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Este trabalho apresenta os resultados do desenvolvimento de um detector de
alta presséo de Xe, tendo em vista a sua aplicagdo em imagiologia médica. O
detector usa dois foto-sensores UVV posicionados face-a-face baseados na
Csl-MHSP, com discriminacdo em posicdo. O conhecido efeito da diminuicao
do ganho em carga com a pressao é compensado através de um ganho em luz
usando o processo de electroluminescéncia. Sdo apresentados estudos da
amplitude do sinal e das resolugcbes em energia e posicao.

Na segunda parte, sdo estudados detectores baseados em THGEM de modo a
corresponder as necessidades, actuais e de futuro, das experiéncias de fisica
de altas energias. O trabalho foca-se na aplicacdo das THGEM em elementos
RICH, sendo sugerido um detector triplo-THGEM com um fotocatodo de Csl
em misturas de Ne.

O refluxo de ides para o fotocatodo continua a ser um objecto de preocupagao
e uma limitacdo. A aplicacdo de uma nova estrutura é sugerida: THCOBRA.
Resultados preliminares mostram boa perspectivas do sucesso da aplicagao
da THCOBRA na eliminag&o do refluxo de i6es.

Ao longo deste trabalho sdo apresentados varios métodos e medidas do
comportamento dos fotocatodos de Csl em detectores gasosos de radiagéo. E
apresentada também uma longa discussdao acerca dos seus problemas e
possiveis solugdes.
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electroluminescence, GSPC, Medical Imaging, RICH detectors, lon Back-flow,
Csl photocathode.

This work presents the results on the development of a high pressure Xe
gaseous detector envisaging medical imaging. The detector uses two VUV
photosensors operating face-to-face, based on the Csl-MHSP with position
discrimination capability. The known effect of the charge gain decrease with the
gas pressure is compensated with a light gain using the electroluminescence
process. Studies of signal amplitude, energy and position resolution are
presented.

On the second part, gaseous detectors based on THGEM where studied in
order to fulfill the requirements of present and future high energy physics
experiments. The work is focused on the application of THGEM in RICH
detectors elements: a triple THGEM detector using Csl photocathodes in Ne
mixtures was suggested.

The ion backflow to the photocathode remains a concern and a limitation; to
minimize it, the application of a new hole-structure, THCOBRA, was suggested.
Preliminary results foresee good perspectives for the successful application of
THCOBRA in ion back-flow suppression.

This work contains several methods and measurements of the Csl
photocathodes behaviour in radiation gaseous detectors. A long discussion on
its issues and possible solutions are presented.
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Part 1

Study and development of UV
position sensitive photosensors
coupled to detectors envisaging

medical imaging






Introduction

The term “medical imaging” covers different modalities: Radiology, Nuclear
Medicine Imaging, Magnetic Resonance Imaging (MRI) and Ultrasound Ima-
ging. From the medical perspective, each modality has its own applications
depending on the required information or detail level needed. From the
physics point of view the modalities differ in the physical processes used to

obtain the images.

In ultrasound imaging, a high frequency sound pulse generated by a trans-
ducer will be reflected by internal structures in the body generating echoes.
The echo, when returning to the transducer will be computed in order to
generate the ultrasonic image.

MRI makes use of a magnetic field and a pulse of radio waves to produce
the images. The protons (hydrogen atom nuclei) in the patient absorb the
radio waves, and re-emit them after a period of time that depends on the
very localized magnetic properties of the surrounding tissue.

Both Radiology and Nuclear Medicine Imaging make use of radiation
to produce images. In Radiology, the energy source (X-ray tube) is posi-
tioned outside the patient while the detector is positioned on the patient
opposite side, generating transmission images. Radiology can be split in dif-
ferent modalities as radiography, mammography, fluoroscopy and computed
tomography (CT). Again each modality has its own applications retrieving

different medical information [IH3].
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1.1 Scintigraphy SPECT and PET

Nuclear Medicine Imaging can be distinguished in three sub-modalities: pla-
nar imaging (scintigraphy), Single Photon Emission Computed Tomography
(SPECT) and Positron Emission Tomography (PET). In Nuclear Medicine
Imaging a compound containing a radioactive isotope is administrated to the
patient. Once the compound has distributed itself according to the physio-
logic status of the patient, a position sensitive radiation detector is used to
make projection images of the X- and/or - rays emitted during radioactive
decay of the agent. Thus, by measuring the energies of the emitted photons,
a unique identification of the radiotracer can be made, while determination
of the origin of their emission provides information about this radiotracer
distribution, and signal intensity (number of recorded photons) relates to
the amount of the radiotracer at any given location.

Because the radioisotopes emit their energy from inside the patient the

generated images are known as emission images[1H3].

1.1.1 The Anger Camera (Gamma Camera)

The most spread detector in Nuclear Medical Imaging is the Anger Camera,
proposed by Hal Anger in the late 1950s [4, 5]. The schematic of a conven-
tional Anger Camera, or Gamma Camera is presented in Figure The
detector itself, consists of a large single Sodium lodide doped with Tallium
(Nal(T1)) crystal, typically 50 cm in diameter, optically coupled to an array
of photomultiplier tubes (usually 50-90).

The interaction of a y-ray with the crystal results in a burst of isotro-
pically emitted scintillation photons partially detected by the photomulti-
pliers. Two coordinates of the photon interaction position are obtained from
the amplitude distribution of the PMT signals using Anger logic and the
energy is obtained from their sum. Both the position and energy resolutions
are strongly determined by the number of detected scintillation photons per

interacting y-ray [4].
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Figure 1.1: The simplified schematic of a gamma camera. Three photons
originating from a tumour in a patient head are shown. Photon a is parallel to
the collimator septa and is therefore transmitted through it and recorded by
the detector. Photon b is absorbed by the collimator and photon ¢ completely
misses the camera. Adapted from [5].

In order to determine the exact direction from which the detected pho-
tons arrive, a thick lead collimator is placed in front to the Anger Camera.
For most clinical applications, parallel hole collimators are used; however, se-
veral other collimator types are being used (fan-beam, cone-beam, pin-hole)
depending on the different applications and optimized for each one [5].

Single-photon imaging studies make use of Anger cameras, with one, two,
or even three large-area detectors, operating in event counting mode [4],
attached to a gantry. Since practically all currently available Anger cameras
are able to perform rotations and reconstruct tomographic SPECT images,
these systems are often referred to as “SPECT cameras” [5].

Even though SPECT uses a wide range of radioisotopes, their emission
photons energy is within the 70 to 360keV range, **™Tc being the most
popular imaging isotope, which emits 140 keV gamma photons; energy to

which the majority of SPECT systems are optimized [5].
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Nal(T1) | CsI(TI) | YAP:CE
Emission peak (nm) 410 565 360
Light yield (ph/kev) 38 65 18
Density (g/cm?) 3.7 4.5 5.4
1/p (mm) at 140keV 4.1 2.8 7

Table 1.1: Some characteristics of the most used crystals in radioisotope
medical imaging detectors. Adapted from [4] and[6].

1.1.2 State-of-art of SPECT detectors

As mentioned the most popular detector in SPECT /scintigraphy scanners is
the Anger Camera, composed by a scintillation crystal with PMT light read-
out. Sodium iodide doped with Thallium, Nal(T1), is certainly the most used
crystal in the Anger cameras [4, [5]. Recently other crystals have been consi-
dered as for example CsI(T1) and YAP:Ce, Caesium iodide doped with Thal-
lium and cerium-doped yttrium aluminium perovskite, respectively. These
crystals have been investigated intensively due to their scintillation proper-
ties and v-rays attenuation properties (see Table as well as their suita-
ble physical and mechanical characteristics such as the absence of cleavage
planes, giving the possibility to build Anger Cameras with segmented crys-
tals instead of a single one, what in principle could increase the position
resolution [4]. This technique could not be used with a Nal(T1) crystal as it
suffers from a fast degradation due to its high hygroscopicity, imposing the

need for an air-tight container in order to keep the crystal properties [6].

Focusing on the light yield value, CsI(T1) seems to be the best choice
for SPECT application. However, CsI(Tl) emission is peaked at 565nm, a
poorly matched combination with the PMT response, namely the ones using
S-11 or bi-alkali photocathodes. For that reason, the photosensor output is
often quoted as being substantially lower with CsI(T1) [6].

Although Nal(Tl) crystals are highly efficient in detecting radionuclide
emission photons and converting its absorbed energy into light photons (a
1 cm thickness Nal(T1) crystal provides 80-90% detection efficiency for 140 keV
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photons), the amount of light produced is still quite small [5], justifying the

constant R&D in scintillation crystals.

An hexagonal PMT array is often used to cover the crystal and convert the
scintillation light signal into an electric signal in order to calculate the event
position interaction and energy. To determine this location an Anger logic is
used: the event spatial interaction position is determined by combining the
electrical signal from each photomultiplier tube in a logic circuit that weights
the signals in an appropriate way [5].

The sensitivity of SPECT imaging, besides the crystal material and PMT
photocathode sensitivity to the scintillation photons also depends on the
collimator acceptance angle, and on the solid angle which is subtended by
the detecting system. Each collimator hole presents an acceptance angle, i.e.,
in theory, only photons parallel to the collimator septa should pass through
the holes and reach the detector, in practice the collimator accepts all photons
within a small cone. This means that the spatial resolution of the camera
(Full Width at Half Maximum, FWHM, of the Point Spread Function, PSF)
depends on the distance between the source and the collimator, deteriorating

as the distance increases [2], 0] [7, [§], and given by:

D
FWHM ~ D +d(7) (1.1)

where D is the hole diameter, d is the collimator-object distance and L
is the hole length [7, §].

Additionally, since only very few photons are emitted within the colli-
mator acceptance angle, the efficiency of the detection process is very low,
usually on the order of 107 [2, [5]. The sensitivity g does not depend on the

collimator-object distance but is strongly dependent on the hole diameter D:

D, D?
~ (22— 1.2
0~ (P Hr) (1.2
where h is the thickness of septum between holes [T []].

By comparing Eq. [I.1] and Eq. [I.2] we can notice that in order to achieve
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higher position resolution a collimator with small holes should be used, but,
opposingly, the sensitivity will decrease. Of course, if a high sensitivity is
desired, a collimator with large holes should be used, at the cost of a degra-

dation of the position resolution.

Other collimator types, like converging collimators, improve sensitivity
and resolution of the study, but distort imaging geometry. Therefore special

algorithms are required for image reconstruction [5].

The Anger cameras, or improved variants, still present some limitations.
They exhibit degradation of the position resolution towards the camera edge,
non-uniformity and various forms of image distortion. Also, improvement of
their energy resolution is mandatory for a better v-ray discrimination. Better
energy resolution will improve the rejection of scattered photons in the body

increasing the image contrast [4].

Summarizing, typical Anger cameras present a counting rate capability of
10° cps with intrinsic spatial resolution of 3-5 mm (FWHM) [2, 4] and energy
resolution of 9-11% for 140keV ~-rays by using a Nal(T1) scintillator. As
the attenuation length of 140keV photons in Nal(Tl) is 4 mm, a 12 mm thick
crystal assures more than 95% of interaction efficiency, defining the intrinsic

detection efficiency of the system [4].

A promising alternative to scintillation crystals for gamma cameras, ex-
tensively studied, are the semiconductor detectors, with the first commercial
systems becoming available recently [5] . The most attractive one, Cadmium
Zinc Telluride (CdZnTe or CZT), has interesting properties for SPECT appli-
cations: very good absorption characteristics due to its high effective atomic
number (near 50) and density (5.8 g/cm?®) and an attenuation length (1/u)
for 140 keV photons of only 3mm. It has a good charge yield (the 140 keV full
absorption produces approximately 3x10? electrons) on the basis of which
an excellent intrinsic energy resolution is expecte [4, [0]. Also it presents
high resistivity (10 Qcm), due to the wide band gap (1.57eV), resulting in
low leakage current, and, consequently, low noise characteristics. CZT has

good electron transport properties resulting in a relatively fast and a efficient



1.1 Scintigraphy SPECT and PET 9

electron collection [4] [7, [10].

However, CZT intrinsic energy resolution is dependent on the semicon-
ductor thickness: CZT presents poor charge transport characteristic for holes
and a large hole trapping probability. It means there are significant charge
losses during the drift under a bias electric-field. In a simple planar ionization
detector this introduces a dependence of the charge signal amplitude with
the y-ray interaction point on the detector, resulting on a broad photopeak
in the pulse height spectrum. As the energy resolution degrades with the
semiconductor thickness, a good energy resolution resolution is possible only
with a slim semiconductor, deteriorating the detection efficiency and image

contrast to levels worst than the conventional Anger cameras [4] [7), [10].

1.1.2.1 Animal SPECT detectors

Imaging of small animals, such as mice and rats, is especially attractive as
they are easy to handle; the studies are inexpensive and several excellent
small animal disease models have been developed [5]. The relatively small
size of the objects under study in small animal imaging (rats and mice’s
small organs or brain) makes it difficult to use imaging instruments developed
for human subjects. In order to obtain the same visualization detail as for
human scanners, it would be necessary to have instruments with the same
ratio between volume spatial resolution and object volume, i.e. instruments
with a spatial resolution better than 1 mm. However, it is usually acceptable
to work with a spatial resolution better than 2mm FWHM for rats (for
example for the imaging of the brain), while for mice it would be ideal to use
instruments with a resolution of less than 1 mm FWHM [§].

Also, due to the bulky and heavy design of the conventional Anger ca-
mera, it is often difficult to position it as close to the human organ as desired
and to obtain the most suitable view. This difficulty is enhanced by the
existence of a dead zone of several cm at the camera edges. The limitation in
the device positioning is particularly important when imaging small organs

as, for instance, in scintimammography, endocrinology, small animal ima-
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ging or intra-operative radio-guided surgery (RGS)[I1, 12]. In view of these
demands, new gamma cameras have been designed and tested adopting tech-
nical solutions as optically isolated crystal pillars read by a single PSPMT,
very thin crystals individually read out by PIN silicon photodiodes and the
direct application of pixelated semiconductor detectors with charge readout
[4].

The use of pinhole collimators is a solution for ultra-high-resolution
SPECT [B, §]. For this type of collimators the FWHM spatial resolution

is given by:

(d+0b)
b

where d is the distance between the object and the pinhole and b is the

FWHM = D,

(1.3)

distance between the pinhole and the scintillator. D, represents the effective
diameter of the pinhole, depending also on the attenuation coefficient of the
collimator material and on the hole aperture [7, 8]. By using the intrinsic
geometrical magnification of a pinhole collimator, it is then possible to obtain
high-resolution images with a FWHM of the same order of D.(b > d). Note
that, in pinhole collimators the sensitivity is proportional to 1/d?, thus the
closer the object is to the hole, the higher is the sensitivity [§]. Since imaging
with single pinhole results in dramatically low efficiency, usually multiple
pinholes in non overlapping or overlapping configuration are used. These
systems have much better resolution (0.5-2 mm) and sensitivity (~0.3%) than
clinical SPECT cameras; the cost is, however, a small field of view, FOV,
(5-8cm) [5].

Commercial devices like X-SPECT® by Gamma Medica-Ideas present
a maximum FOV of 12.5x12.5cm? by using a parallel-hole collimator. If
maximum sensitivity is mandatory, a ¢=2mm pinhole collimator should
be used providing 855 cps/MBq, while the best FWHM spatial resolution
(0.62mm) is obtained with a ¢=0.5mm pinhole collimator. Other example
is the NanoSPECT system by Bioscan, presenting spatial resolutions that
range from FWHM<1.2mm with 1.5 mm multi-pinholes to FWHM<0.8 mm
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with 1.0 mm multi-pinholes. Both systems are multi-head Nal(T1) based de-
tectors (2 in the former case and 4 in the latter) [§].

Several small FOV ~-ray imaging systems based on CZT detectors are be-
ing developed for medical applications [4, [I1]. Generally such devices present
an intrinsic position resolution of a few hundred microns with energy reso-
lution between 4% and 8% for 140keV 7-rays. The detection efficiency is
lower than that of the conventional Anger camera: for 140 keV ~-rays varies
typically from 60% to 80%, depending not only on the thickness of the semi-
conductor but also on the position correction method. The main drawbacks
besides the modest efficiency are their costs [4].

Other detector technologies have been suggested and pursued, as for
example, liquid Xenon that has been recognized long ago as a very good
~v-ray detector medium. The successful operation report of a liquid Xenon
ionization chamber with imaging capability can be found in [13].

The proposed detector just makes use of the primary charge produced
upon direct conversion of the y-rays in the Xenon, using a 50x50 mm? bi-
dimensional micro-strip plate based charge readout. First results already
showed the feasibility of the concept and the possibility of obtaining a po-
sition resolution better than 2mm for 122keV ~-rays [4, [13]. In conclusion,
the development of new gamma cameras for SPECT /scintigraphy has been
carried out along two main directions: the development of compact, small
area, task-specific gamma cameras and the improvement of performance of
the conventional large area gamma cameras, by optimizing the light collec-
tion and using recently developed position-sensitive photomultipliers or by

using a completely different detection technique such as liquid and gas Xenon
detectors [4, [14-16].
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1.2 F2F detector: A new concept for a gamma-

camera

The detector here presented follows the work started and developed during
my Master degree [17], being the result of 2 actual R&D interests: high
pressure Xenon gaseous detectors [I8] and gaseous VUV (vacuum ultra vio-
let) photosensors [19]. The main goal is to develop and study a windowless
gamma-camera by replacing the radiation detection media, i.e., by replacing
the scintillation crystal by a scintillation gas: Xe. Also, the light readout
photosensors are replaced by a low cost device with already proved perfor-
mance: a VUV photosensor based on a gaseous micro pattern gas detector
(MPGD) [20, 21].

The Face-to-Face (F2F) detector concept is based on simplicity: de-
tect the gamma photons with a high pressure Xenon gas detector using
its scintillation light for signal amplification purposes; read the light with
2 gaseous VUV photosensors, operating face-to-face, within the same Xenon
gas medium [21], 22]. This concept avoids the use of crystals or complex
PMTs/photodetector array systems (those require complex electronics sys-
tems for triggering, coincidence determination and position calculation), as

the Xe is used as detection and amplification media (window-less).

High pressure gaseous detectors, based on micro-structures technology,
have shown the possibility to detect hard X- and v-rays with fair detection
efficiency [23H25]. In addition, advances in VUV photosensors operating
within the Xenon medium allows the efficient detection of the VUV photons

resulting from Xenon scintillation [26], 20].

The main drawback in the use of gaseous radiation detectors applied
to nuclear medical imaging, especially when the goal is to detect 140keV
photons, is the low detection efficiency for that energy. A possibility to
increase the detection efficiency of a noble gas detector is, in first approach
to use Xe, which is the natural noble gas with the highest atomic number, and

secondly, to increase the gas density by increasing the pressure [I8| 25] 27].
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However, electron-avalanche based gaseous detectors present a gain de-
crease behaviour with the increasing pressure [23, 28, 29], leading to a degra-
dation of the position and energy resolutions [30]. A solution to reduce this
effect [28] goes through a gas scintillation amplification stage, i.e., the VUV
scintillation photons emitted by the gas atoms through electroluminescence
processes [31),32]. The number of VUV photons emitted per primary electron
increases with gas pressure for the same reduced electric field, E /p, resulting
in an increase of the scintillation amplification and, consequently, an increase
of the detector gain [28]. For the VUV readout, a CsI-2D-MHSP photosensor
(based on a Csl (Caesium lodide) photocathode deposited on a 2D-MHSP
top electrode) is used [20} B3], B34]. The operation principle and the detector
concept is described in detail in the following sections.

The F2F prototype was built from a Duraluminium block, with thick walls
in order to ensure 10 bar gas pressure, see Figure Inside, 2 photosensors
are positioned face-to-face with 7 stainless steel meshes in between. On
top and bottom covers, several feedthroughs were glued in order to bias the
electrodes and readout the photosensors signals.

More details on the F2F construction, photocathode deposition, gas in-

jection/purification and previous studies can be found in [17]

1.2.1 Operation principles
1.2.1.1 Gamma-photon detection and primary charge production

Figure[1.3|presents the F2F detector operation principle: a 140keV ~-photon
interaction with a Xe atom results in the atom ionization, mainly through the
photoelectric effect. In this process, the gamma-photon completely transfer
its energy to an electron of the Xe bound shells, with the extracted electron

energy given by:

E.=FE; — E, (1.4)

where E. is the kinetic energy of the electron, E; represents the photon
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Figure 1.2: F2F detector vertical cross section.

energy and Fj, is the binding energy of the electron in its original shell. The
extracted electron will have enough energy to ionize other Xe atoms and,
as a result, new electrons will be produced. Again, if the new produced
electrons have enough energy other ionizations could occur until their energy
becomes smaller than the required energy to produce an eletron-ion pair. The
produced electrons during the gamma interaction process are called “primary
electrons”, and their group is designed as “primary electron cloud” [6, [I§].
Note that other mechanisms could take place during the primary charge
formation, as for example, the emission of one or more characteristic X-ray
photons, Auger electrons, etc, resulting in a complex process [6]. As a result

of the various processes, the average number of primary electrons is given by:

(1.5)

where F; is the gamma-photon energy and W is, by definition, the re-
quired energy for an electron-ion pair production [6l (18], which, in the case
of Xe gas is 22.1eV [I§].
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y-ray

Figure 1.3: Scheme of the F2F detector operation principle.

1.2.1.2 “Light amplification”

In the absence of an electric field, the recombination process is 100% effi-
cient and all electrons and ions produced by the absorbed radiation even-
tually recombine and generate a flash of VUV light. This process is called
primary scintillation [I8]. Even considering that each ionisation/excitation
will origin a VUV photon, the number of produced photons will be small.
Another process denominated by electroluminescence or secondary scintil-
lation is often used to increase the number of produced VUV photons: in
the presence of a sufficiently high electric field, primary electrons can gain
enough energy between successive collisions to cause excitations of atoms or
secondary ionizations. If the energy gained between collisions of the drift-
ing electrons is slightly below the ionization threshold, they do not initiate
charge multiplication avalanches but rather excite the gas atoms generating
intense electroluminescence light [18], consisting on a narrow line peak at
175 nm, with 15 nm FWHM, for pressures above a few tenths of mbar [35].

In order to control the primary electrons energy during the drift, the F2F

detector uses 7 stainless steel meshes distanced by 1.4 mm, Figure [1.3} crea-
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ting 6 absorption/scintillation regions, i.e., by analogy, 6-in-series driftless
gas scintillation proportional counters [36]. The meshes are biased inter-
calated to +V (positive low voltage, i.e., <200V) and -HV (negative high
voltage), the external meshes being the positive ones, positioned ~5 mm from
each photosensor [21, 22] 28].

To keep the primary electrons with enough energy to excite but not to
ionize the Xe atoms, the reduced electric field (E/p), i.e. the electric field
normalized to the gas pressure, should be kept between the excitation and
ionization thresholds, which for Xe roughly corresponds to the range of 1 to
and 6 Vem ' Torr! [31]. In this condition the number of scintillation secon-
dary photons will be proportional to the number of primary electrons and to

E/p, given by:

AV.e

NTfUV = X Qc (16)

where Ny is the number of secondary scintillation photons per primary
electron, AV is the voltage difference between the meshes, €7y, is the average
energy of a Xe scintillation photon (7.2eV [37, B8]), Q¢ is the scintillation
efficiency (Qc= 0.8 for Xe at E/p=5Vem ' Torr! [31]) and e represents the
electron charge [3§].

The F2F detector makes use of 2 photosensors in order to read out the
scintillation light. The main idea is to combine the contributions of both
photosensors in order to increase the detector output signal. Of course,
due to the solid angle variation, the number of photons that reach each
photosensor will be dependent on the gamma-interaction point relatively to
the photosensor, thus indicating the need for an energy correction method.

A correction method based on a pulse-shape analysis [39] could be imple-
mented in order to avoid the interaction position contribution. Although, as
the photosensors have different signal amplitudes depending on the distance
to the interaction point, it will be possible to calculate the interaction point
by just analysing the contribution of each photosensor, and also possible to

use these values to correct the solid angle contributions [40].
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1.2.1.3 The CsI-2D-MHSP UV position sensitive photosensor

The purpose of a photosensor is to produce a response when “excited” with
light. Photosensors with capability to produce a response to a single pho-
ton are designated as single-photon detectors. Nowadays there is a huge
amount of different photosensors based on different technologies and working
principles, as for example, CMOS, CCD, photoresistor, photodiodes, photo-
transistors, etc.. This work makes use of another photosensor type: the
photocathode [41].

The photocathode’s response to a light stimulus is produced through the
ejection of an electron, in this case named a photoelectron. But photocatho-
des are not the perfect photosensor and the efficiency of converting a photon

into a photoelectron, the Quantum Efficiency (QF), is defined as:

Ne

E =

(1.7)

where NN, is the number of photons impinging the photocathode and N,
is the number of ejected photoelectrons. The QF is an intrinsic property of
the photocathode that is mostly dependent on the photocathode material,
the status of its surface and on the impinging photon wavelength [42]. Also it
depends on the photocathode geometry (reflective or semitransparent) [43],
the substrate material [44], the deposition technique [45] or the humidity
exposition [44] 46, 47]. A concise review on CsI photocathode properties is

presented in [43].

In Figure[l.4]are plotted the Ar and Xe gas emission spectra at atmosphe-
ric pressure (adapted from [48]) together with several photocathodes QFE (Csl
[43, 49]; CVD diamond and CsBr [49]; KBr and CsI semi-transparent [43])
showing the match between the photocathode choice and the gas emission
spectra. From the extensive literature on photocathodes, Csl is without any
doubt, the most used and suitable photocathode for the VUV region, where
the electroluminescence emission peaks of noble gases, namely Xe, Kr and

Ar, are centered. This is the reason why Csl is used as a photo-converter
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Figure 1.4: Several photocathodes QF (solid lines) adapted from [43], [49];
Ar, Kr and Xe emission spectra at atmospheric pressure (dashed lines) [4§]
as a function of the wavelength.

in several applications like: high energy physics (HEP) experiments using
gaseous detectors (namely in Ring Imaging Cherenkov (RICH) detectors, as
for example: ALICE [50], COMPASS [51], HADES [52], STAR[53], PHENIX
[54], etc) or as PMT photocathode.

Some interesting characteristics that make Csl the natural choice as VUV
photocathode are [43]:

e Its Quantum Efficiency (QF) to limited in the short wavelengths by
optical window or gas absorption presenting a cutoff in the long wave-
lengths around 210 nm (Eg~6eV) [43] [49].

e Conversion and emission at the surface layer, important characteristics

for high photon flux and for ultimate location and timing.

e Simple preparation by standard thermal evaporation technique[45].
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Suitable for several substracts including Cu-Ni/Au[44] (usual substrate
in MPGD).

e Large-area application, low volume and high resistivity make possible
its stable operation in high radiation flux under high multiplication

conditions.

e Radiation-hardness, an important parameter for long term operation

under high radiation environments.

e Moderate hygroscopic properties that allow few minutes exposition to
air without visible degradation [44] and QF possible recovery by post-

treatment.

The low number of extracted photoelectrons does not allow the direct
charge reading without amplification, triggering the use of a device with
the capability to multiply the photoelectrons and, at the same time collect
the multiplied charge discriminating the position: the 2D-MHSP [33] [34].
The 2D-MHSP, Figure [1.5] is a new double-sided micro-pattern gas electron
multiplier with 2D discrimination capability [30], 55].

The 2D-MHSP integrates in a single plate, two successive independent
charge amplification stages: a GEM-like hole-avalanche [56] and an MSGC-
like anode-strip avalanche [57], resulting in a high total gain. Like the GEM,
the 2D-MHSP is manufactured with printed circuit board technology from
a 50 um thick Kapton® foil, metallized with 5um thick Cu-Ni/Au layers
on both sides. A GEM-like pattern of bi-conical holes (50/60 pm diameter)
is etched through the foil with a stripped metal electrode on the top side
(Figure a), and a standard microstrip pattern etched on the bottom
side (Figure b), with the holes centred and running along the cathode
strips. The width of the cathode and anode strips are 100 ym and 20 um,
respectively, with a 200 um pitch. The strips on the top-side, etched in a
perpendicular direction relatively to the bottom strips, have the holes etched

in the middle and present a zigzag pattern due to the hexagonal distribution
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Figure 1.5: The 2D-MHSP. a) bottom side: the holes are aligned along the
cathode strips, the resistive strip interconnects the anode strips; b) top side,
structured with strips interconnected with a resistive strip. Adapted from

30].

of the holes, Figure [1.5. The 2D capability is achieved through a resistive
charge division method [58, 59] by interconnecting the strips on both sides
with a resistive layer presenting, usually, a resistance of about 400 Qmm™
[30], 33|, 34 55], 60].

The 2D-MHSP properties that make it suitable for the F2F concept are:
charge gain as high as 5x10%, and energy resolutions of 14% for 5.9 keV and
8% for 22.1keV in pure Xe at atmospheric pressure [61]; position resolutions
of about 130 and 250 um (o), along the X- and Y'-direction, respectively, for
8 keV photons, with a FOV of 28x28 mm? [30]; a count rate capability up to
0.5 MHz/mm? at a 10? gain without noticeable gain neither energy resolution
degradation [62] and a fast signal response 10-30ns (in Ar/30%CO,) [63].

Figure presents the operation principle schematic of the CsI-2D-
MHSP photosensor.

As already mentioned, when a VUV photon hits the photocathode, a pho-
toelectron could be ejected. After a successful extraction, the photoelectrons

are focused into the holes where a strong electric field is applied by Ver
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Figure 1.6: The CsI-2D-MHSP photosensor schematic.

(voltage difference between the top electrode (V1) and the cathode electrode
(V¢)) and multiplied through a Townsend Avalanche process. The avalanche
electrons are then extracted from the holes region towards the anode strips
where they are again multiplied in another strong electric field produced by
Ve (voltage difference between the cathode and anode strips (Va)) [28].
For the 2D imaging capability, two thin orthogonal resistive lines of about
400 Qmm™ were used. The interaction position of the X- or ~-photons in
the gas can be determined by acquiring and weighting the signal amplitudes
from the top and bottom electrodes of the CsI-2D-MHSP photosensor, as
presented in the scheme of Figure [I.7]

For one of the dimensions, the anode-strips (bottom side) are inter-
connected through the resistive line. For the second dimension, the top
side is also structured in several different strips perpendicular to the anodes,
all connected through the second resistive line. The charge deposited in the
strips is collected at both ends of the resistive line, and the difference in
amplitudes allows the centroid determination of each event’s charge distri-
bution. For each coordinate, the signals from both ends of the resistive line,
X4 and Xp, are used to obtain the centroid distribution position, X, of the

charge produced in the photosensor according to:
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TNT card

out

Figure 1.7: Resistive charge division method schematics. For each dimension,
the charge reaching each end of the resistive layers gives information about
the position where the primary electron cloud was formed. Adapted from

33].

Xa
X4+ Xp

where k is a calibration factor. The total pulse amplitude, i.e. the energy

X =k (1.8)

information, is obtained by summing both amplitude contributions X 4 and
Xp of the shared charge for each event [30], 33 34, 53], 60].

Note that, the signals on the top electrode are not originated by the back-
flow of positive ions. They are induced by the charge on the anode strips
across the Kapton® substrate as the 2D-MHSP acts like a capacitor, with
Kapton® being the dielectric material [60].
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2.1 Csl photoelectron extraction efficiency into

Ar and Xe atmospheres from 1-10 bar

Besides the photocathode QQFE, other parameters can affect the absolute
single-photon detection efficiency (eppoton) - the number of single-photon
events which are detected per impinging photon, of a micro-pattern gaseous
detector. If the gaseous detector uses a reflective photocathode there are 3
major parameters to consider: the photocathode QQF, the photocathode effec-
tive area (A.ss) and the photoelectron extraction efficiency (e..+,) [42], 64 65].
The first one, QF, is as intrinsic property of the photocathode, which has
already been discussed in the previous chapter. The photocathode effective
area (Agss) is the fraction of the micro-pattern device surface not covered by
holes [42], i.e., the area where the photocathode is deposited. The photoelec-
tron extraction efficiency is the probability of an ejected photoelectron to be
successfully extracted from the photocathode vicinity without returning to
it. In a gas medium, when a photoelectron is ejected from the photocathode,
it has a probability of colliding with the gas atoms/molecules and returning
to the photocathode where it is reabsorbed. This phenomenon, known as
Photoelectron Backscattering has a major importance as it is responsible

for the decrease of the charge signal amplitude (in case of multiple photon
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operation) or, in the most sensitive applications where single-photoelectron

detection is a demand, a loss on the number of detected events [66, [67].

The photoelectron extraction efficiency (e..-) is defined as the ratio be-
tween the number of successful extracted photoelectrons into gas relatively

to vacuum:

[ as
€ ogtyr = —— (2.1)

[vacuum

where Iy, and Iygeuum are the photoelectron currents in gas and vacuum,

respectively [42] [68].

Eextr literature shows an extensive work on this subject: theoretical (based
on Monte-Carlo simulations) and experimental, performed on pure noble
gases, pure organic gases (CHy, CF4, COsq, N, etc...) and their mixtures
[66], 67, [69H72] revealing that .., depends on the gas mixture, on the reduced
electric field (F/p) and on the incident photon energy [66], [73].

Nowadays, high-pressure systems incorporating solid photocathodes are
one of the scientific community main interests, principally due to their ap-
plication within noble gas scintillation based systems. This includes, with
special relevance, possible future designs of dual phase gas detectors for dark
matter search [74H7§], future time projection chambers operating at high
pressures such as the one used in the NEXT collaboration for neutrino-less
double beta decay search [79], hard X-ray spectrometry [25], and, as in this

work, future designs for medical imaging applications [28] [34].

The pressure of the gas medium is expected to act as a scale factor and
the photoelectron extraction efficiency is expected to be independent from
pressure when the electric field is scaled accordingly. Despite of the absence,
up to this date, of any theoretical reason for a hypothetical dependence of
the extraction efficiency on the gas pressure, the presumed independence
was never unambiguously verified by experimental methods and the referred
measurements with Csl photocathodes were done at pressures close to the

atmospheric [80].
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2.1.1 Experimental Setup

A stainless steel chamber with inner volume of about 90 cm?® was designed
to seal a gaseous atmosphere at high pressure and additionally allow mea-
surements in high vacuum (~107% mbar). No significant gas leakage rate was
registered in tests at 10 bar with Argon. A 500nm reflective CsI photoca-
thode layer with about 1cm? area was deposited on a Cu-Ni/Au substrate
coated on one surface of a Kapton® film.

The photocathode was vertically aligned with a quartz window coated
with a 30 A aluminium layer. The quartz window had a diameter of 1cm,
distanced 6 mm from the CsI film. Metallic feedthroughs, electrically iso-
lated from the chamber body by Macor® ceramics, ensured the electrical
connection to the aluminium and Cu-Ni/Au layers. A mercury vapour lamp
peaking at 1854+5nm was employed to irradiate the photocathode.

By applying a sufficiently high voltage to the aluminized window while
keeping the Cu-Ni/Au substrate connected to ground, the extracted photo-
electrons would drift towards the window inducing an electron flow from the
ground to the photocathode, thus refreshing it. A Keithley 610C electrome-
ter connected to the Cu-Ni/Au substrate was used to measure the induced
current. The aluminized window was polarized by a Caen N471A power
supply [80].

Figure[2.1)shows a schematic of the setup. Argon and Xenon with purities
of 99.9999% and 99.99%, respectively, were used. The Xenon underwent fur-
ther purication by being forced into a U-tubing at cryogenic temperatures to
condensate and retain water as well as other organic impurities. The photo-
electron extraction efficiency in Argon and Xenon was measured as function
of the reduced electric field (E/p). For each pressure and applied electric
field, its value is given by the ratio between the induced current read in gas
and the current obtained while operating in vacuum, Eq. 2.1} To avoid any
significant influence of the Csl ageing [81) [82], the induced currents were
measured, first in high vacuum (107 mbar) and immediately afterwards in

gas by keeping the filling and measuring times short: Argon fillings took
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Figure 2.1: Schematic view of the experimental setup for measuring the
photoelectron extraction efficiency from a Csl photocathode. Adapted from

0.

less than 1 minute; Xenon fillings lasted a few minutes; the measurements
lasted typically 10 to 20 minutes. The gas was always evacuated after each
measurement and new and highly pure one was used in the next measure-
ment. This procedure is also expected to ensure the high purity of the gas
without requiring a purification system, hence maintaining the simplicity of
the experimental setup. To obtain each extraction efficiency curve several
sets of measurements were performed in order to minimize the effect of the
small fluctuations in the current readings. The pressure was controlled by a

Bourdon tube gauge with 1% accuracy full span (10 bar)[80].

2.1.2 Results and discussion

Figure shows the typical photocurrents curves as function of the drift-
field, in vacuum and in gas (Ne, Ar and Xe at atmospheric pressure), mea-
sured in the previously described setup.

As observed in earlier works, the vacuum photocurrent constantly in-
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Figure 2.2: Typical photocathode currents, in vacuum and gas (Ne, Ar and
Xe at lbar), as a function of the drift field, using the photons provided by a
Hg(Ar) UV lamp (185 nm peak). Dashed lines are just guides-to-the-eyes.

creases with drift field, without reaching a real plateau, presenting a QE en-
hancement effect with the electric field. The same QE enhancement was ob-
served in several works as, for example [83] [84]. There is not a simple unique
explanation for this effect: some authors suggest the enhancement of the
photoelectron extraction probability due to a decrease of the electron work
function, similar to the Schottky effect in metals (a surface phenomenon)
[85], 86]. Other authors suggest including the possibility of an electric field
penetration into the Csl bulk, enhancing the extraction of photoelectrons

from deeper layers, i.e., a bulk phenomenon [87].

The difference between the vacuum and the gas currents is, as expected,
due to the electron backscattering effect. It is possible to confirm that the

backscattering effect depends on the gas being higher for Xe and lower for
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Figure 2.3: Csl photoelectron extraction efficiency as a function of the drift
field for pressures between 1 and 10bar: a) Ar ; b) Xe. Dashed lines are
guides-to-the-eyes.

Ne [8S].

Focusing in Ar and Xe currents, they increase with the field, up to
0.75kV /cm, due to the well known reduction of backscattering [72, 89], and
then diverge due to the onset of photon feedback [66, [72]. As soon as the
reduced electric field exceeds the gas excitation threshold (= 1 Vem ™ Torr ™
[31]), scintillation photons start to be produced due to the photoelectrons
drift. As Csl is sensitive to VUV scintillation photons produced by the noble
gases (Figure , the result is a positive photon feedback. Same conclusions
could be extrapolated for Ne, although the photon-feedback onset is lower as
depicted in the previous figure.

In Figure the results of €., as a function of the drift-field for Ar
and Xe, for pressures varying between 1-10bar, are shown. In both cases,
it is shown that it is possible to reach the same ¢..;, value for all the pres-
sures by simple increasing the drift-field. This is an important result as it
demonstrates the possibility to increase the gas pressure without losing pho-
toelectrons through backscattering effect by just increasing the electric field
[80].

When the pressure increases, the collision probability between the photo-
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Figure 2.4: CsI photoelectron extraction efficiency as a function of the re-
duced electric field (E/p) for pressures between 1 and 10bar: a) Ar ; b) Xe.
Dashed lines are guides-to-the-eyes.

electrons and the gas atoms/molecules also increases, resulting on a higher
backscattering effect. In order to guarantee the same e, enhancement, the
electric field must be incremented, explaining the right-shift of the curves
observed in the Figure 2.3]

By comparing Figure a) and b) it is also possible to observe that Xe
presents a higher backscattering effect relatively to Ar, as expected from the
literature [66, 88]. The much higher values of the £, in Argon are attributed
to the deeper penetration of the first free path of the photoelectrons, after
being emitted from the photocathode and measured perpendicularly to it,
which results from the lower cross-section for the elastic channel in Argon
[72).

The extraction efficiency results obtained for Ar and Xe are gathered in
Figure a) and b), respectively. The curves have a similar shape, be-
ing dominated by a logarithmic-like profile at lower values of the reduced
electric field (< 1Vem™'Torr ') and starting to develop an exponential-
like nature, more pronounced for higher pressures, in the proximity of
E/p=1Vem 'Torr~!. The logarithmic profile of the curves is a characteristic

of the process which is predicted by the Monte-Carlo simulations indepen-



30 Studies and Measurements

dently of the gas [69] [72].

As already explained, the exponential increase of the extraction efficiency
is attributed to gas scintillation, and consequent photon feedback, which in
Ar (as well as for Xe) starts at a reduced electric field of about 1 Vem ™ Torr !
[31, [66]. Nevertheless, qualitative information can be extracted from this
characteristic shape. By taking into account that scintillation is very sensitive
to impurities, the “clean” shape of the curves, as well as the expected faster

increase for higher pressures, indicate a high gas purity.

The more pronounced increase of the curves at higher pressures is ex-
plained as follows: as the gas gets denser, the photoelectron mean free path
between collisions decreases and the number of possible collisions for the
same drift gap increases. Hence, if the higher amount of energy that the
electron requires from the electric field to induce scintillation between col-
lisions is guaranteed, the number of scintillation photons (produced during
its drift towards the detector window) is higher and higher the number of
feedback electrons generated [38], 90].

As explained in the Experimental Setup, section [2.1.1], the detector was
immediately filled with gas after the photoelectron current measurement in
vacuum. Argon fillings took less than 1 minute while Xenon fillings lasted
few minutes, thus resulting in a higher gas contamination probability. Also,
the initial gases purities are different: 99.9999% for Ar and 99.99% for Xe.
This could explain why in Xe the photon feedback slopes are not so “clean”

as in Ar.

Figure presents in detail the obtained e..;- on the region below the
electroluminescence thresholds (< 1 Vem™!Torr™!), i.e., the region where no
photon feedback occurs, including results from other authors, at 1bar. Fo-
cusing in our measurements, the registered discrepancies are smaller than 2%
of the absolute values of the efficiencies. In Argon, persistent lower values
for the e, are observed for 1bar (more accentuated) and 2 bar. In fact, by
removing these data the discrepancies would reach a value as low as 0.8%

of the absolute values of the efficiencies. In principle, such effect cannot be
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Figure 2.5: CsI photoelectron extraction efficiency as function of E/p in Ar
and Xe for 1 (only Ar), 2, 4, 6, 8, and 10 bar. Results from other authors are
depicted as well for comparison: experimental at 1bar [68 [71] and Monte
Carlo simulations [69, [72]. The dashed lines are guides-to-the-eyes.

attributed to the presence of impurities as the shape of the efficiency curves
above the electroluminescence threshold point to a gaseous atmosphere in
very pure condition. Therefore, this outcome may be related to some sys-
tematic effect not accounted [80].

Apart from the results for Ar from Coelho [71], the agreement with the
experimental results obtained by other authors [68] is also acceptable by
considering experimental errors and/or the different levels of gas purity in
each experiment. In fact, when comparing the results from Coelho for Ar,
with the extraction efficiency curve calculated via Monte-Carlo techniques
the higher values obtained experimentally may indicate a purity problem,
which seems to be better under control in these measurements.

Moreover, it is evident from Figure that the .4 curves measured
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within this work and the ones obtained via Monte Carlo simulation follow
the same profile and agree within an average discrepancy of about 3% and
2.5% of the absolute values of the efficiencies for Ar and Xe, respectively.
Furthermore, the average values of 31.4% and 16.5% measured for the ..,
at E/p=1Vem™'Torr™! for Ar and Xe, respectively, are in fair agreement
with the ones calculated via simulation [69, [72]: 34.7% and 14.3%.

As a result, it can safely be stated that, within a 2% uncertainty of the
absolute values of the efficiency, the photoelectron extraction efficiency from
Csl photocathodes in Ar and Xe is independent from the pressure when

scaling the electric field accordingly.

2.1.3 Conclusions

The photoelectron extraction efficiency from a CsI photocathode as function
of the reduced electric field has been successfully measured for the first time
at pressures above 1bar for Ar and Xe. It was independently shown for
each gas that the extraction efficiency curves have a common profile which
is basically the one calculated by Monte-Carlo techniques. On top of that,
the results are in agreement with other authors.

The average values of 31.4% and 16.5% were measured for the .., at
E/p=1Vem!'Torr™! for Ar and Xe, respectively.

Finally, by comparing the measured curves the independence of the pho-
toelectron extraction efficiency from the pressure is unambiguous. It should
be stressed that, although it was an expected result, it was never validated

by experiment up to now.

2.2 F2F vertical interaction position linearity

and energy resolution

The idea of using 2 photosensors positioned face-to-face is related with 2

facts: first, to increase the detector signal amplitude (by summing both
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signals) and improve the energy resolution; second, to determine the event
interaction position, i.e., the interaction point in the direction perpendicular
to the photosensors planes. This position information, combined with the 2D
information of the photosensors, will give the 3 dimensional (3D) informa-
tion of the interaction point in the detector. The 3D information will allow
the development of correction methods for the solid angle variation between
the interaction position and the photosensors, responsible for the lack of en-
ergy resolution and position correction as predicted by simulation [28] and

observed in previous works [22].

2.2.1 Experimental Setup

In order to study the linearity of the position response and its resolution,
an experimental apparatus as the one presented in Figure [2.6| was used. In
this study, for sake of simplicity, the photosensors used were not the Csl-
2D-MHSP, but the CsI-MHSP. The main difference between them is that
the second ones have a conductive line interconnecting the strips (instead of
a resistive layer) discarding the 2D position discrimination [20]. With this
simpler photosensors we just use 1 pre-amplifier per photosensor (instead
of 4 pre-amplifiers) and we do not need to compute the sum of the anodes
charges as the full charge will be collected on a single pre-amplifier.

In this experiment, all MHSP electrodes were biased independently through
CAEN N471A power supplies, with RC low pass filters, R=15 M2, C=1nF
(except the anode electrode, feed trough the pre-amplifier). The photosen-
sors charge signals were pre-amplified using two Canberra 2006 pre-amplifiers
(sensitivity of 1.5V /pC). Using two channels from a CAEN digitizer N1728
(4-channel, 14 bit, 100 MHz ADC) the signals from both pre-amplifiers were
digitized. Digital pulse shaping was performed applying the Jordanov trape-
zoid algorithm [91] to determine the signal amplitudes, A1 and A2, from the
photosensors and the amplitudes were registered with the respective time
stamp in a file.

The voltages on each photosensor were adjusted in order to have approxi-
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Figure 2.6: Schematic view of the experimental apparatus showing the radi-
ation source position relatively to the detector.

mately the same gain on both photosensors. The reduced electric field in the
scintillation gaps, was set at about 6 Vem™*Torr~!. On the drift region, opti-
mal electric field values were found and established in order to have the best
photoelectron extraction/collection efficiency (see method in section [2.3.2).
This technique also allows discarding events interacting on the drift regions,
as the optimal electric field is slightly reversed, forbidding the multiplication
of the primary electron clouds.

The detector was filled with 1 and 2 bar Xe and irradiated using 59.6 keV
y-rays from a 2**Am source, collimated with a 0.5x12mm lead slit. The
source and collimator position were moved, using a micrometric screw, along
the perpendicular direction to the photosensors in 250 or 500 um steps, for
1 and 2bar, respectively, up to a distance of -4.5 to 4.5 mm relative to the
center of the cluster grids.

Total pulse amplitude was obtained by adding the amplitude contribu-
tions Al and A2 of the shared light for each event. The vertical position,
Z, orthogonal to the detector window, can be determined by weighting the

light sharing on the photosensors:
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Al — A2
=k— (2.2)

Al + A2

where k represents a calibration constant. A Gaussian function was fit-
ted to the obtained interaction position distribution, Z (centroid) and the

position resolution (FWHM).

2.2.2 Results and discussion

In Figure the vertical interaction position distribution is depicted as a
function of the detected energy, when the entire detector gas volume was
irradiated with 59.6 keV ~-rays. The meshes position can be clearly distin-
guished in the figure: the outer meshes are +V meshes while the next ones
and central meshes are the negative high voltage (-HV).

We can observe that the detected amplitude is higher when the interac-
tions occur near the outer meshes comparing with the interactions occurring
on the detector center. This effect is due to the larger solid angle variation
subtended by the CsI-MHSP photosensors and the photon transmission by
the meshes. An event interacting near the photosensor will have a higher
number of photons striking the photocathode due to a higher solid angle and
to a decrease on the VUV photons absorbed by the meshes.

By analysing the energy vs position profile we can note that, the events
interacting near the -HV meshes present a higher amplitude relatively to the
events interacting near the +V meshes. This effect is due to a dependence of
the number of produced VUV photons with the interaction position. From
eq. , Nrtyv, the number of scintillation photons per primary electron is
dependent on AV, the voltage difference between the consecutive meshes and
on @, the scintillation efficiency relatively to the E/p [3§]. This is true when
the electrons have the same drift distance. As the primary electron clouds
have different drift distances, the number of produced VUV photons varies
accordingly, presenting the typical driftless detector behaviour [36], 92]. This

is clear when events interacting near the -HV meshes have higher amplitudes
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Figure 2.7: Vertical interaction positions distribution of the full irradiated
detector for 1bar Xe.

relatively to those occurring near the +V meshes. A higher distance to drift
towards the +V mesh leads to a higher number of produced scintillation
photons and thus to a higher photosensor signal amplitude.

This difference in the signal amplitude is expected to degrade the energy
resolution, as clearly seen in Figure leading to the need for a correction
algorithm based on the position interaction point or using the so called drift-
less technique [39,92]. In this technique, the use of very short linear amplifier
shaping-time constants (~50 ns) enables pulse shapes to closely represent the
scintillation light-pulse time-profile, resulting on a maximum achieved value
which is dependent only on the number of primary electrons.

As described, a 0.5x12mm slit and a micrometric screw were used to
change the 2! Am source position relatively to the perpendicular direction of
the photosensors. The results of the measured detector vertical position (Z)
and its deviation from the slit position (real position), for 1 and 2bar, are

presented in Figure Good linearity between real and measured positions
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Figure 2.8: Measured position and its deviation as a function of the real
position for 1 and 2bar Xe: (250 and 500 pm pitch, respectively).

can be observed, presenting maximum deviations below 350 ym and 500 ym
for 1 and 2bar Xe, respectively. This is an important result as it shows
the possibility to determine with accuracy the interaction position in the
direction perpendicular to the photosensors planes, opening the possibility for
performing corrections on the 2D detector response, namely the correction of
the number of photoelectrons and the correction of the solid angle variation,
thereby improving the energy resolution and the image performance on the
detectors borders [28], 40].

The highest maximum deviation was reached for 2 bar. This difference is
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Figure 2.9: Position resolution of the measured position as function of the
real position for 1 and 2 bar Xe: (250 and 500 ym step, respectively). Dashed
lines are guides-to-the-eyes.

due to the low gain achieved in the Cs[-MHSPs during the measurements,
resulting in a lower signal-to-noise ratio (SNR), and of course a worse preci-
sion in the position calculation. The low gain, in this case, was due to defects
in both MHSPs that have reached the discharge limit to soon, thus limiting

the avalanche multiplication.

The different slopes and the 2 bar offset are due to different gain conditions
of the 2 photosensors, which will produce an error on the position calculation,
i.e., when the photosensors have different gains this results in a shift on the

detected position in the direction of the photosensor operating at higher gain.

In Figure position resolution (which corresponds to the LSF FWHM)

as a function of interaction position is depicted. Despite the marginal po-
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sition resolution achieved in the detector center, improvement was observed
when moving to the borders. This phenomenon is again due to the solid
angle variation and mesh photon transparency (responsible for the steps re-
lated to the mesh position, see Figure . When the interaction position
approaches one of the photosensors, the scintillation light collected increases,
resulting in higher photoelectron statistics and, consequently, in better po-
sition calculation [22]. The position resolution value in the extremities is of
about 1 mm.

A slight improvement of the position resolution is achieved by going from
1 to 2bar. We believe this improvement is due to a combination between
the higher confinement of the primary electron cloud and a lower electron
diffusion with the increasing pressure.

Figure presents the signal amplitude distribution of the detector
response for 1, 2 and 2.5 bar Xe when irradiated using a ¢=1mm lead colli-
mator. Although the marginal energy resolution of the raw spectra, i.e., the
spectra without any correction of the position interaction, an improvement
is observed for pressures higher than the atmospheric pressure. We believe
that this fact is related with the spatial dimension of the primary electron
cloud at the atmospheric pressure, which could be much larger than the dis-
tance between the meshes, meaning that some of the electrons will be spread
to the neighbouring scintillation regions and will add another fluctuation in
the process, degrading the energy resolution. The simulation of the primary
electron cloud distribution and the operation of the F2F at higher pressures

will clarify this behaviour [22].

2.2.3 Conclusions

By fully irradiating the detector we have observed a dependence of the res-
ponse amplitude with the interaction position. This is due to a different
number of detected scintillation photons produced per event. Nevertheless,
the good position linearity response (250 um and 500 gm) opens the possi-

bility to develop a correction method based on the interaction position.
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Figure 2.10: Normalized energy distribution of the detector response for
1bar, 2 bar and 2.5 bar Xe, by adding the contributions of the 2 photosensors.
In order to simplify the view the data was smoothed with a 5 points moving
average function.

A maximum value for position resolution of about 3.5 mm was measured
at the center of the scintillation regions, improving towards the borders,
where it reaches the 1 mm value.

The energy resolution improves with the increase of Xe pressure. Increas-
ing the Xe pressure reduces the dimensions of the primary electron clouds,
resulting in better detector energy and position resolutions, as a result of the

primary electron confinement.
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2.3 2D-GSPC Imaging system

In order to study the 2D position and the energy resolution performances,
a simpler detector configuration was used. For sake of simplicity we chose
to use a well studied detector configuration: the Gas Scintillation Propor-
tional Counter (GSPC) [34, 03-95]. In principle, this configuration will not
influence the 2D position performance of a single CsI-2D-MHSP, as it will
only be used to produce the VUV photons. Another advantage, besides the
construction simplicity (just 3 meshes are used) and knowledge about the
system, is its energy resolution (below 4% for 59.6keV with a PMT [95] or
a Micro Strip Gas Counter (MSGC) readout [25], both using Xe), that will
allow the study of the 2D-CsI-MHSP photosensor energy resolution.

2.3.1 Experimental Setup

The GSPC schematics, using a CsI-2D-MHSP as the light readout, is pre-
sented in Figure . 3 stainless steel meshes (wire diameter ¢=80 pum
and pitch=900 ym) were used in order to define the radiation absorption
region (10.7mm), the scintillation region (1.9mm) and the photoelectron
drift region (4mm). A 500nm Csl film was evaporated directly onto the
top electrode of the 2D-MHSP and the detector was filled with various pres-
sures of Xenon, ranging from 1 to 3 bar being continuously purified through
ST707/WASHER/833 SAES getters.

The charge signals from the CsI-2D-MHSP were integrated by four Can-
berra 2006 pre-amplifiers, connected to the four ends of the resistive lines.
Using a NIM digitizer module N1728 from CAEN, the signals were digitally
shaped and amplified by applying the Jordanov trapezoid algorithm to de-
termine the signal amplitudes from each pre-amplifier.

For image acquisition, a lead collimator with 5 holes (¢=1mm) distanced
by 8 mm, was placed on the detector window. 59.6 keV ~-photons were pro-

vided by an 2*! Am source, positioned about 50 cm away from the collimator.
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Figure 2.11: Schematic view of the GSPC detector configuration, using a
2D-CsI-MHSP photosensor.

2.3.2 Signal amplitude and energy resolution as a func-
tion of the drift-field

Before the image acquisition studies, a simple initial verification of the pulse
amplitude and energy resolution of the CsI-2D-MHSP was performed. The
setup was identical to the above presented except just for the use of one pre-
amplifier on the anode strips (in order to fully collect the multiplied charge
on a single pre-amplifier) at a gas pressure of 1 bar. The signal amplitude
and energy resolution were measured as a function of the electric-field in the
photoelectron drift region.

The electric field in the photoelectron drift region should be carefully set
through the adjustment of the voltage in the +V mesh. Voltages higher than
the optimal value will drift the photoelectrons to the mesh decreasing the
single photoelectron collection efficiency. Lower voltage than the optimal
value will result in a poor photoelectron extraction efficiency. Also, the
primary electron clouds produced in the photoelectron drift region will be
multiplied by the 2D-MHSP.

The main problem of the primary charge multiplication produced in the

photoelectron drift region is that, depending on the system configuration,
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Figure 2.12: Pulse-heigh distribution obtained for -25 Vem ! and -100 Vem !
electric fields in the photoelectron drift region.

the charge signal may have an amplitude near to the photoelectrons signal,
mixing the events and thus degrading the system energy resolution, as shown
in Figure 2.12

In Figure [2.12] an example of the above mentioned phenomenon is
presented: 2 pulse-height distributions are presented for 2 different vol-
tages between the +V mesh and the CsI-2D-MHSP top electrode. With
E4ip=-25Vem ™, the spectrum appears as a duplicated-like, with 2 total
absorption peaks and also 2 Xe K escape peaks. We have found that the du-
plicated peaks, i.e., the lowest amplitude peaks, correspond to the primary
charge produced in the drift region. It is strange to observe the drift of the
primary charge with a reversed electric field. Nevertheless, the need for this
reversed field is due to the effect of the scintillation electric field penetration

into the photoelectron drift region [25, 20].
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Figure 2.13: Scintillation peak relative amplitude variation and energy re-
solution as a function of the electric field in the photoelectron drift region.
Dashed lines are guides-to-the-eyes.

The light gain can be estimated through the relative position of the du-
plicated peaks, i. e., the number of detected photoelectrons per primary

electron. In the case of the Eg.;p=-25 Vem™!

spectrum, by normalizing the
scintillation peak to the charge peak we obtain a light gain value of approxi-
mately 1.5, demonstrating the concept of the scintillation light amplification.
The simplicity of this calculation should be interpreted carefully, as it only
gives an estimation, not a precise value. For example, to have a full collec-
tion of the primary charge, a higher value of drift field should be used. But
the electric field will not be favourable to the photoelectron extraction. On
the opposite electric field direction, the photoelectron extraction will increase
but the primary electrons, and also the photoelectrons, will not be focused
into the CsI-2D-MHSP holes, therefore decreasing the signals amplitude (for
precise measurements of the light gain, another method should be used [2§]).

In Figure [2.13]| are depicted the results for the scintillation pulse sig-

nal amplitude and its energy resolution (estimated through the centroid
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and FWHM of a Gaussian fit to the full absorption peak) as a func-
tion of Egr. Two regions can be considered: “scintillation only” region
(from -275 Vem™ to -75Vem™!) and “charge + scintillation” region (from
-75Vem™! to 125 Vem™). The first corresponds to Eg.;p¢ where no primary
charge is collected while the second one corresponds to the case of the du-

plicated spectra, where both charge and scintillation signals are present (see
Figure Earipi=-25Vem ™).

Starting the figure analysis from Egp.;p =125 Vem™

(in the direction of
the negative values), the scintillation signal will increase until it reaches a
plateau. This increase is due to the electric field approaching the optimal
value. In this region, the electric field is in the opposite direction to the
photoelectron extraction benefit; as soon as the electric drift field approaches
the optimal value, the number of extracted photoelectrons and, of course, the
pulse signal amplitude will increase. As the 2D-MHSP gain was kept constant
we can conclude that the normalized gain variation is a direct reflection
of the photoelectron extraction efficiency. The result of the photoelectron

extraction increase is the improvement of the energy resolution.

After the optimal value (-75Vem™, coincident with [20, 25]) only one
total absorption peak is observed, while the signal amplitude has a sudden
decrease. This decrease with the electric field is explained by the drift of
photoelectrons towards the +V mesh instead of the CsI-2D-MHSP holes.
Obviously, the decrease on the number of detected photoelectrons leads to

the degradation of the energy resolution value.

The drift-field was carefully monitored and set for each pressure. As the
present method takes a long time to perform, a simpler visual method, based
on the signals shape was used: starting with a positive Fg,;f:, the photosensor
signals were monitored in an oscilloscope, while reducing the electric field.
The electric-field reversing voltage is clearly identified by the presence of long
flat signals corresponding to the poor primary charge drift (electric field close
to 0V). After that, a fast amplitude increase of the photoelectrons signal is

observed due to the increase of the photoelectron extraction efficiency.
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Figure 2.14: Image results for several detector gas pressure, using only the
59.6 keV total absorption peak, from the 24! Am source.

2.3.3 Image capability and image quality

In order to study the system imaging capability, several images were acquired
for Xe pressures between 1 and 3 bar. Some examples of the acquired images
are plotted in Figure [2.14]

Image quality is a subjective expression that connotes the observer’s reac-
tion to the clarity of information in the image. The clarity of information in
a medical image is a measure of how well the image expresses the information
about the patient. If the information is blurred or distorted, or if the image
lacks contrast or is too noisy, the clarity is compromised and the information
is less helpful [96].

Generally the imaging systems performance is evaluated through a quan-
titative parameter: the spatial resolution. It looks simple but, unfortunately,
a single and unambiguous parameter is not always sufficient to characterize

all the subtle aspects of image quality [97]. Also, in the literature, there are
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several approaches to achieve the position resolution of a system. It could
be estimated through the Point Spread Function (PSF), the Line Spread
Function (LSF) or even the Edge Spread Function (ESF) [96-9§].

The PSF contains the complete information about the spatial resolution.
To express the spatial resolution by a single number, the most common way
is to use the Full-Width-at-Half-Maximum (FWHM) value of the PSF. Un-
fortunately, this method has two significant drawbacks. First, it does not
match other measures of spatial resolution, including the subjective judge-
ment of observers viewing the images. Second, it is usually very difficult to
directly measure the PSF as it is impractical to irradiate a detector with a

point-like source.

Like the PSF, the LSF is also difficult to measure, as it is defined as the
detector’s response to a single line. However, the LSF can be easily calculated
through the ESF (the detector’s response to a sharp straight discontinuity (an
edge)) by taking its derivative, as a line is the derivative (or first differential)

of an edge.

The most simple way to achieve the position resolution of a system is
through a simple parameter: the distance required for the edge response to
rise from 10% to 90%. There are many advantages on using the edge response
for measuring resolution. The edge response is simple to measure because
edges are easy to generate in images. Also, common edge responses have
a similar shape, so, the 10%-90% distance is an excellent single parameter

measure of resolution [97].

The position resolution does not determine the minimum size of the ob-
jects that can be visualised in an image. In reality, what determines if objects
can be distinguished or not, is much more complex and is related to the con-
trast of the image and distortion, besides their size. So, in order to describe
an imaging system another parameter is often used, the Modulation Trans-
fer Function (MTF): the fraction (or percentage) of an object contrast that
is recorded by the imaging system, as a function of the size (i.e., spatial

frequency) of the object [98].
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Another advantage of using the method here described for the determi-
nation of position resolution is that the MTF can be found directly by taking
the one-dimensional FFT of the LSF (unlike the PSF to MTF calculation

that must use a two-dimensional Fourier transform) [97].

2.3.3.1 Position resolution calculation method

In order to calculate the position resolution (10-90% ESF) and the MTF
of the acquired images, some considerations and approximations were per-
formed. Starting from the raw image, the first consideration is to select just
the high amplitude events on the energy spectrum, i.e., events belonging
to the total absorption peak of the 59.6keV photons from the ?*'!Am, Fi-
gure a), red area. An example of the resulting reconstructed image is
depicted in Figure b).

The next step is to take a “thin slice” (corresponding to the area in the
red square in Figure b)) from the image and make its projection for
both X and Y directions. This projection is in approximation an irradiated
edge, which is then used for the ESF and position resolution calculation.

We decided to use the top-left-hole in order to take the projection edges.
The central hole is not a good option as it presents several events in its
vicinity (due to the proximity of other holes, background or secondary effects)
contributing to a non-regular shape of the ESF, making it difficult to apply
the presented method.

The spectrum presented in Figure a) corresponds to the events inside
the red rectangle in Figure b).

Figure [2.16| is an example of a ESF profile obtained by projecting the
“slice” (blue dots). Red line represents a fitted function which models the
ESF with adequate accuracy. The empirical model function used is given by

the following equation:

3]
1 + exp(—ag(z — a3))
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Figure 2.15: a) Pulse height distribution obtained at 3bar Xe,identifying
the energy ROI for the image reconstruction; b) Example of a reconstructed
image by choosing only the events of the total absorption peak for 59.6 keV
photons. Red rectangle represents the events which are used to make the
projection and posterior calculations (10-90% ESF and MTF).

where ag is related to the X-ray transmission by an object, a; is the
brightness of the fully irradiated sensitive area, ay is the steepness of the
edge function (related to the spatial resolution of the imaging system) and

finally ag is the centroid of the edge function [99] [100].

As expected, the acquired ESF profile does not present a top plateau as
it was obtained from a hole. This fact is a major issue when trying to fit the
empirical model: it fails. Nevertheless, if an approximation is performed, by
adding some points to the ESF corresponding to its maximum value (purple

dots), a good fit is achieved as depicted in the figure.

The plots in Figure 2.17 a) are examples of the LSF obtained from the
ESF fitted model differentiation (blue dots) and the corresponding Gaussian
fit (red line). The obtained MTF, by applying the FFT to the LSF function,

is depicted in Figure b).
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Figure 2.16: Example of an acquired edge spread function (ESF) along the
X coordinate (blue dots). The purple dots are the added data in order to
use the model. The red curve is a fit with a suitable model function. Green
lines are representing the values for 10 and 90% of the ESF.

2.3.3.2 Results and discussion

The position resolution (10-90% ESF value) obtained for Xe pressures varying
from 1 to 3 bar is depicted in Figure[2.18] As expected, the position resolution
in X and Y directions is not the same, being better for the X direction.
The X direction was taken from the CsI-2D-MHSP anode electrode, where
the full charge was collected, while the Y direction was taken from the top
electrode, where the charge is induced and the signal has typically 40-60% of
the amplitude when compared to the anode signal [30, [58]. This fact results
in a lower SNR, thus resulting in a slightly worse position resolution.

The main limitation of the position resolution in noble gas detectors is
the size of the primary electron cloud [I8| 101, 102], which for a 50keV

electron in Xe at atmospheric pressure, should be about 1mm [103]. By
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Figure 2.17: LSF determination from the ESF differentiation (a) and the
corresponding MTF (b).

considering this value and comparing it with our measured value for 1bar
(~1.3mm) we can infer that this effect has a significant contribution to the
obtained position resolution, demonstrating the good performance of the

imaging system, namely the CsI-2D-MHSP.

The position resolution should benefit with the increasing pressure as
the primary cloud size decreases for the same energy [104]. This behaviour
is not directly reflected in the results, where the position resolutions have
practically the same value (around 1.2mm for the X direction) and some
fluctuation in the case of the Y direction, probably due to the contribution
of the different SNR. This non-significant improvement of the position reso-
lution value with the pressure is explained by the decrease of the detector
gain with the pressure (see Figure , thus degrading the position resolution
value [58, [105].

Figure [2.19 presents the MFT profiles of the analysed images, showing
that higher spatial frequencies are reduced in amplitude. The value of the
MTF is maximum for low spatial frequencies, signifying that the imaging
system reproduces low frequencies without distortion or loss of resolution.

As the frequency increases, the MTF decreases approaching zero, signifying



52 Studies and Measurements

3 T I T I T T T T T T
X direction u
Y direction u
25 | 1 .
]
—_ OO SO S O .
g 1 .
£ g
75) [ ]
m 15 - [ USSR B [ [ L -
S ‘ ]
1SN i .
& - = -
=)
— 1F _
05 e 3’ e R e : .
0 I I I I I
0.5 1 1.5 2 2.5 3 3.5

Pressure [bar]

Figure 2.18: Position resolution (10-90% ESF) for Xe pressures from 1 to
3 bar.

that the spatial frequencies are so high that the imaging system provides no

reproduction at all, resulting in a blurred image at high frequencies [96].

The MTF profiles are used to define the system limiting resolution, ge-
nerally specified as the frequency when MFT is reduced to 3%, 5% or 10%
(depending on the manufacturer chosen value). The limiting resolution is a
vague term related to the human eye ability to distinguish the low contrast
difference between the peaks and valleys in the presence of image noise. The
objects will be distinguishable in the image as long as the MTF amplitude
is greater than about 3% to 10% of the original height [97].

Converting the limiting resolution (10% contrast) to 10-90% ESF value

is as easy as inverting the values:
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Figure 2.19: MTF profiles for the acquired images at pressures varying from
1 to 3 bar, for the X (solid lines) and Y (dashed lines) directions.

1

limitingresolution(10% contrast)(Ilp/mm)

10 — 90%ESF (mm) = (2.4)

For example, lets take the limiting resolution extreme values: 0.46 lp/mm
and 0.781p/mm, for 3bar Y and 2.9bar X. By inverting, we obtain
10-90% ESF values of approximately 2.2mm and 1.3 mm, values which are

in agreement with the measured ones in Figure [2.18

2.3.4 Detector gain as function of the pressure and

imaging consequences

In order to determine the detector gain when the image was acquired, the

front-end electronics should be calibrated, i.e., we need to know the charge
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Figure 2.20: Schematic diagram for the electronic calibration.

value that corresponds to each ADC bin, in order to infer the collected charge

for a given event or peak.

Figure [2.20] presents the schematic setup for the electronic front-end cali-
bration. The method is based on the ejection of a precise charge value on the
pre-amplifier making a correspondence between the charge injected and the
ADC bin fired. To produce the precise charge pulse a BNC PB-5 Precision
Pulse Generator and a 10 pF capacitor with 1% tolerance were used. Also
a 50 () grounded resistor was used in order to fit the oscilloscope 50 €2 input

impedance.

There are two reasons for using a low capacitor value: the first one is
to generate very low charge pulses, preferentially at the same scale as the
charge produced in the detector for the ~-photons. The second one is to
avoid the influence of the pre-amplifier coupling capacitor, which generally
has a capacity of a few nF. By using a small series capacitor (1000 times
lower) the value of the coupling capacitor association will be negligible.

By loading the TNT-card parameter file it is possible to restore the front-
end electronics settings. After that, all we need is to inject a rectangular

voltage pulse on the capacitor, calculate the injected charge and register the
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corresponding ADC bin.

In order to estimate the charge values of events in the acquired images
(produced by the 59.6keV photons) a Gaussian function was fitted to the
total absorption peak of the pulse-height distribution. The gain is immedi-
ately calculated by dividing the peak charge value (charge,eqr) by the average
number of primary electrons (N, see produced by the 59.6keV in Xe:

charge

Gain = N—p’“ (2.5)
ep

2.3.4.1 Results and discussion

The results for the detector’s position resolution, in the X direction, as a func-
tion of the collected charge, for 59.6 keV events, are depicted in Figure [2.21]
It is shown that the position resolution improves as the collected charge in-
creases, as expected from the literature [105]. Lower collected charge means
a decrease in the SNR, responsible for the loss of precision in the interaction
position calculation with the charge resistive division method [58]. From
1 bar till 1.8 bar, it is possible to observe a small influence of the increasing
pressure in the position resolution, even when the collected charge decreases.
This fact is due to the primary electron cloud confinement. However, the
effect is no longer observed for pressures higher than 1.8 bar as the collected
charge decreases to a tinny level resulting in a primary electron cloud con-
finement benefit dominated by the SNR influence.

From the present results it is possible to observe that the total detector
gain decreases with the pressure. This decrease is a limitation of the micro-
pattern gaseous detectors when working at high pressure |28 23, 29], as
reflected in Figure

Figure a) presents the relative light gain obtained as a function of the
pressure and Figure b) presents the relative 2D-MHSP gain. Using eq.
1.6[it is possible to estimate the number of produced scintillation photons per
primary electron (Nrsyy ). If considering (). approximately constant during

the measurements, Ny will depend only on the voltage applied across the
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Figure 2.21: Position resolution in the X direction as a function of the col-
lected charge for the 59.6 keV events.

scintillation region.

However, in this study, we cannot obtain the absolute light gain value
as we cannot estimate the 2D-MHSP charge gain and we have to consider
that the extraction efficiency did not change with the pressure, but we can
simply normalize the results to 1bar. The results of the relative light gain
(Figure a)) show a linear behaviour of the light gain with the increasing
pressure. Is a direct influence of the increase of Npsyy with the pressure.
As the pressure increases the electron mean free path between collisions de-
creases and the number of possible collisions for the same drift length in-
creases. If F'/p is kept constant, the primary electrons will have the same
average energy between collisions, resulting in a higher number of scintillation

photons per primary electron.

The value for 2 bar is slightly lower because E/p was mistakenly set lower
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Figure 2.22: Total detector gain as a function of the gas pressure.

than the optimal value.
By knowing the total detector gain and the relative light gain it is possible
to estimate the relative 2D-MHSP charge gain:

G 1otal = Glight * G2p—mnsp (2.6)

where Groq is the total detector gain, Gi,gne is the scintillation light gain
and Gprgsp is the charge gain of the 2D-MHSP.

To have a relative 2D-MHSP charge gain estimation, some approxima-
tions must be performed: the QF was assumed to be the same for all the
photocathodes used and the solid angle variation was roughly constant.

The results for the relative charge gain as function of the pressure are
depicted in Figure b). The charge gain decrease behaviour with the
increasing pressure is clearly observed. As the pressure increases, the mean-

free-path between collisions and the electron energy between collisions de-
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Figure 2.23: Relative gain as a function of the pressure: a ) Relative light
gain normalized to the value at 1bar; b) Relative 2D-MHSP gain normalized
to the value at 3 bar.

crease, resulting in a lower avalanche amplification. In order to restore the
same amplification level, the electric-fields in the micro-pattern device should
increase accordingly. However, it is not possible to infinitely increment the
voltages in the electrodes due to the onset discharge, thus limiting the ma-
ximum achievable gain [25] 23] 24].

From 1 to 3 bar the charge gain decrease is almost of one order of magni-
tude, roughly 8 times, while the total detector gain (Figure decreases

just 4 times, showing the influence of the light gain.

2.3.5 Conclusions

The use of a GSPC configuration allowed performing the studies and evaluate
the CsI-2D-MHSP photosensor.

The presence of a small reversed electric field in the photoelectron drift
region improves the signal gain and the energy resolution as it benefits the
photoelectron extraction efficiency. The optimal drift field could be easily and
rapidly adjusted by monitoring the photosensor’s signals with an oscilloscope.

The 1.3 mm position resolution obtained for 1 bar is almost in the limit of
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the 59.6 keV electron range in Xe, demonstrating the good performance and
image capability of the CsI-2D-MHSP. However, the benefit of the increasing
pressure to the position resolution was just slightly verified until 1.8 bar. For
higher pressures, the gain decreases to minimal levels and the lower SNR
influences the position resolution performance.

The presence of a light gain was clearly demonstrated and it was shown
that it increases with the pressure (considering that the extraction efficiency
is independent of the pressure). However, as the light gain increases with the

pressure, the CsI-2D-MHSP charge gain decreases in a faster proportionality.






General Conclusions and Future Work

The F2F concept has shown some possibilities of its application to nuclear
medical imaging. Some changes should however be considered, in order to

overcome its limitations.

Csl-2D-MHSP has shown to be a good photosensor choice for the light
readout. At the atmospheric pressure the position resolution measured is
almost the range of the 59.6 keV photoelectron in the gas. However, when the
pressure increases (in order to increase the position and energy resolutions)
the gain of the CsI-2D-MHSP degrades to minimal levels. A possibility to
overcome this issue is to physically decouple the detector with a thick quartz
window, having a scintillation region at high pressure and a VUV detection
with multiplication region at the atmospheric pressure. Despite the increase
of complexity, this solution will allow to pressurize the Xe at, for example,
20 bar, while keeping the CsI-2D-MHSP at the atmospheric pressure. The
problem will then be centered in the new window. A quartz window with
enough thickness to ensure 20 bar pressure does not favour the transmission
of the produced VUV photons. Also, it will be a major issue for large area
detections, as the costs and thickness required will increase with the area.

With this solution, the scintillation region and the photosensor are de-
coupled, giving the possibility to change the gas in the photosensor region,
namely to Ne/CF, based mixture. As demonstrated in section [5.1.2.1] the
photoelectron extraction efficiency is roughly 5 times higher in Ne/10%CF 4
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than in pure Xe. Also, Ne based mixtures present a higher gain at low electric
fields, a major advantage when the micro-pattern device has a low voltage
discharge limit, making those mixtures a good choice for VUV gaseous pho-
tomultipliers [64, 106]. A full characterization of the CsI-2D-MHSP in Ne
mixtures should be performed in order to evaluate its potentialities for this
application.

Following the same idea of decoupling the detector and photosensor, the
GSPC with imaging capability can be considered. GSPC configuration has
shown excellent energy resolution and positioning properties when working
at high pressure. Combining those properties and the CsI-2D-MHSP could
open new possibilities for the application of gaseous detectors in medical

imaging, spectroscopy and imaging of gamma and hard X-rays.
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Introduction

4.1 Cherenkov Radiation

Similarly to the sonic boom generated by a supersonic aircraft travelling
faster than the speed of sound in the air, when a charged particle in a material
medium moves faster than the speed of light in that same medium it emits a
special kind of radiation called Cherenkov Radiation, Figure .1} In fact, the
first Cherenkov radiation was observed by Pavel Cherenkov in 1934 as blue
light coming from a bottle of water undergoing bombardment by particles
from a radioactive source. This discovery and his subsequent explanation of
the process earned him Nobel Prize in Physics in 1958 [107-109].

The emitted light has a spectrum of frequencies, with the most interesting
component being in the blue and ultraviolet band of wavelengths [I08] as
the yield of Cherenkov photons per unit wavelength () is proportional to
1/A? (at extremely short wavelengths, the yield eventually drops off since
the refractive index as a function of wavelength approaches unity) [6]. The
blue light can be detected with a standard PMT while the UV light can be
detected using GPMs [108].

Cherenkov radiation has a certain geometric signature: it is emitted in
the form of a cone having an angle 6 defined by:

1

cosf = n (4.1)
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Figure 4.1: Movement of a charge particle in a medium with a velocity v > wu.
v - particle velocity; u- the speed of light in the medium having the refraction
factor n. Adapted from [110].

where n is the refractive index of the medium and 8 = v/c is the ratio of
the velocity of the particle in the medium to the velocity of light in vacuum
[TO7HI09).

4.2 RICH Detectors

The first RICH (Ring Imaging Cherenkov) detector was proposed and de-
monstrated in 1977 by Seguinot and Ypsilantis [I11], since then RICH de-
tectors have become irreplaceable tools in a large number of nuclear and
particle physics experiments, as for example CERN-Super LHC-ALICE [50],
and CERN- COMPASS [51].

The base of RICH detectors is, to record and reconstruct the cone of
light projected onto a planar surface (the photon-detector), providing particle
identification (PID) as the cone angle is proportional to the momentum [112].
An example of PID is the Hadron identification presented in Figure[4.2] where
it is possible to observe the /K /p separation performance of the COMPASS
RICH-1 detector [113].

RICH detectors differ in geometry (focusing, proximity-focusing, etc),
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Figure 4.2: Measured ring Cherenkov angle O versus the particle momen-
tum p in COMPASS RICH-1. Adapted from [113].

radiator (CFy, CoFg, CgF14, etc) and in the photon-detector (PMT, MWPC)
[114, 115].

The role of these detectors is so relevant that, in several fields, the ad-
vancements of experimental physics depend crucial on their characteristics.
Crucial elements are the single photon detectors that have to make imaging
possible, and important improvements in photon detection will automatically

result in RICH detectors of increased performance.

The use of gaseous detectors, namely MWPC with coupled with CsI pho-
tocathodes, for large-area (several m?) RICH counters is a well-established
technique in nuclear and particle physics [115, [116]. In spite of the remarka-
ble success, MWPCs with Csl photocathodes suffer from some limitations.
Ageing resulting in a severe decrease of the quantum efficiency is reported
after a collected charge of the order of some mC/cm? [I17]. The presence of

the Csl layer causes electrical instabilities of the MWPCs and long recovery
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time (about 1 day) after discharges: due to avalanche photon-feedback it
must be operated at low gain (~10*), limiting the single photoelectron de-
tection efficiency[118], [119]. These features are related to the bombardment
of the Csl layer by the positive ions generated in the multiplication process,
which flow back to the cathode elements [120].

MicroPatterned Gaseous Detectors (MPGDs), in particular GEM-like de-
vices, are a very promising technology in this field due to the intrinsic ion
feedback suppression, the cascadability of the multipliers to reach high gain,
the possibility to directly deposit Csl photocathodes on the multiplier’s sur-
face and the large area capability. For application in RICH detectors, a

rather coarse spatial resolution is usually sufficient [121].

4.3 The THGEM

THGEMs (THick GEM) [122H124] are electron multipliers derived from the
GEM design, scaling the geometrical parameters and changing the produc-
tion technology. THGEMSs can be produced over a large area by standard
PCBs with holes mechanical drilled with chemical etched rims, in order to
reduces edge discharges [118] [124].

Typical values of the geometrical parameters are PCB thickness of
0.4-1mm, hole diameter ranging between 0.3 and 1mm, hole pitch of
0.7-1.2mm and rim width between 0 and 0.1 mm [I18, 124], Figure [£.3]

Furthermore, THGEM-detectors were shown to have moderate (sub-
millimeter) localization resolution [99, 106] and about 10ns time resolution
[126], [127], which comply with the requirements from most RICH devices in
Particle Physics [116] 120, 128]. High gains were demonstrated in a vari-
ety of gases including noble gases and their mixtures (Ar, Xe, Ar-Xe [129],
Ar/CHy, Ar/COq [123, 124], Ne, Ne/CH, [106]). One should note that al-
though THGEM detectors have shown high gas gains for single-photoelectron
detection [123, [124], the latter could be considerably lower in the presence of

a relatively intense radioactive background (charged particles, X-rays), due
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Cu G-10

Figure 4.3: A photograph of a 0.4 mm thick THGEM with 0.3 mm holes and
0.7mm pitch. The enlarged part (right) shows the 0.1 mm etched copper
edge, preventing discharges at high potentials. Adapted from [125].

to the Raether limit [119} 106, 130].

4.4 Towards THGEM UV-photon detectors
for RICH

The requirements imposed by the novel UV-photon detectors for RICH at
CERN-Super LHC-ALICE [50] and CERN- COMPASS [51]experiments in-
clude high sensitivity to single photons, stable operation under intense ionizing-
radiation background and the possibility of covering a large detection area
at low production cost.

The Thick Gas Electron Multiplier (THGEM) could be a favourable
building block and an electrode of choice, including one with a reflective
Csl photocathode deposited on its top surface (Figure [125, 131]. It is
considered as an option for upgrading RICH detectors [121], 127, 132].

Reflective photocathodes are preferred to semitransparent, as they present
a larger QE due to the higher photoelectron escape probability [43]. Also,
a semitransparent photocathode requires keeping the entrance window at

a fixed voltage by coating it with a thin metallic film, which absorbs pho-
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Figure 4.4: Schematic view of a THGEM-based UV-photon detector. This
possible candidate for RICH, comprises a cascade of 2 or 3 THGEM elec-
trodes, the top one coated with a reflective Csl photocathode,followed by a
2D readout anode.

tons [118]; moreover, thanks to the reduced gaps between the multiplication
stages, these detectors can be successfully used in a magnetic field [118].

There are several advantages in using to use CsI-THGEM based detectors
as UV-photon detectors for RICH [119]:

1. High gains (>10°) are reachable with single or cascaded CsI-THGEM
electrodes. Due to the exponential nature of single-photoelectron pulse-
height distributions, and taking into account signal-over-threshold con-
siderations, a high detector gain is an important factor in improving

single-photon detection efficiency.

2. A THGEM can operate in poorly quenched gas mixtures as well as in
gases emitting UV light (e.g. noble gases [129], CF, [125, [64]). This
allows conceiving windowless detectors (same detector and radiator gas,
e.g. like in [54]), with simpler layout and larger Cherenkov-photon
detection yields.

3. In intense-background environment, CsI-THGEMs can operate in the
so-called “Hadron-Blind mode” with zero or reversed electric field above
the photocathode [123]; this significantly reduces particle-induced ion-
ization signals [54].
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Recently, there has been considerable interest in THGEM operation in
Ne-based gas mixtures [106] [70), 133]. The main reasons are the compara-
tively low operation voltages and the higher gains reached in the presence
of radioactive background (higher dynamic range); the low operation volta-
ges result in reduced discharge probability, discharge energy and charging-up

effects.

Ne-mixtures could be naturally of general interest for a broad field of de-
tector applications; however, the main goal of this work has been the demons-
tration of their applicability to RICH. We therefore aimed to demonstrate,
as a first step, that in these mixtures one can reach high photoelectron ex-
traction from the Csl photocathode followed by their efficient collection and

multiplication.

Indeed, as observed in section [4.5} since UV-induced photoelectrons are
extracted from the Csl photocathode into gas, a fraction of them are back-
scattered into the Csl, depending on the gas, the electric field and the UV-
photon energy [70, [67, 88|, [66], 72, [89]. Furthermore, the extracted photo-
electrons drift under the influence of the electric field and a fraction of them
is collected by the THGEM-dipole field into the holes. In addition to the
Csl QE, the photoelectron extraction and collection efficiencies play a ma-
jor role in the detector’s sensitivity to single photons (through the effective
photon detection efficiency, as discussed below) and it is therefore important

to maximize them, through optimization of the operation parameters.

For the sake of definition clarity, Figure presents the possible fate of
the photoelectrons in the case of a gaseous UV photon-detector based on a re-
flective CsI-THGEM: photoelectrons emitted from a reflective photocathode
on top of a THGEM electrode, are (a) extracted from the photocathode with
an efficiency .44 (b) guided into the THGEM apertures and multiplied with
an efficiency ep0 ; (¢) a fraction of the avalanche electrons is extracted and
transferred to the following element with an efficiency &4.45; another frac-
tion is lost to the bottom-THGEM electrode. &4.4,5 equals unity, if at least

a fraction of the avalanche charge is transferred to the next stage and the
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Figure 4.5: Schematic definition of the photoelectron efficiencies namely,
a) extraction efficiency (€qur), b) photoelectron multiplication probability
(Ehote), ¢) transfer efficiency (€4.q4n5) and their possible paths.

event is detected [42].

The collection efficiency into the holes (e..y), defined as the resulting
probability of ej4. and €4.qns, Was previously measured in a THGEM with
the same geometry as used in this work (see below) for several gases (Ar/CHy,
Ar/CO,, and CHy); it was found to be unitary even at low THGEM gains
(30, 20 and 6, respectively) [123], unlike the situation in GEMs with smaller
holes [I34]. However, it was never measured in Ne mixtures, where the higher
value of the electron diffusion can be an issue.

It is important to note that the absolute single-photon detection efficiency
of a detector system combines the effective photon detection efficiency (stu-
died in this work) and the efficiency of counting single-photoelectron pulses
above threshold. The latter, depends very critically on the total gain and on
the threshold of the readout electronics (system noise), in view of the typical

exponential distribution of single-electron pulses.



Studies and Measurements

5.1 THGEM in Ne/CH, and Ne/CF,; mix-

tures

5.1.1 Experimental Setup

Measurements of the extraction and collection efficiencies were carried out
using a single THGEM (thickness of the FR4 substrate t=0.4 mm; hole dia-
meter d=0.3mm; pitch a=0.7 mm; rim around the hole h=0.1 mm), sand-
wiched between two Multi-Wire Proportional Chambers. The MWPC had
1 mm spaced wires of 20 ym diameter. The distance between the wire plane
and the cathode mesh was 1.6 mm. The top face of the THGEM electrode
was coated with a reflective Csl photocathode (200 nm thick), deposited by
thermal evaporation. The measurements of extraction efficiency were carried
out with the MWPC positioned above the Csl surface (MWPC,,,) as shown
in Figure 5.1} The measurements of the collection efficiency of the extracted
photoelectrons into the holes, were carried out with both, MWPC,,, and
MWPChottom, as shown in Figure [5.0

The assembled THGEM and MWPCs were introduced into a stainless
steel vessel equipped with a UV transparent Suprasil window. It was con-

tinuously flushed with 1bar of Ne/CHy and Ne/CF, mixtures, pure CHy
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Figure 5.1: Schematic view of the experimental setup for measuring the
photoelectron extraction efficiency from a CsI photocathode deposited on a
THGEM.

and pure CF,. The vessel was evacuated to 107°-107% mbar with a turbo-
molecular pump, prior to the gas filling. Gas composition and flow were
controlled with two Mass Flow Controllers (MKS type 1179A) and a con-
trol/readout module (MKS type 247). The detector was irradiated with
UV photons (185+5nm peak) from a continuously emitting ORIEL Hg(Ar)
lamp. All electrodes were biased with CAEN N471A power supplies and the
currents were recorded with Keithley 610 CR electrometers (current mode).
In pulse-counting mode, signals were recorded with an ORTEC 124 pream-
plifier followed by an ORTEC 572A amplifier (shaping time=0.5 us) and an
Amptek MCA 8000A multichannel analyser.

5.1.2 CsI photoelectron extraction efficiency into Ne/CH,4
and Ne/CF,; mixtures

The experimental setup for the extraction-efficiency (e...) measurements is
depicted in Figure 5.1} The procedure is similiar to the one in section [2.1.1}
a positive voltage was applied to the window establishing the drift field, be-
ing the top and bottom THGEM electrodes interconnected and grounded
through the picoamperemeter, which records the photocurrent, both in va-
cuum (£yqeuum) and in gas mixture (1gqs).

The extraction efficiency (ge.+-) Was obtained using Eq. .
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Figure 5.2: Photoelectron extraction efficiency from Csl into CHy, CFy,
Ne/CF,, Ne/CHy and Ar/5%CH, (for comparison) as function of the drift
field using a UV lamp (185 nm peak). Data points measured for €., >1 are
not shown. Lines are just guides-to-the-eyes.

5.1.2.1 Results

The complete data set of the photoelectron extraction efficiency from CsI as
function of the drift field is depicted in Figure [5.2] The extraction efficiency
in Ar/5%CH,, previously investigated in THGEM and other micro-pattern

detectors, is shown for comparison.

Higher .., was observed with CHy compared to CFy; this is in accor-
dance with the recent independent data and simulation results of [70], but
in contradiction to the data of [67]. With small additives of CH, and CF,
to Ne this behaviour was reversed; i.e., €.y, was higher in Ne/CF, com-
pared to Ne/CH,. The explanation of both effects is not trivial and requires

Monte-Carlo calculations, being carefully discussed in [70].
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Figure 5.3: Photoelectron extraction efficiency from Csl into in Ne, CHy (a),
CF4 (b) and their mixtures as function of E/p. Results from other authors
[70] are depicted as well for comparison. Lines are just guides-to-the-eyes.

Figure presents in detail the obtained €. on the region below
<2Vem*Torr!) together with results from Escada [70] for comparison. The
registered discrepancies, at 1.5kV/cm, are smaller than 2% in CF, and
Ne/CF, mixtures (Figure b)) but almost 10% in the case of Ne/CHy
(Figure a)). In fact the lines are almost parallel and in principle such
discrepancy cannot be explained due to different gas purities, leading the
explanation to a probable systematic effect not accounted. Several error
sources could be considered: an error in the mass flow controllers settings
could explain the discrepancy in the Ne/CH, mixtures but not for pure CHy.
Other possible explanations may rely on the drift distance or in the pressure

regulation system with a pressure in the chamber lower than 1bar.

5.1.3 Single THGEM effective gain

In order to measure the THGEM effective gain [65] (total charge produced
in the avalanche normalized to the initial photocathode current), the setup
present in Figure was used. The initial photocathode current (Ipco)

is the “plateau” of the current curve measured according to the schematic
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Figure 5.4: Schematic view of the experimental setup for measuring the
single-THGEM effective gain.

presented in Figure , i.e., the “plateau” value of I, (see Figure .

5.1.3.1 Results

Figure |5.5| shows single-THGEM effective gain as function of the voltage
across the electrodes for atmospheric pressure of Ne/5%CHy, Ne/10%CHy,
Ne/23%CHy, Ne/5%CF4 and Ne/10%CF,4. As expected, in Ne-mixtures the
charge multiplication starts at a very low field and the gain is dependent on
the gas mixture and ratio [I06]. As general trend, the effective gain curves
shift towards higher operation voltages with higher molecular-gas concentra-
tion; however, the maximum achievable gain increases with the ratio of the
mixture. In the presence of X-ray photons or MIPs the maximum achievable

gains were typically 10-fold lower [106].

An interesting result is the higher gains obtained in Ne/CF, mixtures
(maximum 10°), when compared with the Ne/CHy, for the same mixture
ratios and hole voltages, showing the possibility to operate a detector with

high gains at lower voltages.
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Figure 5.5: Single-THGEM effective gain curves, measured with UV photons
in current mode, in Ne/CH, and Ne/CF, mixtures; and Ar/5%CH, (for
comparison). Lines are just guides-to-the-eyes.

5.1.4 Single-photoelectron collection efficiency

The only accurate and unambiguous way to assess the single-photoelectron
collection efficiency (g.0) is through a complex method using pulse-counting
mode [65]. To perform such measurements, current mode cannot be used for
two main reasons. The first is that, under gas amplification it is not possible
to separate transfer efficiency and gas gain currents. It is possible to measure
the single-photoelectron collection efficiency in current mode but, just in the
case that THGEM gain is unitary [42 83]. The second reason is that, due
to the statistical fluctuations in the amplification process of single electrons,
many events have only a small number of electrons at the THGEM hole exit
(see Figure [5.7). DC current measurements are not sensitive to the loss of

single photoelectrons or to events with small gain, as their contribution to
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Figure 5.6: Schematic view and electrical bias of the experimental setup for
measuring the single-electron collection efficiency into the THGEM holes: a)
measurement of the reference pulse-height spectrum with a MWPC reference
detector; b) measurement of the pulse-height spectrum of the investigated
detector.

the total current is negligible when the detector is operated in multiplication
mode [134].

The pulse-counting method (Figure consists of comparing, under
identical conditions, the event-rate of the THGEM/MWPCyy10m to the one
measured with the MWPC,,, (detector known to have e.,;=1 [134] since the
ratio of the electric fields in the MWPC mesh is higher than 3 [65]). The
method relies on another assumption: in both cases the single-electron pulse-

height distributions are exponential, following the Polya relation without

saturation [123]:

Nl
~d

where GG is the total detector gain and ¢ is the gain of each individual

Pg) = =@ (5.1)

avalanche (in the case of single electron conditions, g represents the number of
electrons in the avalanche following the multiplicative process). Therefore,
it is important to adjust the total gain in both measurement steps to be

identical, by comparing the slopes of the exponential distributions.

As shown in Figure both detectors are coupled to the same pho-
tocathode, under the same UV flux. Reference detector (MWPC,,,) and
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investigated one (THGEM/MWPCy0m) were operated at equal total gain
of ~ 10*, adjusted by the MWPCpoom voltage to have equal slopes of the
total pulse-height distribution; the MWPCyu0m role was to have the to-
tal gain sufficiently high for pulse counting even when the THGEM voltage
(gain) is low. The drift field in the reference detector (Figure a) was
adjusted to have an efficient photoelectron extraction, namely a value at the
“plateau” of the extraction versus the field (see Figure ; in the investi-
gated THGEM/MWPCyotiom detector (Figure b) the drift field between
the photocathode and MWPC,,, was set to zero (as discussed in [123]) in
order to establish a Hadron Blind configuration. The number of detected
events in each configuration was evaluated by integrating the middle part of
each pulse-height spectrum in order to minimize possible errors due to elec-
tronic noise contribution (lower end of the spectrum) or to secondary effects
(higher end). Examples of single-photoelectron pulse-height spectra in both
detectors and the integration region for collection-efficiency evaluation are
shown in Figure 5.7}

The single-electron collection efficiency of the THGEM (g.;) was de-
rived from the ratio between the number of events measured with the
THGEM/MWPCypotiom (Nrrcewm) to that in the MWPC,,, reference detector
(Nyer) [123] 134 65]:

Nrucem

5.2
Ny (5.2)

Eeoll =

5.1.4.1 Results

The results of single-photoelectron collection efficiency into THGEM holes
are shown in Figure [5.8f The photoelectron collection efficiency increases
with the potential across the holes, reaching unity at THGEM gains of
25-1000, depending on the filling gas.

For a same ratio, the full £, is reached in Ne/CHy and Ne/CF, at ap-
proximately the same THGEM hole potential. Due to the different THGEM

gains (see Figure , the maximum e.,; will be obtained at lower gains in
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Figure 5.7: An example of single-photoelectron pulse-height distributions
measured in the reference and in the investigated detectors; the respective
counts, Nrygeym and N,.r, at equal total gains (slopes) and measurement
times, were derived from the integration of the ROI shown in the figure.

Ne/CH,4. As an example we can compare, the mixtures 95/5: the full collec-
tion efficiency is obtained at a gain=25 in Ne/CH, while in Ne/CF, the gain
is equal to 220.

The results also depicted the mixture ratio influence on e.,;. When the
ratio increases the full e.,; is obtained at higher gains.

Examining the data we may conclude that full collection efficiency is

achieved for realistic working conditions.

5.1.5 Discussion

The effective photon detection efficiency of the Csl-coated THGEM is defined

as:
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Figure 5.8: Single-photoelectron collection efficiency in Ne/CH, and Ne/CF,
mixtures, measured in pulse-counting mode, versus the voltage across the
THGEM; the threshold gain values for reaching full collection efficiency are
indicated for each mixture. Ar/5%CH, curve [123] was plotted for compari-
son.

Eeffph = QE X Aeﬁ X Eegtr X Ecoll (53)

where QE is the Csl vacuum quantum efficiency at a given wavelength
[43], Acss is the photocathode effective area (fraction of surface not covered
by holes), €. is the extraction efficiency into the gas mixture (Figure
and €., is the single-photoelectron collection efficiency into the THGEM
holes Figure [5.8

With a reflective photocathode on the THGEM top, the field at the pho-
tocathode surface is defined by the voltage across the plate (affecting the
dipole field emerging out of the holes). Examples of the field in the present

electrode geometry are given in Figure |5.9|
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Figure 5.9: The electric field on THGEM top surface used in this work,
Egurface; as calculated by MAXWELL along the line interconnecting two
hole centers.

Figure [5.9 shows the electric field on the photocathode surface between
two adjacent holes, as a function of the voltage applied across the THGEM,
calculated with MAXWELL software [135]. As can be seen, the field at the
surface exceeds 1.5kV /cm (for maximum gains in all gases investigated; see
Figure and Figure ; thus one can evaluate e..;,- being 0.72-0.87, at
1.5kV/cm, and larger at higher fields (see Figure . In order to maximise
Eeatr the Csl-coated electrode should be preferably operated at the highest
possible applied voltage across the holes, though keeping in mind stability
effects (charging up, micro-discharges) that are often affected at higher vol-
tages.

The electric field near the holes reaches values of 4-5kV /cm; in this case,

the electrons, drifting at the high field in the photocathode vicinity, might
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. QF Acyy Aey” Ecffph | Eeffph”
Gas AVrgaem| Gain (170nm) This Optimal | €egtr| Ecoll This Optimal
THGEM| THGEM THGEM| THGEM
Ne/CHy4 +
(95/5) 800 5.4E4 0.3 0.54 0.91 0.73 1 0.12 0.20
Ne/CHy +
(90/10) 900 1.3E5 0.3 0.54 0.91 0.79 1 0.13 0.22
Ne/CF4 +
(95/5) 750 6.0E5 0.3 0.54 0.91 0.76 1 0.12 0.21
Ne/CF4 P
(90/10) 850 1.2E6 0.3 0.54 0.91 0.83 1 0.14 0.23

Table 5.1: Schematic view of a THGEM-based UV-photon detector. This
possible candidate for RICH,comprises a cascade of 2 or 3 THGEM elec-
trodes, the top one coated with a reflective Csl photocathode, followed by a
2D readout anode.

initiate both scintillation (photon feedback at the photocathode) and charge
multiplication [106], before entering the hole. One can speculate that in
case a primary electron misses the hole due to the relatively large electron
diffusion in Ne mixtures, the resulting secondary electrons could compen-
sate for that. This was demonstrated in GEM [65]. Indeed, as seen in
Figure [5.8, the THGEM voltage, and gain, required for the onset of full e,
increase with molecular-gas concentration. This may indicate indeed that
some gain outside the hole is needed to overcome the possible suppression of
scintillation-induced secondary electrons by the quencher in the mixture.

Table summarizes the main results and predictions of the effective
photon detection efficiency (e.ffpn) of a THGEM-based UV-photon detector;
for simplicity, the efficiency was determined for photons with a wavelength
of 170 nm.

Eeffph values between 0.12 and 0.14 were calculated in Table for the
THGEM geometry used in this work (t= 0.4mm, d=0.3mm, a=0.7 mm,
h=0.1mm), for a single QE value taken here as example, of 0.3 at 170 nm
[43]. One of the main factors in the e.f,, value is the photocathode effective

area: Ay #=b4% in the present case. One way to increase &, £ fph 18 INCreasing

*Optimal THGEM: t=0.4 mm, d=0.3 mm, a=1mm; h=0.01 mm
fValue for 1.5kV/cm photocathode electric field
tValue for 2kV/em photocathode electric field
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A.sr, by increasing the hole pitch and decreasing the rim size (“optimal”
THGEM in Table . For example, a THGEM geometry with t=0.4 mm,
d=0.3mm but with a=1mm and h=10pum, will have A.;y=91%. Based
on our previous experience [I123], the collection and extraction efficiencies
will not change significantly with the optimal geometry, at the high-range
operation voltages (gain >10%). As shown in Table , assuming that there
will be no significant change in the operation voltages (indicated in the table
for the current geometry), we expect for this “optimal” electrode geometry,
et fpn Values of 0.20-0.23 for the different mixtures used in this work.

It should be noted that a small rim, of 10-20 ym, was shown to result in
lower attainable voltages and therefore about 10-fold lower attainable gains
(this was observed in Ar/CHy and Ar/CO, mixtures [118,[124]); but also that
high total gains, of ~ 10%, were recently demonstrated in a triple-THGEM
with 10 gm rims, in Ar/50%CHy [132]. However, in Ne-based mixtures the
operation voltages are lower and the small rim is expected to affect the ma-
ximum attainable gain in a less dramatic manner. Further studies with the
“optimal” THGEM will clarify its applicability.

All results described above relative to the effective photon detection effi-
ciency, ecffph, were obtained with a single-THGEM detector. The efficiency
of transferring avalanche electrons from stage to stage, does not affect e. s spp.

The absolute single photons detection efficiency €,poton, €.g. in RICH,
depends both on the detector’s effective photon detection efficiency ecffpn
and on the achievable gain (detected pulses above threshold (fp,)). In a

simplified way this can be written as:

Ephoton = Eeffph X fpth (54)

At this point we could make a very preliminary comparison between
THGEM- and MWPC-based UV-photon detectors. For example, in the
MWPC of COMPASS, coated with Csl photocathode and operating in pure
CHy, both extraction and collection efficiencies are close to unity. The effec-

tive Csl area is 1 and the effective photon detection efficiency e.sppn ~0.3.
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With a gain of 1-2x10* and electronic thresholds imposed by ionizing back-
ground and noise, fpy, values of 0.7 at best could be reached at the expe-
riment (0.9 at the laboratory), yielding an absolute efficiency of detecting
single photons €ppoton=0.21 (0.27 at the laboratory)[119, [136].

Another example is the ALICE HMPID module which presents a “single
electron detection efficiency” (in our case corresponding to €..y.fp,) higher
than 90% at a gas gain of ~ 5x10* [128]. Considering QE=0.3 and &, close
to unity (as the multiplication gas is CHy [I37]), €pnoton=0.27.

This may indicate, that THGEM UV-detectors with optimal geometry
(Table , capable of operation at higher gains (>10°) even in the pre-
sence of higher ionization background [119], could possibly compete with
MWPC/Csl devices in future RICH applications. They are also simpler,
with low photon feedback and photocathode ageing and possibly cheaper, to

produce over large surfaces.

5.2 THCOBRA: very first results in IBF sup-

pression

Although the proof of principle of a cascaded THGEM detector for RICH
applications was already shown, in beam, using Ne/10%CH, [I38] and
Ar/30%CO, [127], other subjects are still in intense R&D interest, namely the
back-flow of the ions originated during the multiplication process, responsible
for the trigger of secondary effects and ageing of the photo-converts used.
The Ion Back-flow Fraction (IBF) is defined as the fraction of the last-
avalanche induced ions that flows back to the drift volume or to the photoca-
thode [139]. In Figure is presented the operation principle and physical
processes on a multi-stage GPM, using a reflective photocathode, showing
the electron and ion paths. The ions originated in the multiplication stages
will drift to the upper multiplier and, some of them, that are not trapped in
the electrodes, will drift to the photocathode, triggering secondary effects like

the emission of secondary pulses, photocathode and hole surface charging-up
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Figure 5.10: A cascaded triple-THGEM detector scheme showing photoelec-
tron trajectories, avalanche development and some possible ion back-flow
paths in the opposite direction. Secondary effects (secondary electron emis-
sion, photocathode surface charging-up and hole surface charging-up) are
also represented.
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[86l, 140] and the photocathode ageing [82] [T41].

An example of secondary pulses originated by ion impact on a Csl pho-
tocathode is presented in Figure (adapted from [140]). The pulses are
originated from the secondary electron emission (SEE) resulting from the ion
collision against the photocathode or the copper electrodes. Those secondary
pulses could cause problems on photon localization by broadening the charge
induced on the readout elements, on single-photon detection efficiency and
on gain limitations due to divergence from the Townsend-avalanche multipli-
cation process and leading to instabilities and breakdown [86], 142] [143].

There are other secondary effects due to ion back-flow such the insulator
charging-up, manifested at large fluxes and gains [86] and in Time Projection
Chambers (TPCs), where the ion-cloud penetration into the drift volume
builds up space-charge effects and causes rate-dependent dynamic electric-
field distortions, consequently affecting the TPC resolution [139] 144, [123].

One of the most effective way to reduce the IBF is through a technique

mostly used in TPCs by using an ion-gate electrode. However, ion gating
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Figure 5.11: Ion feedback-induced signals in Ar, in a 4 GEM photo-multiplier.
Adapted from [140].

often requires an external trigger source and involves electronic noise prob-
lems; it induces dead-time and thus rate-limitations, restricting its range
of applications [139, [145]. For those reasons and for simplicity’s sake, an
IBF effective reduction in DC mode will have advantages. An operation of a
4-GEM detector with reflective photocathode on the top of the first electrode
provided an IBF value of ~0.1 at gains of 10°-10° using the gating technique
[145].

Works in DC mode have shown an effective IBF reduction by changing
the detector’s geometry and electric-field configuration [145]. In cascades
comprising 3-4 GEM electrodes, it is possible to reduce the IBF by optimizing
the hole diameter and shape as well as the transfer fields between the elements
[146] and using asymmetric GEM powering [145].

Another technique to reduce the ion back-flow effects is by reducing the
electric-field at the photocathode surface, reducing the ion-impact [141].
However, this approach is not always acceptable, as an efficient detection

of single photons requires the highest possible collection efficiency (Figure
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5.8]), which in the case of Ne mixtures, is limited to at least 1kV /cm (Figure
5.9). That could be another advantage when using Ne mixtures on cascaded
detectors incorporating a solid photocathode. The full collection efficiency is
reached at lower V. values, meaning that the electric field at the photoca-
thode surface will decrease [64], thus decreasing the ion impact energy with
the photocathode, which is directly proportional to the drift field [146].

For single-photon detection capability, a GPM should present gains above
10° [147], value from which the ion feedback begins to have a negative effect
on the CsI photocathode [68]. The IBF is almost independent on the gas
mixture [I46], but the effects are strongly dependent on the photocathode

material, mainly for visible sensitive photocathodes [143] [14§].

A great advance of ion-blocking in DC mode was the introduction of the
MHSP in a cascaded detector. Firstly as a last element on the cascade [143],
and then as an ion-collector device, by swapping the strips polarity, having
two possible configurations: Reversed-bias MHSP (R-MHSP) [139, 142 [149]
and Flipped Reversed-bias MHSP (FR-MHSP) [I50], 151], presenting IBF
values of 9x107* and 3x 1074, respectively, at a gain of 10° and with a CsI
semitransparent photocathode [I50]. Higher IBF values were obtained for
reflective photocathodes when compared to the semitransparent ones due to
the drift field value and direction [I39]. However, IBF values of ~0.02-0.03
at gains of 10°-10° are considered suitable for a GPM incorporating a CslI
photocathode [142].

Other concepts for ion-blocking using the MHSP are under development:
the Photon-Assisted Cascaded Electron Multiplier (PACEM) [152], which
presents good IBF performance even in high pressure detectors [29], but
using a more complicated detector geometry and concept, where the signal
is transmitted to the next amplification stage by the electroluminescence
process occurring inside the GEM holes. As a result, there is the need of a

Csl photocathode in each amplification stage.

Following the success of the MHSP operating in reversed or flipped re-

versed mode, a similarly concept was developed in a “thick-hole” configura-
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Figure 5.12: Global view of a THCOBRA (on the left); close-up view, show-
ing the cathodes strips and the anodes around the holes.

tion - the THick-COBRA (THCOBRA) [153], Figure [5.12, Similar to the
THGEM, the THCOBRA is produced by a printed-circuit board technique,
including an additional patterned electrode on one side in order to trap the

ions flowing from the multiplication stages.

The ion-trapping in the THCOBRA structure could occur in two dif-
ferent ways by using the additional electrode. One way is by facing it
to the electron multiplication region, allowing the back-flowing ions to be
trapped (THCOBRA in reverse mode: R-THCOBRA, Figure a) and
the other is with the additional electrode facing the opposite region of the
electron multiplication region (flipped configuration with reverse polariza-
tion: FR-THCOBRA, Figure b). In the latter, not only ions flowing
back from the multiplication regions can be trapped by the extra electrode,

but also those produced in its own multiplication holes[154].

In both modes, a systematic study of the operation voltages of all elec-
trodes should be carefully performed in order to determine the efficiency
of the ion trapping without sacrificing the full single-electron detection effi-
ciency.

In these studies, a THCOBRA with the following geometry was used:
thickness of the FR4 substrate t=0.4mm; hole diameter d=0.3 mm; pitch
a=1mm and rim around the hole h=0.1 mm. The gas was Ar/5%CH, mix-

ture (Ne system was unavailable during these measurements).
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Figure 5.13: Two detector configurations using a THCOBRA acting as an
ion suppressor element: a) As a first stage element in a reversed-bias config-
uration, R-THCOBRA; b) on the 2"¥ multiplication stage in a flipped and
reversed-bias THCOBRA configuration, FR-THCOBRA.

5.2.1 Visible gain

Visible Gain (Gys) is defined as the number of electrons transferred from a
given multiplier element onto a consecutive electrode per primary electron,
i.e., the gain measured at the top electrode of the next multiplier. Remember
that the Effective Gain, is related to the total number of electrons created
in the avalanche, per primary electron, including the charge trapped in the
bottom electrode [139].

Figure shows the schematic view and electrical bias of the experi-
mental setup for measuring the R-THCOBRA visible gain. Following the
definition, Gy s is calculated from Eq. [5.5] [150]:

Im

GVIS = (5.5)

Ipco

where Ij; is measured in the MWPC mesh (while keeping the MWPC
wires floating), and Ipc is obtained as explained in section m
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Figure 5.14: Schematic view of the THCOBRA Gy ;s measurement (charge
transferred to the next multiplier per single-electron.

5.2.1.1 Results and discussion

Figure m presents the results for the Gy g as a function of Voa (voltage
difference between the strips (Vo-Va)) for different Vi values (Va-Vr):
900V, 1100V, 1200V and 1400V, corresponding to gains around 10, 102,
103 and 10%, respectively, for two transfer field values: 0.5 and 1.5kV /cm.
The results show that R-THCOBRA Gy g increases with Vj,,;. and with the
transfer field. As the transfer field increases, the charge transfer to the next
element also increases, decreasing the number of electrons trapped in the

anode-strip.

The opposite behaviour is observed when increasing Vaou. As the vol-
tage between the strips increases, the charge transferred to the next ele-
ment decreases. Nevertheless, Gy s decreases only one order of magnitude
for Vc4=250V when V=900V and for Vo4=500V when V},,.=1400V.
In principle, it shows that Gy s decreases one order of magnitude when
Vea =1/3Vhoe-

By interconnecting the THCOBRA strip electrodes, i.e., Vc4=0V, the
same gain behaviour of a normal THGEM with the same hole and rim geo-

metry has been measured.
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Figure 5.15: R-THCOBRA Visible Gain as a function of Vgy for 900V,
1100V, 1200V and 1400V Vj,. voltages with transfer fields of 0.5kV/cm
(circles) and 1kV /cm (squares).

5.2.2 IBF reduction as function of V4

The R-THCOBRA IBF reduction capability was studied using the setup
presented in Figure [5.16} the first element is the R-THCOBRA followed by
a THGEM acting as an ion source. We decided to use a THGEM instead
a MWPC to act as ion supply in order to guarantee that the produced ions
will drift towards the THCOBRA instead of being trapped in the MWPC
mesh. Also, the use of a THGEM approaches the design conditions of RICH

detectors.

The total electron current in this configuration was measured through
the sum of the bottom mesh and bottom THGEM currents (as shown in
Figure [5.16]) by interconnecting both electrodes.
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rans

Figure 5.16: The schematic view of the setup used for measuring the ion
blocking capability of the R-THCOBRA. Here, the THGEM acts as an ion-
supply. The avalanche charge was collected at the interconnected THGEM-
bottom and mesh electrodes.

The IBF was calculated as the ratio of the photocathode current under
avalanche multiplication, I4pc (the ion current that reaches the photoca-
thode) to the total avalanche current 74 (the number of ions produced in the

last amplification stage):

Iapc
14

IBF = (5.6)

I 4pc was obtained by subtracting the initial photocathode current, Ip¢y,

to the total photocathode current under multiplication Irorpc:

Iapc = Irorrc — Ipco (5.7)

The THGEM element was biased at 1200V (gain ~10%) for two trans-
fer fields: FEians=0.5kV/cm and Eyqns=1kV/cm. The drift field was set
to Egipr=0kV /cm by interconnecting the upper mesh and top-THCOBRA
electrode. The study was performed for two THCOBRA V.. values: 1100 V
(G=10?) and 1200V (G=10?) while varying Vc4. When planning the mea-

surements, just two THCOBRA gain values were chosen: 10 and 10%. Those
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Figure 5.17: IBF as a function of V4 for hole gain of 10? (red)and 10% (blue)
and transfer fields of 0.5kV /ecm (circles) and 1kV /cm (squares). Dashed lines
are guides-to-the-eye.

values are in accordance to the bibliography in IBF reduction [139, 143, [150,
I51]: low gain in the first element will have as consequence the loss of events,
i.e., the detection efficiency decrease; high gain in the first element will in-
crease the number of ions produced in the first multiplication stage that will

drift to the photocathode reducing the IBF detector performance.

5.2.2.1 Results and discussion

Figure [5.17] presents the IBF measurements as a function of Vou for four
different conditions by varying the gain and the transfer field. The results
show the R-THCOBRA ion back-flow reduction capability: by increasing the
voltage across the strips (Vca) the IBF value is reduced showing that the
avalanche ions are trapped in the THCOBRA strip electrodes, namely in the
cathode.
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IBF reduction Gain (Vhore)

G=10% (Vpo1e=1100) [ G=10% (V},,c=1200)
B 0.5kV/cm 3.5 2.4
trans 1kV/cm 4.7 2.2

Table 5.2: Estimated IBF reduction by calculating the ratio between the IBF
value for Ve,=0V (THGEM mode) and Vo4=200V.

As expected from literature [139, 150, I51] the IBF value is dependent
not only on Vo y as also on the transfer field. Higher transfer field values will
benefit the electron transfer efficiency, but at the same time will increase the
ion transfer to the upper stage increasing the IBF value.

The above observations are summarized in Table that presents an
estimation of the IBF reduction by taking the IBF value for Vo 4=200V and
comparing it with the value for Ve,=0V (THGEM mode).

From Table it is possible to observe that, for the same transfer field,
the IBF reduction will degrade with the gain, i.e., the IBF reduction is im-
proved for lower gains.

From Figure [5.17] it is also possible to observe that, the best IBF
value achieved (0.1) was reached in the combination V;,.=1100V and
Etrans=0.5kV /cm, i.e., the lowest Vjq. and transfer field.

5.2.3 Single-electron collection efficiency

As mentioned, an important parameter in cascaded detectors applied to
single-photon detection is the collection efficiency: the ability of a single
element to transfer the event to the next stage [64], previously discussed in
section [5.1.4l The collection efficiency should be studied in parallel with IBF
as the collection efficiency is expected to change with Vou [150] [154]. Also,
it does not make sense to mention IBF reduction in single-photon detectors
if the full collection efficiency is not granted, i.e., if the events are lost. It
is mandatory to study the system in order to establish working conditions

where €., is unity and IBF is minimized.
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Figure 5.18: Schematic view and electrical bias of the experimental setup for
measuring the R-THCOBRA single-electron collection efficiency: a) mea-
surement of the reference pulse-height spectrum with a MWPC reference
detector; b) measurement of the pulse-height spectrum of the investigated
detector.

The method and measurements scheme (Figure are similar to the
ones used for THGEM single-photoelectron collection efficiency in section
[5.1.4] In this case the measurements will be performed as a function of Vaa
for different combinations of Vj,e (1100V and 1200V) and fixed transfer
fields values (0.5kV/cm and 1kV /cm), corresponding to the same conditions

of the previous IBF study.

5.2.3.1 Results and discussion

Figure presents the results for the single-photoelectron collection effi-
ciency as a function of Vo u for a fixed Vi and Ejgns. In all cases, €.y
loses the unitary value at Vo,>50V. This was an unexpected observation
from the analysis of previous results like the visible gain (Figure . Ne-
vertheless, no conclusions about collection efficiency can be extracted from
the visible gain results as they were measured in current mode and thus do
not reflect the loss of small amplitude events as explained in section [5.1.4]
The sudden decrease of e.,; with Voa is explained by a distortion in
the transfer field. The effect is presented in Figure [5.20] [I54], where the
simulated ion paths on a FR-THCOBRA operating in Ar are shown.
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Figure 5.19: R-THCOBRA Single-photoelectron collection efficiency versus
the voltage across the strips for V.. of 1100 V (red) and 1200 V (blue) and for
transfer fields of 0.5kV /cm (circles) and 1kV/ecm (squares), in Ar/5%CH,.

Dashed lines are guides-to-the-eyes.

Despite the different THCOBRA and detector geometries used in the
simulation, relevant information can be extracted from the figure: as the ions
paths are coupled to the electric field lines, we can observe a transfer field-
reversing effect by continuously increasing Vo4, meaning that the transfer
field is influenced by the V¢ voltage. Due to distortions in the transfer field
and to the high fluctuation in the single-photoelectron multiplication, the
degradation of €., will be observed due to the loss of transferred events.
The probable solution for this effect should be the correction of the Ei.qps

when Vg4 is increased.
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Figure 5.20: Ion drift lines in a FR-THCOBRA for different Voy values.
Adapted from [I54].






General conclusions and future work

The presented work in Ne mixtures focused on the photoelectron extraction
and collection efficiencies, showing that practically in all mixtures studied,
extraction efficiency > 72% (assuming 1.5kV /cm surface electric field) and
full collection efficiency may be reached at realistic operation conditions. Ef-
fective photon detection efficiency values of 12-14% at 170 nm were calculated
with the present THGEM geometry in the gases investigated, at gains > 105.
These values are expected to increase significantly, to about 20-23%, with an
optimized hole geometry (larger pitch; smaller rim size), as indicated in the
discussion (section [5.1.5) and in Table [5.2]

Therefore, THGEM-based detectors operating in Ne-based mixtures
(Ne/CH4 or Ne/CFy4), may constitute an attractive alternative to current
MWPC-based UV photon-imaging detectors for RICH applications. High
gains (>10°) were reached in this work in single-THGEM multipliers with
Ne mixtures, at low operation voltages, with stable, discharge-free, operation

- foreseeing high absolute single-photon detection efficiencies.

The data presented here are with single THGEM elements. An alterna-
tive solution would be to use cascaded-THGEMs, that have the advantage
of higher gains at lower operating voltages per element, increased stability
and reduced ion back-flow [124]. However, the voltage applied on the first
THGEM, would have to be optimized so as to maintain the highest possible

effective single-photon detection efficiency and low ion back-flow. Large-area
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cascaded-THGEM UV-photon detectors with reflective CsI photocathodes
would have some advantages over cascaded-GEM’s [67, [155]. Besides sim-
plicity and robustness, they have better electron collection and transport
between the cascaded elements resulting in a lower gain required per element
or, alternatively, fewer cascaded elements for the same total gain [124].

THGEM-based UV detectors are under investigation within the CERN-
RD51 collaboration. Similar conclusions were recently reached by other au-
thors [119] while the proof-of-principle of a cascaded Triple-THGEM detector
using Ne/10%CH, [138] and Ar/30%CO, [127] has already been shown in test
beam.

Further studies with the “optimal” THGEM will clarify its applicability
to photon detectors namely for RICH applications.

Preliminary results in IBF reduction by using a THCOBRA operating
in a reversed bias show good potential for its application in cascaded detec-
tors using Csl photocathodes. These preliminary results show an interesting
IBF reduction capability that could increase the lifetime of gaseous photo-
multipliers, such as in RICH detectors, operating at high radiation flux,
reducing as well ion induced secondary effects [19] [86], T41].

Although THCOBRA for IBF reduction proof-of-principle has been shown
in a reversed-bias configuration, a better performance would be expected by
using the flipped geometry [I50] being already presented in [154].

Detailed and systematic studies on e.y, IBF and visible gain are
needed, by increasing E;,..,.s proportionally to the increase of Voy, for both
R-THCOBRA and FR-THCOBRA.

Simulations on THCOBRA geometry (similar to the “optimal” THGEM
studies) and detector configuration should be considered in order to maximize
the IBF reduction while keeping e.,; unitary.

The implementation of a R-THCOBRA+THGEM and
FR-THCOBRA+THGEM or even in triple-structure cascaded configu-
ration should be performed in order to evaluate the THCOBRA IBF

reduction capability in real detector working conditions.
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