cluster arrival time distributions have been determined by tracing indi-
vidual clusters and are shown on the left hand side of figure 6.18 for high voltages between 3.05
kV and 2.75 kV for perpendicular track incidence. The fraction of events with earliest cluster ar-
rival time within the given time window as a function of the window width is shown on the right

hand side of figure 6.18. Lowering the high voltage by 0.2 kV from the designed TGC operational
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voltage of 3.0 kV, does not degrade the timing performance of the sSTGC detector. More than 99%
of the events have minimum cluster arrival time within the 25 ns time window.

The earliest cluster arrival time distributions for normal track incidence, with a 1 T magnetic
field either parallel or orthogonal to the wire, are simulated and compared to the distribution with-
out a magnet field in figure 6.19. The timing distributions with and without a magnetic field are
found to be very close. A slightly smaller mean value of the distribution and hence a minor im-
provement of the timing performance is observed for a magnetic field that is parallel to the wire.
This is mainly due to the effect illustrated in figure 6.20 where the presence of this magnetic field
will deflect the tracks of drifting electrons and the path of the cluster near the wire thus could be
shortened. Since the magnetic fields at the NSW are typically less than 0.5 T in any direction, the

impact of the magnetic field on the sSTGC timing performance is negligible.
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Figure 6.18 Earliest cluster arrival time distributions for different high voltages (left)
and the fraction of events with earliest cluster arrival time within the given time window
(right).
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Figure 6.19 Comparison of earliest cluster arrival time distributions with or without mag-
netic fields (left) and the fraction of events with earliest cluster arrival time within the
given time window (right).

9 \
I
C = ]
r | Cathode )
i B=IT N - i
L \\ e(ﬁ X B ) i
\
: Wire ‘\ « :
X
L . - et ]
L S i
\
L \ ]
L \ ]
N \
B e(vXB) i
r - \“\.\ Cathode 7
L - i
\
\
Y muon

Figure 6.20 An illustration of ionization clusters drifting towards the wire and the impact
of magnetic field parallel to wires.
6.5.2 Single layer time spectrum

A complete simulation of the detector response time spectrum should take into account the gas

gain fluctuations, electronics noise, electronics threshold as well as time jitter from external timing
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references. We have performed a specific simulation of the sTGC detector, which is compared
with experimental measurements taken with a 180 GeV muon beam, using the following steps.
The electronics threshold is set to 10 fC (6.25 x 10* e-), which is about 8 times larger than the
about 7500 equivalent noise charge for the front-end chip used in the beam test [182]. Electrons are
traced using the microscopic method and drift times of individual ionization clusters are recorded.
For each cluster an amplification factor is drawn from a Polya distribution with a mean of 10° and
a O parameter of 1.4 based on the results of section 6.4.1. The resultant charge, calculated as the
product of the number of electrons in the cluster and the sampled gas gain, is then summed when
a cluster arrives on the wires. When the accumulated charge exceeds the threshold, the detector
response time is assigned to be the arrival time of that cluster. For the last step, the detector
response time is smeared with a Gaussian distribution that describes the timing uncertainties from
external reference detectors and electronics.

The simulated time spectrum at 2.85 kV for perpendicular muon incidence is shown in fig-
ure 6.21. The result is compared with the time spectrum measured from a 9 cm x 9 cm size sTGC
pad with 0.78 ns least count TDC modules in a muon beam test performed in 2012. The time jitter
for the reference scintillator is less than 2 ns while the simulation is found to have better agreement
with data if a 3 ns overall time uncertainty is assumed. More than 95% of the total events can be
contained within a 25 ns time window. Thresholds of 20 fC and 40 fC were also tried and did not

change the time spectrum.
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Figure 6.21 Simulated time spectrum compared with one measured in the beam test with
180 GeV muons using 0.78 ns resolution TDCs. Muons tracks are perpendicular to the
cathode plane and the horizontal axis has an arbitrary offset.

6.6 Strip charge sharing

Avalanches initiated by the ionized electrons and developed near wire surfaces will induce charges
on the two symmetric cathode planes. The charges spread on the cathode plane, however, are con-
strained to be similar in size to the gas gap. Hence the charge sharing on 3.2 mm pitch readout
strips underneath is insufficient to determine the charged particle hit position using a charge inter-
polation method. On the other hand, the localized charge on the cathode will diffuse through the
resistive paint layer to the ground and image charges will be created on the readout strips, which
are capacitively coupled to the resistive cathode. Therefore the resistive cathode not only provides
the spark resistant functionality but also serves to disperse the charge over several readout strips

to enhance tracking resolution. A simple model has been developed to describe the charge shar-
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ing between sTGC strips. The model considers the spatial distribution and time development of
raw induced charges on the cathode, and the propagation of induced signals through the resistive-
capacitive network formed between the restive cathode and the readout plane.

Information about the raw induced charge on the cathode can be obtained from Garfield simu-
lations without taking resistive layer into account. The charge dispersion phenomenon in resistive
electrodes has been studied from streamer tubes in 1980’s [183, 184] to micro-pattern gaseous

detectors [185] recently. The method developed is also applicable for sTGC.

6.6.1 Raw charge spread on cathode

For multi-wire chambers, the induced charge density on a contiguous cathode plane due to a point
charge deposited on the wire is described by the empirical function of Gatti et al. [186, 187]:

1 — tanh® K> A
' ¥ K3 tanh2 Ko\

T(A) =K (6.2)

where A(=x/h) is the distance normalized by the wire-cathode plane distance 4, and K| and K are

related to K3 by:

KK

o VK
k=5 (1-23) (©4)

where K3 is a parameter depending on the ratio between the wire-cathode plane distance (h)
and wire-wire separation (s). Usually the FWHM of the cathode charge distribution is related to
K3 and varies between 1.34 to 1.7h. In reality, the induced charge spread on the cathode can be
slightly larger due to multiple avalanches from different ionization clusters as well as the diffusion
of ionized electrons in the gas volume.

Practically, to evaluate the charge spread width on the detector cathode, the strip response
function (SRF), which is the integration of cathode charge density over the strip width, can be con-

veniently obtained by measuring the signal amplitude of on the strip as a function of the distance
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between incident track and strip center. The SRF for the determination of sSTGC charge spread can
also be obtained from the Garfield simulation. Estimations of the cathode charge distribution for
inclined tracks and under magnetic fields in the simulation are also possible.

Simulation is performed by segmenting the whole sTGC cathode plane into fine pitch strips.
The strip pitch is chosen to be 1.5 mm and is smaller than the expected charge spread width so that
the accuracy will not be affected. The electric field together with the weighting field for each strip
are generated using the finite element method to calculate the charge amplitudes. Muon tracks are
uniformly generated across different strips. For each event, the charge on the strip is normalized
by the total collected charge on the wire. The simulated ratio between the charge on the strip and
the total charge on the wire as a function of distance between the muon hit position and the strip
center for a perpendicular incident track is shown in figure 6.22. The distribution is well fitted by
Gatti’s function and can also be fitted approximately by a Gaussian function. The Gaussian fit of
the SRF suggests that the raw induced charge spread on the cathode has a FWHM of 1.9 times the
sTGC wire-cathode distance. This is wider than the distribution of the cathode charge induced by
a single point charge deposited on the wire.

The SRFs are also simulated for different muon incident angles and results are shown in fig-
ure 6.23, where A is the normalized distance between the hit position in the middle of the chamber
and the strip center. The track incident angles indicated refer to the angles with respect to the
normal of sSTGC in the plane both orthogonal to the wire plane and strips. Fitting of the SRF
with a Gaussian function shows that the width is slightly increased from 1.94 to 2Ah as the track
angle increases from O ° to 30 °. In addition, the SRF becomes asymmetric with inclined tracks.
The asymmetry is believed to originate from different contributions to signals from the avalanches
above and below the wire. For muons hit in the middle of the chamber equidistant to the left and
right of a strip center, the avalanche centers above or below the wires in fact have different dis-

tances to the strip center hence induce different amounts of charges on that strip. Avalanches on
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the side away from the strip are likely to be shielded by the wires and induce a smaller amount of
charge on the strip.

The SRFs are also simulated with the presence of 1 T magnetic fields orthogonal to the wires,
which potentially could modify the ionized electron drift path along the wire direction. The results
are compared with those obtained without magnetic field in figure 6.24. As expected from the
small Lorentz angle for sSTGC operational gas, shapes of charge distributions and their widths

remain unchanged.
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Figure 6.22 Simulated strip response function-the fraction of charge collected by the strip
as a function of muon hit position with respect to the strip center.
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6.6.2 Charge dispersion

Since sTGC strips only measure one coordinate of the muon tracks and because the resistive coat-
ing is supposed to have a uniform surface resistivity, the cathode and the readout strip plane can be
treated as a one-dimensional R-C network where R and C are resistive layer resistance and resistive
layer-readout plane coupling capacitance per unit length, respectively. For sTGCs, the unit length
resistance is around a few tens of kQ and the coupling capacitance can be a few tens to a few
hundreds fF depending on the thickness of the cathode insulator and its dielectric constant.

The evolution of current or charge density on the cathode plane due to a point charge deposited

at x = 0, r = 0 and diffusing through a 1D R-C network is given by the solution of the diffusion

2
pler) =/ —exp () (6.5)

where T (=RC) is the characteristic time when the Gaussian distributed charge spread in space has a

equation:

sigma of /2 times the unit length. As shown in section 6.6.1, the spread of cathode charge induced

by a charge Q on the wire can be approximated by a Gaussian distribution:

2
D(x) = \/2Qn_6-exp( - %) (6.6)

where o is about 1.2 mm. The charge density on the cathode is thereby given by the convolution
of equation 6.5 and 6.6

T X2

S (. — 6.7
21(2 + 02) exP( 4t+2‘562> ©.7)

p'(x,1) =0

A comparison of the diffusing charge densities for a point and a finite-size charge depositions
are shown in figure 6.25. The dependence of the charge density as a function of time on certain

readout strips can be derived from the integration of equation 6.7 between strip boundaries:

VT VT

wo Q
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where w1 and w; are coordinates of two edge of a strip.
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Figure 6.25 The charge density distribution at different times for a point charge deposited
at x=0, =0 and diffusing through a 1-D RC network (left) and for charge deposited at =0
with a finite spread in space (right).

As indicated in figure 6.13, induced charges on the cathode grow with the logarithm of time

and the dependence can be described as

0 0
T(1) = SR 6.9)

C+s-In(t+1) (1>1)

where C and s are the intercept and the charge growth slope respectively. 7y could be considered
to represent the average drift time of the first cluster which initiates the first set of avalanche on
the wire. The final model for the charge density evolution on each strip is obtained by convolving
p’(t) and T(¢). This is handled numerically.

Based on the above model, a Monte Carlo simulation has been performed to simulate the charge
sharing among strips by comparing the charge on the neighboring strip with that on the central fired

strip. The general procedures are as follows: At first, muon tracks with perpendicular incidence
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are generated uniformly from the center of one strip to half the strip pitch. Therefore, it is possible
to identify the strips with second, third or fourth largest charge by comparing their distances to
the muon track. Then the integration time is chosen to be the typical value of 25 ns and the raw
induced charge spread on the cathode is fixed at the number derived from the Garfield simulation
for calculating total charge deposition on each strip. The charge dispersion time constant is left as
a floating parameter. The charge density function on each strip is finally integrated with the given
integration time with a specific dispersion time constant and the ratios of charges between each strip
and the central strip are obtained. Since in reality there is an uncertainty in charge determination
due to noise, the charge ratio is smeared with a few percent of a Gaussian distributed fluctuation.
To permit comparison with the experimental data from a muon beam test performed in 2012
(charges on strips are linearly represented by ADC counts), the dispersion time constant 7 is tuned
so that the mean value of the simulated second-to-maximum charge ratio is the same as the mea-
sured one. A time constant of about 6.5 ns is suggested. Comparisons of the simulated and mea-
sured charge ratio distributions are shown in figure 6.26. The shape of the simulated second-to-
maximum charge ratio distribution agrees well with the data. The distribution of the ratios for
third, fourth and fifth maximum charges to maximum charge are found to be slightly smaller than
the measured data. It is likely due to the unexpected larger spread of the raw induced charge as
well as the inaccurate description of the charge profile using a Gaussian function. Both simulated
and experimental data show that on average the second and third maximum charge strips can pick
up charges equivalent to about 60% and 20% of the charge on the central strip with a pitch size of

3.2 mm.
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Figure 6.26 Distributions of charge ratios between those induced on various strips and
that on central strip, e.g8. Q2,4/Omax 18 the ratio of second largest charge to largest. The
experimental data is measured with ADCs. Simulated distributions are obtained with a
raw charge spread of 2.8 mm (FWHM) and a RC time constant of 6.5 ns.

6.6.3 PSpice simulation

An approach to verify the developed analytical charge sharing model is to build the equivalent de-
tector circuit model and simulating signal amplitude from different strips using PSpice [188]. The
simulated sTGC current signals from Garfield can be used as inputs and the dispersed signal on the
strips can be determined from their equivalent coupling capacitors. The schematics are illustrated

in figure 6.27. Each resistor-capacitor cell represents certain length along the wire direction. The
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Garfield generated signals used as PSpice program inputs are from segmented cathode strips so
that the spatial extension of the raw induced charge is reproduced.

An example of simulated dispersing current signals from central and neighboring 3.2-mm-
pitch strips are seen in figure 6.28 when muon incidence is in the middle of the central strip and
a dispersion time constant is 10 ns. The integration of currents on these strips indicate that the
amount of charge collected on the second maximum charge strip is about 32% of the charge on
the central strip. For using the analytic model, the value is calculated to be about 30%, which

reasonably agrees with the results obtained previously.
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Figure 6.27 1-D resistive-capacitive network model built for the PSpice program.
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Figure 6.28 The simulated signals picked up from 3.2-mm-pitch strips after charges were
dispersed through the RC network. Signals are associated with a muon passing perpen-
dicularly in the middle of the central strip.

6.7 Summary

Extensive simulations, including the electric field inside the chamber, electron transportation prop-
erties and charge production are performed in order to understand the operational principles of the
sTGC detectors for the ATLAS NSW muon detector upgrade. Due to the strong electric field and
small gas gap, most of the ionized electrons generated in the chamber will reach the wire within
a few tens of nanoseconds. In addition, the amplification in the vicinity of the wire is sufficiently
large so that the detector is sensitive to single clusters arriving at the wire. These features result
in small time jitter together with fast collection of electron induced charges. Owing to the small
Lorentz angle in the CO,:n-pentane (55:45) gas mixture, the timing performance of sTGC are not
expected to be affected by the presence of the magnetic field in the NSW. The foreseen operation
at lower high voltage of around 2.8 kV, compared with 3.0 kV for the TGCs currently used in
ATLAS, does not degrade its timing capability. However, the gas gain is estimated to be reduced

to about 2 x 10° and thus the detector will be actually running in the proportional mode instead
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of the saturated avalanche mode. Detailed simulation based on Garfield reproduce well a single
layer sTGC detector time spectrum from a muon beam test. Results indicate that more than 95%
of the total events can be identified within 25 ns in a single detector layer and thus fulfills the
requirements for Level-1 triggering.

A simple analytical model has been developed to describe the charge sharing among sTGC
strips. This includes the time structure of the charge development, raw induced charge spread
on the cathode and its dispersion through the distributed resistive-capacitive network between the
readout and cathode planes. Results show that with a few tens kQ/[J cathode resistivity and ~
0.1 mm cathode-readout plane separation, charges will be spread out on 3-4 strips with a pitch
size of 3.2 mm. Depending on the real situation that whether a linear representation of charge
such as flash ADC or logarithmic-like representation such as time-over-threshold (ToT) will be
implemented in the front-end ASIC, the distance between the resistive cathode and the readout
plane can be varied at a few hundreds of microns level to adjust the coupling capacitance hence the
characteristic charge dispersion time. For instance, the use of ToT would prefer less dispersion of

the charge so that the signals from central and neighboring strips can be distinguished.
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Chapter 7

Summary and outlook

The muon tracking and triggering are confronted with big challenge after the upgrade of LHC
to higher energy and luminosity or in future collider experiments. High rate capability, tracking
precision and good timing performance from the gaseous muon tracking and trigger detectors
are increasingly demanding at the same time. In the context of ATLAS muon upgrade program,
extensive research and development on three types of advanced gaseous detectors are carried out.
This dissertation presented our detailed studies of Micromegas, Resistive Plate Chamber (RPC)
and Thin Gap Chamber (TGC) detectors with efforts to understand their characteristics and exploit
them for muon tracking and triggering in the harsh high rate hadron collider environments.

The first part of the dissertation reports the development of a novel method to fabricate Mi-
cromegas detectors. This fabrication method is based on attaching a layer of woven wire micro-
mesh on the anode printed circuit board to form one hundred microns thick avalanche gap using
thermo-bond film spacers. Without employing dedicated photo-lithography processes, it allows
convenient and economic construction of Micromegas or similar strictures in most university or
institutional labs with simple hot plates or hot press machines. Our test results of 4 cm x 4 cm
thermo-bonded Micromegas prototypes show that gas gains up to 2 x 10* and energy resolutions

better than 14% (FWMH) for 5.9 keV X-rays could be achieved. The gain uniformity of about
243
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20% around the mean is achieved and it should be sufficient for muon trigger and tracking applica-
tions. Our simulation as well as experiment on small prototypes suggest that the uniformity could
be improved to within 10% using neon based mixtures as operational gases. The largest prototypes
produced so far have areas of 20 cm x 20 cm with basic performance parameters comparable to
those of bulk Micromegas. Further development towards larger areas, comparable to those used in
COMPASS experiment, are still ongoing.

Thanks to the excellent bonding strength of thermo-bond film and the flexibility it offers, we
have attempted to construct Micromegas with high resistivity anode and parallel ionization mul-
tiplier (PIM) structure with multiple micro-mesh layers and gaps. The former attempt explores a
new approach to build spark-tolerant Micromegas. By attaching a thick layer of high resistivity
material, with bulk resistivity of around 10'° Q.-cm, to the metallic anode, gas gains exceeding
10° have been obtained. Charges released in the discharges are limited to less than a few nC and
discharge currents have durations less than a few hundred ns. Despite of occasional sparks due to
large avalanches, prototype imperfection, all prototypes during the tests are found to be very robust
when operated at a gas gain of a few tens of thousands. We believe it is an effective way to protect
the front-end electronics and allow a high MIP detection efficiency in harsh hadron environment.
The later attempt to improve the timing performance of micro-mesh parallel electrode structure
detectors. We have designed a PIM structure with a drift gap of a few mm thick followed by a
300 um thick avalanche gap and one hundred microns thick induction gap. Our simulation and
calculation show that a large fraction of prompt electron signal could be derived from the detector
if electric fields in these gaps are properly configured so that amplifications mostly occur in the
avalanche gap. This GEM-mode operation gives short electron induced pulses and an improved
timing performance is expected compared with the Micromegas and the GEM detectors. We have
constructed small prototypes which demonstrate that an effective gain of 10* could be achieved on

the anode. It should be pointed out that compared with the GEM, only a single amplification stage
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is required to achieve this gain. This PIM structure is potentially useful for MIPs tracking when
good timing performance is also of concern.

The second part of the dissertation presents studies of precision tracking and fast triggering
based on thin gap RPCs. RPCs with about 1 mm gas gaps are used and equipped with 1.27-mm-
pitch readout strips. Strips are read out from both strip ends. Several beam tests are carried out
at the CERN SPS-H8 muon beam line in order to study timing performances, spatial resolutions
of theses thin gap RPCs and assess viabilities of operating thin gap RPCs as mean-timers to do
fast coincidences. Our test results show that about 500 ps time resolutions could be reached using
around 1 mm gas gap RPCs. A spatial resolution of less than 200 m using charge centroid method
are obtained. It should be stressed that the ultimate resolution should be much better that obtained
due to the non-linear ADC-charge correlations from the used front-end electronics. A spatial res-
olution of less than 300 um is also obtained only using on-line timing information. The timing
information from two ends of a strip could be used to give muon hit positions along the strip. With
100 ps TDCs, the position resolution of around 7 mm along the strip is achieved. Due to the inde-
pendence of the average signal arrival time from two ends of a strip with muon hit positions, it is
possible to build a trigger system with timing jitter only on the order of a few hundred picoseconds.
Fast coincidences between multiple thin gap RPC layers within a few nanoseconds are allowed to
reject fake hits. The constructed (sub-ns X sub-mm x cm) trigger cells using thin gap RPCs will be
very powerful to remove backgrounds at first time and improve high momentum muon selectivity
at high level triggering in high rate environments. Furthermore, we have conducted rate capability
tests of Bakelite RPCs at CERN Gamma Irradiation Facility (GIF). Results show that even made
with the standard 2 mm thick 10'% Q-cm Bakelite plates, the Bakelite RPC is fully efficient at a
maximum detected photon rate of more than 15 kHz/cm?. It is found that one of the key approach
to increase the RPC rate capability is to limit the avalanche development inside the gas gap and

reduce the charge per detected count. It also worth pointing out that another study performed by
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the ATLAS RPC community suggests the timing resolution of a thin gap RPC operated at few
kHz/cm? is comparable with that sub-ns resolution obtained at very low rate. All these features
make advanced RPCs are attractive to future muon triggering with very strict requirements.

The last part of the dissertation presents the simulation study of small-strip TGCs which have
been selected as the primary trigger detectors for the ATLAS New Small Wheel (NSW). The
ATLAS NSW sTGCs have cathode strips, pads as well as wire readout elements. Signals from
four sTGC pad layers will be used to make coincidences and to form trigger towers. Only signals
from strips underneath the candidate pad trigger towers will be read out and used to reconstruct
muon hit positions at level-1. Our studies have particularly focused on the timing performance
and the charge sharing among readout strips which will be useful to understand the determination
of precision coordinates. Our simulation well reproduces the sTGC timing performance measured
at the CERN SPS-HS8 beam test with 180 GeV/c muons. Simulation results show that sTGC is
capable of correctly identifying LHC bunch crossings happening every 25 ns. In addition, its
timing performance is found to be unaffected by the magnetic field around the ATLAS muon
Small Wheel, which has a strength up to 0.5 T. An analytical model is also developed to describe
the charge dispersion in resistive cathode layers and charge sharing among sTGC readout strips.
This model reasonably agrees with the strip charge distribution measured at the beam test. It
will be very valuable to understand the impact of detector geometric parameters, such as strip
pitch, graphite layer resistivity and graphite-strip plane distance, on the charge dispersion inside
the chamber as well as the spatial resolution. Such model could also be used in the ATLAS main
software framework-ATHENA for the digitization of STGC strip responses. Further development
of the model is still ongoing to include the electronics parameters such as pulse response function,
shaping time etc. It is expected to be useful to better understand responses from gaseous detectors

with resistive electrodes and optimize these detectors for better tracking accuracy.
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