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Abstract

The operation mechanism and properties of Thick GEM-like (THGEM) gaseous
electron multipliers, operated at atmospheric and low pressure, are presented. They
are made of standard printed-circuit board, perforated with sub-millimeter diameter
holes, etched at their rims. Gas multiplication factors of 10° and 10" at low (1 Torr)
and atmospheric pressure respectively were obtained. Fast pulses in the few
nanosecond rise-time scale were reached in single and cascaded double-THGEM
elements, in standard gas mixtures with single photoelectrons. Energy resolution of
20% FWHM was recorded with 5.9 keV X-rays at a gain of 10°. High single-electron
detection efficiency is obtained in photon detectors combining THGEMs and
semitransparent UV-sensitive Csl photocathodes or reflective ones deposited on the
top THGEM face; the latter benefits of a reduced sensitivity to ionizing background
radiation. Stable operation was recorded with photoelectron fluxes up to the
MHz/mm? scale. Some potential applications of these simple and robust multipliers
are discussed.
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1. Introduction

In this work we present a novel concept and tool for the detection of charged particles
and photons: the thick gas electron multiplier (THGEM) [1, 2 and 3]. It is a robust,
simple to manufacture, high-gain gaseous electron multiplier. Its operation is based on
gas multiplication within small, sub-millimeter to millimeter diameter holes. The thesis
work comprises on one hand conceptual design studies based on simulations of electric
field distributions and of charge transport and multiplication in single and cascaded
THGEMSs; on the other hand it comprises detailed experimental investigations of the
properties of the new multipliers over a broad range of gases and pressures. An accent
was put on the application to the detection of single photons.

Gas avalanche multiplication within small holes is attractive because the avalanche-
confinement in the hole strongly reduces photon-mediated secondary effects. In
addition, hole-multiplication provides true pixilated radiation localization. Hole-based
multiplication has been the subject of numerous studies in a large variety of
applications. Among them: optical particle tracking by gas discharge in capillary plates
and tubes [4]; Gamma radiation detection with small diameter lead-glass and other tube-
like converters followed by charge multiplication within the “holes” [5,6]; proportional
amplification in other structures like the Micro-Well [7] and the glass Capillary Plates
(CP) [8,9] etc. More details are provided in paragraph 2.5.

The most attractive and extensively studied hole-multiplier is the Gas Electron
Multiplier (GEM) [10], comprising 50-70-um diameter holes chemically etched in a
50-um thick metalized Kapton foil.

Figure 1: Schematic view of the operational principle of the standard GEM. Electrons
follow the field lines and are focused into the holes, where an avalanche multiplication
process takes place at the strong electric field there.

Its operation principle is based on electron multiplication inside gas medium; electron
drift into the GEM holes, where due to a strong electric field (~80 kV/cm) they gain
enough energy to ionize the gas molecule, which, as shown in figure 1, results in
avalanche process. It operates in a large variety of gases, including noble-gas mixtures,
providing a gain of ~10"in a single element and gains exceeding 10° in a cascade of 3-4
elements [11,12].



Our THGEM is actually a geometrically expanded version of the standard GEM, with
all dimensions expended by about an order of magnitude. It is fabricated in standard
printed-circuit board (PCB) technique; unlike the “optimized GEM” developed by
Peskov et al.[13], our concept combines in addition to hole drilling in a PCB also
chemical etching of the copper at the rim around each hole (Fig.2). The latter was found
essential for reducing considerably discharges at the hole’s rim, resulting in higher
permissible voltages, better stability and higher gains.

Figure 2: Left: a schematic view of the THGEM operation principle. Right: a
photograph of a THGEM#9: 0.4 mm thickness, 0.3 mm hole diameter and 0.7 mm pitch.
A rim of 0.1 mm is etched around the drilled holes.

Though the geometrical dimensions of the THGEM are expanded by large factors, most
parameters governing its operation, e.g. operation voltage, electric fields, electron
diffusion, etc. do not scale accordingly. Therefore, the optimization of the THGEM
parameters required a broad systematic study. In the present thesis work, we have
investigated a large variety of THGEM geometries over a broad pressure range (0.5-
760 Torr); we will provide the optimal geometry in terms of hole diameter, hole
spacing and electrode thickness, for different applications at atmospheric and low gas
pressures.
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Figure 3: The operation principle of the THGEM demonstrated by GARFIELD [31]
simulation at low THGEM gain (~30): electrons originating from gas ionization or
from a semitransparent or reflective photocathode are focused into the holes, where
they undergo avalanche multiplication. Depending on the size and direction of the field
Ewans, avalanche electrons are further transferred to a readout electrode, to a second
multiplier, or are collected at the THGEM bottom electrode as shown here with a
reversed Eqrans.



The THGEM operation principle, which is identical to that of a standard GEM, is
shown in Fig.3. Upon application of a voltage difference across the THGEM, a strong
dipole field Ejoe is established within the holes. Electrons deposited by ionizing
radiation in a conversion region above the THGEM, or produced on a solid radiation
converter (e.g. a photocathode (PC)), are drifting towards the THGEM under the field
Eqrie and are focused into the THGEM holes by the strong electric field inside the holes.
The PC can be a semitransparent (ST) one, placed above the THGEM, or a reflective
(Ref) one, deposited on the THGEM top surface. With Ref PCs the most appropriate
Eaire value is 0, as discussed below; with ST ones, a drift field of 0.1-1 kV/cm is
required, according to the application. The electrons are multiplied within the holes
under the high electric field (~25-50 kV/cm); depending on the size and direction of the
field Eans, @ fraction of the resulting avalanche electrons are collected on the THGEM
bottom electrode while the rest may be further transferred to a collecting anode or to a
second, possibly similar, multiplier element. Each hole acts as an independent
multiplier; the avalanche confinement within the holes has the advantage of reduced
photon-mediated secondary effects; this leads to high-gain operation in a large variety
of gases, including highly scintillating ones like pure CFj.

Using a Ref PC deposited on the THGEM top face is particularly interesting: in this
geometry the PC is totally concealed from avalanche-induced photons and therefore no
photon-feedback effects (generally yielding unwanted secondary avalanches) are
present. As the latter are a major performance-limiting mechanism of photon-imaging
detectors, [14], their suppression is of advantage for conceiving high-efficiency
detectors with sensitive PCs.

We shall present results demonstrating the role of each geometrical and operational
parameter of the THGEM. The operation and properties of photon detectors with ST
and Ref PCs and of soft x-ray detectors will be described.

The THGEM multiplier-detector has many applications in the field of particle physics,

where moderate sub-millimeter localization resolution is sufficient. At atmospheric
pressure it can be used for UV-photon detection and imaging of Cherenkov light, e.g. in
Ring Imaging Cherenkov (RICH) detectors for particle identification [14] and for
particle tracking, e.g. In Time Projection Chambers (TPC) [15]. As demonstrated in this
work, the THGEM can also operate at very low gas pressures (below 1 Torr); possible
applications are in detecting heavily ionizing particles and possibly, the detection of
very low energy ions, discussed below.



2. The physics of gaseous detectors

2.1 Detection of charged particles and photons.

Charged particles and photons traveling inside a gas medium can interact with it in
many ways. The most probable interaction generally used for detection is the
electromagnetic interaction, which results in both excitation and ionization of the gas
molecules. The energy required for creating an electron-ion pair depends on the gas
type and is typically around 25-35 eV.

Photon interactions with the gas molecules depend on the photon energy. At low energy
up to several keV, the dominant process is the photoelectric one. At the range over 10
keV Compton scattering takes over and at energies above MeV electron-positron pair
production is the most probable process. The process of photoelectric absorption is the
most common process in our experiments, encompassing either UV-photons or soft (5.9
keV) x-rays. In our experiments, x-rays were absorbed in gas resulting in its ionization
by the emitted primary electrons; on the contrary, the UV photons interacted with a
solid CsI photocathode, which requires only 5 eV to create a free electron, resulting in
photoelectrons emitted into the gas medium.

The study of UV photon detectors, combining solid radiation converters with gaseous
electron multipliers, has been a major research topic in our group for many years [16].
The quantum efficiency (QE) of solid photo-converters (photocathodes), which is the
probability of electron emission per incoming photon, is an intrinsic property of the
converter; it depends on the photocathode material, the status of its surface, and the
photon wavelength. When operating in a gas environment, the QE is reduced by
photoelectron backscattering on the gas molecules [17]. Csl is the most common UV
photocathode [18]. In a recent work, a 2500A thick Csl photocathode deposited on a
GEM surface, yielded a QE of 23% with 180nm UV photons [19].

X-ray interaction with the gas molecules is a quantum process involving one or more
transitions in the atomic electron shells of the gas molecule components. The
attenuation of the x-ray flux in the medium is a function of its energy and of the
medium composition. Its absorption length in the medium is given by:

A=—"
No

Where N is the gas density and o is the cross section for collisions.

Absorption of 5.9 keV x-ray photons, for example, in the Argon atomic shell (E;) of 3.2

keV results in the emission of a primary photoelectron with an energy 5.9-3.2=2.7 keV.

The photoelectron will have a range of about 100 microns at one atmosphere. The

residual ionized and excited molecule can decay to its ground state mainly via two

mechanisms:

1. Fluorescence: i.e. internal electron transition with photon emission E;-E; (from
atomic level E; to lower atomic level E;). This secondary photon has an energy
smaller than the ionization threshold and thus a very long mean-free-path for
absorption; it can therefore escape the volume of the detector.



2. Radiation-less transitions (Auger effect): a rearrangement of the atomic electrons
followed by the emission of a second electron of energy 3.2 keV.

In Argon for example, in 15% of the cases we have photon emission and in 85% of the

cases: two electrons emission.

The passage of a charged particle in a medium result in a discrete number of primary
ionizing collisions, which liberate primary election-ion pairs (n,). Some ejected
electrons can have enough energy to further ionize the medium, producing secondary
electron-ion pairs; the total number of electron-ion pairs can be express by:

AE
"W

Where, AE is the energy-loss in the medium (e.g. gas volume), and W, is the effective

i
average energy to produce one pair.

In Ar/CO, (70:30), for example, 34 primary pairs will result in a total of 124 electrons-
ion pairs [20]. The total charge created in the gas is either collected at the read out
electrode (ionization chamber mode) or is multiplied in the gas, as discussed below, to
yield detectable pulse-signals; the latter, proportional to the deposited energy, provide
time and localization information.

2.2 lon and electron transport inside gas media

When an electric field E is applied across the gas volume, a net movement of the ions
along E direction is observed. This net movement is the outcome of collisions with the
gas molecules and acceleration by the field E between successive collisions. The
average velocity of this slow motion is called ion drift velocity w* and it is found to be
linearly proportional to E/p; p being the gas pressure. The ion mobility is defined as

2
. W' _cm

H :E V sec

It is specific to each ion type moving in a given gas. For example "= 1.72 for CO,"

moving inside Argon gas and "= 1.09 for CO," moving inside CO, Gas [20].

The mobility of electrons, except for very low fields, is not constant. In fact, due to their
small mass, electrons can substantially increase their energy between collisions with the
gas molecules under the influence of an electric drift field Egis. In a simple formulation,
one can write the drift velocity, as:

eE, . cm
We _ drift r [
2m L sec

Where 7 is the mean time between collisions and m the electron mass.
At high fields, a typical value of We is around 5cm/ i sec, which is roughly 3 orders of

magnitude faster than the ions' W* under similar conditions [20].



Since the charge motion involves collisions with the gas molecules, their drift under an
electric field should involve diffusion. While the ion diffusion is negligible due to their
mass, electron’s diffusion is an important parameter, which influences the accuracy of
the localization and time measurements in gaseous detectors. The transverse diffusion
(perpendicular to Egir) strongly influences the detector resolution and the longitudinal
one affects the time resolution of the signal. As a function of the drift distance from the
origin d, the diffusion width of the electron cloud & increases according to:

With &, being the characteristic energy of the electron in the gas and is a function of
the reduced electric field E/p.

The diffusion along and across the drift direction is varying among the gases, and
typically for a lcm drift under 0.5kV/cm in atmospheric pressure it ranges between
0.1mm RMS in CO;, to 2mm RMS in Argon [20].

2.3 excitation and ionization of gas molecules

At electric fields above a few kV/cm, electrons gain enough energy between successive
collisions, to cause excitations and ionizations of the gas molecules. The excitations
result, among others, in photon emission; these photons can create secondary electron
emission, perturbing the process of detection (photon feedback). Adding complex
molecules to noble gases, such as hydrocarbons which have radiation-less transitions,
will absorb these photons and therefore will reduce secondary effects. Photon emission
in some noble gases, known as efficient "gas scintillators", is employed for radiation
detection [21]

When the energy of an electron increases over the first ionization potential of the gas E;
the result of the impact can be gas ionization, namely the creation of a new electron-ion
pair; the primary ionization electron continues its transport in the gas. The probability
of ionization is rapidly increasing above the ionization threshold, on the account of gas
excitations; it reaches a maximum, for most gases, around electron energy of 100 eV.



Electrons

Figure 4: Photograph of an electron avalanche in gases [20]. The positive ions are left
behind the fast electron front.

The process of ionizations by electron collisions is the basis for the avalanche
multiplication. After a mean free path ¢ electron-ion pair will be produced, and the two
electrons will continue to generate, again after one mean free path, two additional
electron-ion pairs and so on. If n is number of electrons at a given position and Ng is the
number of electrons at X=0, after a path X, the increase in the number will be
exponential:

x
M :—:e[
nO

Where, M represents the multiplication factor.

The Townsend coefficientar = /™' is a function of the electric field E and as seen in
Figure 5 the detected charge depends on the potential difference V, that is applied on
the electron inside the gas medium. At very electric fields (E<1kV/cm), charges begin
to be collected, but recombination is still the dominant process. In the ionization
chamber region, at higher electric fields (kV/cm), full collection begins. At electric
fields above few kV/cm, multiplication starts and the detection charge is proportional,
through the multiplication factor M, to the original deposited charge. At higher electric
fields, this proportionality is gradually lost, as a consequence of the electric field
distortions due to the large space charge created. This region reaches saturation gain,
where the same signal is detected independently of the original ionizing event. At even
higher electric fields it is the Geiger-Muller region, where the photon emission process
begins to propagate avalanches in the counter, and the full length of the detector
becomes a sheath of electrons and ions.
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Figure 5: Left: Gain-voltage characteristic for parallel-plates counter, showing the
different regions of operation. Right: schematic view of the parallel-plates
configuration.

Secondary processes, like photon emission inducing the generation of avalanches
spread over the gas volume, photon- and ion-induced secondary avalanches and space
charge deformations of the electric field (which is strongly increased near the front of
the avalanche), eventually result in spark breakdown. It is interesting to note that such
radiation-induced sparks, which limit the operation of modern detectors, were used for
optical recording of particle-tracks in the early days of particle physics experiments. A
phenomenological limit for multiplication before breakdown is given by the Raether
condition [20]:

M~10°8

The statistical distribution of the energy of electrons, and therefore of M, in general
does not allow one to operate at average gains much above 10° if one wants to avoid
breakdowns. However, a multiplication process inside holes, as discussed in details at
the next section, reduces dramatically these secondary effects and therefore allows
reaching higher gains. Using the THGEM, stable operation was indeed obtained at
gains above 10’.

2.4 Multiplications inside holes

Electron multiplication inside holes is attractive because the avalanche confinement in
the hole strongly reduces secondary affects, particularly that due to ion- and photon-
induced secondary electrons. Hole-multipliers can therefore reach higher gains,
compared to "standard" wire chambers, parallel-plate, resistive-plate, microstrip and
other "open-geometry" detectors. [22,23] Cascaded hole-multipliers permit total
blocking of photon-feedback effects, which permit operating them even in noble gases
that emit very high photon yields. Avalanche ions, flowing in a direction opposite to
that of the electrons in gaseous detectors, induce gain-limiting and field-distorting
secondary effects. Recent cascaded hole-multipliers developed at our group in
cooperation with the Coimbra university permit reducing the flow of back flowing
avalanche ions by 3 orders of magnitude [46].
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Figure 6. Garfield [31] simulation of a single electron multiplication (Gain~10°), inside
the |THGEM hole.

The hole-multiplier provides true pixilation in radiation localization. Each hole acts as
individual multiplier, which is separated from other avalanches. Garfield [31]
simulation of a single electron multiplication (Gain~10°), inside the [THGEM hole is
shown in figure 6. As will be shown, the multiplication reaches values as high as 10° in
a single THGEM multiplier; cascading several multipliers results in stable operation at
gains above 10’.

2.5 A short survey of hole based detectors

Hole based multiplication has been a subject of numerous studies in a large
variety of applications. In 1973 Breskin and Charpak introduced a glass track chamber,
constructed of an array of tiny (~lmm diameter) glass capillaries filled with
neon/helium gas [4]. It is a simple detector based on recording optically light emitted
following the electrical gas discharges created in the capillaries, upon the gas ionization
induced by charged particles. The particle tracks were formed by a succession of
discharges confined within individual 50mm long glass capillaries of about Imm in
diameter.

At 1980 Lum et al. investigated the detection of gamma rays, using “lead-glass”
converters, made by fusing glass tubes stacked to form a close packet array [5]. The
glass tubes had 1.4mm ID, 1.6mm OD and were 2mm thick, filled with Ar/CH4 (70:30)
at 1 Atmosphere. The gamma rays interacted with the glass converter, which yielded
conversion electrons escaping into and ionizing the tube-gas. The ionizing electrons
drifted along the tube gas, in an electric field; they were detected in a multiwire
proportional chamber (MWPC) placed below the tubes. In order to provide a uniform
drift field, the glass was treated in an elaborate hydrogen reduction process that
provided a high-resistivity (~500M Q) surface layer. A photon conversion efficiency of
8% was achieved with 511 keV Gamma rays.

Del Guerra et al introduced high resistivity lead-glass tube arrays for RICH
counters [6]. The glass tubes were coupled to a MWPC; an electric field of a few kV/cm

11



applied along the tubes permitted some multiplication within their volume. The glass
tubes (0.91mm ID, 1.Imm OD and 1cm thick) reached a gain of 10 and 100 for 4.7kV
in Ne+He+4%C,Hg (760 Torr) and 4.2kV in Isobutene (40 Torr) respectively. They
were found to be efficient preamplification elements and as a UV shield, cutting more
than 99% of the UV light. However, the electron transmission through the arrays has
not been optimized (~60%).

Sakurai et al. introduced a new type of proportional counter, using capillary plates [8].
It consisted of a bundle of fine glass capillaries with electrodes in both sides. The
capillaries were 100 microns in diameter and 800 microns in length. Gas gain of 10*
was measured in Argon/CHy (95:5) at voltages of 1480V and 1080V at 760 and 380
Torr respectively. Using 5.9 keV x-rays and with a gas gain of 7000, an energy
resolution of 25% FWHM was obtained.

In 1996 Sauli introduced the gas electron multiplier (GEM) [10]; as mentioned above
it comprises 50-70 microns diameter holes etched in a 50-micron thick metalized
Kapton foil. It operates in a large verity of gases including noble gas mixtures,
providing a gain of 10* in a single element and gain exceeding 10° in cascade of 3-4
elements. The avalanche process is fast (ns) and generally free of photon mediated
secondary effects. The GEM is the most attractive and extensively studied hole
multiplier. An intensive research of the GEM has been carried out in our group at the
Weizmann Institute. It was focused towards the understanding of the properties of
cascaded GEM multipliers [24] and their use as photon detectors for the UV and
visible spectral range [25, 16, and 11], X-ray imaging [26] and neutron detection [27].
Derived from the GEM is the Micro-Hole & Strip Plate (MHSP) multiplier, which after
a multiplication in GEM-like holes further multiplies the avalanche electrons on thin
anode strips deposited on its “bottom” electrode [28]. Cascaded GEM and MHSP
multipliers provide high gains and permit the efficient blocking of avalanche ions [29,
46].

As part of the study of hole-multipliers, another multiplier was investigated by Peskov
et al., called the “optimized GEM” [9, 13], made of mechanically drilled holes in a G-
10 plate metalized on its both sides. It reached gains of 100 and 10 for particles and x-
ray respectively inside Argon/Isobutane (95:5), and inside pure Xe; with the use of a
CsI photocathode the maximum gain achieved was 10°.

Our THGEM [1,2,3] introduced in 2004 is the most recent development in gaseous
hole-multipliers. It is a simple and robust device for atmospheric and low-pressure
applications, where moderate sub-mm localization is sufficient.

It has fast response and reaches very high gains of 10° and 10’ in single- and double-
THGEM configurations at atmospheric pressure and 10* at very low pressures, e.g. at 1
Torr of isobutane. It has a rate capability of 10" events/mm’sec at a gain of 10* and an
energy resolution of 20% FWHM for 6 keV x-rays, which is similar to that of the
standard GEM. We will discuss in the following the methodology of our studies and
provide the results in detail.
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3. Methodology

The present study encompasses the production of THGEM electrodes, calculation of
electric fields by MAXWELL software package [30], the simulation of electron
transport by GARFIELD software [31] and the measurement of various operation
properties of the THGEM.

3.1. THGEM production procedure

The THGEM electrodes (Figure.2) were produced in the Printed Circuit Board (PCB)
industry [32], by standard drilling and etching process, out of G-10 plates. We used
double-sided copper-clad plates, of thickness t = 0.4 — 3.2 mm; the insulator was first
drilled with a hexagonal pattern of holes of diameter d (d ~ 0.3 — 2 mm) and pitch a (a ~
0.7 — 4 mm) and then the copper was etched at a 0.Imm distance around the hole's rim
(Fig.2). A large assortment of THGEM electrodes was produced by this very economic
method; table 1 summarizes the various THGEM geometries studied in the present
work.

Table 1. A summary of the geometrical parameters of THGEMSs studied in this work.

Thickness | Drilled hole Etched Cu Pitch Ref PC

THGEM# t [mm] diameter diameter a [mm] area
d [mm] d+2h [mm] [%]

1 1.6 1 1 7 98

2 1.6 1 1 4 94

3 1.6 1 1.2 4 92

4 1.6 1 1.2 1.5 42

5 3.2 1 1.2 1.5 42

6 2.2 1 1.2 1.5 42

7 0.4 0.5 0.7 1 56

8 0.8 0.5 0.7 1 56

9 0.4 0.3 0.5 0.7 54

10 0.4 0.3 0.5 1.0 77
Standard 0.05 0.055 0.07 0.14 77

GEM

3.2. MAXWELL and GARFIELD simulations

Maxwell is 3D software, which solves Maxwell equations for a given geometry and
voltage configuration. It was used to calculate the electric fields (direction and values)
above, below and inside the THGEM holes and to evaluate the field at the THGEM
surfaces; the latter is important for the operation of THGEM-based photon detectors
with reflective photocathodes deposited on their top surface. This helped us to
understand the role of each field and thus to optimize both the THGEM dimensional
parameters and the operation conditions.
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Designing the THGEM configuration with Maxwell is done in four stages:

1. Drawing the geometry, which is actually a unit cell of the THGEM, composed of
two quarters holes as shown in figure 7. Duplication of this unit-cell results in the
full geometry of the THGEM.

2. Assigning materials, such as conductors to the electrodes and insulators to the
substrate. The THGEM upper and lower surfaces are assigned as perfect conductors
and used as electrodes. The THGEM’s insulator is assigned as FR4 glass epoxy,
which is equivalent to the G-10.

3. Applying voltage sources to the electrodes, such that it simulates the experiments.
The THGEM bottom is usually chosen to be grounded, and other voltages are
applied according to the experimental conditions.

4. Creating the calculation mesh, which determines how precise should the calculation
be at any given point. The mesh can vary from region to region. Usually around
25,000 mesh points are divided as follows: holes - 10,000; G-10 - 3,000; electrodes
—4,000; background — 8,000. This division can change according to the significance
of the simulation e.g. for examining the electric field on the THGEM top surface,
more points will be added at this electrode.

After the mesh is defined, the software solves Maxwell equations, and the results are

given at a post process stage as 2D and 3D plots, as shown below in section 4.1.

BS80S A bopone

Figure 7: Maxwell simulation of the THGEM unit cell geometry. Duplication of this
unit-cell results in the full geometry of the THGEM.

The electric-field maps, calculated by Maxwell, are transferred into the Garfield
simulation package. In addition to Maxwell’s map of fields, Garfield takes into account
also the gas type and pressure. According to the cross sections of the gas, the drift of the
charges has a certain probability for collisions and ionizations. While Maxwell
calculates the electric fields, Garfield simulates the full electron and ion paths including
diffusion, and the electron multiplication inside the holes, as seen in figures 8 and 14.
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Fig.8 — GARFIELD simulation of the avalanche process in a double- THGEM #9
detector, in atmospheric pressure Ar/CO»(70:30); with AVrueem=1350 V, the
multiplication factor of each THGEM is ~30, resulting in a total gain of ~900.

3.3. Experimental techniques

All measurements, except the x-ray energy resolution, were carried out with
photoelectrons emitted from a Csl PC, irradiated with UV light from a continuous
Ar(Hg) lamp or from a spontaneously discharging H, lamp. The experimental setups
for the different measurements are described below. The PC was either a thin (30nm)
ST film, vacuum deposited on a Quartz window, pre-coated with a very thin (20-30nm)
under-layer of Cr, or a thick (300nm) Ref film, vacuum deposited on the THGEM's top
face. The ST mode with the PC placed 10 mm above the multiplier, represents indeed
the operation mode of a THGEM coupled to any source of electrons located in the gap
above it; besides the photomultiplier configuration, it could be a conversion gas gap for
ionizing particles in a tracking detector or in a TPC, an x-ray conversion gap or another
multiplier preceding the THGEM.

22MOhm
k]l __________ |—

E i lec /- 22MOhm

22MOhm

Figure 9: Scheme of the DC current measurements using reflective photocathode. The
power supply is connected in series to a 22MOhm resistor that protects the THGEM in
case of sparks.
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We used an individual power supply for each electrode, as shown in figure 9,
permitting to independently vary the different fields. A current limit of 50nA was
usually set on the power supplies biasing the THGEMs (CAEN, model N471A); a
22MOhm serial resistor was added to limit eventual discharge currents. The light-
source intensity was tuned with a series of absorbers placed in front of the lamp,
adopting the light flux to the THGEM gain, within the above-mentioned current limits.
Except for the electron transfer efficiency (ETE) and x-ray energy resolution, all
measurements were carried out by recording the current from various electrodes in the
different experimental setups. The current was measured on electrodes grounded
through the precision electrometer (KIETHLY 610C), permitting recording currents
down to 10 pA; the currents on powered electrodes were measured indirectly by
recording the voltage drop across a known resistor, which permitted measuring currents
in the range of 10nA to 100 nA. The precision of these measurements was of 1% and
5%, respectively.

At very low THGEM voltages, below the multiplication threshold, the ETE can also be
derived from the currents measurements, by comparing Ioyr, the output current of the
THGEM (i.e. collected on the interconnected THGEM bottom and mesh M2 electrodes
— figure 8) to Ipc, the photocurrent emitted from the PC (measured at the PC with a
field Eg4in established and no multiplication in the THGEM). But, as soon as the
multiplication in the holes starts, this current measurement is no more valid for the ETE
assessment; we cannot separate the ETE from the effects and charges resulting from the
multiplication process [33]. In this range, the ETE was measured in a pulse-counting
mode that permits separating the two processes. It is based on recording single electron
pulses, in which case electron transfer inefficiency is directly translated to counting rate
deficiency. We used a relative measurement, comparing the counting rate in the
examined system to that recorded in a reference system known to have 100% ETE. This
is done, of course, under exactly the same experimental conditions, with identical PC,
UV-light illumination, and total pulse-gain and electronics chain. The pulse-counting
method was used to obtain the transfer efficiency of the THGEM with either
semitransparent or reflective PCs, in various gases. The details are given in [24,33] and
in section 3.3.2 below.

3.3.1 Effective gain measurement

Effective gain, the product of the absolute multiplication factor in the holes and the
Electron Transfer Efficiency was measured in different gases, in various THGEM
geometries(table 1), at atmospheric and low pressure; it was assessed both in a single-
and double-element cascaded modes.

The measurements were done in DC current mode, using continues Ar(Hg) UV lamp, as
explained above. Each electrode is connected to a CEAN (model N471A) power
supply, using a maximum limit of 50nA, and a strong resistor of 22MOhm in line, to
protect the THGEM in case of sparks.

The measurement procedure is composed of two stages, as shown in Fig.10:

1. Measurements of the Normalization current (the current leaving the

photocathode).
2. Measurements of the total current reaching the THGEM bottom electrodes
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Figure 10: Schematic view of the effective gain measurement setup. 1) Normalization
current setup 2) Multiplication current setup. Left: using semitransparent
photocathode. Right: using reflective photocathode placed on the THGEM top surface.

Dividing the total current by the normalization current gives the average multiplication
factor of a single electron. This method can not separate between the ETE and the real
gain; e.g. for 10 electrons leaving the PC, the current measurements will show the same
result when all of them enter the holes and multiply by factor 10, and when only 5 of
them enter the holes and multiply by 20. Therefore it is called an effective gain.

In cases where the gain is not sufficient it is possible to cascade two THGEMs, by
mounting them at a distance of a few mm, and applying a strong transfer field
(~3kV/cm) between them, to ensure the extraction of electrons from one THGEM to the
next. The normalization measurement is the same as in single-THGEM mode, and the
total multiplication current is measured on the second THGEM bottom. Double-
THGEM operation results in higher gain and better stability, since each THGEM
operates at lower voltage, farther from its spark limit.

3.3.2 Electron Transfer Efficiency (ETE)

The Electron Transfer efficiency is the probability to focus the electron from its
creation point into a hole. This is an important parameter for any hole-multiplication
detector, affecting its operation; e.g. the detection efficiency of single-electron events
or the energy resolution of charged particles or x-rays inducing ionization electrons in
the conversion gap preceding the THGEM. The ETE depends on the detector's
operation mode and conditions; it was measured in various gases as function of the
THGEM operation voltage in single-multiplier geometry.

We have measured the ETE and its dependence on the THGEM voltage, in two basic
configurations:
a) Ref PC, in which the single electrons originate from a PC deposited on the top
surface of the multiplier and the field Eg4in above it is set to 0. In these Egis
conditions, like in a reflective-GEM [33,34], the photon detector has a considerably
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reduced sensitivity to ionizing particle background. In this configuration we also
measured the ETE dependence on Egys.

b) ST PC, in which the single electrons originate from a PC placed a few mm above
the THGEM electrode, with a field E4ir between them; in this configuration the
measured ETE is relevant for ST photon detectors (with Egi >0.5 kV/em) and for
tracking detectors and TPCs (with Egis typically in the range of 0.1kV/cm). It is
also relevant for the understanding of the operation mechanism of two THGEMs in
cascade, where avalanche electrons created in the first multiplier should be
efficiently focused into the second one.
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Figure 11: The experimental setup for the Electron Transfer Efficiency measurements
in a reflective (left) and semitransparent (right) photocathode modes. The
multiplication pulses were measured on the lower MWt and the normalization pulses
on the upper MWn.

Fig. 11 (left) depicts the ETE measurement setup and method for ref PC, which has
two steps: first we set Eqin = -3kV/cm and measure the event rate originating from
electrons created at the Ref PC and multiplied at the top MWPC anode, (MW, -
normalization). The high Eg.ir ensures full photoelectron extraction efficiency; the
electric field established on the MW side of the mesh M1 is higher than 6kV/cm,
ensuring full electron transfer through M1. We may thus assume that in this
configuration the ETE is 1. Then, with the same light flux and electronics chain, we
set Eqir= 0 and measure the event rate originating from electrons entering the
THGEM and being multiplied in a cascade: first in the holes and further in the bottom
MWPC anode (MW s - transfer). (This arrangement permits varying the THGEM
gain while keeping a fixed total gain on the cascade). The ratio of event rates
(Ngrans/Nnor) provided us with the ETE.

Figure 11 (right) depicts the experimental setup and method for measuring ETE with
a ST PC. Similarly to the Ref PC mode described above, we had a normalization and a
measurement step, and we used the ratio of event rates in both steps to provide the
ETE. However, the normalization included a further step, as we had two 20nm thick
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Csl layers deposited on both faces of a thin quartz plate, pre-coated with 2.5nm thick
Cr. First we measured the ratio of photocurrents recorded simultaneously under the
same UV illumination and the same extraction field Egin, from both sides of the
quartz plate; this provided us with the photocurrents ratio R; between the top Ref PC
and the bottom ST PC. Then we preceded as above and measured the rate of events
recorded in the defined pulse-height window, for events originating from the top Ref
PC and amplified in the top MW, Finally the event rate was measured within the
same pulse-height window and under the same illumination, for events originating
from the ST PC and multiplied in the THGEM and the MWy,,s in cascade,
maintaining the same total detector gain and electronics chain. The ratio of the two
event-rates, normalized by the photocurrents ratio Ry, provided us with the ETE, as
function of AVtugem and of Egsise
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Fig. 12: The single-photoelectron spectra with the window for integrating. The
identical slopes of the THGEM multiplication and the normalization measurements
indicate that they have the same gain. The shown THGEM multiplication curve has
less counts for an equal counting time, which results for ETE<1 in these conditions.

The validity of the measurement relies on the assumption that in both cases the
single-electron pulse height is exponential, following the Polya relation without
saturation

p(Q) = (a/Mgye ™
With, M being the total gain and q the number of electrons in the avalanche.

Therefore it is important to adjust the total gain in both measurement steps to be
identical within 2-5%, by comparing the slopes of the exponential distributions.
Furthermore, we measured the event rate within a given window (Figure 12), set in
the middle of the pulse-height distribution, safely above the noise and below the tail,
to avoid counting secondary or pile-up pulses. The method is no more valid in cases
where the multiplication process is strongly affected by secondary or quenching
processes and the distribution fails to follow the exponential relation. For a more
detailed discussion of this method refer to [24].
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3.3.3 Counting-rate capability

The pulse-height dependence on the event rate is important for high-rate
applications, and due to the reduced number of holes per mm” compared to standard
GEM, each hole contains higher electron flux, and this could be of a concern. The
measurements were done in two steps, as seen in figure 13, with a Ref PC deposited
on THGEM], and a mesh placed a few mm above it.

{ UV Lamp
cm
Reflective PC e
\\;- 1[ I Edrift=0
TEh
I i

lEt1‘ans=0.lkV/cm =

Figure 13: The experimental setup for the counting-rate response measurements in a
reflective photocathode mode. The current was measured on the THGEM bottom, and
the UV rate was determined by the distance between the lamp and the photocathode.

A collimated UV lamp illuminated a PC area of 7 mm®. First, the photocurrent I, was
measured as a function of the UV intensity on M1 with both sides of THGEM1
interconnected and with Egig=3kV/cm. This provided the photoelectron rate per unit
area. Then Eg;iz was set to 0, THGEM1 was biased with AVrygem to a known gain and
the current I; was recorded at THGEM1 bottom, with a reversed Ey.,s, again as function
of the UV intensity. I;/Ip provided the gain of THGEMI and its dependence on the
impinging photoelectron flux. The same measurement was performed with two
THGEMSs in cascade, operating in symmetric mode (same operation voltages) and
having Etrans= 3kV/cm. The current I; was now measured at the lower THGEM
bottom, with a reversed field underneath.
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3.3.4 Ion Back Flow (IBF)

As the avalanche develops inside the THGEM holes, the ions drift towards the
photocathode or towards the electrons creation point; the process is called ion back
flow. It is one of the potential damaging factors that can cause aging to the
photocathode. Tons hitting the photocathode can also cause the emission of secondary
electrons, which lead to secondary avalanches.

The ion back flow fraction (IBF) is measured relative to the electron multiplication
current reaching the THGEM bottom. It is assumed that under the operational
condition, most of the electrons are being collected at the THGEM bottom, and
therefore the IBF can be estimated as the fraction of the total ion avalanche that is
drifting back to the photocathode.

M1

back flowing

10ns TE gt
T Ehole
l Etl‘ﬂllS
electron avalanche
M2

Figure 14: The experimental setup for the ion back flow measurements in a
semitransparent mode, and the simulated path of the electron and ions. The current
was measured simultaneously on the THGEM bottom, on the THGEM top and on the
upper mesh M1.

The IBF was measured (figure 14) on the upper mesh and on the THGEM top relative
to the total multiplication current that reaches the THGEM bottom. It was measured
as a function of E, and as a function of Egin. The measurement is similar to the
effective gain measurement and being conducted under the same conditions i.e. DC
current mode measured with a Pico-Ampere Meter. The ratio between the current at
the photocathode and the current measured at the THGEM bottom is the IBF.
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3.3.5 X-ray energy resolution

The energy resolution measured with an x-ray source irradiating a small THGEM
surface (7mm?), as in fig 15, is determined mainly by the gain homogeneity over the
surface of the electrode and, to less extent, by the ETE homogeneity over that surface.
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Fig. 15: X-ray measuring scheme, the collimator focuses the beam on a small area of
7mm2; the x-rays are absorbed in the 8.5mm gap. The electrons are focused into the
holes, are multiplied and collected on an electrode below.

A 5.9 keV *°Fe X-ray source, attached to a collimator of 3mm hole diameter and 10mm
length, was installed inside the Ar/CH4 (95:5) filled gas vessel, facing the THGEM and
placed 8.5 mm above it. These x-ray photons have an absorption length of 10mm in the
gas; each photon releases about 200 electrons. Pulses from the bottom of the THGEM
were recorded, via a charge-sensitive preamplifier (ORTEC 142) and a linear amplifier
(ORTEC 570), on a multi-channel analyzer.
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4. Results and discussion

4.1. Maxwell & Garfield simulations
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Figure 16: MAXWELL software calculation results of the electric field strength along
the central axis of a standard GEM and a THGEM hole, for maximal operation
voltages in Ar/CO2 (70:30). THGEM#9: AVigcem=2kV,; Standard GEM:

AVGEM=0. 5kV

MAXWELL and GARFIELD simulations were found to be very useful for
understanding the general role of the various geometrical parameters of the THGEM
electrode and for comprehending their operation mechanism and the expected
performance.

MAXWELL calculation results of the electric field strength E, along the hole's
central axis, for THGEM#9 (Table 1), with AVtugem=2kV, are shown in fig.16. It
reaches a maximum of ~40 kV/cm at the middle of the hole and remains above the
multiplication threshold (10-15 kV/cm) along an additional ~ 0.3 mm distance outside
the hole; it indicates that the gas multiplication will typically slightly extend out of
the hole under the maximal 2 kV bias. Other calculations showed that the avalanche
will be fully confined within the hole at AVrugem =1.3kV. A similar effect was
noticed with a standard GEM in noble gases [35], showing evidence for the avalanche
extending-out by much more than the hole radius.
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Figure 17: MAXWELL calculation results of the electric field strength along the
central axis of the THGEM hole. Left: optimal conditions for atmospheric and low
pressure (10 Torr). E, at atmospheric pressure is factor 10 stronger comparing to
low pressure conditions. Right: for a fixed plate thickness t=0.4 mm and different
hole diameters. With decreasing hole diameter the field increases and is more
confined within the hole. Experimental measurements show maximum gain for t/d ~ 1,
as shown below in the gain measurement results.

Figure 17 Shows the results of MAXWELL calculation of E; in atmospheric pressure
conditions comparing with low pressure conditions (left) and for a THGEM with
t=0.4 mm, for different hole diameters (right). With decreasing hole diameter, Ej
increases and becomes more confined within the hole. The resulting performance in
terms of maximal E; (and therefore the expected gain) shows an optimum for t/d= ~
1, as will be discussed in the paragraph describing the low pressure gain results.

MAXWELL/GARFIELD calculations gave us another insight into the operation
mechanism, as for example to the effect of the transfer field. In Fig. 8 the avalanche is
simulated in a cascaded double-THGEM#9 in Ar/CO,(70:30), with AVtugem=1350V
on each multiplier and a high (3 kV/cm) transfer field between them. At
AVtacem=1350V the multiplication is~30 (this low gain was chosen for the sake of
clarity of the figure); the total calculated gain is~900. This is a surprisingly high total
gain equal to the product of the two individual gains. With higher AVugem and Eians
values the calculated total double-THGEM gain exceeds the product of the two
individual ones.

MAXWELL/GARFIELD provided the clue for this effect, showing that the high
transfer field modifies the field near the hole's end (fig. 18), thus modifying the
multiplication factor. The effect is expected to be significant at the higher AVrugem
values, where the avalanche further extends out of the hole. Furthermore, from
GARFIELD calculations it is clear that a high transfer field is responsible for the
efficient extraction of electrons from the first THGEM towards the second one in a
cascade; the large hole size together with the extension of the field out of the hole is
responsible for an efficient focusing of the electrons into the second THGEM. As will
be shown in the next section this was confirmed experimentally.
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Figure 18: MAXWELL calculation results of the electric field strength Ej along the
hole axis in the presence of an external field Eyqns. A high E.s applied above or
below the THGEM may significantly affect E, and the multiplication factor, outside
the hole.

The electric field on the top surface of the THGEM is shown in fig 19, along the line
interconnecting two adjacent hole centers, for various AVrygem values. For AVrugem
>800 V the field exceeds 3 kV/cm all over the surface. Under this relatively high
electric field, in a multiplier layout with a ref PC, the photoelectron backscattering in
the gas is low [36] this guarantees its efficient extraction from the Ref PC into the gas.
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Figure 19: Maxwell calculations of the electric field on THGEM#9 top surface, E,
along the axis interconnecting two hole centers. The electric field magnitude is above
3kV/em, even at AVrucey = 800V.
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4.2 Effective gain

The experimental method for assessing the THGEM gain was explained above; the
experimental schemes are given above for both detector configurations with Ref and
ST PCs, and for double-THGEMs. The gain results for low pressure and atmospheric
pressure are shown in figures 20-27 and in figures 29-31 respectively, for various
THGEM parameters.
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Figures 20-27: Absolute effective gain results at low pressure Isobutane and Ar/CO;
(70:30) at different THGEM geometries according to table 1. The highest gains were
measured on THGEM#6.

Figures 20-27 summaries the results of the effective gain measurements inside low
pressures gas. Six different THGEM geometries were investigated in isobuthane and
Ar/CO; (70:30), at low pressures of 0.5,1,5,10 and 100 Torr. The higher gain results
obtained with THGEM#6, which reached gains of 10° and 10" at 1 and 10 Torr
respectively.

These effective gain results are higher by a few orders of magnitude compared to
measurements we have done using a standard GEM at low pressure, as shown above.
When cascading double THGEMSs, inside low pressure gas, we found it necessary to
maintain a distance of at least 10mm between the THGEMSs, for allowing efficient
focusing of the electrons inside the second THGEM’s holes.
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Figure 28: A fast single-photon pulse. Left: 5ns rise-time, measured in double-
THGEM#4 in 1 Torr isobutane at gain ~6*10°. Right: 8ns rise-time, measured in
double-THGEM#7 in 740 Torr Ar/CH4 (95:5) at gain >10°.
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The high gain obtained with the THGEM, permitted recording single-photoelectron
signals with a fast current amplifier (Fig 28). The relatively fast multiplication process
yields pulses with a rise time of ~5ns and ~8ns at low pressure and atmospheric
pressure respectively. It is probably due to the faster drift velocity of the electrons and
ion in the higher reduced electric fields (E/p) in these conditions. The THGEM was
found to be very stable and very robust for the low-pressure operation; not even a
single THGEM was damaged during our extensive measurements.
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Figures 29: Absolute effective gain results at 760 Torr. Left: comparing between
THGEM geometries and the standard GEM shows much higher gains at the
THGEMs. Right: results of THGEM#9 at different gases in 740 Torr.

Fig. 29 (left) demonstrates that a single THGEM provides up to a 10-fold higher
effective gain than a standard GEM. The maximum gain is naturally reached at
different AVrugem values, according to the multiplier's geometry. Fig. 29 (right)
shows the absolute effective gain of THGEM#9 in various gases; the highest
effective-gain values, ~10°, were reached in standard mixtures employed in GEMs;
CF4, which is an important gas for applications in windowless Cherenkov detectors
[34,36], yields a maximum gain of 10%, though at very high AVrygewm values. Fig. 30
shows the gain of a double-THGEM#9 in Ar/CH4 (5%) at Eans =3kV/cm and in
Ar/C0O,(30%), at Eyans values of 1 and 3kV/cm; at 3kV/cm, the double-element
multiplier yields up to 100-fold higher gains compared to that of a single-multiplier,
reaching total effective gains of ~ 10”. Other electrodes were tested, e.g. THGEM#10,
providing similar results. As will be discussed below in section 3.3, at the effective-
gain values above a few hundreds, the ETE reaches 100% and therefore the effective
gain is equal to the true gain within the holes.
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Figure 30: Absolute effective gains of single- and double-THGEM#9 multipliers, in
Ar/CHy (5%) at Eyans =3kV/em and in Ar/CO2(30%), at Eyans of 1 and 3kV/em;

The effect of Eqans on the total gain is demonstrated in figure 30, showing that double-
THGEM gains exceeding the product of two individual gains are obtained with a high
Eans and high AVrygem values. This was tested in various gases and with different
electrode configurations, showing systematically a similar behavior [3]. The double-
THGEM structure provides very high total gains, while the voltages on each element
are far from the sparking limit, which permits a more stable operation. It was noted
that the most stable double-THGEM operation is the symmetric one, namely with
both elements biased at equal operation voltages. We also noted that the 0.1 mm
etched Cu around the drilled holes is essential for achieving high gain. An attempt to
operate a THGEM electrode, in which such etching was not done, resulted in ~10
times smaller gain.
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Figure 31. Absolute Effective Gain measurements, using a THGEM with a) centered
(upper photo) and b) unscented Cupper holes, which demonstrate the importance of
the 0.1mm rim between the G-10 and the Cupper holes.
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It is also important to have the etched and drilled patterns precisely centered. In our
case the precision was ~ 20m . Electrodes in which the etched pattern was displaced
from the drilled one by more than that did not function properly, and yielded up to10-
fold smaller maximal gain, as seen in figure 31.

The pitch of the THGEM was found to have a minimal effect on the gain. For
example, the onset of the multiplication in THGEM#10, having a pitch of a=1mm,
started a few tens of volts lower than in THGEM#9, with a pitch a=0.7mm. Both
multipliers reached similar maximum gains in Ar/CO; (70:30) [3-1]. The effect was
systematically observed also at the low-pressure range [3-1I]. There is no clear
explanation at the moment and it does not seem to be supported by any MAXWELL
calculation.

4.3. Electron Transfer Efficiency

The results of the ETE with Ref PC on a THGEM#9 in four gases investigated in this
work are shown in fig.32 as function of AVrugem. Full transfer efficiency is obtained
at rather low gains, of 3-30, according to the gas filling. This could be compared to a
standard reflective GEM, in which full ETE was attained only at high gains, above
500 in Ar/CHy (95:5) and above 5000 in pure CF4 [33]. The reason is the denser hole
area (holes occupying 46% of the area, compared to 22% in a GEM) and the larger
hole diameter (here 300 microns compared to 50-70 microns in a GEM). Due to the
larger hole size, which is indeed larger than the electron diffusion (~100pm for 1 cm
[20]) electron focusing into the holes is more efficient and is typically obtained at
smaller gains compared to that of a standard GEM.

Ar/CH, Ar/CO, CH CF
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Figure 32: ETE measured with THGEM#9, as function of AVtucem in a reflective
photocathode mode, in various gases; full transfer efficiency was achieved at
significantly lower gain compared to the standard GEM [33].
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Figure 33: ETE measured with THGEM#9, as function of Egirz in Ar/CH4 (5%);
maximum ETE was obtained at Egi#=0.

In fig. 33 we show the dependence on Egist 0Of ETE of THGEM#9 with ref PC in
Ar/CH, (95:5). Like in a GEM [33] full transfer efficiency was measured for Egis=0.
Setting Egrif; at slightly reversed (negative) value will reduce the detector's sensitivity
to ionizing background, as all ionizing electrons will drift away from the multiplier.
This was recently demonstrated with a hardon beam [34].

The ETE results in the ST PC mode for THGEM#9 are shown in figure 34 (left) as
function of AVrheem, for two gases. These data were obtained by the current
recording method in the voltage range below the multiplication onset, and by the
pulse-counting method in the multiplication range. Full transfer efficiency was
attained in Ar/C0O,(30%) and in pure CH, already at small respective gains of 10 and
20, with Egir= 0.3 V/cm. As in standard GEM the electron focusing into the holes,
and thus the ETE, is expected to drop when the ratio Eg/if/Enole increases. The ability
to maintain full ETE at higher Egix was measured for THGEM gains of 10, 10° and
10 as seen in figure 34 (right). A drop is observed at Egir; values above ~3kV/cm
and ~5kV/cm for gains of 10 and 10°-10", respectively.
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Figure 34: ETE of THGEM#9 in the semitransparent photocathode mode. Left: Inside
Ar/CO, (70:30) and in pure CH,. Full ETE is reached at respective gains of 10%and
10. Right: ETE as function of Egist; Ar/CO, (70:30) at different gains.
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As discussed above, the ETE measured with a ST PC is relevant also for the operation
of a cascaded-THGEM structure. The results of fig. 34 (right) confirm that even with
transfer fields between two cascaded elements as high as 3kV/cm, a full electron
focusing into the second THGEM holes can be obtained.

In analogy to standard GEM operation in cascade, the charge transferred to the
second element depends not only on the ETE discussed above but also on the electron
extraction efficiency from the first multiplier into the gap between them. This
efficiency is expected to increase With Eyans/Enole. 1tS dependence on Eians Was
measured in a double THGEM configuration similar to that shown in fig. 7, with a ST
PC. First we measured the current Ig collected at the bottom of THGEML1, with a
reversed Eans, and then we measured the current It on the top of THGEMZ2, with its
top and bottom interconnected, as function of Egans. The ratio I4/lg, provides the
electron extraction efficiency. Experimental data are shown in figure 35 for Ar/CO,
(70:30). At a gain of 10* full extraction efficiency from THGEML is achieved at Ejrans
>4kV/cm in this gas.
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Figure 35: Electron extraction efficiency from THGEM#9 at gains of 10 and 10* in
Ar/CO,(70:30), as function of Eans.
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4.4 Counting rate capability
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Figure 36: Counting rate response to single photoelectrons, of THGEM#9 with
reflective photocathode, in single- and double-THGEM configurations.

The results of the gain stability with the counting rate, measured with single UV
photons, are shown in Fig. 36. They show a flat response within the following
photoelectron flux measured: up to 8x10’ electrons/mm? sec with a single THGEM#9
at an effective gain of ~10° and up to 10’ electrons/mm? sec with double THGEM#9
at a gain of 10*.

The maximum measured event rates in these experiments were limited by our source
intensity, therefore the results only represent a lower limit.

The results could be compared to that of a standard GEM operated at a gain of 10*,
irradiated with 5.9keV x-rays, where the pulse-height was constant up to a total event
rate of 10° converted x-rays/mm? sec [37]. Assuming about 250 electrons per x-ray
this corresponds to ~ 2.5%10" electrons//mm? sec. Thus the lower limit of rate
capability achieved with the THGEM, is similar to that measured in the standard
GEM.
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4.5. lon Backflow (IBF)

IBF, the fraction of total avalanche-induced ions that are collected at the cathode, is
relevant both for TPCs and for gaseous photomultipliers incorporating a solid PC. In
the first case the ions are causing dynamic field distortions. In the second case the
ions create PC physical and chemical aging; they also induce secondary electron
emission from the PC, resulting in secondary feedback pulses that limit the detector
performance. A discussion on the ion backflow in gaseous detectors, its consequences
and methods for its reduction is given in [46]. In the present work we have measured
IBF for single- and double-THGEM structures, with Ref and ST PCs; the latter is the
one relevant for TPCs.
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Figure 37: The lon backflow fraction to a semitransparent photocathode, of a single
THGEM#9, as function of Egrit.

The IBF for a single THGEM#9 measured with a ST PC is shown in figure 37 as
function of the field Egi above the THGEM. The fraction of avalanche-induced ions
which drift towards the photocathode is less than 2% at E4ix=0 and increases almost
linearly with Egi. These data imply that in double-THGEM operation with
Etrans~3kV/cm between both THGEMSs, less than 40% of the ions will be flowing
from the second THGEM towards the first one. Out of this, part may be trapped at the
first THGEM bottom electrode, thus reducing the IBF as compared to that in a single
THGEM operation. The IBF graph shown in Fig. 37 was measured at a gain of 10*.
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4.6 X-ray energy resolution
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Figure 38: An energy spectrum recorded with 5.9 keV *°Fe X-rays in a single-
THGEM#9; 740 Torr Ar/CH, (95:5), gain 10°.

The energy resolution for 5.9 keV *°Fe x-rays was measured with THGEM#9 in 740
Torr Ar/CH, (95:5), with a collimated source irradiating an area of ~7 mm? A
conversion gas gap of 8.5 mm was added in front of the multiplier, with a drift field
of 1.25kV/cm. The detector was operated at a gain of 10°. Pulses from the bottom
electrode of the THGEM were recorded, via a charge-sensitive preamplifier (ORTEC
142) and a linear amplifier (ORTEC 570), on a multi-channel analyzer (fig 38); the
resolution is ~20% FWHM. For comparison, a resolution of 18% FWHM was
recorded with 5.9 keV x-rays in a standard GEM at a gain of 1000 in Ar/DME(80:20)
[37]
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5. Summary

The THGEM developed in this M.Sc. thesis work is an attractive robust and
economic electron multiplier, suited for applications at atmospheric gas pressure
requiring large area detectors with single-electron sensitivity and moderate (sub-mm)
localization resolution. The high attainable gains, of 10* —10° in a single multiplier
and 10-100 times higher in a double-THGEM multiplier, are due to the reduced
photon- and ion-feedback processes. The THGEM has stable operation in a variety of
gases including pure CH, and CF,4. The rapid avalanche process developing across the
hole results in fast signals, of few ns rise-time; the counting-rate capability is
exceeding MHz/mm? at a gain of 10*. THGEM's can be coupled to both gaseous
ionization volumes and to solid radiation converters; in the latter configuration the
converter can be placed above the THGEM or deposited directly on its top face. In
both cases the radiation-induced emitted electrons are efficiently focused into the
multiplication holes. X-rays were detected with a gas converter with an energy
resolution of ~20% FWHM at 5.9 keV. The solid converter material can be chosen
according to the application; it can be a photocathode in gaseous photomultipliers
[33], an x-ray converter (e.g. Csl) in secondary-emission x-ray imaging detectors [39]
or a neutron converter (e.g. Li, B, Gd, polyethylene etc.) in thermal-or fast-neutron
imaging detectors [40]. Such detectors for fast-neutron imaging are under
development at our group.

From our systematic study we may conclude that the operation mechanism as well as
the role of the various electric fields involved in the THGEM operation is rather
similar to that known for standard GEMs.

In particular, we observed the following similarities and differences:

. The maximal voltage difference across the THGEM does not scale with the
dimensions and the field inside the holes is smaller than in a GEM; but due to the
larger dimensions, particularly the larger thickness, significantly higher gains are
obtained. Furthermore, due to the larger hole-size (larger than the electron diffusion)
electron focusing into the holes is more efficient and is typically obtained at smaller
gains compared to that of a standard GEM.

. In our study of the role of each field we have confirmed that with a Ref PC the
field Eqrif above the THGEM should be 0, to have maximum focusing into the holes;
it can be kept slightly reversed to reduce the sensitivity of detectors with solid
converters to ionizing background.

. Unlike a GEM coupled to a ST PC, in which Egir; should be kept moderate to
avoid diverting the drifting electrons towards the metallic GEM surface, the large
holes in the THGEM permit an operation with very high Egir values; an efficient
photoelectron focusing into the holes even at drift fields of 5kV/cm was measured
with THGEM#9 at a gain of 10°. This is important for the efficient extraction of
photoelectrons or radiation-induced secondary electrons, particularly in noble-gas
mixtures, where backscattering into the converter is high at low fields [41].

. The dipole field within the holes deflects the avalanche electrons towards the
bottom face of the THGEM, but with a strong Egans underneath the THGEM electrode
the charge is efficiently diverted and transferred into the following multiplier in the
cascade. In standard cascaded GEMs this is an important issue of optimization, since
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with an Egans too high the electrons will not be focused into the second GEM, while
an Egans too low will not extract the electrons from the first one [24,33]. With the
large holes in the THGEMSs, electron focusing into the second THGEM remains
effective even with very high Egans Values, as with the high Egrire Values discussed
above.

. As a result, a double-THGEM operation was proved very efficient and stable
in all tested gases, providing high total gains. Very high Egans Values, of several
kV/cm, could be applied to increase the transfer efficiency and thus the total gain. In
some cases, at high THGEM voltages and with a high Egans Value between the two
elements, the total effective gain exceeded the product of the two individual ones.
This peculiar feature is occurring firstly because the extraction of charges from the
holes into the next stage is very efficient and reaches almost 100%; furthermore,
because the dipole hole-field is extending out by about the hole’s diameter, at large
gains part of the avalanche is developed outside the hole, thus being susceptible to
modifications by any strong field in the gaps around the THGEM. The extension of
the avalanche outside the hole might have undesirable consequences, such as
coupling of neighboring avalanches between the two elements and instability due to
photon-mediated processes. Thus care should be taken to choose the appropriate
operation conditions, such as THGEM geometry and applied voltages, specific for
each application, in order to avoid these phenomena.

. Just as in a standard GEM, the flow of back-drifting ions is strongly related to
that of the avalanche electrons. THGEMs seem to have more efficient electron
transport, and not surprisingly also more efficient ion transport, as compared to
GEMs. This could be a point of concern for applications where ion backflow is highly
undesirable. Reducing ion backflow in THGEM cascades is the main subject of our
ongoing research, attempting to apply the idea of reversed-bias multi-hole & strip
electrodes (R-MHSP), recently shown [46,42] to reduce the ion backflow fraction
IBF by a factor of ~10° when incorporated in a cascaded structure.

At low pressure Isobutane very high gains of 10° and 10’ were reached at 1 and 10
Torr respectively, and a gain of 10* in 5 Torr Ar/CO, (70:30). An important range of
applications exists at low gas pressures, down to the sub-Torr values, for which the
THGEM might be a very appropriate solution. Examples are in detection of heavily
ionizing radiation with very low penetration, e.g. heavy particles in nuclear physics;
another example is in the detection of low-energy ions, recently proposed by us [43]
for tracking nanodosimetry applications. lons are deposited by the incident radiation
in a small low-density gas bubble that simulates a relevant biological target; the
detected ions should provide information on the number of ionizations and their
spatial correlation, deposited in this gaseous DNA-like model-target [44]. For this
purpose an ion detector has to be developed that operates at low-density gas, in the
sub-Torr range; the THGEM electron multiplier might be an important part of this ion
detector. The successful operation of the THGEM at sub-Torr values has an important
potential for this application.

In summary, the THGEM can be easily produced, spanning a large scale of
geometrical parameters: we have tested such electrodes with thickness ranging from
0.4mm up to 3.2mm, and with hole sizes and distances in the same range. By varying
the thickness and the hole size it is possible to optimize the THGEM for various
operation conditions, as for example the operation at very low gas pressures, in the
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mbar range [1, 2]. Similarly, varying the holes pitch affects the ETE and thus permits
optimization of the electrode to a particular operation layout. The holes pitch also
affects the localization precision provided by this electrode, and some optimization
with regards to the localization demands are also possible here. The localization
properties of 100x100 mm? THGEM detectors are the subject of another work [45].

Though the gain in single-and double-THGEMs is high, further improvements could
be achieved by using different geometries. One example is using smaller hole
diameter, where according to calculations, E, can reach much higher values. Conical
holes shape, like in the standard GEM, may also be tested. In applications for
charged-particle detection, where the fraction of the cupper area is less important, a
larger rim between the cupper clad and the hole's edge might result in higher stability.
As shown in figure 30 the rim is a crucial parameter for reaching high multiplication.

For UV-photon imaging in RICH applications, where the detector operates in CF4, the
G-10 substrate failed reaching high gains following discharges. This was attributed to
possible damages caused by Fluor radicals to the glass fibers of the G-10 material. An
attempt to use copper claded Kevlar, instead of G-10 did not provide satisfying results
so far. Other materials, less sensitive to CF,4, should be tested.
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