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ABSTRACT

Photodetectors capable of single photon detection in the visible wavelength

region are relevant in many parts of modern physics, especially in the field of
neutrino-physics. There is an ongoing effort for using THGEMs for photon de-
tection, as these can provide more cost-effective scalibility to large areas than cur-
rently deployed photodetectors (e.g. PMTs).
In this bachelor’s thesis the properties of Csl coated THGEMs were investigated.
Initially measurements were performed to understand the movement of photo-
electrons inside the detector vessel, both in vacuum and in gas. After this the fo-
cus was placed on the properties of the photocathode material, which largely de-
termines the quality and performance of THGEM based photodetectors. For this
thesis THGEMs were coated with a layer of Csl at a clean room facility at the TUM.
The quantum efficiency of this photocathode and its decline due to gas exposure
and ion bombardment was measured. A quantum efficiency value of 7.74% at a
wavelength of A = 161 nm for a reflective CsI photocathode is reported. No de-
cline in quantum efficiency after long exposure to Ar—CH, (90-10), but a decrease
in quantum efficiency of 50% after a charge deposition of around 50 uC/mm?s
on the photocathode was recorded. The last aspect of this research was to deter-
mine the maximum gain that could be reached with our single THGEM setup in
Ar—CH, (90-10). These measurements were performed with an uncoated and a
Csl coated THGEM. In both cases a gain of around 1.2 - 10® was attained, before
discharges started occurring.
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1 Introduction

Neutrinos are neutral fermions with a very small mass and interact with matter
via the weak interaction. They were first postulated in the 1930s and the first neu-
trino flavor to be experimentally discovered was the electron antineutrino with an
experiment using a bubble chamber in 1956 [1]. Since then a multitude of exper-
iments has shed more light on the field of neutrino physics and answered many
outstanding questions while also raising many new ones. This field is constantly
changing and with it, the requirements modern detectors need to fulfill to push
the boundaries of our current understanding.

As times have changed, so have the type of detectors used for experiments con-
cerning neutrino physics. With that being said, most of the modern experiments,
which have led to milestone discoveries in this field, like the Super-Kamiokande
[2] or the IceCube neutrino observatory [3], are detectors that have a very similar
setup. For one, these detectors are massive in size. The reason is, that while neu-
trinos are abundant in the universe and billions pass through us every second,
they rarely interact with matter. Therefore to get a sufficient amount of data from
these rare interactions, the detectors must observe large areas. Another similar-
ity between these detectors is the use of a large number of photodetectors. This
stems from the problem, that neutrinos can only be measured indirectly. The most
common way of doing this is by observing the Cherenkov light from charged par-
ticles, which interacted with a neutrino. This Cherenkov light cone is emitted,
when a charged particle travels through a medium at a speed greater than the
phase velocity of light in that medium.

Figure 1: The inside of the Super-Kamiokande detector, which is surrounded by
thousands of photomultiplier tubes. Credit: Jordy Meow [4].

Now one might think, as the experiments increase in size, the photodetectors
should do the same to keep up with the requirements. The problem with the type
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1.1 Properties of (TH)GEMs

of photodetector commonly used in these experiments, which is the photomul-
tiplier tube (PMT)), is, that the design requires PMTs to be quite compact [5]. In
other words, the larger the area to be observed gets, the more PMTs have to be
installed. For example, Super-Kamiokande has a detector volume filled with 50kt
of ultra-pure water, which is surrounded by about 11200 PMTs [6]. Not only is this
quite expensive, but it also begs the question if there isn’t a better-suited type of
photodetector, that can be used for detecting light in the visible wavelength range
and also has the potential for large-scale application. These are the requirements
that set the stage for researching THGEMs as photodetectors.

1.1 Properties of (TH)GEMs

First the basic features of (TH)GEMs must be discussed. In 1997 Fabio Sauli devel-
oped a new type of micropattern gaseous detector (MPGD), called GEM, short for
gas electron multiplier, to be used for the detection of ionizing particles [7]. The
design of a GEM incorporates a Kapton foil, 50 — 70 pm thick, with copper coat-
ing on both sides, which is perforated with tiny holes. These holes are chemically
etched into the material and have a diameter of 70 pm and a hole pitch of 140 pm

[8].

Figure 2: Dimensions of a standard THGEM.[9]

THGEMs, Thick gas electron multipliers, are, as the name suggests, GEMs
with larger dimensions and were first introduced by Checknik et al [10]. Instead
of using Kapton foil, THGEMs are usually made out of 500 pm thick PCB mate-
rial. The holes, which are mechanically drilled, have a diameter of 400 pm with
a 800 pm pitch, see figure 2. The larger dimension make THGEMs easier and
cheaper to manufacture and also more mechanically robust compared to GEMs.



1.2 Working principle of (TH)GEMs

1.2 Working principle of (TH)GEMs

The operational principle of (TH)GEMs consists of applying a potential difference
between the top and bottom side of the (TH)GEM, which leads to an electric field
in and in close proximity around the holes. Figure 3 depicts a simulation of the
above-mentioned resulting electric dipole field.
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Figure 3: The electric field in and around a GEM covered with a photosensitive
layer is shown in this picture. [11].

Detectors utilizing (TH)GEMs are filled with gas. If an electron gets guided

into the hole and gets accelerated due to the strong electric field, it can ionize gas
atoms, leading to a multitude of free electrons. This effect is described as an elec-
tron avalanche. The amount of free electrons produced in the hole depends on
the strength of the electric field in the hole. The stronger the electric field, the
faster the electrons achieve ionization energies, which leads to a higher number
of ionized gas atoms. This also depends on the gas being used, as each gas has
unique ionization energies.
(TH)GEMs, as mentioned above, were first conceived to be used as ionizing parti-
cle detectors. In this case, the initial electrons entering the holes are created, when
ionizing radiation creates free electrons in the gas volume. These electrons are
then guided to the holes of the (TH)GEM with the use of an electric field, where
they initiate an electron avalanche and therefore create enough electrons to pro-
duce a current, which is detectable with read-out electronics. This application of
(TH)GEM s can be seen on the right side of figure 4. One of the limiting factors
of (TH)GEM:s is, that when gas atoms are ionized in the hole, it not only leads
to free electrons but also an equivalent number of ions inside the hole. At high
enough potential differences the number of electrons and ions result in a change
of the electric field inside the hole, which can lead to a spark across the (TH)GEM.
These discharges can damage the detector and lead to a significant loss in perfor-
mance.



1.3 THGEMs for photon detection

But apart from using (TH)GEMs as ionizing particle detectors, they can also
be used as photodetectors.

1.3 THGEMs for photon detection

To use THGEMs as a photodetector for photons, that do not have enough energy
to ionize gas particles, one has to find a way to convert the photons into electrons.
This is achieved by taking advantage of the photo effect, first postulated by Albert
Einstein in 1905, which describes the process of a material emitting an electron
when an electromagnetic wave hits it [12]. Experiments performed during that
time showed, that the emission of electrons doesn’t depend on the intensity, but
rather on the frequency of the used light source. Einstein postulated that light is
made out of discrete energy packets called photons. This for its time revolutionary
concept of photons leads to a simple equation, which describes the photoeffect:

Ekinetic =h- f - W (1)

The left side of the equation corresponds to the kinetic energy of the emitted elec-
trons and the right side explains how this depends on the energy of the photon,
E = h - f, and on the work-function W of the material. The energy of the pho-
ton depends on the frequency f of the light source. It is this relationship that is
imperative to understand when talking about THGEMSs for photon detection be-
cause in order to convert photons into electrons one must combine THGEMs with
a photocathode (PC). There are two ways of doing this, both portrayed in figure 4.
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Figure 4: This picture illustrates different applications for THGEMs: As a ionizing
particle detector or a photodetector with a reflective or a semitransparent PC [13]

In the case of the semitransparent PC, the entrance window of the photodetec-
tor is coated with the PC. If photoelectrons are emitted they drift to the THGEM



1.3 THGEMs for photon detection

due to an electric field and then get multiplied inside the THGEM hole. The semi-
transparent PC is pictured in the top left of figure4. This setup has some draw-
backs, for example, the photon feedback to the PC due to avalanche scintillation
[11]. Reflective PCs on the other hand are coated directly onto the top side of the
THGEM. If a photon hits the PC and a photoelectron is emitted, it will get guided
into a hole by the dipole field of the THGEM, see figure 3, and undergo avalanche
amplification. In this bachelor’s thesis, a reflective Caesium iodide (CsI) PC and
a single THGEM setup were used.

There are a couple of experiments that already successfully operate (TH)GEM
based photodetectors, for example, the HADES RICH detector [14]. There are
two main considerations to be made before applying THGEMSs as photodetectors.
The first one depends on the quality and longevity of the PC material, as this im-
pacts the detector’s ability to measure photons. The second consideration is the
gain the setup can reach while ensuring stable operation of the detector.

In this bachelor’s thesis, these properties are explained, measured, and discussed
to characterize the performance of Csl coated THGEMs for photondetection.



2 Experiment

2.1 The detector

The detector vessel used throughout the tenure of this bachelor’s thesis is made
out of aluminium and has a volume of around 7 liters. It is pictured in figure 5.

Filterwheel

Manometer

Connection to the

Vacuum valve vacuum pump

Top two rows: 8 SHV feedthroughs
Gas in-and outlet  Bottom row: 4 BNC feedthroughs

Figure 5: This is the detector vessel used during the experiment. These pictures
depict the detector in a clean room environment and not in operational mode.

The basic elements of this setup include a manometer (WIKA Typ 111.10), 8
SHYV feedthroughs, 4 BNC feedthroughs, a filter wheel (Pfeiffer Vacuum Magnet-
ically coupled rotary union) - all filters are listed in table 4 -, a Deuterium lamp
(Cathodeon Type No. V03) with a built-in MgF; window and a vacuum valve, to
shield the detector from any light.

To operate the detector and take measurements the following devices are used:
A high voltage power supply module (iseg ECH 224), a picoamperemeter (Pico
Logic PA 125-24) - which has an upper limit for current values of 130 nA -, an elec-
trometer (Keithley 6517B), a vacuum pump (Pfeiffer vacuum pump TSH 071) and
a lamp power supply (Cathodeon LTD deuterium lamp supply C711) to operate
the UV-lamp. With the vacuum pump pressure values of around p = 4- 10~ ®mbar
can be reached. When performing gas measurements, which are done in Ar—CH,
(mixture: 90-10), the flow of the gas is regulated with a flow meter (Voegtlin Typ
V-100) and set to 10 liters per hour. The currents are recorded with a LabVIEW
program, which also calculates the standard deviation.



2.1 The detector

The experimental setup in the laboratory is pictured in figure 6 and figure 7.

Figure 6: This is the operational setup. (1) shows the gas bottle filled with Ar—CH,
in a 90-10 mixture. (2) shows the Keithley electrometer and (3) the pA-meter. (4)
shows the vacuum pump and (5) the high voltage supply. (6) shows the detector
vessel and (7) the Cathedeon lamp power supply. Lastly (8) shows the FPGA board
(Cyclone 4 -USB 2.0).

=

Figure 7: This is a sketch of the operational setup. All connections from and to
the detector vessel are shown.
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2.1 The detector
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Figure 8: This sketch shows the cross section of the detector vessel. The Deuterium
lamp, the vacuum valve, the filter wheel and the electrodes are depicted. The cur-
rent measured and voltage supplied at each electrode (1)-(6) is shown. The electric

tield between each electrode is shown as (7)-(10). The variable names assigned to
each number in the figure are documented in table 1.

Figure 8 shows a sketch of the inside of the detector vessel. It is important
to note that the provided sketch shows a uniform Csl coating across the THGEM,
which in reality is not the case and will be discussed in the next section. The black
handle on the right side of the lamp is a vacuum valve used to block the light of
the UV-lamp from entering the detector vessel.

The electrodes are kept in place by eight Teflon pins, which are mounted to a
baseplate made out of Delrin and fixed to the bottom of the detector. The elec-
trodes are kept at a fixed distance d from each other with the use of Teflon spac-
ers. Naming these electrodes from order bottom to top: anode, THGEM bottom,
THGEM top, wires, mesh and aperture.

The aperture is made out of aluminium. It has a round hole directly beneath the
lamp, as this restricts the active area being illuminated by the light source. There-
fore QE calculations, which are explained later, are more precise because the num-
ber of photons can be determined with a higher degree of certainty. The diameter
of the hole is 20 mm. The aperture is sandblasted on the side facing the lamp. A
smooth surface would result in some photons being reflected of the aperture back
to the filters. From there, photons could reflect and go through the hole of the
aperture, which would alter the amount of photons hitting the illuminated area
of the PC. The sandblasting reduces this effect. The mesh - made out of stainless
steel- and wires - made out of Tungsten - have a combined transparency of around
51%.

Each electrode is connected with cables the same way to the voltage power sup-
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2.1 The detector

ply via one of the eight SHV feedthroughs, with one exception being THGEM top,
as a resistor (=~ 5 M(2) is additionally put in place to shield the picoamperemeter
(pA-meter) from discharge currents.

The applied voltage to each electrode and the variable names for the measured
current, which will be used throughout this thesis, are listed in the left table 1
next to the table containing the variable names of the electric fields between the
electrodes.

| electrode | current | voltage |
(1) anode Toie | Usrose | Betweeen electrodes | electric field |
(2) THGE My Iap Uan anode and THGEM bot Eina
(B)THGEM,, | Ior Ucr THGEM top and wires Earife
(4) wires Lyires Uvires wires and mesh Egtop
(5) mesh Lstop Unnesh mesh and aperture Eguer
(6) aperture I suck Uaperture

Table 1: Left table: This table documents the variable name, the measured currents
and the supplied voltage of each electrode. Right table: This table documents the
variable names of the electric field between the respective electrodes and indicates
between which electrode which electric field exists. Allnumbers are in accordance
to the sketch in figure 8.

The formula to calculate these electric fields, E = AU/d, depends on the po-
tential difference AU and the distance d between the electrodes, which are listed
in table 3.

] electrode material \ workfunction eV \

Aluminium ~ 4.2 | electrodes | distance [mm] |
Tungsten ~4.9 anode to mesh 2
Stainless steel ~ 4.4 :
mesh to wires 3
Table 2: Work functions of electrode ma- | Wires to THGEM top 3.6
terial. The work functions depend heav- | THGEM bot to anode 2

ily on gas and preparation, but these val-
ues should give an indication if photo
electrons can be emitted by photons of
the UV-lamp.[15] [16]

Table 3: The distance d between the in-
dividual electrodes is shown.

A potential difference between the top and bottom side of the THGEM, called
AUrncreu, leads to an electric field in and around the holes of the THGEM, as can
be seen in figure 3.

12



2.2 Coating procedure

2.2 Coating procedure

Figure 9: This picture was taken during the coating process. The Csl is heated and
evaporated onto sections of the uncoated THGEM. The blue circle in the middle
of the picture is the used CsI pill.

The THGEMSs are coated with Caesium iodide (Csl) at a clean room facility
in the physics department at the TUM. The THGEMs used during this bachelor’s
thesis have a total area of 180 x 180 mm?, are made out of a 500 um thick PCB ma-
terial called FR4 and are coated on both sides with a 5 pm thick Au layer.

The active area of the THGEM, which is the Au coated area perforated with holes,
is A = 113 x 113 mm? and is sectioned into three segments, each 37.5 mm wide.
The hole to surface ratio is 0.2267. After coating the THGEM, it is built into the
detector vessel. Exposure to air is known to be a major contributor to the decline
in performance for solid PCs [11], therefore limiting the time the freshly coated
THGEM spends outside the detector vessel is important.

The coating process involves having the uncoated THGEM in a high vacuum en-
vironment and depositing the Csl onto it via electron beam evaporation, which
can be seen in figure 9. As mentioned above, not the whole area of the THGEM
is coated but rather two areas, as can be seen in figure 10. The area of the PC is
A = 2x4cm? per coated section. The exact coating procedure and coating facility
at the TUM are explained in detail in papers concerning the coating of the HADES
RICH mirrors, see [17]. Heat treatment after coating, which have been shown to
increase the quality of the PC [11], were not performed.

Two Csl coated THGEMSs are used during this bachelor’s thesis. The first coated
THGEM has a Csl PC that is 195 nm thick and is used primarily for experiments
conducted to understand the electron movement inside our detector vessel.

The second CsI PC is 205 nm thick and is used for aging measurements. The
marginal difference in the thickness of the coating should not impact the QE of

13



2.3 Methodology

the individual PC [18]. It should be mentioned, that the first PC was coated in
early March, while the second PC was coated in July, when the humidity was
higher. As Csl is strongly hygroscopic, higher humidity should negatively impact
the QE of the PC [19]. The reason we use Csl as the PC material is, that it can
be coated onto THGEMs in a facility at the TUM and that it isn’t as sensitive to
external influences as other PC materials. Another factor is that because of the

involvement of the TUM in the HADES experiment, there is a lot of expertise on
coating CsI at the TUM [14].

Figure 10: Left figure: Csl coated THGEM after completion of measurements. The
thickness of this CsI PC was 192 nm, which was measured at the clean room coat-
ing facility at the TUM. One can see an indication of a circle on the bottom coated
area. This was due to this area being illuminated by the lamp, as it was directly
beneath the hole of the aperture. Right figure: Csl coated THGEM with cables
attached. The THGEM, sectioned in three segments, had two parts coated with
CslL.

2.3 Methodology

There are multiple electric fields - E,cr, Esiop and Ej,q - that are kept constant
throughout the various measurements. The electric field between the aperture
and mesh is set to E,.; = —1000 V/cm to prevent any outside electrons from en-
tering the lower stages of the setup. The electric field between the mesh and wires
issetto Eg,p = 170 V/cm. The idea behind this is, that if electrons, which are emit-
ted by the PC and not drawn into the hole by the dipole field of the THGEM, are
between the wires and mesh, they get accelerated back towards the wires, where
we can detect them as the current [,;,...

Eina, the field between THGEM bot and anode, is kept at 0 V/cm. This is done,
because the setup used only utilizes one THGEM, and therefore when perform-
ing gain measurements, the electrons leaving the hole can be recorded at THGEM
bot. This is explained in detail in section 2.3.1.

14



2.3 Methodology

To ensure consistent output during a measurement series, the UV-lamp re-

quires a certain warm-up time. As the lamp has been in use for over 20 years
and is well beyond its product lifetime, the warm-up time has to be determined
experimentally. To do this, the lamp was turned on and the current at all elec-
trodes was constantly measured. After a certain time the currents were stable at
the electrodes. When the currents don’t change in value then the output of the
lamp is consistent. We determined that before taking measurement, the lamp has
to warm up for at least two hours to deliver constant output. Fluctuations in day
to day operation are observed and are taken into account. These fluctuations are
observed when comparing the current I, from different measurements at a set-
ting of Uyperiure = —350 V. The negative aperture voltage leads to an electric field
between the aperture and the detector vessel, which will accelerate electron away
from the aperture. Because of the workfunction of Alumimium (see table 2) pho-
toelectrons are emitted from the aperture during the measurements. Due to the
electric field these electrons are accelerated away from the aperture and therefore
the positive current I, corresponds to the number of emitted photoelectrons.
This means that /. only depends on the output of the lamp. Ultimately we can
compare the output of the lamp during various measurements, as long as they
were done with the same filter and in the same medium (gas or vacuum). This
allows us to compensate for the unstable output of the lamp from day to day opera-
tion by normalizing the currents to the recorded value of I, at Usperture = —350V
for each measurement series.
The calibration process before each measurement consists of waiting for the lamp
to warm up, then closing the vacuum valve to stop the UV-light from entering the
detector vessel and applying the required voltages to each electrode. It takes a
couple of minutes for all current values to have settled. After this, the software
calculates the mean value of the offset for each current. This completes the cali-
bration process after which the vacuum valve is reopened and the measurements
begin, with the advantage, that the recorded values are corrected for the offset.

2.3.1 Gain

Gain is defined as the ratio of the number of electrons entering the hole and the
number of electrons leaving the hole. This ratio is greater than one when multi-
plication in the hole starts occurring.

Lrim, which corresponds to the current of the initial electrons entering the hole,
cannot be measured directly with the setup we use. This is due to the fact, that
the positive current at THGEM top during gain measurements, not only corre-
sponds to the emitted photoelectrons, but also to gas ions, which have a posi-
tive charge and therefore get forced on to THGEM top by the electric field of the
THGEM. There are ways of determining I, indirectly, which are described in
section 3.2.1.

The basic settings for the gain measurements are, that we increase AUrpcem,
while keeping E;,,4 at zero volt per cm, which means that all of the multiplied elec-
trons will be deposited at THGEM bottom, as they follow the dipole field lines of
the THGEM. Therefore, the absolute value of I3 represents the amount of mul-

15



2.3 Methodology

tiplied electrons leaving the hole. If E;,, were be positive, some electrons would
be accelerated toward the anode and then the value for the amount of multiplied
electrons would be the sum of /o5 and I,,04e. The drift field is Egipp = 0V /cm.
The reason for this is discussed in section 3.2.

Ultimately the gain can be calculated by using the following equation:

Gain = @. (2)

Iprim

2.3.2 Quantum efficiency

The quantum efficiency (QE) of a PC material is the probability, that if a photon
hits the PC, a photoelectron is emitted. This depends on the work function of the
PC material and the wavelength of the incoming photon. QE values are usually
determined with measurements done in vacuum conditions.

The wavelength of the incoming photon is quite difficult to define in our experi-
ment, because the Deuterium lamp has a broad wavelength spectrum, which can
be seen in figure 11. This is the reason we use filters for the measurements. The
filter being used for QE measurements is the 171 nm-filter and its transmission
can be viewed in figure 30. Applying this filter leads to a very narrow wavelength
spectrum at a wavelength of around 161 nm, as can be seen in the right plot of
figure11.
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Figure 11: Left picture: The wavelength spectrum of the used Deuterium lamp.
The relative intensity is highest for wavelengths around A = 161nm due to
the built-in MgF, window [20]. The energy of the emitted photons range from
Ephoton, = 5.64 — 10.78 eV. Right picture: The output of the lamp is folded with the
transmission of the 171nm-filter.
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2.3 Methodology

To calculate QE, we need to compute the ratio between the number of photons
illuminating the PC and the number of photo electrons emitted by the PC.
The amount of photons which hit the PC is extracted by doing reference measure-
ments with a diode, which will now be discussed. The dimensions of the active
area of the diode (Thorlab FGAP71 diode) are 2.5 mm x 2.5 mm. For the diode mea-
surement the THGEM and anode are extracted from the setup and replaced by a
PVC plate with holes to position the diode. The distance between the diode and
the light source is the same as the distance between the light source and THGEM.
Every other electrode is left in its original place. Therefore we can assume that
the same amount of photons per area is hitting the PC and the diode, because in
both setups the mesh and wires are in the same position and have a transparency
of 51%.
To begin the measurement process, the vacuum pump is started and left to pump
for around seven hours to reach a pressure inside the detector vessel of around
p = 5-107% mbar. Then the 171nm-filter is put in place with the use of the filter
wheel and after the completion of the calibration process, the current at each re-
maining electrode is measured with the pA-meter, while the Keithley electrometer
is used to measure the current of the diode. It is important to note, that the electric
fields Ey,, = 167V /cm and Ej,, = —1000 V/cm were kept constant. To achieve
this value for E,. the voltage at the aperture was set to Uyperture = —350V. As
mentioned above at this specific setting for the aperture voltage we can compare
this measurement to other measurements done with the same filter in vacuum.
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Figure 12: Left picture: The spectral response of the diode, used for reference mea-
surements to determine the QE of the Csl coating.[21]. Right picture: This picture
shows an example of the Diode measurement. The diode is placed in the middle
of the hole in this picture.

This process is repeated for different positions of the diode in the PVC plate.
This is important, because the intensity of the lamp light is not uniform across
the illuminated area. Therefore the current of the diode 1,4 is different for each
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2.3 Methodology

position. Because the reference diode measurement are only completed for a lim-
ited number of diode positions, the average of the recorded currents has to be
drawn. This average has to then be multiplied by the QE value of the diode at a
wavelength of A = 161 nm (see left plot in figure 12) and has to be multiplied by a
factor that takes the active area of the diode versus the active area of the PC into
account. The details of this calculation will be discussed below. Figure 12 shows
the changed setup used during the diode measurement.

After the reference measurement with the diode, determining the amount of
emitted electrons in vacuum is the next step to calculate QE.
For this we set AUrpygeym = 0V and increase the electric field Ey,; s to high nega-
tive values, which accelerates the electrons from the PC toward the wires. We call
this measurement e-to-wires measurement. It will be referred to as such through-
out this thesis. A sketch of the e-to-wires measurement can be seen in figure 13.

______________________________________ U .
WITES

AUrpcem =0V

Figure 13: This picture highlights the movement of the emitted photoelectrons
during the e-to-wires measurement. The electric field Ey; s, is negative so that
electrons emitted from the PC get accelerated to the wires.

At high negative electric drift field values in vacuum we expect the current /¢
to be constant (explanation in section 3.1). Therefore the average value of /;r dur-
ing the e-to-wires measurement, where the current is constant at high drift field,
is used for further QE calculations.

After obtaining the required values the QE is calculated with the following for-
mulas. First the solid angle 2 for the PC and diode are calculated with formula (3).

a1 3)
-

The variable A corresponds to the active area, while r stands for the distance from
the lamp, which is » = (296 £ 4) mm. The next step is to determine the photon
rate R,,. This is done with the help of equation (4).

Idiode
R, =
P QFE

The photon rate is the division of the average diode current /4.4 by the electron
charge e and the QE of the diode at a wavelength of around A = 161 nm, which is
8+ 1%.

With this we can calculate the photon rate of the PC as (5)

(4)

Qpc
Rynpc = Rpp - O
diode

(5)
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2.3 Methodology

After this we have to calculate the number of electrons released from the PC per
second during the e-to-wires measurement with N, = . The last step is to
calculate the QE of the CsI PC with equation (6).

Ne
RphPC

QECSI = (6)

Every uncertainty provided in this bachelor’s thesis is calculated with the use
of the equations given in [22].

2.3.3 Aging

Aging studies are performed to investigate the decline of the quality of the PC in
terms of QE. One aspect of this research is to determine the impact of long expo-
sure times to gas on the QE of the PC. To investigate this, e-to-wires measurement
in gas, in our case Ar—CH, (90-10), at identical settings are performed twice a day
for seven days.

Another aspect is to understand which impact constant bombardment of gas ions
during gain measurements has on the QE of the Csl. For this purpose e-to-wires
measurements in vacuum are performed right after gain measurements. During
gain measurements, gas ions produced in the hole will travel to and be deposited
on to the PC because of the electric field of the THGEM. The e-to-wires measure-
ment after each gain measurement allows us to determine, which impact the ion
bombardment has on the QE of the PC. To quantify this impact, we calculate the
charge per area. The charge, which is equivalent to the ions hitting the PC, is com-
puted by integrating the current /5 over the measurement period. This is done
after each gain measurement. Each charge value is divided by the illuminated
area of the PC to obtain a value for the charge per area, which is deposited onto
the PC during gain measurements.
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3 Results and discussion

3.1 E-to-wires measurement

3.1.1 In vacuum

E-to-wires measurement in vacuum
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Figure 14: Currents at each electrode plotted against the drift field Ey.;r. The
filter CaF, and the CsI 195 nm thick coated THGEM were used.

Figure 14 displays the currents measured at each electrode as a function of the
increasing electric field ;¢ in vacuum. This measurement was performed with
the Cal', filter and the CsI 195 nm thick coated THGEM.

The basic idea behind the e-to-wires measurement is to determine the number of
photoelectrons leaving the PC. If there is a negative electric field between THGEM
top and wires, emitted photoelectrons will travel away from the PC and towards
the wires. This results in a positive current on the topside of the THGEM I¢r,
which corresponds to the number of emitted photoelectrons. Because these elec-
trons travel towards the wires and should be collected there, the negative current
Iyires should also correspond to the number of emitted photoelectrons. In vac-
uum, this isn’t the case, because the velocity of the electrons can get so high, that
electrons can move past electrodes without being collected. This is quite apparent
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3.1 E-to-wires measurement

when comparing I and I, in figure 14.

In the low drift field (=~ —150 V/cm) region the absolute values of these two cur-
rents are the same, which is expected, as each electron leaving the top side of the
THGEM drifts toward the wires and is detected there as a negative current. But
at high drift fields, the electrons are accelerated to such high velocities that they
aren’t collected at the wires. For example for the setting of E4,.;;y = —1250V /cm,
the current at THGEM top is I = (18.62 =+ 0.02) nA while the current at wires is
Tpires = (—12.84 + 0.01) nA.

It is also interesting to note the behavior of /7. There are two regions of interest:
The first region is in the low drift field region, where I is quite steadily increas-
ing. In the second region at higher drift fields, I all of a sudden increases in
value and from there on out is constant. The sudden jump in value for /¢ is still
not understood. Other researchers report similar behavior but do not explain why
this occurs [23].
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Figure 15: This plot shows the low drift field region recorded during the e-to-
wires measurement in vacuum. The filter CaF, and the Csl 195 nm thick coated
THGEM were used.

It is interesting to note, that as I suddenly increases in value, 1. decreases.

21



3.1 E-to-wires measurement

When the electrons are accelerated to such high velocities that they pass through
the wires and travel through E,, without getting stopped, then this explains the
decrease in the current /,,;,.;. When moving through E,; ;. the electrons get accel-
erated. The energy of the electrons can be calculated with Ejyeric = AUgr—wires - €,
where AUgr_yires stands for the potential difference between THGEM top and the
wires.

The electric field Ey;,, with the energy Eyinetic = AUwires—mesh-€, Where AUyires—mesh
stands for the potential difference between the wires and the mesh, slows the elec-
trons down. If AUgr_wires > AUyires—mesh, then the electrons have enough energy
to pass through the electric field Ej,,. This happens at AUgr_yires > 50V, which
corresponds perfectly to the AUgr_yires Setting at an electric drift field of around
150 V /cm. Therefore the electrons move through Ej,, without being stopped and
aren’t detected at the wires anymore.

But this doesn’t explain the increase in /7. There is a theorem, called the Ramo-
Shockley theorem, that explains the correlation between a current i measured at
an electrode and the velocity of a charged particle in its vicinity in an electric field.
The equation describing this is i = e - v - E'[24]. The reason this can’t explain the
increase of I57 is, that this effect should result in a constant increase of Io7 at in-
creasing drift fields. This is not the case, as the current I is constant at high drift
fields. Lastly, there is one other solution that could potentially explain the increase
in Igp. Ata drift field of Eyyi 5 = —150 V /cm, the electric field might penetrate fur-
ther into the PC and therefore promote the emission of more photoelectrons. This
enhancement of photoelectron emission is usually observed at very high electric
fields (> 500kV /cm), where secondary photoelectrons are emitted [25]. It could
potentially be possible that a similar effect at a low electric field Eq,; s, while less
pronounced, could result in a decrease in the work function of the CsI PC and
therefore leading to more photoelectrons being emitted.

The current /,,,04c and I; 5 remain zero because there is no applied induction field
FEinq and no potential difference AUrpcgy. This is also the case in the e-to-wires
measurement in gas.

The behavior of the currents I,,, I, and the apparent change in currents at neg-
ative drift fields higher than —150 V /cm is still not completely understood and has
to be researched in more detail.

The current at the aperture I, increases with the electric drift field Eg;. A
possible explanation could be that as the electric drift £, increases, photoelec-
trons from the PC either hit the aperture or go through the hole of the aperture.
As mentioned above at a drift field of Ey,;s =~ —150 V /cm the photoelectrons have
enough energy to move through E,,,,. Because there is a voltage at the aperture
Usiperture, this not only creates the electric field E,.;, but also an electric field be-
tween the aperture and detector vessel. At E;;; = 0V/cm the voltage at the
aperture is Ugperture = —350 V. But as the drift field increases, the voltage at the
aperture is reduced, because every other electric field in the setup has to stay the
same during the e-to-wires measurement. For the maximal drift field for example
this results in Uyperiure = 0V. The electrons, which get accelerated through the
hole of the aperture, end up in the detector volume above the aperture. At a low
voltage at the aperture, electrons are more likely to stick to the aperture. This in
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3.1 E-to-wires measurement

essence would explain the high negative current observed at the aperture when
having a high drift field and therefore low voltage at the aperture.

This theory doesn’t apply to the region of the drift field between Ey.,5; = 0 to
—150 V /cm, because I, is positive in this case. This is due to the fact, that pho-
toelectrons are emitted and accelerated away from the aperture. Therefore, the
positive current I, at a setting of Uyperiure = —350V allows us to monitor the
output of the lamp. Ultimately this means, that at high aperture voltage settings
the current I, only depends on photoelectrons emitted by the aperture. This is
contrary to the case at low aperture voltage, where we assume that photoelectrons
from the PC influence I,.

Next, the behavior of I, is discussed. The growing positive current at Ey,;
larger then —150 V /cm indicates that electrons are leaving the electrode. The work
function of Tungsten would allow for the emission of photoelectrons. But why a
change in voltage at the electrode should change this emission rate, especially
as the electric fields around the electrode don’t change, is not clear. One thing
that is also interesting is that the values of the current at wires and mesh seem
to offset each other in the high drift field region. This would mean, that pho-
toelectrons emitted by the mesh are accelerated towards the wires due to Ey,,
and collected there. It has to be noted, that this still does not explain why these
currents are growing. Similar to the case of [, at the region of the drift field
between Eg,.;;; = 0 and —150 V/cm, the current is positive and constant because
photoelectrons are emitted from the mesh in a constant rate. These electrons end
up drifting towards the detector housing, as there is no corresponding negative
current being measured.

Finally, the biggest mystery is the change in behaviour which can be seen for every
current (except I,n04c and /o) when going from a drift field region of Ey.ipr = 0
and —150 V/cm to a region greater then Ey.;; = —150V/cm. This change is not
only seen when measuring with the CaF’; filter but also with SiO, and 171nm-
filter and this change always happens at the same drift field configuration. As
mentioned above, this might be due to to the velocity the photoelectrons from the
PC reach at that specific drift field setting, which allows them to move past the
other electrodes. The behavior of the measured currents in the low drift field re-
gion can be seen in figure 15.

Ultimately the interesting part of this measurement, apart from understanding the
electron movement inside the detector, is to get a value for the maximum number
of photoelectrons leaving the CsI PC. This is why for QE measurements the only
current of interest is Iy at high drift field settings, where it is constant.

3.1.2 Ingas

Figure 16 shows the e-to-wires measurement in Ar—CH, (90-10). This measure-
ment was done a day apart from the one in vacuum with the same filter and coated
THGEM. In gas the electrons reach a finite drift velocity, which depends on the
electric drift field | E| and the mean interaction time 7 [26].

As can be seen in the figure 16, the currents I,,.s and Iy offset each other for
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3.1 E-to-wires measurement

E-to-wires measurement in Ar-CH4

8 it
Isuck T . .
6 Imesh M‘.""-‘ |
4 *_'E'_Iwires !!h\ .
+lar }
I A ——— e A - '
2 ;,;
¥
-4 ¢ _'n'*
6t .'".r.‘ §
A A SO PgOAd ©
E. .. [V/icm]

Figure 16: Currents measured at each electrode plotted against the drift field
Egrisi. The filter CaFy and the Csl 195 nm thick coated THGEM were used.

the whole drift field range. This means that all electrons, which are emitted from
the PC, do not have enough energy to pass E;,, and are therefore collected at the
wires.

The value of Iy increases with the electric field Eq,. .. This we expect, because
the stronger the electric field, the less electron backscattering - which describes the
process, in which an emitted photoelectron elastically scatters at a gas atom and
gets reabsorbed into the PC - plays a role. At higher electric fields the electrons
predominately collide inelastically with gas atoms and not elastically anymore
[27]. This not only depends on the electric field strength at the PC but also on the
gas used [28]. The effect of electron backscattering plays a bigger role in pure no-
bles gases than for example in the gas mixture used in this experiment, Ar—CH,4
(90-10), because pure noble gases have an enhanced cross-section for elastic scat-
tering [11].

The maximum current at the top side of the THGEM in gas is lower than that in
vacuum, as in vacuum there is no backscattering of electrons.

Similar to the case in vacuum no current at the anode and THGEM bot is mea-
sured. The current on the aperture I, decreases with an increase in drift field.
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3.2  Gain measurement

At higher drift field settings, the voltage on the aperture decreases, and therefore
the electric field between detector vessel and aperture decreases. This means more
photoelectrons from the aperture are reabsorbed due to electron backscattering.
The current I, is positive and constant, which means photoelectrons are emitted
from the mesh at a constant rate.

To keep AUrncem = 0V, we set Ugr = Ugp = —500 V. This poses a problem,
as fluctuations in the outputs of the high voltage power supply lead to uncertain-
ties for I and Iz, which are in the order of 10~2nA. For e-to-wires measurement
with Csl coated THGEMSs, this has very limited impact, as the measured currents
are two orders of magnitude higher. But when performing measurements with
materials that have very low QE in the UV region, for example, DLC GEMs or un-
coated Au THGEMs, the uncertainties are in the same order of magnitude as the
measured currents. This problem can be corrected by splitting one output of the
voltage supply into two cables, which then supply the same voltage to THGEM
top and bottom. To validate this approach, we took an e-to-wires measurement
with the improved setup in gas with Ugp = Ugr = —500V and compared it to
an e-to-wires measurement (same gas, filter, and THGEM), where we grounded
THGEM top and bottom while adjusting the voltages at the other electrodes to
keep all electric fields at the same strength. This comparison is shown in figure 34
in the appendix.

3.2 Gain measurement
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Figure 17: Left plot: An Ey,;p scan at AUrpcrn = 600 V. Right plot: An Eg,; 5 scan
at AUrpgcem = 800 V. These measurements were performed with the CsI 195 nm
thick coated THGEM and the CaF filter in AR—CH, (90-10).

Gain measurements with Ar—CH, (90-10) are performed to understand what
gain can be reached with our single THGEM setup. This is vital for the applica-
tion of THGEMSs as photodetectors because, without a sufficient multiplication of
photoelectrons in the holes of the THGEM, photons cannot be detected.
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3.2  Gain measurement

To perform gain measurements, AUrpgen is increased, which strengthens the
dipole field of the THGEM and accelerates electrons through the hole. In the
holes, electrons ionize gas atoms, if they have sufficient energy to do so, and
therefore create an electron avalanche. While increasing AUy e, the drift field
is kept at E4;s+ = 0V/cm. The reason for this can be seen in figure 17. These
measurements are Ey,; s, scans, which are performed at a fixed AUrpgpy in gas.
The potential difference AUrpgen of both measurements is at a level, where the
multiplication of electrons in the holes happens. The reason for performing this
measurement is to determine at which Ey,;; setting the most electrons enter the
hole. One can clearly see, that the current /¢ for both plots is at a maximum at
Edm'ft =0 V/Cm

A positive electric drift field would force some emitted photoelectrons to reenter
the PC. This must be avoided, as this would result in the loss of a signal. A nega-
tive drift field, on the other hand, would force some electrons to accelerate toward
the wires and not toward the holes. It should be mentioned that even at poten-
tial differences AUrpcrn, which were higher than the ones we measured and at
which THGEMs are usually operated, Ey,.s: = 0V /cm is the best operational set-
ting for these detectors [29].

The amount of initial electrons entering the hole is I,,;,,. This current cannot
be measured directly with our setup, but there are other ways of determining it.

3.2.1 Linear fitting to plateau

One way to do this is to plot |/ | half logarithmic against AUrgega. The current
I corresponds to the number of electrons leaving the hole of the THGEM during
gain measurements. This current equals I,,,,,,, if all initial electrons go through the
hole, without initiating an electron avalanche, and end up on the bottom side of
the THGEM. This happens at a potential difference AUy ycer, where the dipole
tield is so strong, that the maximum amount of electrons are emitted from the PC,
but too weak to lead to electron multiplication in the hole. This region can be seen
as a plateau in the left plots of figure 21 and 22. When fitting a linear function to
this region, one can obtain a value for I,,,,. The obvious drawback of this method
is, that it is difficult to define this region because it is impossible to know at which
exact potential difference AUrpg ey electron multiplication starts taking place.

3.2.2 E-to-wires measurement

There is another method to obtain I,,,. The number of initial electrons in gas
can be determined by looking at the e-to-wires measurement. Here the amount
of emitted photoelectrons corresponds to the current Iy at high negative drift
fields. This value should correspond to the amount of initial electron I,,,;,,, in gain
measurements if we assume that every emitted photoelectron gets guided into the
hole by the dipole field of the THGEM. This assumption is not correct, because the
efficiency of drawing the electrons is smaller than 1, as can be seen when compar-
ing figure 18 to figure 19.
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E-to-wires measurement
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Figure 18: The measured currents plotted against the Ey,;r;. The current Iy, is
not shown, as it would distort the graph. The 171nm-filter and CsI 205 nm thick

coated THGEM in vacuum was used.

E-through-hole measurement
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Figure 19: The measured currents plotted against the AUrpcey at the THGEM.
The 171nm-filter and CsI 205 nm thick coated THGEM in vacuum was used.
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3.2  Gain measurement

Figure 18 shows an e-to-wires measurement in vacuum and figure 19 a mea-
surement we call e-through-hole measurement, which is similar to a gain mea-
surement. The only difference is that e-through-hole measurements are performed
in vacuum. This means the electrons get accelerated through a hole but, because
there are no gas atoms, no electron avalanche is initiated. A sketch displaying the
electron movement during this type of measurement can be seen in figure 20.

IGT—| |

AUrgcewm

I

Figure 20: The electron movement during an e-through-hole measurement. There
is no electron multiplication because this measurement is performed in vacuum.

The e-to-wires and e-through-hole measurement were done on the same day
with the same filter and coated THGEM. Regarding figure 19, it should be men-
tioned that the currents I and 1,04 behave differently in gas. In vacuum the
electrons, which get accelerated through the hole, end up either on the anode or
THGEM bottom. The fraction of electrons landing on either electrode depends on
the potential difference and therefore the electric field of the THGEM.

For a potential difference of around AUrpgem = 1200V the currents have the
same value. This is not surprising, as in vacuum the electrons follow the electric
tield lines (see figure 3) and don't collide with atoms. This isn't the case when
doing gain measurements. Electrons leaving the hole will collide with gas atoms
in the drift volume between THGEM bot and anode and lose kinetic energy. This
results in the electrons getting drawn towards THGEM bottom and creating the
detectable current /5.

Going back to the e-to-wires measurement in gas, we assume that the dipole field
of the THGEM at high enough values for AUrycey has the same effect as a high
negative drift field Ey,; ;.. This means, that the electric field penetrates the PC and
the maximum amount of photoelectrons is emitted. We define the efficiency to
collect all emitted photoelectrons as ¢.,;. This efficiency, which is the ratio of the
maximum Iy of the e-through-hole measurement to the maximum I7 value of
the e-to-wires measurement, is e.,; = 0.919 & 0.004.

Ultimately this means that the maximum current /7 of e-to-wires measure-
ment in gas is higher than the number of initial electrons during gain measure-
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ments. Looking at equation (2), the calculated gain will be underestimated.

3.2.3 I,.im of Csl coated and uncoated Au THGEM

lprim through linear fitting E-to-wires measurement
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Figure 21: Left plot: The absolute value of I plotted half logarithmic against the
potential difference AUrpgea. The uncertainties are left out but can be viewed
in figure35. Right plot: The e-to-wires measurement in Ar—CH, (90-10). Both
measurements are performed with the Csl 205 nm thick coated THGEM and the
171nm-filter.

The left plot in figure 21 shows | I 5| plotted half logarithmic against AUryae.
For the Csl coated THGEM one can see an indication of a plateau in the region of
AUrgceym = 350 to 500 V. The value for the current, which we attain from the fit,
equals to Igp = Iprim = (2.83 £ 0.50) nA. The e-to-wires measurement in gas with
the 171nm-filter and coated THGEM can be seen in the right plot of figure 21.
This measurement leads to a value for I, = (3.49+0.25)nA. This value is
higher than the one we attain through linear fitting of the plateau, which fits our
prediction, as the number of electrons emitted in the e-to-wires measurement is
greater than the number of electrons drawn into the hole while doing gain mea-
surements.

For the uncoated THGEM (and SiO, filter) one can see an indication of a plateau
in the region of AUrpgem = 250 to 400 V. By fitting a linear function to this
plateau, see left plot in figure 22, we attain a value of I, = (0.039 = 0.020) nA.
The e-to-wires measurement gives a value of 1, = (0.057 & 0.003) nA, see right
plot in figure22. While performing the e-to-wires measurement with the un-
coated THGEM, we did not use the optimized setup, where we split one output of
the high voltage supply to supply both THGEM bot and top. This is why the un-
certainties for I and I p are so large. This meant we couldn’t use I to obtain
a reliable value for the electrons emitted from the PC. As explained in the previ-
ous section, the number of electrons leaving the PC in gas is equal to the number
of electrons being collected at the wires. The current of the wires has very small
uncertainty and this is why we use the maximum absolute value Iiyes for I, ip,.
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Figure 22: Left plot: The absolute value of I plotted half logarithmic against the
potential difference AUrpaenm. The uncertainties are left out but can be viewed in
figure 35. Right plot: The e-to-wires measurement in Ar—CH, (90-10). Both mea-
surements are done with uncoated Au THGEM #b5 and the SiO, filter.

3.2.4 Gain of Csl coated and uncoated Au THGEM

Gain of Csl coated THGEM in Ar-CH4 (90-10)
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Figure 23: Gain of CsI 205 nm thick coated THGEM. The 171nm-filter was used.

Figure 23 shows the gain curves measured with CsI 2056 THGEM in Ar—CHy
(90-10). There are three regions of interest. Atalow potential difference AUrpcem
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3.2  Gain measurement

(0 - 350 V), the dipole field of the THGEM is not strong enough to overcome the
electron backscattering effect. Therefore the amount of electrons entering the
holes is not the same amount of electrons, which will enter electron multiplica-
tion at a higher AUrpgeym region. And because the electric dipole field of the
THGEM is low in this region, the electrons don’t get enough kinetic energy pass-
ing through the hole to start an electron avalanche.

The second region is the plateau region, which was discussed in the previous sec-
tion. The last region is characterized by the exponential rise in the gain curve. This
means that electron multiplication in the hole starts happening. The maximum
gain is only limited by the onset of discharges, which starts occurring when there
are enough electrons and ions in the hole to create a spark between top and bottom
side of the THGEM. Discharges impact the performance of detectors in a negative
way, so operating the THGEM at voltages where discharges are very rare but gain
is still high is crucial [30]. At AUrgeem = 1225V discharges were recorded every
30 seconds, so the measurement was stopped at that point. The maximum gain
that was reached with I,,,;,,, from linear fitting is Gain = 1210 £ 213. I, from
the e-to-wires equalled in a maximum gain of Gain = 984 % 71.

Gain uncoated Au THGEM #5 in Ar-CH4 (90-10)
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Figure 24: Gain of uncoated Au THGEM. The SiO, filter was used.

Gain measurements with uncoated Au THGEMs were done until a potential
difference of AUrpgem = 1190 V. Discharges started occurring at this point, so
no higher gain was reached. This measurement can be seen in figure 24 and as
predicted, when using the I,,,;,,, value calculated through the e-to-wires measure-
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3.3 Quantum efficiency of CsI PC

ment, we underestimate the gain. The exact maximum gain value with the lin-
ear fitting method is Gain = 1362 £+ 689 and for the e-to-wires measurement
Gain = 927 + 82.

Regarding the gain measurement with the coated THGEM, it has smaller un-
certainties compared to gain measurements done with the uncoated THGEM.
This is because the difference in order of magnitude between the measured cur-
rents and their uncertainties was higher in the case of the coated THGEM, espe-
cially in the plateau region. Both measurements were performed until a setting of
AUrncem was reached, where discharges occurred every thirty seconds. In the
case of the coated THGEM the Keithley electrometer was used, as currents above
the limit of the pA-meter were measured.

The only difference with this setup is, that the bottom side of the THGEM had
to be grounded (when using the pA-meter it is set to Usp = Ugr = —500V). As
mentioned earlier, this doesn’t impact the results we obtain.

3.3 Quantum efficiency of CsI PC

E-to-wires for QE of Csl 205 THGEM
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Figure 25: This is the e-to-wires measurement used to determine the number of
photoelectrons leaving the CsI PC. This measurement was done in vacuum and
with the 171nm-filter.

As mentioned in the methodology section, to calculate the QE of the CsI PC,
two measurements have to be taken. First of all, we need the diode reference mea-
surement to detect the number of photons hitting the active area and second of
all, we need the e-to-wires measurement in vacuum to determine the number of
photoelectrons being emitted by the PC.
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3.3 Quantum efficiency of CsI PC

The latter measurement is depicted in figure 25. This measurement was per-
formed with the 171nm-filter after a series of e-to-wires measurements in gas, see
section 3.4.1, which did not negatively impact the quality of the PC.

For the QE calculations, we use the average of Iy in a region where it is con-
stant. Looking at figure 25, this region is around E;;x = —700 to —1300V /cm.
The weighted average leads to a value of Ior = (8.49 & 0.01) nA.

3.3.1 Diode reference measurement

The result of the diode reference measurement can be seen in figure 26. It has to
be mentioned that the values in the figure are normalized values. The reason for
this is, that the output of the lamp was not constant over the measurement period.
In reality, the output of the lamp decreased after each measurement, for reasons
unknown to us. The original measured current with the diode, the normalized
current of the diode, and the current at the aperture can be viewed in figure 32 in
the appendix.
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Figure 26: This plot shows the currents measured at each diode position. The
used filter throughout the QE measurement process is the 171nm-filter.

After normalization, the average value is calculated:

Lgiode = (0.260 + 0.016) nA

3.3.2 QE calculation

The QE of the Csl 205 PC is calculated with the equations given in section 2.3.2.
The active area for the PC is the area beneath the hole of the aperture and with
a hole diameter of d = 20 mm, we get a value of A = 314.2mm?. This value has
to be multiplied by the surface to hole ratio of the THGEM. Due to the unstable
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3.3 Quantum efficiency of CsI PC

output of the lamp, the average value of /7 of the CsI PC has to be normalized to
the average current measured with the diode.
This is done by using the formula (7):

Iar—norm = Iar - fwﬂ (7)
suck—ETW

In the formula above, Ig7_ s, corresponds to the current measured at the aper-
ture when we did our first diode measurement. As mentioned in section 2.3.2,
the settings for the voltage at the aperture were identical to those later used in
the e-to-wires measurement. I,.._grw on the other hand refers to the current at
the aperture, which corresponds to the output of the lamp during the e-to-wires
measurement in figure 25. After using the above mentioned formula we attain a
value of Igr—norm = (9.85+0.11) nA.

In the last step we use the equations given in section 2.3.2 to calculate the QE of
the 205 nm thick Csl reflective cathode for a wavelength A = 161 nm:

QF = 7.74 & 0.98%

It should be mentioned, that the uncertainty given does not include the systemat-
ical errors.

3.3.3 Comparison to DLC GEM

«10°  E-to-wires for QE of DLC GEM
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Figure 27: This is the e-to-wires measurement used to determine the number of
photoelectrons leaving the DLC GEM. The used filter throughout the QE mea-
surement process is the 171nm-filter.

Figure 27 shows the e-to-wires measurement with the 171nm-filter in vacuum,
which is used to calculate the QE of the DLC GEM. At a wavelength of A\ = 161 nm
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3.4 Aging studies

the QE of the DLC GEM is 0.03 £ 0.02%, which is significantly lower to that of
the CsI PC. The QE of the DLC GEM for the visible light range will have to be
investigated in future studies.

3.4 Aging studies
3.4.1 Exposure to gas

After coating the THGEM #6 with a 205 nm thick CsI layer and installing it into
our setup, the detector vessel was flushed with Ar—CH, (90-10). Over a period of
seven days, e-to-wires measurements with the 171nm-filter were conducted in the
morning and evening. The time between the morning and evening measurements
was five hours and the time between the evening and morning measurements was
14 hours. The time between measurements and the warm-up phase of the lamp
was always the same.
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Figure 28: Left plot: This shows eight back-to-back e-to-wires measurements in
gas and the values of I plotted against the drift field E,; . Right plot: The max.
value of I and its normalized value 17— pormalized plotted against the measure-
ment period of the Aging studies in gas.

The left plot in figure 28 shows the recorded I;r values against the applied
electric field E,;:, which reached values of about —2200 V/cm. The eight differ-
ent colors indicate the chronological order of the performed measurements. This
is at the first glance quite surprising, because the maximum value for /¢t for suc-
cessive measurements seems to increase, which means the QE of the PC would
increase over time in gas. This isn’t the case and the reason for the increase in
Iy is connected to the output of the lamp, which increased over the first eight
measurements. This can be viewed in the right plot in figure 33 in the appendix.

Because of the unstable output of the lamp, the maximum /7 of each measure-
ment has to be normalized. The ratio of the I, value at the first measurement to
the I, value for each successive measurement is calculated. Then multiplying
this individual value to the maximum ;7 of each measurement yields the nor-
malized current /7 pormalized, Which is plotted on the right in figure 28.
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3.4 Aging studies

Looking at the plot, one can see that the currents are constant throughout the
measurement period when including the uncertainty region. The first value for
I —normatizeq has relatively high uncertainty, due to the big uncertainty in the I,
value.

In summary, one can say, that exposure to the gas Ar—CH,4 has no impact on the
quality of the PC. This is quite important because this means the QE of the Csl,
which is calculated from e-to-wires measurement in vacuum (see section 3.3), has
not changed from its initial installation into the detector vessel.

It should be mentioned that the effect of photon bombardment on the quality of
the PC in gas was not considered nor observed. In vacuum, the photon bombard-
ment results in a photolysis process, where the Csl is split into its ionic compo-
nents. The iodine then leaves the PC and because the caesium atoms have a high
electron affinity the QE of the CsI PC is lowered [31].

In gas, this process seems to be suppressed by the gas molecules. Photon in-
duced aging of PCs in gas appears under intense photon flux (~ 1010[%]) and
its effects are significantly lower than in vacuum [32]. This is the reason we don’t
see this aging effect, as each e-to-wires measurement only lasts a relatively short
time (= 1 h) and the photon flux is only around 10322292

mm?2s

3.4.2 Ion bombardment

Ata potential difference of around AUrgygey = 500V during gain measurements,
electron multiplication in the holes starts occurring. This time the focus is not on
the multiplication factor of electrons, but rather on the number of gas ions leav-
ing the hole and hitting the top side of the THGEM. Similar to the case of photon
bombardment, the impact of the positive gas ions on the PC results in the disso-
ciation of CsI [31].
Normally we would measure the amount of ions hitting the illuminated area of
the PC by recording the positive current on THGEM top I with the pA-meter.
But during these gain measurements the current on the THGEM is too high for
the safe operation of the pA-meter (current limit 130 nA). Therefore we have to
use the Keithley electrometer, which can record these high currents. The problem
with using the Keithley electrometer is, that it can only measure the current at
electrodes at ground potential. If we were to measure /7 this would mean hav-
ing THGEM top grounded. To increase AUrpgey during gain measurements,
the voltage at THGEM bot Ugp would have to be positive and increase. There is
a voltage supply (mesytec) in our labratory that could supply positive voltage to
the electrodes, but the voltage range is limited to —400V to 400 V, which would
not suffice for this experiment. Ultimately the only other remaining option to cal-
culate the charge per area on the PC is to measure and use the current at THGEM
bot ;5. When recording this current with the Keithley electrometer we can in-
crease AUrycpm by increasing the voltage at the THGEM top U to high negative
values.

But there is a problem when using I for determining the number of ions.
Integrating I over the measurement period doesn’t directly correspond to the
charge deposited onto the PC. Firstly the integration limits have to be adjusted,
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Figure 29: The QE at a wavelength of A\ = 161 nm of the CsI 205nm thick coated
THGEM plotted against the charge deposited onto the topside of the THGEM.

because electron multiplication and the resulting ion bombarding only starts to
happen at a certain AUrpggn. Therefore the plateau region mentioned in section
3.2 must be determined for each gain measurement.

And because the absolute value I¢p is equal to Iy during gain measurements,
the current I,,;,, has to be subtracted from I;p. The reason is, that the positive
current /o7 does not only correspond to ions hitting the PC, but also to the emitted
photoelectrons leaving the PC. Therefore, to get a value for the charge deposited
onto the PC, I;,, = |Igs| — Iprim is integrated over the adjusted measurement
period. The resulting value then has to be divided by the illuminated area of the
PC, which is the coated CslI area beneath the hole of the aperture. We assume that
the ion bombardment is uniform across the illuminated area of the PC.

After each gain measurement, the QE of the PC was measured. The process
of determining the QE is explained in section 3.3. Ultimately the decrease of QE
due to ion bombardment can be seen in figure 29. As one can see, the initial QE
value 7.74% drops around 50% at a charge deposition of around 50 xC/mm?s.
This trend continues as at a charge deposition of around 220 pC'/mm?s on the PC
the QE drops to a value of 2.5% for a wavelength of A = 161 nm.
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3.4 Aging studies

The fit seen in the plot above is the following function
f(x) =a-exp(=b-z)+c-exp(—d-x),

which is the best fit to the raw data and is used by Anderson et al. to model
the aging process of the PC [32]. Most of the data points with their uncertainty
match the exponential fit. It should be mentioned that the decrease of QE of Csl
coated THGEMs due to ion bombardment differ from experiment to experiment
and is not well understood [31]. The raw data sets of the current /55 recorded
with the Keithley electrometer during gain measurements and later used for the
calculation of the charge can be viewed in figures 36 to 41.
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4 Summary and outlook

In this thesis, Csl coated THGEMSs were characterized. This process started by
gaining an understanding of the movement of electrons inside the detector at neg-
ative drift fields. The corresponding measurements were performed in gas and
vacuum. Thereafter the attainable gain of the single THGEM setup in Ar—CH,
(90-10) was studied. In order to calculate the gain, a detailed explanation was pro-
vided on how to determine the number of initial electrons I,,,,. This was done
for an uncoated and a CsI coated THGEM. In both cases, a gain of around 1.2 - 10°
was reached before discharges began occurring.

Next, the QE of a Csl coated THGEM was calculated. To achieve this, a diode ref-
erence measurement and an e-to-wires measurement in vacuum were performed.
The QE of the reflective Csl PC at a wavelength of A = 161nm was equal to
7.74 £ 0.98%. This value could have been even higher if it were possible to treat
the coated THGEM with heat after coating it at the facility of the TUM.

Lastly, the aspect of aging of the reflective CsI PC was investigated. This included
taking multiple e-to-wires measurements in gas to check if exposure to Ar—CH,
(90-10) resulted in a decline in the quality of the PC. This was not the case. An-
other aspect of the aging study was to see how ion bombardment impacted the
QE of the PC. This effect was quite detrimental and led to a decrease in quantum
efficiency of 50% after a charge deposition of around 50 uC/mm?s on the PC.

The research conducted in this thesis on CsI coated THGEMs has already been
performed in more detail by multiple other research groups around the world.
Therefore the focus was not on doing research that could improve modern Csl
coated THGEM photodetectors, but rather on understanding and verifying the
results we obtain with this specific detector setup. Ultimately, the goal is to in-
corporate reflective PCs into our setup, that have a high QE for the low visible
light range, and study the resulting performance. To this day, no THGEM based
photodetector for the visible light range has been developed to be used in any
large-scale experiments, because there are still many unresolved issues regarding
the choice of PC material. To find solutions for these issues, more research has
to be conducted, especially as THGEM based photodetectors have the unique po-
tential for large-scale application. Considering that many new detectors have to
be scaled up in size in order to make more precise measurements (e.g. Hyper-
Kamiokande), the research into THGEM based photodetectors will only intensify
in the future.
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171nm 161 Figure 30: The transmission of the 171nm-filter

plotted against the wavelength. It has a transmis-
sion of 17.5% at A = 171 nm and o = 20nm.

THGEMSs # | sector | leakage current [nA]
3 a 16
b 6
C 7
5 a 8
b 6
C 7
6 a 7
b 7
C 7

Table 5: This table documents the mea-
sured leakage currents of the THGEMs  Figure 31: This picture depicts an ex-
used during these experiments. emplary uncoated Au THGEM (# 1).
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Diode measurement in vacuum
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Figure 32: The output of the lamp varied from day to day operation during the
diode reference measurements. The current measured at each diode location had
to be adjusted.
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Figure 33: Left plot: The current of the aperture I, is plotted the voltage at the
aperture Ugperiure- Right plot: The output of the lamp, measured indirectly through
Iuck, is not constant over the measurement period of the aging studies in gas.
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Comparison of e-to-wires measurement
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Figure 34: Comparison of e to wires measurement with Ugr = Ugp = —500V and

Ucr = Ugp = 0V. The uncertainty for the —500 V case is in the order of 1072 and
for the 0V case in the order of 107%.
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Figure 35: Left plot: The absolute value of I plotted against AUrpgen for the
case of the uncoated THGEM. Right plot: The absolute value of I plotted against
AUrgceu for the case of the coated THGEM.
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* Abs IGB vs. counts

x
% Excluded Abs_IGB vs. counts % -

Figure 36: Second gain measurement performed with Keithley eletrometer. The
excluded points are not taken into the charge per area calculation. The excluded
area on the left is at values of AUryceym where the electrons don’t have enough
energy to ionize gas atoms. The excluded points on the right are recorded dis-
charges, where the values of the recorded current peak. This exclusion princi-
ple is the same for all following figures. During the first gain measurement the
Keithley did not work. Therefore the pA-meter had to be used and AUz gy was
increased, until a current of / = 130 nA. The charge per area for the first measure-
ment is way lower compared to gain measurements with the Keithley electrometer
and is 0.268uC/mm?s.
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Figure 38: Fourth gain measurement performed with Keithley eletrometer.

47



s
35— —
3 -
x
25 m
o
9
2= —
8 x
<
15— * o
x
1 4
%
05— % |
] 4
0 | I I | I
o 2 4 6 8 10
counts %10

Figure 39: Fifth gain measurement performed with Keithley eletrometer.
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Figure 40: Sixth gain measurement performed with Keithley eletrometer.
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Figure 41: Seventh gain measurement performed with Keithley eletrometer.
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