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Abstract

Abstract

Liquid noble gases are known to be excellent deteachedia due their characteristics
of high density, high homogeneity and high sciatiin yield. They provide both
ionization and scintillation signals when transeer®y ionizing particles and efficient
background suppression due to self-shielding. They transparent to their own
scintillation light and allow expansion to largetetdor masses. Current noble liquid
detectors employ either liquid argon or liquid xenm single-phase (liquid only) or
double-phase (liquid and gas) configurations ared gresent application ranges from
detection of rare scattering events like Dark Matearch or neutrino physics, to
medical imaging like in gamma detectors for PET Bé Compton Telescope for “8-
imaging” in combination with PET, gamma/neutron gimg detectors for radionuclide
security inspections and Compton Cameras for agphics in astrophysics. Both
configurations rely on measuring the scintillatlaght emitted from the liquid-phase or
from the liquid and gas-phases with costly largays of vacuum photomultipliers.

This Ph.D. thesis is dedicated to the large-aregpogenic gas-avalanche
photomultipliers (GPMs) prototypes developed wittie Ph.D. program, envisioning
their application as a complimentary scintillatidetection method for current and
future large scale experiments. The research awneéla®nent efforts aimed for a
potentially economic and efficient large-area GPMsdxl on Thick Gas-Electron
Multipliers — THGEMs — combining a high efficienghotocathode with a high-gain
gas-avalanche electron multiplier, providing highgte-photon sensitivity and the
possibility for localization of the photons withtsnm spatial resolution and few-ns

temporal resolution. Unlike current vacuum devicpBpton localization over large
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areas can be made in a single device, using irteshedectronics developed for particle
tracking. The GPM consists on a cascade of THGEdMsbined with a cesium iodide
UV-photocathode and the cryogenic tests were paddrcoupling it to a double-phase
liquid xenon detector (a Time Projection Chamber; TPC), in the recently developed
Weizmann Institute Liquid Xenon — WILiX — cryogersgstem.

Moreover, for the successful use of a cesium ®dgidotocathode, techniques for
the production, characterization and transportati@me developed and implemented
which allowed systematically reproducing photocdt® whose quantum efficiency
ranged from 24% to 30% for a wavelength of 175 worresponding to the liquid
xenon scintillation light, and assembling themhe GPM successfully.

Within the Ph.D. thesis it is shown that the maxmimngain obtained at 0.7 bar and
180 K was ~8x10for Ne/CH(5%) and ~3x10Dfor Ne/CH,(20%), for single-photons.
With Ne/CH,(5%) at a gain of 1xf0and alpha particle-induced S2 signals at a rate of
40 Hz, the discharge probability was found to be¢heforder of 18. Over a period of
two months, operating in sealed mode at 0.7bar eCN,(20%) at a temperature of
~190 K, gain measurements were consistent withib5%,; showing no significant
change both for the UV—-lamp induced signals anfiaipduced S1 signals, indicating
that there were no significant changes in eithergas composition or the Csl quantum
efficiency. In terms of the time resolution of G&M — defined as the temporal spread,
or jitter, of the GPM response pulse to a scirtdla signal — it was found that for
scintillation signals producing ~170 — 200 photogfens the resolution was on the
nanosecond scale, approaching ~1.2 — 1.3 ns ah @t@x10.

For position sensitive capability the GPM was eged with position sensitive
anodes. Their design was preceded by extensiveCiid-time intensive GEANT4
simulations and analysis that provided valuabl@rmftion on the expected spatial

resolution for different conditions. For the seéettpixel size and geometry one can
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expect a position resolution of ~5 mm for scintiba signals due to 10 electrons in a
double—phase LXe TPC. The tests performed with coree GPM showed that for
~1.3x10 initial photoelectrons the calculated centers—gfvigy are in very good
agreement (sub-millimeter) to the actual UV soyrositions.

Furthermore, following the promising studies parfed in Coimbra with Gas
Electron Multipliers with a micro-induction gap ahfiying structure — GEM—-MIGAS —
an analogous configuration consisting of a THGEMupgded to a submillimetric
induction gap was investigated to eventually ob&@iGPM configuration capable of
reaching higher gains with lower biasing voltagd$e investigation combined
extensive simulation work showing an interdependeasfchole/induction region electric
fields while experimental results showed that Ne;@tiktures, having a more effective
UV quenching than Ne-GFHmnixtures, allowed achieving higher charge gainstable
operating conditions.

Helium based mixtures were also tested in ternthafge—gain and photoelectron
extraction efficiency, since they can present adgalternative to Ne-based mixtures for
the potential higher gains, with lower applied agks, similar photoelectron extraction
efficiency and lower costs. A Single-THGEM detectoas operated in He/GFand
He/CH, mixtures reaching effective charge-gains well @&a®, measured in current

mode, applying relatively low voltages, when congoiaio Ar mixtures.

Keywords: Radiation detectors, photon detectors ekectron multipliers, MPGD,
THGEM
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Desde cedo que a comunidade cientifica compreeqaegases nobres em liquido sdo
excelentes meios de deteccdo de radiagdo, comleinandua elevada densidade,
elevado grau de homogeneidade e de elevado rendindencintilagdo. Para além
destas caracteristicas inerentes, estes tém acpadigsde de fornecer ambos sinais de
ionizacao — criando electrdes livres — e cintilagAoresposta a interac¢cdo com radiacao
ionizante e, tendo em vista a sua aplicacdo emriéxpegs de eventos raros
relacionados com fisica de neutrinos ou matériarasa capacidade de autoblindagem
garante a exclusdo de eventos induzidos por rauidedfundo. O facto de né&o
absorverem a sua propria luz, emergente dos evdatositilacdo, permite a expansao
deste tipo de detectores até grandes volumes, spredas colaboracfes mais recentes
propdem detectores com dezenas de toneladas de @gmestado liquido.

As experiéncias actuais que usam gases nobresstaoeiquido empregam
xénon ou argon numa so fase (estado liquido) oudepia-fase (estado liquido +
gasoso) e as suas aplicacdes abrangem desdeeéeridas experiéncias de procura de
eventos raros, passando por imagiologia médicatei® detectores de radiacdo gama
para PET ou camaras Compton ¥3-em combinacdo com PET, passando também por
aplicacdes de seguranca como sistemas de inspeat@adeteccdo de material fissil e,
finalmente, em camaras Compton para aplicacfes sti®figsica. Em ambas as
configuracdes a leitura dos sinais de cintilac@em®@lmente feita através de um grande
namero de dispendiosos fotomultiplicadores de vagrapados.

A presente tese de doutoramento é dedicada amstttiplicadores gasosos de

grande area para aplicacbes criogénicas desenesiuid contexto do programa

Vil
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doutoral, tendo em vista a sua eventual aplicagiimocum dispositivo complementar
aos métodos existentes de deteccao de cintilagém aplicacdo em futuras experiéncias
de grande escala. Esta pesquisa foi direccionam tem vista o desenvolvimento de
eficientes fotomultiplicadores gasosos de granda,grotencialmente mais econémicos
por unidade de area, baseados em “Thick Gas-Efed#altipliers” (THGEMS).
Combinando fotocatodos de alta eficiéncia com mlidadores gasosos de electrbes
capazes de atingir elevado ganho em carga obteagsga um dispositivo com elevada
sensibilidade para a deteccao de fotdes Unicosacpossibilidade de discriminacdo em
posicdo com resolucdo espacial inferior a um milione com resolucdo temporal da
ordem de poucos nano segundos. Contrariamente easupede com a tecnologia de
vacuo actualmente, com este dispositivo a locdlizagn posicdo de fotdes em grandes
areas é feita num unico dispositivo integrandoteleaa habitualmente utilizada em
experiéncias de rastreamento de particulas. Negtallho o fotomultiplicador gasoso
desenvolvido consiste numa cadeia de THGEMs cordbs@om um fotocatodo de
iodeto de césio (Csl) sensivel ao ultravioleta entm que os testes criogénicos foram
realizados na Time Projection Chamber (TPC) de aldpkse de xénon liquido
recentemente desenvolvida no Weizmann Institugcadnce (WILiX).

Relativamente ao GPM desenvolvido foram medidoghga maximos em carga
de ~8x18 em misturas de Ne/GK5%) e de ~3x10Dem misturas de Ne/CK20%), a
uma pressao de 0.7 bar a temperatura de ~180 K,fpiies Unicos. Foi obtida uma
probabilidade de descarga com uma mistura de Ng€B2%) a um ganho em carga de
1x10 e com sinais de cintilacdo secundaria S2, indszjur particulas alfa, a uma
taxa de 40 Hz de cerca i0Foram medidos desvios no ganho em carga de dera
15% durante um periodo de dois meses, operando @mo selado com 0.7 bar de
Ne/CHy(20%) a uma temperatura de ~190 K, ndo se regstanutlancas significativas

tanto para fotdes Unicos induzidos por uma lampAdaomo para sinais de cintilacdo

viii
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primaria S1 induzidos por particulas alfa, indicamadestabilidade da mistura em modo
selado assim como para a estabilidade da eficiguéatica do fotocatodo de iodeto de
césio. Para além disso foi obtido um valor de 1123ns para a resolu¢édo temporal do
GPM em resposta a sinais de cintilagdo, induzinelwac de 170-200 fotoelectrdes
iniciais no GPM.

Para a leitura em posicdo de eventos o GPM foipagoi com um anodo
segmentado em “pads” individuais, cujo desenh@ifecedido por extensas simulacdes
em GEANT4 que forneceram dados importantes panatimi@acdo da geometria dos
anodos e qual a resolucdo espacial esperada pinentis configuracdes. Das
simulacdes pbde-se determinar que a resolucaoiakpaperada do GPM sera ~5 mm
para sinais de cintilagdo devido a 10 electrdesanliC de xénon liquido de dupla
fase. Nos testes realizados determinou-se que {aBx1G fotoelectrdes iniciais a
posicao calculada apresenta um desvio menor quailimetro da posicao real.

Os estudos iniciados em Coimbra combinando mudtaphres gasosos de
electrdes com regides de inducdo micrométricas (GBIMBAS) fomentaram o
desenvolvimento de um analogo com THGEMSs e regiéesducdo sub—milimétricas.
Estes estudos envolveram simulagdes electrostatedsrma a compreender a relacéo
entre os campos eléctricos no interior de THGEMa eegido de inducdo enquanto que
o trabalho experimental demonstrou que com mistwl@sNe-CH, sendo mais
eficientes em absorver a radiagdo UV das avalangemitem atingir ganhos mais
elevados em condicdes estaveis.

Foram também testadas misturas a base de hélio wvenaque podem
potencialmente apresentar uma boa alternativarpestaras a base de néon, devido ao
ganho em carga elevado, aplicando tensGes de @peraagis reduzidas, semelhante
eficiéncia de extraccéo de fotoelectrdoes e custis reduzidos. Em modo de corrente,

um detector com um estagio apresentou ganhos etg=d 18
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Introduction and motivation

Introduction and motivation

The work presented in this thesis encompasses @¢hiedpfrom 2012 to June 2015,
started in earnest shortly after finishing my MS&gee, to when | was enrolled in the
PhD Program in Physics Engineering with speciabrain Instrumentation of the
Faculty of Sciences and Technology of the Universit Coimbra. During this period
Professor Doctor Joaquim dos Santos (UC) supertisegrogress of my work while |
provided regular updates to Professor Amos Bre@kit§) who hosted my prolonged
stays in Weizmann Institute of Science. During time my research and development
efforts were on micropattern gaseous detectors (D¥)Gmore specifically the thick
gas electron multiplier (THGEM), and their cryogeniapplications in gas
photomultipliers (GPMs).

The work in this thesis constitutes a novel exgansind deepening of previous
technical and theoretical bodies of work of manggde within, but not limited to, the
gas detector community. In chapter one | give eftmverview of the state of the art and
describe existing technologies of photon detedwosdly grouped in three categories
namely vacuum, solid-state and gas detectors.

Noble liquids detectors, either in single-phasenmre complex dual-phase
(liquid/gas) devices are candidate for use in gdlarariety of detectors used in particle
physics, nuclear medicine, astrophysics and fogrddrge-scale rare-event experiments
like Dark Matter searches and neutrino physics. pratwo is dedicated to the
characteristics and requirements related to theofidejuid noble gases as detection
media. In this chapter the mechanisms of signakéggion in liquid xenon — ionization

signal and scintillation signal — will be described
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Over the course of my PhD | had the opportunityetrn the techniques and
methods of designing, assembling and testing THGH##®lectors. | also gained
significant knowledge on cryogenics systems, esfigoon the rigid requirements for
their successful implementation and operation whickuld prove to be essential to
avoid the long down-times associated with the ecgpland warming up of a large
volume cryogenic system when the status of any@ftany subsystems unexpectedly
change. In chapter three | describe the methodsystdms that were developed for the
successful implementation of a THGEM-based gasquholtiplier for the detection of
liquid xenon scintillation. Firstly | describe thexperimental system used for small
prototypes used for testing analogous conditionsth@s ones encountered in low
temperatures and the feasibility of different deteconfigurations and gas mixtures.
Secondly, | will elaborate on the cryogenic systdaveloped and assembled in the
Weizmann Institute of Science — the WILIX systemard its main features and
characteristics which make of it a “playground” fiwtector development. Finally, the
large area THGEM electrodes required a new methHogsting their quality before
being prepared for installation. | will present aval optical method combined with
nano-ampere current measurements that were apjoliedch candidate electrode in
order to assess its potential.

The use of sensitive photocathodes in our gasestestors for photon detection
imposed the need of being able to frequently predtest and assemble each large area
photocathode in a dry and inert atmosphere. Thetanbe of choice as a photocathode
for our applications is cesium iodide since it camals high efficiency and a relative
easiness of fabrication by vacuum evaporation thatalso hygroscopic. In chapter four
| will describe the techniques and methods develdpat optimized their fabrication
and eliminated the need to expose freshly fabricpteotocathodes for installation in a

gas photomultiplier. Moreover, eliminating the needransport each photocathode to a
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vacuum monochromator was an essential step tosaiseis quality. A technique was
developed that permitted the evaluation of eachiquabhode in-situ, as evaporated, in
the deposition chamber. The methods developeduarently standard procedures being
employed and will continue to be used in futureezkpents making possible the safe
handling, testing and assembly of excellent qualitgtocathodes.

The large area gas photomultiplier developed isgreed in detail in the fifth
chapter. Firstly | will provide a description ofettdesign and of the constraints taken
into account in terms of material selection, futyglans for upgrades, and of the
assembly techniques and discuss the preliminayngesand results from the gas
photomultiplier at room temperature. Next the cemig characterization of the gas
photomultiplier is discussed. The successful detecif radiation induced primary and,
for the first time, of secondary scintillation ilguid xenon with a Csl GPM is shown
and discussed in depth.

For the gas photomultiplier to be competitive wathrrent technology a position
sensitive capability was envisioned from the stdrthe project. In chapter six | will
elaborate on the successful materialization of¢hability starting from simulations of
a large-volume double-phase liquid xenon time mtap@ chamber that provided an
order of magnitude for the expected position resmiufor different conditions. These
simulations, as well as the selected electronicsthe detector geometrical constraints,
set bounds for the pixel size which were taken adoount for the readout | designed.
Once the design had been manufactured into thebfatsh of position sensitive anodes
| prepared a prototype for room temperature testhe readout coupled to the actual
electronics that are going to be used in the cmimgexperiment, which was tested
successfully with several radioactive sources anddhe first images of alpha particle

induced tracks and UV light imaging from a selfetiarging UV lamp..
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The last chapters are dedicated to new studieshwadgek alternatives to higher
efficiency of detection, greater stability with reased gain and finally to new and
cleaner materials from which to manufacture the BNMzelectrodes. Firstly, in chapter
seven, | explain and show how single-stage THGEMeders coupled to
submillimetric induction gaps provide comparablerf@enance to double-stage
detectors with an obvious advantage in terms oferrat budget, and space, by
eliminating the last stage. | will discuss the intpace of helium based gas mixtures for
micropattern gaseous detectors and its relevanceyde photomultiplier in chapter
eight, focusing on the results obtained with sngdks photomultiplier prototype.
Mixtures of helium with methane were also invedtiglawith the large area electrodes
coupled to the position sensitive readout and tB&K electronics to visualize particle
tracks. Finally, in chapter nine the long search dtternative materials is briefly
discussed. | will show why current materials asslsuitable for application in current
and future low radioactive background experimemtd propose alternatives — from
existing high performance materials to pure sulmgsnwhich can be turned into

substrates for electrode manufacturing.
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Chapter 1 — State of the art

For present day experiments relying on liquid najdses as a detection medium there
are currently several options of photodetectorse Téquirements imposed on such
detectors are strict, namely they should operatieunryogenic conditions, withstand
pressure differences of several bar, they shoulk Hagh single—photon detection
efficiency for the VUV wavelength associated witie temission spectrum of liquid
noble gases and they should be radio—clean, medhatgheir inherent radioactivity
should be minimized by careful selection of matsrian view of their application in
large scale rare-event experiments.

In this chapter some of the latest generation gueiectors in use or under

development are described.

1.1 Vacuum photodetectors — Photomultiplier tubes

A photomultiplier tube is a vacuum device consiptiri a transparent window coated on
the inside with a semi-transparent photocathod#pwed by focusing electrodes,
several electron multiplication stages (dynodesyl fnally a collection anode. A high
potential difference is applied between the phdtumde and anode, and every
intermediate dynode being held at intermediate mi@tis by a resistor chain. Photons
pass through the window and strike the photocathtidiéne energy of the incident
photon is greater than the photocathode’s worktfancg", an electron will be ejected

from the photocathode via the photoelectric effeith a maximum kinetic energy of:
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Ek=hv—¢W

whereh is the Planck constant,s the photon frequency.

The photocathode’s work functiop”, can be defined as:

¢W = hv,

wherevy corresponds to the minimum frequency requiredafgrhoton to eject

an electron from the photocathode’s surface — atgefectron. The probability of

extracting a photoelectron from the photocathoddesignated as quantum efficiency

(Q.E.) and varies as a function of the wavelendtthe radiation. Most photocathodes

are composed by compounds of alkali metals witltova work function. The most

important materials used in PMTs are as follows:

Cesium iodide (Csl) and cesium telluride (CsTe)tpbathodes, used exclusively
for vacuum ultraviolet detection are not sensitiee wavelengths longer than
200/300 nm, called “solar blind”. They have a rekly good chemical stability
when compared to other materials, albeit being dg@pic, and are relatively easy
to synthesize and deposit.

Antimony-Cesium (Sb-Cs) photocathodes have sertgitikom the ultraviolet to
the visible range.

Bialkali photocathodes (Sb-Rb-Cs, Sh-K-Cs) employ kinds of alkali metals and
have a higher sensitivity and lower dark curreentsb-Cs photocathodes.
Low-Temperature Bialkali photocathodes (LT-Bialkadiere developed to address
the poor linearity at cryogenic temperatures. Athsiow temperatures, the sheet
resistance of the photocathode becomes significatrieasing exponentially from
106%-10" Q/square, leading to the accumulation of unpaireditpe charges as

electrons are emitted, thereby distorting the pgaehetween the photocathode and
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first dynode and dramatically decreasing its seditat low temperaturesl]. A
thin aluminum pattern is fabricated under the pbatibode to divide a large
photocathode into several smaller segments to gugplugh current even at low
temperature. In this case, sufficient current igpsied at liquid xenon temperature,
but not enough at liquid argon temperature (-18% ®or use in liquid argon
temperatures, a thin platinum underlay is usedhatsacrifice of some quantum
efficiency [2]. Adding trace amounts of bismuth decreased tkestreity, further
improving linearity.

Multialkali (Sb-Na-K-Cs) photocathodes use threemmre kinds of alkali metals.

They have a wide spectral response ranging fromultraviolet to the near-

infrared.

By improving the crystallinity of the photocathod@ts quantum efficiency is

similarly improved. This lead to a new generatidrisuper-bialkali (SBA)” and “ultra-

bialkali (UBA)” photocathodes with an improvemerit@QE by a factor of 2 relative to

regular bialkali, reaching >30% at liquid xenomsitlation wavelength.

Specialized photomultiplier tubes (PMTs) have sirmeen developed for

integration in current cryogenic experiments, nantee Hamamatsu R852@3][ the

Hamamatsu R6041, the Hamamatsu R8AT&fd the Hamamatsu R1141%) fome of

which are depicted in Figudel.
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Figure 1.1 — Latest generation cryogenic photomultiplier tubes: R8520, R6041-06 and
R11410-20/NG.

These devices are adapted for cryogenic operation and employ a type of bialkali
photocathode for VUV-light to photoelectron conversion. The quantum efficiency of
these devices usually ranges from 8% to 30% and the latest generation can achieve
single photoelectron gains in the order of 10°.

The price of such devices ranges from roughly 1000€ for the older R6041 to
7000€ for the latest R11410. Considering that around 250 three inch photomultiplier
tubes are needed to cover the sensitive volume of the largest experiments, the total cost
of the photo sensors alone is estimated to be around 1.7 million euros. In addition to the
cost, the “material budget” in terms of mass and volume are also an issue. These factors
imply large dead volumes filled with LXe and larger amounts of radioactive material
inside of the TPC, close to the sensitive region. These issues are the main motivation for

the R&D for alternative solutions for PMTs, as GPMs and solid state photosensors.
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1.2 Solid state detectors

1.2.1 Avalanche and geiger-mode photodiodes — APDs and GRMPDs

The avalanche photodiodes, or APD’s, as shownguargil.2 [6], are monolithic semi-
conductor detectors composed of a silicon P-N joncteEquilibrium is established in
the junction — the so called depletion region — vibialevoid of charge carriers. A
reverse bias applied in this region separates llaege carriers (holes and electrons)
created by the interaction of photons. With a sidhtly high electric field internal
charge amplification is achieved due to ionizinglisions with the crystal lattice of the
device. The multiplication in practical APDs is neodte, between 50 and a few
hundred. A gain of 10is in principle possible but at values higher tlaafew hundred,
the environment needs to be highly regulated siheegain shows a strong dependence
on temperature and bias voltage (a specific exam@e3% change in gain per one volt
difference in bias supply and -2.2% change in gaém one degree temperature
difference both at a nominal gain of 5@).[For this regime the APD has to be operated
extremely close to the breakdown voltage. Moreotkese gains are considered

insufficient for single-photon detection.

An advancement on the avalanche photodiodes isGthiger-mode APD’s, or
GM-APD'’s which are characterized by operating tlara voltage slightly (10%—-20%)
above breakdown voltage. In this operation regingeabsorption of a single photon or
electron can generate a macroscopic current bgerigg an avalanche multiplication
where both electrons and holes actively participatehe multiplication process. A

constant current then flows through the junctiod by adding a high ohmic resistor in
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series to the diode this current can be quenched within a few picoseconds after
breakdown begins. Due to the nature of the multiplication process any information
regarding the primary signal that initiated the breakdown is lost — essentially operating
in a binary mode. The gain of these devices is typically in the range of 10° to 10”.

The main drawback of these devices are the small areas currently available for
production — the largest device, as of 2010, has an area of 25 mm” — this type of device
has an important limitation since the areas cannot exceed a few cm” due to parasitic
capacitance and increase of the dark counting rate. This limitation essentially excludes

these devices as an option for large detection areas.

Figure 1.2 — Single module GM-APD.

1.2.2 Silicon photomultipliers — SiPM

The silicon photomultipliers are based on a matrix of densely packed avalanche
photodiodes operating in Geiger mode, or in other words a multi-pixel GM-APD. The
main drawback of these devices is the dark count rate. Besides single photons or
electrons triggering an avalanche, thermally generated -electron-hole pairs also

contribute to spontaneous signals at a rate of ~10° /s*cm?® at room temperature. Other

10
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sources for dark counts are after-pulses, when trapped carriers during an avalanche are
released within hundreds of nanoseconds after initial breakdown triggering further
avalanches and optical cross-talk where an initial avalanche releases photons into
adjacent sensitive cells triggering neighbor avalanches [7]. The typical dark count rate
of one of these devices at room temperature is usually stated in ~MHz/mm?” decreasing
four orders of magnitude to about 3 Hz/mm? at liquid argon temperature, depending on
applied overvoltage. Hence a SiPM array equivalent to a three inch PMT (3000 mm?)
would have a dark rate of about 10 kHz at the liquid argon temperature [8]. In

Figure 1.3 is shown an advanced SiPM array as used in the previously referenced work.

Figure 1.3 —Picture of a 16.6 x 16.6 mm” SensL SiPM array (ArrayC-30 035-16P-PCB)

as used by S. Catalanotti et al. in liquid argon temperatures.

11
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1.3 Hybrid—photon detectors

1.3.1 Quartz photon intensifying detectors — QuPID

The QUartz Photon Intensifying Detector (QuPID) [9] represented in Figure 1.4, is a
type of hybrid-photo-detector (HPD) developed by the University of California, Los
Angeles (UCLA) and by Hamamatsu Photonics, featuring a Low Temperature Bialkali
(LT-Bialkali) photocathode considering the operation under extremely low temperature
such as those found in liquid xenon, -108 °C, an avalanche photodiode (APD) for

electron multiplication, and a full quartz body for extremely low radioactivity.

Photo Cathode Photo Cathode
(6 kV)

u-838835%

PR R T R T
§828888288888888388883888¢88°383388

Figure 1.4 — Several views of a QuPID, from left to right: computer generated cross-

section; electrical field and equipotential lines; photograph of a QuPID.
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Figure 1.5 — Measured quantum efficiency of QuPIDs optimized for liquid xenon and

liquid argon operation.

The QuPID has a semi-spherical window with an inner diameter of 65 mm,
coated in the interior with the photocathode, defining the effective photosensitive area.
The interior of the device is sealed in vacuum and in its center, supported by a quartz
pillar, is located a 3 mm diameter APD receiving electrons from the photocathode.
Electrons are emitted from the photocathode and are focused towards the APD by the
application of an electric field between the photocathode and APD. The high voltage
applied between the photocathode and APD, on the order of 6 kV, accelerates the
electrons onto the APD where thousands of electron—hole pairs are created in the
depletion layer providing the “electron bombardment gain” of around 700 [10].
Furthermore, the application of several hundred volts across the APD triggers the
avalanche multiplication of each electron-hole pair providing a further “avalanche gain”
of around 200. The total gain of the device is determined by the product of the two types
of gain and its maximum value is about 10°. The quantum efficiency of the LT—Bialkali
photocathodes is typically >30%, see Figure 1.5, peaking around 178 nm for the liquid
xenon version, while another version optimized for liquid argon peaks at around 400 nm

for the wavelength shifted ~125 nm liquid argon scintillation.

13
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The development of the QUPID has been recentlypstbpy Hamamatsu mainly
due to low production yield and limited commercagplication. Another important
issue is the large amount of indium used for sgalpproximately 9 grams per device,
which could have proven to be a limiting factoteénms of low radioactive background
experiments, one of the main reasons for the QuieN2lopment.

The termination of the QUPID development triggeaeftirther effort within the
hybrid detectors — the Silicon Geiger Hybrid Tubescribed next.

1.3.2 Silicon Geiger hybrid tubes — SIGHT

The Silicon Geiger Hybrid Tubes or SIGHT is a reagemt development effort lead by
researchers of UCLA in collaboration with researstfeom Naples, INFN, and relying
on the experience gained by the Detector Developrhaboratory in the Weizmann
Institute for the production of high quantum effisty photocathodes.

Significant similarities between the SIGHT and ©ePID devices can be named:
the quartz encapsulation, the semi-spherical windotve semi-transparent
photocathode. The main element of differentiat®the use of a silicon photomultiplier
(SiPM) instead of the avalanche photodiode (APDy.WBing SiPMs the operating
voltage for electron bombardment gain is signiftgareduced to ~2 kV. Nevertheless,
SIGHT suffers from the same problems as QuPID, wtwrcerning the yield and the

vacuum sealing.

14
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1.4 Gaseous Photomultipliers

In gaseous photomultipliers or GPMs employing solghotocathodes, the
photoelectrons are emitted from the photocathotteargas after which they are drifted
to an electron multiplier electrode, or a seriescascaded electrodes, where they
experience avalanche multiplication due to a higlctec field. Unlike the previously
described vacuum devices, the GPMs can operate aigtemagnetic fieldsi[l] while
operating at atmospheric gas pressure allows carnstg large, flat and thin detectors
to cover large sensitive areas.

A significant part of the R&D effort on gaseousopmmultipliers has been
concentrated on the so called “closed geometry¢tela multipliers, more specifically
the hole-type micro-patterned structures. As opgpdsg@revious generations of electron
multipliers relying on multi-wire proportional chdmers (MWPCs) 12], parallel-plate
avalanche chambers (PPAC%J] or resistive-plate chambers (RPCH][ in which the
electron avalanches occur in an “open geometrgylteg in photon- and ion-mediated
secondary avalanches in different regions of theater limiting gain, efficiency and
position discrimination ability 5], hole-type electron multipliers, like the GEM{]
[17], the THGEM [L§ [19], the Micro-Hole-and-Strip Plate (MSHP2Q] [21] or the
hybrid Thick -COBRA 22] aim at reducing the photon- and ion—feedback abdhies
by screening and confining the multiplication s&ge Error! Reference source not
found. several electron multiplying structures are repmésd, along with dimensions:
the GEM, the THGEM and the Thick-COBRA, coupledateolid photocathode for UV
photon conversion. Also visible are the multiplioatregions: in the case of the GEM
and THGEM these occur in the holes while in the CTEGBRA multiplication also

occurs between cathode and anode strips.

15
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In Fig.1.7 the principle of operation of a GPM based on GEMs, THGEMs and
TH-COBRA is depicted: a reflective photocathode is deposited in the top electrode of
the first element of the electron multiplier cascade, the photoelectrons are focused into
the holes where charge multiplication occur and the avalanche electrons are drift
towards the next multiplier element, being collected in the induction electrode, which

can be pixelized for 2D-position readout.

GEM

UV photons

e{ i Csl photocathode

Figure 1.6 — From left to right: representation of the GEM, the THGEM and the TH-

COBRA with a Csl photocathode for UV photon conversion. Avalanche regions are

visible.
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1.4.1 Gas Electron Multipliers

In gas electron multipliers, or GEMs, the chargeltiplication occurs within micro
etched holes (usually 50m in diameter) on a thin double-sided metal-clasulator
(typically 50um polyimide), due to a high electric field betwdmth sides of the GEM.
Typically these structures are arranged in a sthadanfiguration where on the first
stage is deposited a reflective Csl photocathodkethese GPMs can be operated in a

single photo-electron sensitivity regime (gains 3123, [15] and references therein.

1.4.2 Thick Gas Electron Multipliers

The thick gas electron multipliers, or THGEMs, wareoduced by Prof. Amos Breskin
and are quite similar to the GEMs but with a 1@fekpanded dimensions: they have
an hexagonal array of sub-millimeter holes drilledtead of etched as is the case with
GEMs through printed-board-like material doubleesicclad in copper, after which a
small rim is etched from the copper around eacle tolreduce discharge probability.
The holes are typically 0.4 mm in diameter andtkirekness of the PCB-like material is
0.4 or 0.8 mm. Their operation principle is veryahuwsimilar to that of the GEMs, in
which a high electric potential applied betweerhbfaces the electrode creates a strong
electric field within the holes, amplifying by etemn avalanche multiplication the
electrons that are drifted towards them. They aey vobust, either electrically and
mechanically, due to their enlarged dimensionsaardbe made in a relatively low-cost

way to quite large areas of 1 m by 1 m.
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A THGEM-based gas photomultiplier can be employgdcbupling a cascade of
THGEMSs to a solid photocathode and are presentiggbmtensively researched by

numerous groups for applications in cryogenic coows [24] [25] [26] [27].

1.4.3 Micro-Hole-and-Strip Plate and Thick-COBRA

Another development introduced by Prof. Veloso Bnof. dos Santos was the Micro-
Hole —And-Strip Plated0], or MSHP. It consists of a thin GEM-like hole g/plectrode
with a pattern of thin anode and cathode stripheztoon one side. The electrons are
drifted towards the holes where they are multipligdelectron impact ionization and
they are further multiplied in the vicinity of tteode strips, due to an applied electric
bias between the cathode and anode strips. Thasideuultiplication stage in the same
element deviates a portion of the avalanche pratluoes into the cathode strips,
preventing them from flowing back into the solidoptcathode.

By combining the MSHP and THGEM concepts, the FHGOBRA introduced
by Dr. Amaro P2] aims at merging the advantages of both struct@esbust electron

multiplier with ion blocking abilities a two stageultiplication in the same structure.

1.5 Cryogenic gas electron multipliers

In recent years the application of the gas electraiitipliers has been intensively
studied envisioning their application for the détat of noble-gas liquid scintillation.
Current prototypes have been small in size andegeso far as a proof of concept that

such devices can be applied for liquid argon aritigkenon scintillation. The works of
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A. Bondar et al 28] [24], S. Duval et al29] [30] and W. Xie et al 26] represent the

most recent experiments with cryogenic GPMs.
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Chapter 2— Liquid xenon as a

detection medium

Liquid noble gases are known to be excellent deteachedia due their characteristics
of high density, high homogeneity and high sciatitin yield. They are transparent to
their own scintillation light, easily expanded tode detector masses and they provide
both ionization and scintillation signals when se@rsed by ionizing particles. Liquid
xenon in particular shares with the other liquidhleogases most of these characteristics
but coupled to the fact that it presents no lowgdiisotopes and it has the highest
boiling point, make it the one of the preferred edéibn medium. The main
characteristics of the liquid noble gases are showtable 1. This table is meant to
serve as a general guideline only.

One of the main issues associated with the uségoidl xenon as a detector
medium is the inevitable cryogenic systems necgdsareach the temperature for its
liquefaction, namely 165 K at a pressure of latts.imherent characteristics as a

detection medium clearly make up for the pricedg for the cryogenic systems.
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Liquid o | scintillation
Z (A) BP at1 | Density | lonization Yield | Scintillation Yield Wavelength
atm [K] at BP [electron/keV] [photons/keV] [nm g
[g/cm’]
He 2(4) 4.2 0.13 39 15
Ne | 10 (20) 27.1 1.21 46 74 78 — 85
Ar | 18 (40) 87.3 1.4 42 40 125
Kr | 36 (84) 119.8 2.41 49 25 145
Xe | 54 (131) 165 3.06 64 46 178

Table 1 — Main characteristics of most of the najses in their liquid state: atomic
number, boiling point at latm, liquid density atiling point, ionization vyield,

scintillation yield and scintillation wavelength.

It can be seen from Table 1 that liquid xenon hashighest atomic number and
density, which gives it a very high stopping power ionizing particles. It also
possesses the highest ionization and scintillatielals of all important noble liquids. It
is also an excellent electrical insulator and, te liquid form, has a band structure
analogous to semi-conductors, with a band gap -etleegy between the valence band
and conduction band — of 9.22 eV, correspondinigsteonization potential31]. When
energy is deposited in the medium by interactiotih\an ionizing particle, the electrons
of the valence band will cross the band gap to dbeduction band consequently
producing a detectable signal. All of these featumake this noble liquid a prime
candidate for use as a detection medium in a leagety of detectors used in particle
physics, nuclear medicine, astrophysics and fordéttection of direct interaction with
dark matter. In this chapter the mechanisms ofaigieneration in liquid xenon —

ionization signal and excitation signal — will besdribed.
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2.1 Thermodynamic properties of xenon

In Figure 2.1 is shown the phase diagram of xenon. One can see that xenon is in liquid
state at a relatively small temperature interval for pressures below 2 bar (~18 °C, from
180 K to 162 K, at 2 bar and ~4°C, from 166 K to 162 K, at 1 bar). Higher pressures are
not practical since certain safety requirements need to be met in our application — fused
silica and quartz windows in the PMTs and for the GPM have a limited mechanical

resistance.
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Figure 2.1 —Phase diagram for xenon.
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2.2 Interaction modes of radiation with liquid xenon

When a charged particle enters the volume of ligeidlon it interacts with the electrons
and nucleus of the xenon atoms via electromagraiigpling. For incident alpha
particles, protons or electrons this translatesamoelectronic and nuclear stopping
power, respectively, and these quantities are septed in Figur@.2. Also shown the
figure is the contribution of the electronic andclear stopping power, for alphas and
protons, and collisional and radiative stopping eovior electrons 32]. For high
energies and for electrons the nuclear stoppingep@an be neglected when compared
to the electronic stopping power. For incident etats interactions with the medium
resulting in the emission of bremsstrahlung radratan be important when compared
to the electronic stopping power. The incident gbadrparticle will then transfer its
energy mainly to the electrons of the xenon atonasiging two types of interaction:
either ionization or excitation of the xenon atomnsFigure2.3 is represented the range
of alpha particles, protons and electrons, as atilwm of the energy of the particle, in
xenon. The range is rather short especially fohalparticles — considering “A'Am
radioactive source emitting 5.5 MeV alphas, like tne that was later used, it can be
calculated that their average range in liquid xemmsidering a liquid density of 2.94
g/cnt) is ~40um.

Differently from charged patrticles, photons likeays or gamma-rays interact
with matter either by photoelectric effect, by Cdorp Effect, by pair creation or by
Rayleigh effect. The contribution to the overalleiraction probability of the photons
with the xenon atoms due to each of these mechanismstrongly dependent on the

energy of the photon, as can be seen in Figute
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Figure 2.2 — Total stopping power (in MeV.cm?/g) for alpha particles, protons and

electrons in xenon versus energy.
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Figure 2.3 —Range (in cm) for alpha particles, protons and electrons in liquid xenon for

a liquid density of 2.94 g/cm’ versus particle energy [32].
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Figure 2.4 — Attenuation coefficients of photons in xenon as a function of the energy for

the various interactions mechanisms [33].

The photoelectric effect is the total absorption of the incoming photon by an
electron of the xenon atom. The result of this interaction is the ejection of an electron
from the atom, with a kinetic energy equal to the energy difference between the energy
of the incoming photon and the electron bonding energy, leaving the atom ionized. For
low photon energies this effect is dominant.

The interaction by Compton Effect is the inelastic, incoherent, scattering
between the incident photon and a weakly bound electron of a xenon atom. The electron
absorbs a certain amount of energy from the photon and is ejected from the atom. The
photon is then scattered in a different angle with a lower energy obeying the following

relation:

AL =

moc (1 — cosB)
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The interaction by pair or triplet production in xenon is dominant only for
energies above ~7 MeV. It involves the creation of an electron—positron pair or an
electron—electron—positron triplet in the vicinity of an atomic nucleus or electron,
respectively. The energy threshold for pair production is at least twice the electron’s rest
mass, or 1.022 MeV, while the energy threshold for triplet production is at least four
times the electron’s rest mass or 2.044 MeV.

In Figure 2.5 is shown the photon mean free path in liquid xenon for a liquid
density of 2.94 g/cm’ corresponding to a temperature of 165 K. As an example, for a
photon energy of ~60 keV, corresponding to the main gamma emission of a **'Am
radioactive source which will be used for following studies, the attenuation length is

~430 pm.

Photon mean free path for pXe=2.94g/cm3
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Figure 2.5 — Photon mean free path in liquid xenon for liquid density of 2.94 g/cm” as a

function of the photon energy.

Lastly, considering the interaction of neutrons with xenon atoms in liquid xenon,

we have that in general there are two main modes of interactions of the neutrons with
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matter, referring specifically to the interactioofsthe neutrons with the nucleus of the
elements that compose the target and they can defdmvo major types: 1) scattering
or, 2) absorption.

Neutron scattering (elastic or inelastic) by anratonucleus involves the change
of speed and direction of the neutron while theleus is left with the same number of
protons and neutrons — from this interaction theleus may recoil and it may be left in
an excited state, leading to a later emission diaten. In elastic scattering the total
kinetic energy of the neutron and nucleus is ungkdrby the interaction but a fraction
of the energy of the neutrons is transferred toningleus, in a process named “neutron
moderation”. This average energy loss of the nestis, for a given neutron energy

proportional to:

2% ExAJ(A+1)2
whereA is the targets atomic weight. From this expressiartan be inferred that, in
general, low mass elements like hydrogen or heliara,more efficient at moderating
neutrons. In inelastic scattering the nucleus wymks an internal rearrangement into an
excited state from which it eventually decays reileg radiation. The total kinetic
energy of the neutron and nucleus is less thankihetic energy of the incoming
neutron.

On the other hand, instead of being scattered byckeus, the neutron may be
absorbed or captured. The nucleus will rearrargyaiernal structure by emitting other
particles: one or more gamma rays, protons or afjréicles. The nucleus may also
emit excess one, two or three excess neutrons iaalllyfa fission event may occur
creating two or more fission fragments and morenoes [34].

In Figure 2.6 the macroscopic neutron cross sections forralatiguid xenon

(considering the natural abundances of each ofrthi@ xenon isotopes: 1.918Xe,
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26.4% 'PXe, 4.07% *Xe, 21.2% 'Xe, 26.9% '**Xe, 10.4% "*Xe and 8.86% *°Xe)
are represented. The neutron energies range from 0 to 20 MeV and for each of the
previously described interaction modes, designating them by their specific cross section
notation: “n, tot” — total cross section, “n, el” and “n, inl” — elastic and inelastic
scattering cross sections, respectively, “n, 2n” and “n, 3n”— cross section for production
of two and three neutrons, respectively. Only reactions with a macroscopic cross section

larger than 107 cm’™ are represented.

\ Macroscopic neutron cross section for natural Xe
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Figure 2.6 — Macroscopic neutron cross sections for natural liquid xenon [35]. See text

for explanation.
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Neutron mean free path for pXe=2.94g/cm3
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Figure 2.7 —Mean free path of neutrons in liquid xenon versus neutron energy.

In Figure 2.7 the neutron mean free path in liquid xenon, given by the reciprocal
of the total macroscopic cross section, as a function of neutron energy, is represented. In
order to highlight the neutron resonances at low energies the energy axis is represented
in logarithmic scale. Resonances occur at neutron energies with an enhanced cross
section for interaction with the nucleus and will occur if the energy of the incident

neutron is close to the energy of an excited state of the compound nucleus [34].

2.2.1 Ionization and excitation

The average energy required for creating an electron —ion pair in liquid xenon is higher
than its ionization potential, /, of 9.22 eV. Considering Ej as the energy transferred to
the xenon by the incident particle and N; as the average number of electron — ion pairs

created, the average energy W required for creation of one such pairs can be defined as:
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E
The difference betweeW andl, can be explained due to the different modes of
energy transfer to the medium, namely an ionizatam excitation and heat transfer
mode. For the case of incident electrons this canekpressed by the following

expression3q]:

Eq = Ni{(E;) + Nex(Eex) + Ni(e)
where(E;) is the average energy required to ionize an atdnis the average
number of ionized atomgkEe,) is the average energy required to excite an abyns
the average number of excited atoms &nds the average energy of sub — excitation,
below which the incident electrons interact onlyotigh elastic collisions with the
atoms, transferring part of their kinetic energyntbining both previous expressions

we have for the average energy required to creatdegtron — ion pair:

W =(E Nex E
—<i>+Ti( ex) T (€)

The value ofW was determined to be 15.6e¥7] [38] for LXe. Nevertheless,
the actual number of electron — ion pairs created ynit energy deposited in the
medium is dependent on the type of ionizing paetanhd its energy and is different for

gaseous and LXe.
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2.2.2 Scintillation — recombination and de-excitation

The process of luminescence in liquid xenon duthéopassage of radiation involves
the formation of diatomic excited molecules fornpennarily by two channels.

The first channel is through the excitation of xenatoms by the primary
particle or secondary electrons, forming weakly fmbuwliatomic molecules in the

excited state or “excimers”;

particle + Xe - Xe* + e~
Xe* +Xe + Xe - Xe," (excimer) + Xe
Xe,' + Xe > Xej + Xe

Xe; = Xe + Xe + hv (VUV emission)

The other channel for VUV luminescence is throtighionization of the xenon
atoms, induced by the primary particles or secondalectrons, followed by

recombination of the positive xenon ions as desdrity the following equations:

particle + Xe - Xe* + e~

Xet + Xe + Xe - Xe; (ionized excimer) + Xe
XesS + e~ (recombination) —» Xe™ + Xe

Xe™ + Xe - Xe* + Xe + heat

Xe* + Xe + Xe - Xe, " (excimer) + Xe

Xe,' + Xe —» Xej + Xe

Xe; = Xe + Xe + hv (VUV emission)
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The excimers formed in both processes emit VU Vtlgfithe same wavelength.
After recombination the formed excimer is left ither one of the®z} or 'z} excited
states and the emitted scintillation photons aeetduhe transitions from one of the two
lowest electronic excited state&} or 'z}, to the repulsive ground stal’e:;. These
two transitions (X} to 'S} and 'L} to 'S}) are spectroscopically indistinguishable
but their decay times are significantly differeatexplained in the following section.

The emission spectrum of liquid xenon is centeredurd /=178 nm,
corresponding to a photon energy of 7eV, with &vudith-half-height (FWHM) value
of £2 nm B9 [40Q].

2.2.3 Temporal components of scintillation

The recombination process, with associated photarsston, occurs within few
picoseconds after ionization/excitation of the atoai the liquid. Each of the’z;
or 'z} excited states has a different decay time to thargl state, making it possible to
distinguish several components of the scintillagents:
- Afast component due to de—excitation of & state, with decay tims.
- Aslow component due to the de-excitation of ff state, with decay tima.
- And a component owing to the slower (when compdoedhe excimer de-
excitation times) recombination process, with aeticonstant of,.
The value taken for the several decay times arenmrmed in table 2 for

incident alpha particles and electrons:
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Incident Particle 7 (NS) s (NS) T (NS)
Electrons
2.2 27 34
(0.5MeV<E<1MeV)
Alphas 4.3 22
Fission fragments 4.3 21

Table 2 — Summary of scintillation time constantsliquid xenon induced by fast
electrons, by alpha particles and by fission fragises, ts andt, are the decay times of

the fast, slow and recombination components, resghe

The direct transition from th&; excited state to the ground state is forbidden
but becomes possible owing to the spin—orbital togpwith stateIl;. This leads to
rather long decay times of the order the ~20 ns.tlk@ case of incident alpha particles
the density of the ionized and excited speciescalbe particle track is much higher
than with fast electrons, leading to much fasteonebination. Experimentally no ~30
ns recombination component of scintillation hasnbebserved in liquid xenon with
alpha patrticles. In Figur2.8A we depict the scintillation light decay curviesliquid
xenon with an applied electric field and withouxpkained in the next chapted]],
while in Figure2.8B the scintillation light decay curves in ligukdnon induced by
electrons ¢), alpha particles&) and fission fragmentd() is shown #2]. It is evident
the strong dependence of the decay of the scimitidight with the type of particle
imping on the liquid xenon, making it possible tsaliminate the particle type by pulse

shape analysis.
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Liquid xenon as a detection medium
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Figure 2.8 — Liquid xenon scintillation light decay curves induced by electrons A) with

and without applied electric field and B) by electrons, alpha particles and fission

fragments, without applied electric field.

2.2.4 Scintillation and ionization yield

Several effects change the production characteristics and amount of scintillation photons

created by the interaction of ionizing radiation with the xenon atoms. Effectively, as it

was previously shown, see Figure 2.8, different types of radiation yield a dramatically

different number of photons. Moreover, it is known that the application of an electric

field changes the scintillation and ionization yields for LXe. In Figure 2.9 is shown the

scintillation and ionization yield of liquid xenon induced by alpha particles (5.5 MeV
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from **'Am)., electron recoils (122 keV gamma rays from °'Co) and nuclear recoils

(56.5 keV) versus the applied electric field [43].
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Figure 2.9 — Variation of the scintillation and ionization yields versus the applied
electric field in LXe, for 122 keV electron recoils (ER), 56.5 keV nuclear recoils (NR)
and 5.5 MeV alphas.

Scintillation yield and ionization yield are denoted as “light” and “charge” in the
figure. For a given particle type it is shown that the scintillation and ionization yields
are anti-correlated with the field. This effect is clearly distinct when comparing the case
for alpha particles and electron recoils — the charge and light products for electron
recoils are much strongly dependent on the field than for alpha particles. This may be
explained by the different rates of recombination depending on the applied electric field
and also on the ionization density along the particle’s track, with stronger recombination

at low electric fields and in denser ionization track like from alphas and nuclear recoils.
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2.2.5 Electron transport parameters

In liquid xenon electrons are excited to the conduction band from the valence band by
absorbing some of the energy from the incoming radiation and becoming free electrons.
By applying an electric field the free electrons can escape recombination and the motion
of these free electrons has been extensively studied as function of the concentration of
impurities in the liquid [44], as a function of the liquid temperature [45] and very
importantly as a function of the applied electric field on the liquid [46]. In Figure 2.10 is

represented the electron drift velocity in liquid and solid xenon as a function of the

applied electric field.
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Figure 2.10 — Electron drift velocity as a function of the applied electric field in solid

xenon (157 K) and in liquid xenon (163 K). Curve S is the theoretical Shockley hot-

electron curve, pug and pp are the speed of sound in the solid and liquid, respectively.

At relatively low fields (<1 kV/cm) the electron drift velocity, vp, varies almost

proportionally with the field strength, £, according to the expression:
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vy = Uk

where u is the electron mobility. On the other hand, at high electric fields (>1
kV/cm) the electron velocity saturates at a value of 2.5 —3 mm/us, being independent of
the electric field. An explanation of this phenomenon was developed by Cohen and
Lekner [47] which distinguished two electron mean free paths: one describing the
interaction between the electrons and acoustic phonons of the medium, which is
independent of the structure of the medium, and another related to the momentum
transfer of the electrons to the structure itself. At high electric fields the effect of the
structure becomes substantial in the treatment of liquids and solids, translating to an

increase of the scattering cross section, thus saturating the electron drift velocity.
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Figure 2.11 — Transverse and longitudinal diffusion coefficients for electrons in LXe as

a function of electric field, adapted from [48].

The spread of an electron cloud created in liquid xenon due to the interaction

with radiation is determined by the diffusion rate, which is a natural intrinsic limit to the

position resolution of any time projection chamber employing liquid xenon. Applying
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an electric drift field determines a preferenti@edtion of diffusion, or longitudinal
diffusion o, and a secondary transverse diffusion relative to field direction. In
Figure2.11 are represented the experimental resulthéotangitudinal and transverse
diffusion coefficients in liquid xenon.

It was determined experimentally that the longiiad diffusion o, is roughly

one order of magnitude smaller than the transwéifeesion or.
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Chapter 3 — Experimental

apparatuses and methods

3.1 Room temperature detector

In Coimbra an experimental system was developedrdom temperature tests and
measurements. This system allows for testing diffeidetector geometries, different
gas mixtures, photocathode characterization andn@attion and will be used for the

development of a two-dimensional readout that bélused in the cryogenic GPM. In
this chapter a brief description of the sub-systémas compose the larger experimental

system will be given.

3.1.1 Vacuum chamber

The vacuum chamber consists in a cylindrical stasisteel vessel (~150 mm diameter,
~2 liter) with provisions for UV or soft x-ray irdgation, as represented in FigBel.
For this purpose the chamber has two windows, kgsibFigure3.2: a 75um thick, 5
mm in diameter, Kapton window and a 5 mm diamet®rttansparent 1 mm thick
quartz window, both glued with TRA-BOND low vaporegsure epoxy to its top

flange.
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The chamber can be evacuated down to 10 mbar and then filled with the gas
mixtures desired (namely, mixtures of Ne (N40, 99.99%), Ar (5.0, 99.999%), and He
with CHy (4.5, 99.995%) or CF4 (R14, purity of 99.8%) were used). The gases can be
introduced up to a pressure up to at least 3 bar, through a liquid—nitrogen trap to reduce
residual contaminants. After filling, the chamber is sealed off and the gas is

continuously purified by circulation via convection through SAES St707 non

evaporable getters, heated to ~150 °C.

Soft X-ray
window

Quartz UV

/ window
:—4@ =

| —

,_"D:A:r‘_|

- =
To turbo
pump

Viton H
O-rings
A

A

-
.| | Detector
Assembly

e

| ToSAES
getter

U\/U

connectors

SHV

Figure 3.1 — Vacuum chamber cross-section, highlighting the soft X-ray and quartz UV

windows, the detector assembly and SHV connectors.
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Figure 3.2 — Detail of the top flange, highlighting the soft X-ray and quartz UV window.

Several detector configurations and gas mixtures have already been successfully
tested with either soft X-rays or UV light from an Oriel Hg(Ar) UV lamp, namely
Single and Double-THGEM detectors in high pressure Ne/CF4 mixtures [49], study of
THGEMs coupled to submillimetric induction gaps in Ne/CF4 mixtures [50] and the
study of He/CF4 and He/CH,4 mixtures [to submit to JINST].

3.1.2 Gas filling and purification system

The room temperature detector is composed of a gas system that allows different gas
mixtures compositions — different gases or different ratios of gases that compose the
mixture —to be introduced in the detector and their respective purification. In Figure 3.3
is represented the schematic of the gas system, highlighting the gas filling line, the

chamber and the SAES getter based gas purification system.
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Figure 3.3 — Gas filling and purification system used in Coimbra.

To remove impurities from the gas mixtures, non-evaporable washers are used as
getters, placed inside of an annex tube. Impurity levels for H,O, O,, H,, CO, CO,, and
N, are significantly reduced. The non-evaporable getter is an alloy composed of
zirconium, vanadium and iron which are melted together according to a particular
vacuum metallurgic procedure and then crushed and ground to a fine powder. This
powder can then be pressed in several shapes like washers, sheets or pills. Once
activated and in operation at around 200 to 400 °C the getter material captures and
chemisorbs into its bulk the impurities already referred. Only noble gas atoms are not
affected and if the temperature is low enough, molecular gases like CH4 and CF4 are
also not absorbed. The high temperature applied for activation and reactivation of the
getters, 350°C — 400 °C allows the efficient diffusion of the impurities into the bulk of
the material, maintaining the porous surface free to absorb more impurities.

To activate and maintain the high temperatures required for optimal getter
operation a temperature control system is implemented by a temperature controller,
which regulates the power to a heating tape surrounding the tube in which the getter

pellets are introduced. A thermocouple type K sensor in contact with the annex tube and
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connected to the temperature controller providesperature sensing capacity for
temperature set-point regulation.

Two pressure sensors, represented in FiguB as GSP (for Gas System
Pressure) and ChP (for Chamber Pressure), alltingfithe vacuum chamber with the
desired percentage of each gas composing the degisemixtures to within ~0.6%.

After filling, the chamber is sealed off and th@sgs continuously purified by
circulation via convection through SAES St707 namaporable getters, heated to a

temperature below 150 °C.

3.2 Photocathode production facilities

For room temperature studies using Csl photoca#jode evaporation chamber is
currently operational in Coimbra. This facility@iNs the vacuum evaporation of several
materials on different substrates: of high purigiom iodide on gold plated THGEMs
or high purity aluminum films on stainless stedldaed by cesium iodide deposition.

The evaporation chamber can be vacuum pumped downlQ® torr by a
diffusion vacuum pump in series with a rotary vaoupump. The deposition rate of
different materials is monitored (down to severagstroms per second) by a
Thickness/Rate Monitor.

For photocathode production the THGEMs are preshothoroughly cleaned
with acetone followed by alcohol and baked for appnately one hour. They are then
transferred to the evaporation chamber and hightyp(»99.9%) cesium iodide is
deposited at a rate of 1 to 10 A/s. After evaporathe chamber is filled with dry,N

and opened under constar fildw to minimize exposure to air moisture. The TEH®
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is then placed in a transfer box filled with ldnd installed in the room temperature

detector chamber.

3.3 Weizmann institute of science liquid xenon system

— WILIX

The experimental system recently developed andrdded in the Weizmann Institute
of Science, which is represented in FigBté and Figure.5, allows reaching stable
cryogenic experimental conditions in a cryostat chhiare necessary for xenon
liquefaction. In this chapter the main elementd d described, namely the cryogenic
equipment used for liquefaction and temperaturetrobisystem, the circulation and

purification systems, the heat exchanger and tfetysdevices implemented.
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Figure 3.4 — 1) Outer Vacuum Chamber, 2) Inner Vacuum Chamber wrapped in several
layers of aluminized Mylar, 3) Heat Exchanger, 4) PCC cold end housing, 5) Gas
system control touch screen, 6) OVC, IVC pressure gauges and xenon flow regulator, 7)
xenon gas purification system (SAES MonoTorr Purifier), 8) KNF double diaphragm

circulation pump and 9) process variable acquisition and control rack.
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Figure 3.5 —Piping and instrumentation diagram of the Xe circulation system.

3.3.1 Xenon liquefaction and temperature control system

The xenon liquefaction and temperature control system is composed by a Brooks
Automation, Inc. Polycold PCC Cryotiger and a Cryogenic Control Systems (Cryo-
con), Inc. Model 24C Cryogenic Temperature Controller with associated temperature

sensors and heater.

The Polycold PCC Cryotiger

The Brooks Automation, Inc Polycold PCC Cryotiger is represented in Figure 3.6. With

this off-the-shelf equipment sufficient cooling power is delivered to a cryocooler which
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is cooled to roughly 130 K and, through a coppesliog rod, to a set of specially
designed oxygen-free copper fins inside the Inrsaudm Chamber (IVC) where xenon
is liquefied. Out of other methods available foragleing and maintaining the
temperatures required for xenon liquefaction, sashusing liquid nitrogen baths,
preferred for the first generation prototypes gfogenic chambers, or using pulse tube
refrigerators (PTR’s), used in some of the lategbgenic experiments, the Polycold
PCC Cryotiger was selected for its quietness, lhalind simplicity of operation. The
elements that compose the Polycold PCC Cryotigetttee compressor, the supply and
return lines of the refrigerant and the cryocooler.

One of the main advantages in using this deviddas the cryocooler can be
physically distant from the compressor, which isiimmsource of vibration and noise.
This feature provides a stable and very quiet ogoélement directly in the cryogenic
chamber. When in operation the compressor recéivepressure refrigerant from the
cryocooler installed in the cryostat through thetegn gas return line. It compresses,
cools and cleans the refrigerant gas and delivénsdugh the system gas supply line to
the cryocooler. The cryocooler receives the higrspure, room-temperature refrigerant
from the supply line and in its built-in heat-exobar the supply refrigerant is cooled
by the gas returning to the compressor. Beforehiagcthe cold tip of the cryocooler
the refrigerant is mostly liquid and very closethe final refrigeration temperature. A
“throttle device” in the cryocooler allows the ligurefrigerant to expand to low
pressure and enter the cold tip. The heat loachercold tip is then absorbed by the
refrigerant — this heat transfer causes some ofdfrggerant to evaporate and slightly

raises the fluid temperature.
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PCC -

Figure 3.6 — Brooks Automation Polycold PCC Cryotiger compressor, supply and return

lines of the refrigerant gas and cryocooler.

The cryocooler provides a temperature range, using the proprietary gas blend
PT-30, ranging from 100 K to 293 K with a heat removal capacity (cooling power)
ranging from ~ 0.5 W to 30 W, respectively — with proper cryostat design and adequate
thermal insulation of the cryostat this cooling power was enough to liquefy roughly
13Kg of xenon, as will be demonstrated. The cooling power curves versus the
temperature of a “standard” Polycold PCC Cryotiger cryocooler are represented in
Figure 3.7. It can be seen that for the gas-blend used, the cooling power is at its

maximum when the cryocooler temperature is roughly 130 K.

50



Experimental apparatuses and methods

Temperature, C
-220 -200 -180 -160 -140 -120 -100 -80 -60 -40 -20 0 20

50 < 1 1 1 1 1 1 1 1 1 1 1 L 50
45 - w— Standard NF-55 - 45
Standard PT-30
40 - —— Standard PT-16 - 40
w———  Standard PT-14
35 - —— Standard PT-13 -35
=
2 30- - 30
g
8 25- - 25
>
£ o
g 20- e - 20
v
15 - ~ 15
10 - - 10

X
y \
5- / -5
4
04 ro

r I 1 I I I 1 1 I I I
53 73 93 113 133 153 173 193 213 233 253 273 293
Temperature, K

Figure 3.7 — Typical cooling capacity of the PCC Cryotiger using a standard cryocooler.
The gas blend used for refrigeration is PT-30.

Once inside the IVC the gaseous xenon will transfer heat to the cooling fins until
it reaches its temperature of liquefaction, beginning to condensate on the copper fins.
Liquid xenon will then start to drip and flow through a cup beneath the copper fins and
into the IVC.

Temperature control

The temperature control mechanism implemented is based on a Cryo-con, Inc. Model
24C Cryogenic Temperature Controller with associated temperature sensors and a heater
cartridge installed in the cooling fins.

Along the length of the cryocooler, cooling rod and cooling fins assembly, four
temperature sensors were installed (one Cryo-con S900 silicon diode temperature sensor
and three Lakeshore PT-111 Platinum Resistance Thermometers), as represented in

Figure 3.8, using a four-wire configuration for highest precision. Thermal coupling of
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the temperature sensors to each of the elementsnades with Apiezon-N cryogenic

high vacuum thermal grease and care was takenswregood thermal anchoring by
winding the connection wires around the cooling m@ad coating with cryogenic

varnish diluted in a 50/50 toluene/methanol soluti®hermal coupling between the
separate cryocooler, cooling rod and cold fins elet® was ensured by use of indium
sheet.

The cooling power of the PCC’s cryocooler is terapare dependent but the
power delivered by the compressor is constant aoantinuously cools the cryocooler.
The temperature reached in the cooling fins withany means of control would
eventually freeze the xenon inside the IVC. In otdeavoid such event the temperature
regulation is provided by a 25 W cartridge heatestdlled in the cooling fins. The
heater is controlled by the Cryocon Model 24C Cgrmug Temperature Controller,
represented in Figur8.9, which implements a fully tunable PID, or Prdmmal
Integral Derivative, control loop which regulatdse theating power delivered. The
temperature is measured directly on the cooling With one of the PT-111 PRT sensor.
In operation this system provided an extremelylstaperation temperature of +0.5 K

around the set point, at 165 K.
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PCC Cryocooler Cooling rod Cooling fins

| PT-111 PRT |

Heater Cartridge I

310mm

Figure 3.8 — Top: Autodesk Inventor representation of the PCC cryocooler with cooling
rod and condensation fins, also visible is the 100 W heater; Bottom: Photograph of the
PCC cryocooler and cooling rod already instrumented with temperature sensors, before

thermal insulation with aluminized Mylar.

Figure 3.9 — A pair of Cryo-con, Inc. Model 24C Cryogenic Temperature Controllers.

Left one is used for WILiX while the right is one used for the GPM temperature control.
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Outer vacuum chamber (OVC) and inner vacuum chamber (IVC)

The technical schematic of the Outer Vacuum Chamber and the Inner Vacuum Chamber,

with the future GPM detector assembled is represented in Figure 3.10.

IvC

ovcC

I/ \I

= 2610.1m 7

Figure 3.10 — Technical drawing of the OVC and IVC. Also visible is the future GPM
detector in the Teflon block. The linear manipulator, cryocooler with cooling rod and

cooling fins and the heat exchanger have been removed for clarity.

Once the xenon is liquefied and starts to drip from the condensing fins it
gradually fills the Inner Vacuum Chamber (IVC). The IVC is a stainless steel vessel

which contains the detector and where the liquid xenon is kept during the course of the
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experimental phase. The heat transfer routes with exterior are by convection,
conduction and radiation. In order to keep the xemoliquid state the heat transfer
rates with the exterior must be minimized.

In order to minimize the heat exchanges betweeniC and the exterior by
convection, the IVC is placed inside a large OMartuum Chamber (OVC). The OVC
is served by a dedicated vacuum station composedtbgbo—molecular vacuum pump
followed by rotary scroll pump, which are in congtaperation during the course of the
experiments to maintain the vacuum in the OVC a@®torr. The absolute vacuum
reached inside the OVC after 2 days of pumpingsigally around ~18torr.

To minimize the heat exchanges by conduction betviike IVC and the exterior
the IVC is supported inside the OVC by the minimoomber of stainless steel tubes
and bellows, which must serve both as physical supmnd as a way to make the
electrical connections from the inner detectordasihe IVC with the exterior. Also
installed is a large central bellows with a viewpemhich will later be substituted by a
large area fused quartz window for the GPM.

Finally, in order to minimize the heat exchangesradiation, the IVC, the
supporting stainless steel tubes and bellows weébtrécal wires and the large central
bellows with the viewport and window are wrappedseveral layers (>10) of thin
aluminized Mylar, as can be seen in Fig#d, and a special sheet composed of
insulating fabric sandwiched between 2 thick layefsaluminized Mylar, absorbing

infra-red radiation.
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3.3.2 Xenon circulation and purification

In order to continuously purify the xenon, removihg electronegative impurities such
as water, oxygen or carbon dioxide that degradeathieation and scintillation signals,

WILIX has a closed circulation system which extsatijuid xenon from the IVC,

converts it to gas in a heat exchanger, passdwatugh a getter based purification
system and feeds it back into the IVC. The gasuutaton system was designed having
in mind the necessity for vacuum pumping and fghhiemperature baking, from 100°C
to 150°C. All the piping components are manufacturem stainless steel and were
thoroughly cleaned before installation and bakedeuwacuum pumping. Metal gaskets
were used throughout the system (stainless steeth#®o Swagelok VCR tubes and
connectors and copper for the large IVC flange)jlavthe use of Viton gaskets is
limited to the circulation pump. The gas system wasoughly helium leak tested

down to ~1G mbar/I*s.

Circulation pump

The circulation pump used on the system is a KNE4S SV.12 E diaphragm pump
with a double diaphragm system. Its operation lisstitated in Figure3.11. All the

diaphragms and O-rings are made of Viton mateFiad pump is of the dry type since it

does not use oil in the transfer volume, avoidiagtamination of the xenon.
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Figure 3.11 — A) Photograph of the KNF pump with pressure relieve valve installed on

output and B) Simplified diagram of the circulation pump. 1) outlet valve, 2) inlet valve,
3) transfer chamber, 4) working diaphragm, 5) inter-diaphragm space 6) hole for inter-
diaphragm space pressure monitoring, 7) safety diaphragm, 8) eccentric, 9) connecting

rod and 10) pump drive.

The working diaphragm is moved vertically by the eccentric and connecting rod.
In the downward motion xenon gas is aspirated through the inlet valve due to a decrease
in pressure which also closes the outlet valve. In the upward motion the gas is pushed
out through the now opened outlet valve. The volume of the transfer chamber is
hermetically separated from the outside by the working diaphragm and a second, safety
diaphragm. Since the working diaphragm is under strong mechanical stress the safety
diaphragm (under less stress) installed underneath the working one prevents any
possible leak developed in the working diaphragm to/from the outside — with

consequent loss of xenon.
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Getter based purification

To remove impurities from the gaseous xenon a camialeéSAES MonoTorr Phase I
model PS4-MT3-R-2 heated zirconium based getteisesl.Zirconium is an effective
absorbent since its surface bonds with virtually aan-noble gas species including, O
H.O, No. The purifier heats the getter element to a teatpes of several hundred
degrees Celsius, which encourages impurities tteabanded to surface sites to diffuse
into the bulk, leaving the surface available fodiadnal gettering. Impurity levels for
H.O, O, Hp, CO, CQ, CH, and N are reduced to the parts per billion levels. The
single-pass purification efficiencies were measutedoe greater than 99.99% and
99.9% for Q and N, respectively. These values were measured atva ifite of
12.6SLPM, and at the default getter temperatudDOf°C. These values are expected to

further improve using lower flow rates.

3.3.3 Internal vacuum chamber (IVC) volume

Inside the inner vacuum chamber, or IVC, severkigkams of xenon are condensed
and maintained in liquid state by the Polycold PC@otiger. A multipurpose support,
or bath, was designed and machined from a largekkdb Teflon providing a platform
for detector or time projection chamber assemblyhwirovisions for a cryogenic
photomultiplier. This bath allows directing the did xenon flow through the central
core for efficient extraction and several tempa®@and capacity sensors were installed
throughout. The Teflon bath is represented in E@ui2 with sensor placement points

highlighted.
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Figure 3.12 — AutoCAD design of the Teflon bath with sensor location highlighted.

The sensors installed in the Teflon bath serve several purposes: to monitor the
temperature inside the IVC at two different heights, to sense the level of liquid xenon
and finally to sense the tilt of the chamber. A cold-cathode vacuum sensor was also
installed on the IVC in order to measure the pressure when vacuum pumping and a
MKS Baratron is used for measuring xenon gas-phase pressure.

The temperature sensors installed are two Lakeshore PT-111 PTRs and they are
placed in drilled holes on the top and bottom of the Teflon bath. They are held in place
by Teflon wedges. The electrical connection to each of these sensors is made in a 3-wire
scheme to a PACSystems RX31 Universal Analog Input Module.

The capacitive sensors are manufactured as hollow stainless steel cylinders, into
which liquid xenon is allowed to flow in, with an internal conductor. The walls of the
cylinder, the internal conductor and the liquid xenon form a capacitor with the liquid

xenon being a portion of the dielectric. As the level of liquid xenon changes a
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corresponding change in capacitance occurs, wisidhen transmitted over shielded
cables to dedicated electronic equipment for pings logging and display. Five of
such capacitors sensors are installed: one largactar spanning the height of the
Teflon bath and a smaller one installed inside gbel from where liquid xenon is
extracted. The remaining three capacitor sensors imstalled on the rim of the Teflon
batch 120° apart. The purpose of these sensors detect the tilt of the chamber
provided sufficient sensitivity is achieved.

The temperature and capacitive sensors are cathégt a 19pin Accu—-Glass
ultra-high-vacuum (UHV) PEEK connector to a UHV edthrough flange and to the
exterior.

The internal volume machined in the Teflon blo&vas room for installation of
several components: from single stage THGEM detgatperating immersed in the
liquid xenon, along with high transparency meshes acomplete photomultiplier tube
assembly, to a future time projection chamber itieight of 43 mm (if using a R6061
PMT) and a diameter of 107 mm that will be usedlie GPM.

Below, in Figure3.13, typical temperature and gas-phase pressukitien
plots are represented, as measured during a cquitase. The temperature curve shown
corresponds to the topmost sensor on the Teflockblbhe IVC is initially filled with
approximately 2 bar of xenon. With the cryocoolar aperation the pressure and
temperature of the gas gradually decrease — ircttge the average rate of temperature
change was about —0.92 K/hour. During the followttays xenon gas is periodically
introduced to approximately 2bar and eventuallyitigxenon begins to form on the
bottom of the IVC. The presence of liquid xenorcamfirmed when the capacitance

from the large capacitor gradually increases, pesented in Figurg.14.
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Figure 3.13 — Temperature and pressure logs registered during cooling and filling the
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Figure 3.14 — Measurement (proportional to capacitance) of the large capacitor.

3.4 Large electrode preparation and testing

3.4.1 Leak current measurement

In order to have some preliminary indication about the quality of each of the THGEM

electrodes, a setup was used that permitted the biasing of one the electrode faces while
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the other was connected to a grounded and disclpaogected picoammeter. The setup
allowed the installation of an electrically ins@dtTHGEM in a closed vessel while
constantly flushed with pure nitrogen gas. By apyg\yincreasingly higher voltages, up
to the sparking limit, and recording the electricairrent on the picoammeter the
THGEM leakage current versus applied voltage cadgebermined.

The THGEM electrodes that showed the lowest lealkagrent were considered
potential candidates for installation on the GPMilay the ones that showed that
highest were reprocessed with the standard cleangthod: 1) Cleaning the electrode
with doubly deionized water followed by 2) 30 miestin an ultrasonic bath of iso-
propyl alcohol followed by 3) 1 hour in 60° and nhi®llowed by 4) 2 hours at 95°.
After this procedure they were re-tested. The gatthat was used for selecting “good”
electrodes, in terms of leakage current, was thraariy applied voltage up to 1.5 kV on
the THGEM electrode, the current measured on theapnmeter after 10 minutes of

stabilization, should be lower than 0.5 nA and pnés10 significant fluctuations.

3.4.2 Optical discharge localization

Each THGEM tested was thoroughly flushed with dpygals (not high pressure air) and
installed in a chamber with a large Mylar windoveTwindow provided unobstructed
view of the full area of the THGEM. Each THGEM waisised on the top electrode
while the bottom electrode was kept at ground gakmhe chamber was flushed with
pure helium gas — which decreased the THGEM digehaoltage from ~1800 V to
~500 V. A large number (~£pof individual discharge events were recordeddach
THGEM with a FLI CCD camera (512x512pixels) set #or exposure time of 0.2

seconds, through a Nikon Nikkor /1.6 50 mm objextiThe camera was cooled by an
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internal Peltier cooler and was set for continuous frame acquisitions, from which only
the frames where discharges could be seen were selected. The system used is
represented in Figure 3.15. Each frame was then processed in MatLab and the position
of each discharge event was localized and recorded. In Figure 3.16A, the illuminated
THGEM electrode is shown framed in the image as to occupy most of the area possible,
while in Figure 3.16B a typical recorded discharge is shown, as localized by MatLab.
Each of the localized discharge events are then plotted according to its position and the
number of times a discharge was initiated by the same hole was determined for each

THGEM. This provided a clear indication of a damaged hole or area.

Figure 3.15 — Photograh of the setup used for THGEM discharge studies. Gas

chamber, objective and the FLI camera are visible.
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Discharge location

Figure 3.16 — A) Image of an installed THGEM acquired by the FLI CCD camera, and

B) a typical raw image of a discharge.

Electrode 2 800V Electrode 6 1000V

Discharaes "ho-spot”

5 5

Figure 3.17 — Position of discharges after MatLab processing for a “good” electrode (A)
and a “bad” electrode (B). Discharges in B are heavily localized. Scale on right

indicates maximum number overlapping discharge events.

In Figure 3.17 the spatial distribution of discharges is shown for two extreme cases:
for a “good” electrode, Figure 3.17A, and for a “bad” electrode, Figure 3.17B. In the
good electrode the recorded discharges occurred well distributed throughout all of its

area — the round shape of the electrode can clearly be inferred — and only three
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discharges occurred in the same hole, shown bgdlwe bar on the right. In the “bad”
electrode most of the recorded discharges occumradsery localized area (close to the
9 o’clock position) and more than 25 dischargesuoed in the same hole, shown on
the color bar on the right. In this particular casgon close inspection of the
problematic area, it was observed that at somet poitime the electrode was handled
without gloves as witnessed by a fingerprint. Ciegnthe electrode with doubly
deionized water followed by 30 minutes in an ultrés bath of iso-propyl alcohol
followed by 1 hour in 60 °C and 2 hours at 95 °€C doying purposes, improved its
condition dramatically.

The THGEM electrodes that were selected for usedfinainly two criteria: 1 — a
low value of leakage current below ~5%x9@, preferably below 1x1# A, and 2 — the
discharge locations should be somewhat spread tbeearea the electrode, i.e. not

having a “hot-spot” where >10 discharges occuoesl the measurement time.
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Chapter 4 — Cesium lodide

photocathode production and

characterization

4.1 Introduction

The proposal by G. Charpak, in the 1980’s, of ustegium iodide photocathodes
coupled to gas detectors for the detection of Ubtphs p1], opened a window of new
detection possibilities explored in depth by theZBzollaboration, in the 1990'$7)].
The results of this collaboration were importanumderstanding the processes leading
to the improvement of photocathodes, from the ahoicsubstrate and optimization of
deposition procedures to the selection of operamages in order to minimize
photoelectron backscattering, to long-term qualiassessments of deposited
photocathodesbp)] [54).

Cesium iodide has good quantum efficiency in the Wldegion of the
electromagnetic spectrum (100 nm to 200 nm) ankoayjh being hygroscopic its
production is relatively simple and it is signifitly more stable than other types of
photocathodes like bi-alkali or multi-alkali pho&tbodes. Moreover, for the successful
use of a cesium iodide photocathode, a suitablstsatb needs to be used in order to

avoid chemical reactions that dissociate the Gss$ulting in the loss of quantum
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efficiency — studies performed within the RD-26labbration framework have shown
that gold, nickel or aluminum substrates are thetnappropriate. For this reason the

THGEM electrodes used in the GPM are gold-plated.

4.2 Photon conversion in cesium iodide

The process of photon detection with cesium iogidetocathodes relies on the external
photoelectric effect where photons with energy &bawertain threshold are absorbed
by the photosensitive material within a certain tdef@his generates mobile charge
carriers which are ejected from its surface undetatn conditions in a process called
photoemission. The charges are then acceleratednbglectric field and multiplied
generating a measurable current pulse.

Distinctively from the photoelectric effect in mitdeing illuminated by mono-
energetic radiatiorhy, where the maximum energy of emitted photoelestrisngiven

by the relation:

E,=hv—o¢"
and where the work functios\’, is the energy difference between the fully ocedpi
valence band (up to the Fermi level) to the vacamargy level (in gold for example,
#"(Au)=5.1eV), in semiconductors like cesium ioditie xcited electrons are mostly

emitted from the valence band with a maximum engrggn by:

Ek = hy — (Eg +X)
whereE; is the energy bandgap from the top of the valdrar®l to the conduction band

andy is the electron affinity of the specific materalvhich is the energy gap from the
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conduction band minimum to the vacuum energy level. From the literature it can be
established that for Csl, due to experimental uncertainties, there is quite a significant
scatter around the most probable values for the energy bandgap, E,, the electron affinity,
x, and the energy threshold for photoemission, E£,. Combining several authors [55] [56]
[57] it can be established that for CsI E,~6.0 eV, y= 0.2 eV and £,=6.2 eV.

The external photoelectric effect occurring in cesium iodide photocathodes can
be described by the Spicer Three-Step model [58] and [59], which treats the electron
photoemission in terms of three successive steps:

1) Optical absorption of a photon into the bulk of the photocathode leading to

the liberation of electrons into the bulk,

2) The motion of the electrons through the bulk of the crystalline structure of

the photocathode towards its surface, and

3) Escape of the electrons from the photocathode’s surface.

Ei«vhv //_
=
hV hy - Eoo
C.B. X
Ec
/////// /////
VALENCE BAN
3) VAC
EXCITATION ———@TRANSPORT ESCAPE

Figure 4.1 — Representation of the Spicer Three-Step model, adapted from [59].

These three steps are depicted in Figure 4.1. Electrons reaching the surface of

the photocathode can only escape if their energy is greater than the vacuum level. The
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Three-Step model provided the means of understgnghmoto-emitters, and more
generally it has been found to describe photoeomskiom all solids, besides that it
gave the possibility of estimating the yield of hofp-emitter (photoelectrons per
photon) as a function of photon energy. A more sijglated development of the Spicer
Three-Step model by Berglund and Spicé@] [gives the energy distribution of the
emitted photoelectrons.

To determine the basic equation for the quantustdyof a photocathode in the
frame of the Three-Step model it is necessary tcogeize the excitation of
photoelectrons as a consequence of a bulk absorptiect p8. Photons hitting the
photocathode will transverse a certain thicknessnaterial before being absorbed,

meaning that the light intensityafter traversing a thicknegof material is given by:

1(x, ) = I,(hv) * (1 — R(hv))e @)=
where lp(hv) is the initial intensity of photonR(hv) is the photocathodes’ surface
reflectivity and a(hv) is the photocathodes’ absorption coefficient,aagunction of
incident photons’ energyhv. The amount of light absorbed at a distardeom the

photocathodes’ surface can then be given by:

dl(x) = Iy * (1 — R)e™®M)** 4 o x dx
Some of the excited electrons induced by the &lesblight will then travel to
the surface and escape originating from a layer x+dx. The contributiordi(x) from

the layerx to x+dx to the quantum efficiency or yield can then beregped by:

di(x) = Py, (hv, x,dx) * Pr(hv,x) * Pg(hv)
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wherePq,(hv, x, dx) is the probability of exciting electrons above tacuum energy
level in the layex andx+dx, or the “absorption probability,Rr(hv, X) is the probability
that electrons reach the surface with sufficienergp to escape, or “transport
probability” andPg(hv) is the probability of escape of electrons reaghihe surface, or

“escape probability”. WherBg,(hv, X, dX) is given by:

Pyo(hv,x,dx) = apg(hv) * I[(x)dx = apg(hv) *I,(1 — R)e”“dx
where ape represents the part of the photoelectrons thae fenergy higher than the

vacuum energy level and have the possibility t@psclt can also be shown thag]

~(zm)
Pr(hv,x) = e \L()
whereL(hv) is the electron scattering length, since thetedacscattering probability is

proportional to the distance traveled. This waydi¢x), we have:

X
di(x) = apg *Ij(1 — R)e™™* e_(f) * Pg(hv)dx
The quantum efficiency, or yield, for a given waargdth can then be defined as

the ratio between the emitted photoelectrons tatheber of impinging photons.

. aPEP
i g tE
o 1+

where l, = 1/a is the absorption length,/L is the ratio of absorption length to
scattering length andy/« is the fraction of electrons excited above theuuat level,
which normally increases monotonically &s increases above the threshold for

emission E=6.2 eV, for Csl). From this expression it can bserved that in order to
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maximize the quantum efficiency thdp « L, meaning that a large fraction of the
photo-excited electrons contribute to the yield] #mata,;/a andPe should be close

to unity.

4.3 Cesium iodide photocathode evaporation

The Csl photocathodes used in the GPM were deplositeone side of the THGEM
electrodes by Joule effect, on the evaporationpsatailable at the Weizmann Institute
of Science. The THGEM electrode is clean beforehaitid the standard procedure: 1)
flushed with doubly deionized water followed by3f) minutes in an ultrasonic bath of
iso-propyl alcohol followed by 3) baking for 1hoat 60 °C while flushing with pure
nitrogen and followed by 4) baking for 2 hours & @ also flushing with pure
nitrogen. The THGEM electrode is then attachedrtcalminum heater base which
provides some level of annealing before and afegpodition, which enhances the
quantum efficiency of the photocathodd][and [62]. The aim is to maximize the Csl
photocathode quantum efficiency and to improvestasice to short term exposure to air
during the transfer and installation, from the evagion chamber to the GPM. In view
of this the evaporation plant in WIS, schematicalypresented in Figurd.2, was
designed for large area photocathode productiomctmmmodate the large 123 mm
diameter THGEMs and, based on the experience prslyiagyained, provisions were
made in order to have inside the evaporation charabeeating element to heat the
large THGEM surface by conduction prior to evaporatMoreover an in-situ relative
quantum efficiency determination is possible usiag Ar-Hg UV lamp, a
monochromator and monitoring photodiode. A Meisst&p was also recently

designed, manufactured and installed in order fwrave the photocathode evaporation

72



Cesium iodide photocathode production and characterization

conditions, reducing the absolute vacuum level by approximately one order of

magnitude.

monitoring

Monochromator
A=185 nm

| Hg lamp
I

Al reﬂ_ec"ting plate
Csl oven \(diffusive)

Figure 4.2 — Scheme of the Csl evaporation setup by Joule effect.

Before loading the evaporation crucible with Csl, the chamber is vacuum
pumped down to ~1x107 torr and filled with argon. After opening the evaporation
chamber, by removing the glass bell, a sealed vial with Csl (purity of 99.999%) is
placed on the chamber bottom and then opened. A significant amount of CsI powder is
then loaded on the tungsten crucible and the vial is then closed and removed. The
evaporation chamber is then closed and vacuum pumped again down ~1x10"torr. The
Csl loaded on the tungsten crucible is then heated to its melting point (Tgysion = 621 °C)
at high vacuum in order to remove any impurities or humidity before evaporating on a
THGEM electrode (this process is the pre-melting phase).

The THGEM electrode assembled on the aluminum heater base is then installed

under argon atmosphere in the evaporation chamber facing the Csl loaded tungsten
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crucible and vacuum pumped again down to ~Ixidr. With an internal shutter
closed, current is applied to the tungsten cruciinlé gradually increased until melting
begins. At that moment the shutter is opened aacvaporated Csl is deposited on the
opposite THGEM electrode.

The thickness and deposition rate is monitored b8yaon Thickness/Rate
Monitor STM-100 with a quartz oscillator, and malyaontrolled by adjusting the
applied current to the tungsten crucible at a o&t® to 10 A/s to a thickness of ~3000
A. After the deposition procedure the photocurifenin the photocathode is monitored
for 24 hours and the entire evaporation chambénea enclosed in an airtight glove-
bag which is then filled with dry nitrogen. The ggabell of the evaporation is removed
under the nitrogen filled glove-bag and the THGENecgode with the Csli
photocathode, still on its aluminum heater basetramsferred to a transportation
chamber and sealed under nitrogen. The transportathamber with the THGEM
electrode is removed from the glove-bag and it edher be a) transferred to the
nitrogen filled glove-box for installation on theP®! or b) coupled to a McPherson 302
vacuum monochromator for a precision measuremenhefphotocathodes’ quantum
efficiency. The measurement in the vacuum monochtorrexposes the Csl to air for a
few seconds during installation so this step isaligwonly used for calibrating the in-

situ measurements in the evaporation chamber.

4.4 Photocathode characterization

The quantum efficiency can be estimated, in-siyujlominating the photocathode with
light from an Oriel Hg(Ar) calibration lamp wavelgih selected to 185 nm using an

Oriel monochromator model 77250 flushed with puteogen gas. The light intensity is
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monitored using a UV beam-splitter and a far-UVssire Hamamatsu S1722-02 Si
PIN photodiode. By comparing the measured photeatrfrom the photocathode,
normalized to the light intensity from the photadio with previous measurements with
other photocathodes with a known quantum efficiedetermined with a McPherson
302 vacuum monochromator, the quantum efficiencythe photocathode can be
estimated to within £10%. This is a relative quantefficiency measurement.

To determine the absolute quantum efficiency ohatpcathode its photocurrent
is measured as a function of wavelength in a Mc&iteB02 vacuum monochromator,
equipped with a deuterium light source, versuspti@ocurrent of a Ball Aerospace far-
UV vacuum photodiode (s/n: 1-926) calibrated by Metional Institute of Standards
and Technology (NIST). The photodiode is operatétth w150 V bias, has a cesium
telluride photocathode, a magnesium fluoride windowl a precisely known quantum
efficiency curve (to within 6% between 1164 A ar@d@ A). The monochromator is
equipped, at the exit port, with a 1m focal lengtilimator which collimates and
reduces the light spot size to ~8 mm. Moreoventdmmium monochromator has a third
port, besides the entrance and exit ports, wheretinrent from a phototube operating
in collection mode allows monitoring the light ingaty for normalization. The currents
are measured by Keithley 610C pico-amperimeters.Figure 4.3 is shown the

simplified schematic of the vacuum monochromattuse
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Figure 4.3 — Simplified schematic of the CsI photocathode quantum -efficiency

measurement setup with the McPherson 302 monochromator.

The quantum efficiency of a Csl photocathode, QFE¢/(4), as a function of the

wavelength is then determined according to the following equation:

ICsI (/1) " IMonitorBall(/l)
IBall(A) IMonitorCsI(/D

Where QFp.i(A) is the known quantum efficiency of the Ball Aerospace photodiode,

QE¢si(A) = QEpqy(A) *

Icg(2) is the measured photocurrent of the Csl photocathode, Ip,(4) is the current
measured from the Ball Aerospace photodiode, Iyonitorsai(4) and Iyoniorcsi(A) are the
currents from the monitoring PMT during measurement with photodiode and
photocathode, respectively. In Figure 4.4 is represented the quantum efficiency of the
Ball Aerospace photodiode and respective error bars, as stated in the original NIST
certificate of calibration from 1993, and the recalibrated quantum efficiency

measurement performed in 2015. A decrease of ~12% at 175 nm from the original value
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was observed, representing a decay of ~1% per year, which is within the <3% per year

likelihood drift stated by NIST.

Ball Aerospace Photodiode Quantum Efficiency (S/N 1-926) \

- -
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Figure 4.4 — Quantum efficiency of the Ball Aerospace photodiode from the original

1993 NIST calibration and from the recent 2015 calibration results.
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Figure 4.5 — Measured quantum efficiency of several Csl photocathodes as evaporated

on freshly cleaned THGEM gold-plated electrodes. Also represented is the RD-26

reference.
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Figure4.5 shows the typical result of the quantum effickemeasurements for several
Csl photocathodes we deposited on gold plated THEEKMwas observed that for a
wavelength of 175 nm the quantum efficiency usuadnged from 24% to 30%,
decreasing for higher wavelengths: at a waveleafj#05 nm the quantum efficiency is
already significantly reduced to ~1% — 3%. The meas quantum efficiency values
compare very positively to the RD-26 Collaboratreference value also represented in
Figure 4.5. The photocathodes used for these measuremwen¢ésonly exposed for a

few seconds to air during installation in the vaoumonochromator.
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Chapter5— Large area gas

photomultiplier

5.1 Introduction

Large area THGEMs were manufactured by Eltos S.mAltaly according to our
designs and specifications. To accommodate theelamgea THGEMs a gas
photomultiplier assembly was designed, assembledtested. The design took into
consideration the future application of a Triple-Quadruple-THGEM detector with a
segmented anode for position recording in theiostr space of the WILIX cryogenic
system. All the materials were selected keepingnind their use in a high vacuum
system so their outgassing should be minimal tadamowanted degradation of the Csi
photocathode. The materials used were stainlest 3dL, oxygen-free high thermal
conductivity copper (OFHC), polytetrafluoroethyled@TFE or Teflon), Polyether-
ether-ketone (PEEK), Kapton tape for insulation4Féth the electrodes and readout
plane, and indium foil for thermal coupling of teemgture sensors and heaters.

The selection of the operating gas mixture for @GiM was a compromise
between permitting high photoelectron extractioiicieincy from the photocathode at
low fields and achieving high gains at relativadylvoltages for the detection of single-
photons and safe operation. A secondary consideratas that the mixture should be
relatively fast and with small diffusion propertiisat would affect the localization

accuracy. Calculations were performed that combigledtrostatic simulations, based
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on the available electrode geometries, and puldistdata on the photoelectron
extraction efficiency from Csl photocathodes ineveral Ne, Ar, Cii and Ckg gases
mixtures, in order to determine the mean photoelacextraction efficiency for each of

the geometries and each gas mixture, for eachresatic condition applied.

5.2 Overall extraction efficiency calculation

The UV-detection efficiencyspg, of @ THGEM based GPM can be described as the

probability of detecting an incoming photon as a=$gnal over the detector noise:

€pet = QEff * prob(signal > noise)
Since signal formation on the GPM is initiated bg tonversion of a photon to
a photoelectron on the photocathode this processadagly dependent on the effective
quantum efficiency, QE«), of the Csl photocathode deposited on the filstteode as
described by the following expressi@fy:

QEcrr = QF “ Acst * €ext * €col

WhereQE is the intrinsic quantum efficiency of the Csl pbaathode’s for the
175 nm wavelengthicy is the fraction of the THGEM area covered by Gsl,is the
extraction efficiency of photoelectrons into thes gaixture for a certain electric field
value and is the photoelectron collection efficiency int@ tRHGEM holes.

Through simulations it was found that, for null cttec field above and below
the THGEM electrode, the electric field on the aod of a THGEM electrode shows a
strong dependence with the applied voltage diffeeebhetween the top and bottom

electrodes and with its geometrical parameters haiie distance between holes
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(parameter “a”), the hole diameter (parameter “d”), its rim size (parameter “h’) and the
thickness of THGEM (parameter “t”). In Figure 5.1 the geometrical parameters are

shown:

Figure 5.1 — Representation of the geometrical parameters used to define a specific

THGEM.

Surprisingly, it was also found to depend on the thickness of the conductive
cladding to a large extent. (This last parameter is not easily controllable since its
thickness is dramatically reduced during the process of rim etching.). In Figure 5.2 is
shown the calculation results, calculated using Maxwell software [64], for the electric
field magnitude variation in the equidistant point to the center of three holes i.e. the
minimum, for several rim sizes and cladding thicknesses. Each parameter was changed
keeping the other parameter unchanged. The voltages, electrode thickness, hole pitch

and hole diameter are fixed.
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Figure 5.2 — Variation of the minimum electric field magnitude on the electrode surface

varying the rim size and cladding thickness.

The calculation results show that an increase of the rim size leads to an increase
of the magnitude of the minimum electric field on the electrode surface while an
increase in cladding thickness leads to a reduction in the magnitude of the minimum

electric field.

The electric field on the photocathode surface, as function of the voltage applied
across the THGEM, was calculated using Maxwell software [64] in 2 um resolution
(see for example Figure 5.3), for the THGEM geometries available (A — pitch “a” = 0.8
mm; hole diameter “d” = 0.4 mm; thickness of the substrate “t” = 0.4 mm; rim around
the hole “h” = 10 pum; thickness of the gold layer Au = 33 um; B — a=0.8 mm; d=0.4
mm; t=0.4 mm; h=50 pm; Au=64 pm; C —a=0.7 mm; d=0.3 mm; t=0.4 mm; h=10 um;
Au=33 um; D — a=0.7 mm; d=0.3 mm; t=0.4 mm; h=50 um; Au=64 um). The
photoelectron extraction efficiencies from Csl into CHa, CF4, Ne/CF4, Ne/CH4 and

Ar/CHy4 as function of the drift field in a parallel plate configuration, were simulated and
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measured by several authors, using a UV lamp (185 nm peak) [63], [65], [66], and are
shown in Figure 5.4 for convenience. The extraction efficiency, in each point of the
photocathode surface, was estimated using the calculated electric field data and the data
from Figure 5.4. The extraction efficiency for electric fields larger than the maximum
electric field of the data from Figure 5.4 was done by extrapolation (taking 1 as the
upper limit for extraction efficiency). The overall extraction efficiency for a given
geometry and applied bias, was taken as the average of the extraction efficiency over all

the points on the photocathode surface.

ELY/m]
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Au=33 um

Figure 5.3 — Electric field intensity map on the THGEM surface for THGEM geometry:

a=0.8 mm, d=0.4 mm, t=0.4 mm, h=0.1 pm and cladding thickness of 33 um.
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Figure 5.4 — Photoelectron extraction/transmission efficiency from Csl into various
mixtures of CHy, CF4 with Ne and Ar as a function of the applied electric field using a

UV lamp (185 nm), figures adapted from [65], [66] and [63].
The overall extraction efficiencies as a function of the electric field for Ne/CHg,

Ar/CH4 and Ne/CF4 for four gold coated-THGEM geometries are shown in Figure 5.5,

Figure 5.6 and Figure 5.7, respectively. For geometry A, extraction efficiencies above
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0.7 (and below 0.8) were estimated for Ne/CH4 with CH4 concentration >50% or

Ne/CF4 with CF4 concentration >10% and voltages above 400 V. For Ar/CHy, extraction

efficiencies of ~0.8 were estimated for voltages above 400 V.
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Figure 5.5 — The overall extraction efficiencies as a function of the electric field for

Ne/CHy, for four gold coated-THGEM geometries; A- a=0.8 mm; d1=0.4 mm; t=0.4

mm; h=10 pm; Au=33 pm; B- a=0.8 mm; d1=0.4 mm; t=0.4 mm; h=50 pm; Au=64 pm;

C- a=0.7mm ; d1=0.3 mm; t=0.4 mm; h=10 pm; Au=33 um; and D- a=0.7 mm; d1=0.3

mm; t=0.4m mm; h=50 um; Au=64 pm.
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Figure 5.6 — The overall extraction efficiencies as a function of the electric field for
Ne/CF4, for four gold coated-THGEM geometries; A- a=0.8 mm; d1=0.4 mm; t=0.4
mm; h=10 pm; Au=33 pum; B- a=0.8 mm; d1=0.4 mm; t=0.4 mm; h=50 um; Au=64 um;
C- a=0.7 mm; d1=0.3 mm; t=0.4 mm; h=10 pm; Au=33 um; and D- a=0.7 mm; d1=0.3

mm; t=0.4 mm; h=50 pm; Au=64 pum.
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Figure 5.7 — The overall extraction efficiencies as a function of the electric field

for Ar/CHy, for four gold coated-THGEM geometries; A- a=0.8 mm; d1=0.4 mm; t=0.4

mm; h=10 pm; Au=33 pum; B- a=0.8 mm; d1=0.4 mm; t=0.4 mm; h=50 um; Au=64 um;

C- a=0.7 mm; d1=0.3 mm; t=0.4 mm; h=10 pm; Au=33 um; and D- a=0.7 mm; d1=0.3

mm; t=0.4 mm; h=50 pm; Au=64 pum.
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It can be observed that enlarging the rim and thetlickness increases the
extraction efficiency by a few percent, for certamltages (compare Figufe5A to B
and Figures.5C to D). Reducing the pitch decreases the eidraefficiency by a few

percent, for certain voltage (compare FigbieA to C and B to D).

5.3 GPM description

The GPM was designed to be compatible with the Waim Institute Liquid Xenon —
WILiX system (described ir8.3 and in ¢7]) for liquid xenon scintillation detection
experiments. For preliminary tests a room tempeeathamber was designed and built
to accommodate the GPM and ancillary instrumentafidie general GPM structure is
represented in Figurg.8. It is composed by four or five circular THGEAEctrodes
with a diameter of 12.3 cm, the last of these beisgd as an anode for charge readout,
with a fused silica viewport allowing UV photons @mter the detector space and
impinge in the Csl photocathode. Photoelectronsaetdd from the photocathode are
drifted in the holes of the first THGEM, due to tleffect of a dipole field, and
multiplied by electron avalanche within the THGEMsles due to the presence of a
high electric field. The multiplied electrons aheh extracted from the holes of the first
THGEM, by application of lower electric field, ardtifted towards the holes of the
second THGEM where they are further multiplied.sTprocess occurs a further one or
two times, depending if the detector is operateth vai triple stage or a four stage
electron multiplier. Finally the electrons are thdf towards the readout electrode where
they induce a current pulse which is then readaotlt @ur electronics.

In Figure5.9 is represented the design of the THGEM eleesaosiith all of the

dimensions highlighted. The actual active area isiraular region of 10.4 cm in
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diameter, corresponding to an area of ~340 cm?. For comparison, the active area of the
largest vacuum devices available for cryogenic applications is ~182 cm?, corresponding

to the 3 inch devices — practically half of the active area of our detector.
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Figure 5.8 — Simplified schematic of the GPM assembly.
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Figure 5.9 — Detail of the design of the large area THGEMs used in the GPM,

highlighting all the dimensions.

5.3.1 Voltage, signal and gas feedthroughs

The GPM was designed with flexibility in mind. For that purpose a wide selection of
electrical feedthroughs were installed: for high voltage biasing of a multi-structure
detector eight 10 kV grounded SHV feedthroughs; for low voltage and signals six
floating-shield BNC connectors and for temperature monitoring and control a multi-
purpose Sub-D -Double-Ended 15 Pin connector. These feedthroughs and connectors
were laser welded through a CNC machined 8” ConFlat blank flange represented in
Figure 5.10. For counting gas and cooling N, circulation, four cryogenic fluid-
feedthroughs were also installed via 1.33” ConFlat flanges terminated in ultra-high-

vacuum % VCR connections.
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B
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6x Floating BNC feedthroughs
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1x Sub-D 15-pin
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8x 10kV SHV
feedthroughs

Figure 5.10 — A — Autodesk Inventor design for the CNC machining of the 8’ CF
flange and, B — Photograph of the machined 8” CF with the welded SHV, BNC, Sub-D

feedthroughs and installed cryogenic gas feedthroughs.

After welding the feedthroughs and connectors, the whole assembly was
thoroughly clean with petroleum-ether followed by isopropanol and leak tested with a
Pfeiffer QualyTest HLT-270 He leak tester. The maximum leak rate observed over all

the welds and connectors was a few times 107" mbar*1/sec.

5.3.2 Temperature monitor and control system

By design, the GPM assembly will inevitably feel a thermal gradient from ~300 K, on
the top flange exposed to air, to ~180 K at the point closest to the LXe. The GPM will
sit between these extremes. In order to ensure that the GPM will be close to thermal
equilibrium with the LXe and that the incoming counting gas will not add a significant

heat load while circulating, a temperature control system was designed to minimize the
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thermal gradient on the GPM and to thermalize the incoming gas. Part of the system is
shown in Figure 5.11. It consists in an OFHC copper block, onto which the GPM
detector is assembled, machined in a way as to allow a cooling flow of cooled nitrogen
vapor through it, while simultaneously cooling the counting gas flowing into the GPM
volume, efficiently diffuse it near the THGEM electrodes and allowing the exhaust to
the outside. The cooled nitrogen vapor circulates in a sealed spiral circuit within the
bottom of copper block while the counting gas zigzags on the upper side before being
released in the GPM volume through two openings, then returning through one exhaust
to the outside, as shown in Figure 5.12. Top and bottom covers were welded to copper
block and high vacuum stainless steel tubes were brazed to the gas ports that in turn
connected to the four fluid feedthroughs on the top 8 CF flange via 4” VCR

connectors.

2x PT100
sensor

2x 25W
Heaters

2x Gas 1x Gas
inputs Output

AV,

Figure 5.11 — Bottom view of the cooling copper block during leak testing after brazing

and cleaning. The locations of the temperature sensors and heating cartridges are also

visible.
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Counting gas circuit Cooling LN, vapor circuit
(Top) (Bottom)

Figure 5.12 — Representation of the counting gas flow circuit (A, on the right) and LN,

vapor cooling circuit (B, on the left).

A pair of Lakeshore PT-111 platinum resistance thermometers (PRTs) are
installed in the copper block with a small amount of indium foil for thermal coupling,
close to the gas input and output respectively, allowing to monitor the overall
temperature of the copper block as well as any temperature gradient between the input
and output gas lines. Each PRT is wired in a 4-wire connection method for high
accuracy. To provide heating power, two 50 W cartridge heaters were installed inside
the copper block, with indium foil for thermal coupling. Their high voltage connection
wires were shielded with grounded silver-plated copper-braid to prevent RF emissions
inside the GPM volume. The described sensors and cartridge heaters were connected to
a Cryo-con 24C Cryogenic Temperature controller through the Sub-D Double-Ended 15
Pin connector. The Cryo-con 24C Cryogenic Temperature controller implements a
Proportional-Integral-Derivative control response to the cartridge heaters as function of
the measured temperature. The cooling power is provided by the vapor phase of a ~90 1

LN, dewar, connected to the cooling base through a cryogenic hose.
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5.3.3 Gas system

The GPM can be operated either in gas flow modeevhas composition and flow-rate
are controlled via two MKS mass-flow controllersimisealed mode where gas mixture
composition is manually regulated. The schematithef gas system for the GPM is
represented in Figur®&.13, highlighting its major components. The gasteay is
provided with a vacuum pump (for initial gas fijjy a nitrogen flushing line (for
flushing during photocathode installation) and tmass-flow controllers (MFCs). The
MFCs are calibrated and the maximum deviation weetked to be 1.4% full scale, at
200 sccm. The MFCs are connected to an MKS 247B-atr where the appropriate
gas correction factors are introduced to proviadedbrrect flow rates of Ne, Ar, GHbr
CF, for mixing. The gas mixture flows through an Emiedsatekeeper model 35KF
inert gas purifier which removes,OH,, CO, CQ, and HO to sub-ppb (parts-per-
billion) levels. A control loop consisting of an MK250 Pressure/Flow controller, an
MKS 121 pressure transducer (baratron) and an MEB&J lall-metal control valve
maintained the gas pressure in the GPM at a glightl.05 atm) higher value than
atmospheric pressure. Prior to the introductiorga$, the GPM chamber is vacuum
pumped down to ~IBtorr with a turbo molecular pump. The gases usew wesearch

grade Ne N4.8 (Ne 99.998%), Ar 5.0 (99.999%) and! G#5.5 (CH4 99.9995%).
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Figure 5.13 — Schematic of the gas GPM gas system.

5.4 Room temperature tests

The GPM detector for these set of experiments was composed by the copper cooling
base, a PEEK support, five THGEMSs and an electroformed copper mesh. The geometry
of the THGEMSs used were: 0.4 mm thick, 0.4 mm hole diameter, 0.8 mm pitch and 10
or 50 pm rim. The copper mesh (70 wires per inch with 90% transmission) was placed
3.9 mm away from the first THGEM. The transfer gaps between the THGEMs were set
at 1.9 mm by PEEK spacers assembled on PEEK pillars to the PEEK support. The last
THGEM (THGEM, in Figure 5.8) was used as a non-segmented anode by
interconnecting the top and bottom electrodes. The distance between THGEM,4 and the
PEEK support is 15 mm. Note that this anode will eventually be replaced by the 61pads
segmented readout. A photograph of the assembled GPM detector can be seen in

Figure 5.14.
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Figure 5.14 — Photograph of the assembled GPM detector on the copper cooling base
ready to install. Petri dish on the front protects the mesh during transfer and is removed

before installation.

5.4.1 Current mode measurements

Initial tests were performed without a CsI photocathode and an Oriel model 6035
Hg(Ar) lamp (peaking at 184.9 nm) powered by an Oriel model 6060 DC power supply
was used to extract photoelectrons from the gold plated THGEM electrodes, before Csl

evaporation. The photoelectrons were amplified in the THGEM holes due to electron
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impact ionization. The current on the various electrodes was measured with a Keithley
610C electrometer. All THGEM electrodes were biased with independent CAEN
N471A power supplies. The current measured on the last stage was normalized to the

extraction current measured between the first THGEM and the mesh.

Results

In Figure 5.15 the gain measurement results obtained with the GPM at room
temperature are represented for Single—, Double— and Triple-THGEM configurations in
Ne/CHy4(95:5). The maximal gains shown correspond to the onset of discharges at a rate
of approximately 1/min. One can see the increase in maximal gain from 3x10° to 4x10°

to 4x10° in Single—, Double— and Triple~THGEM configurations, respectively.

= Single-THGEM (Em=0kV/cm, EN=1kV/cm)
Double-THGEM (E,,,=0kV/cm, E =E,_=1kV/icm)

Transfer

o Triple-THGEM (E_ =0kV/em, E__  =E_=1kV/cm)
107 T T T T T
Un-filtered Hg(Ar) lamp g
10%4| Au photocathode .
3 o 3
N, flush: 10ccm
10° °
1 o 1
Ne/CH s g
.(% 10* e/CH, (95:5) P
é 1/ Flow: 100ccm ° 1
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aq:" 2 oo I -
o 1074 o " 1
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1 < s - 1
-
L
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AVTHGEM (V)
Figure 5.15 — Effective gain curves as a function of the voltage applied to each THGEM
(AVtugem) measured in current mode for Single—, Double— and Triple-THGEM
configurations in 796 torr of Ne/CH,4 (95:5).
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5.4.2 Pulse mode measurements

For these tests a Csl photocathode was evaporatéftedirst THGEM electrode. The
methods used for the cleaning of the electrodeth®iphotocathode evaporation and the
transfer and installation of the electrode + phatbode were already described
in Chapter 4. Using a strongly attenuated self-digghgr flashed H lamp (UV
emissions peaking at 157.8 and 160.8 nm) and gahagacquisition chain with a
trigger from the discharge lamp pickup it was plolgsio determine the detector gain
with single photoelectrons. The light attenuaticasvdone using a combination of Oriel
UV neutral density filters and GEM foils in a wdyat only one out of four lamp pulses
were accompanied by a GPM pulse — translating@ & pulse rate of approximately
15 Hz. The schematic of the electronic chains jpgagented in Figurb.16. The GPM
anode is connected to a Canberra 2006 charge igengieamplifier followed by an
Ortec 572A linear amplifier and an AmpTek 8000A MCHe acquisition of the MCA
was set in coincidence with a trigger adapted ftbenpickup provided by the flashed
lamp. For each lamp flash a strong signal was gée@ron a series attenuator. This
signal was then provided to an Ortec 934 constactibn discriminator followed by a
CAEN N89 NIM-to-TTL converter followed by an Ortde?2 linear gate stretcher. The
linear gate stretcher provided a TTL signal, fotedto be in coincidence with, and at
least 1is longer than, each detector pulse, which wasdele coincidence input of the
MCA gate. The charge pulses from the Canberra pkfen were also visualized and

recorded in an Agilent DSO-X 3034A oscilloscope.
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Figure 5.16 — Schematic of the electronic chain use for gain determination with a

flashed H; lamp.

In order to determine the absolute effective gain of the GPM detector the charge
sensitive pre-amplifier and the electronic chain were calibrated using the circuit shown
in Figure 5.17. The test input provided in the preamplifier was not used in order to take
into account the possible effects of the connections from the detector to the preamplifier,
moreover, to be as close as possible to real measurement conditions, the same cables
and connections were used (whenever possible). Instead an external calibration

capacitor was used.
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Figure 5.17 — Schematic of the setup used for charge calibration

The setup for calibration includes: 1) a wave form generator (internal module of
Agilent DSO-X 3034A), 2) a variable attenuator Kay Electric Co. model 430B, 3) a
standard calibration capacitor consisting of an encapsulated RC circuit with R=100 Q
and Cqip=3.5 pF for charge injection, 4) a Canberra 2006 charge sensitive pre-amplifier
(S/N: 13000740), 5) an Ortec 572A linear amplifier and 6) an AmpTek 8000A multi-
channel analyzer.

The waveform generator is connected to the input of the attenuator, providing
exponential voltage pulses (variable amplitude, rise time of ~17 ns and decay time of ~3
ms, at a frequency of 75 Hz, with high impedance). The attenuator (50 Q input
impedance) provides discrete levels of attenuation from 10 to 51 dB and the signal
output (Veun) is recorded by the Agilent DSO-X 3034A oscilloscope at 1 MQ
impedance, AC coupling. The signal is then introduced to the input of the calibration
capacitor (C.qp), Which in turn is connected to the input of the charge sensitive
preamplifier through a length of cable equivalent to that used in the real detector,
injecting a charge Qcqin=CeaiinVeaip In the preamplifier input — thus simulating charge
pulses from the anode of the GPM.. The output of the charge sensitive preamplifier is

recorded by the same oscilloscope at 1 MQ impedance, AC coupling. The signal is then
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connected to the input of the ORTEC 572A linear l#rep The pulse from the linear
amplifier is taken to the multi-channel analyzed d@he pulse-height spectrum is saved
and the peak position is determined.

For several values of.ip (hence several values Qkain) the centroid of the
corresponding channel in the pulse-height specisutaken. In this way a calibration

curve of the amount of charg®arge, Versus MCA channeth, can be determined:

Ccalib X Vc

— Qcalib — alib —
n= /Qelectron - /Qelectron =axch+b

Whereggezon is the elementary electron charge or 1.602%00
For each detector voltage configuration the obthipalse-height spectrum was then

fitted to an exponential distribution:

_x
Q:A*e c

In Figure5.18 is represented a typical single photoelecspectrum obtained
with the GPM in a Triple-THGEM configuration. Alsepresented on the same image is
an exponential fit to the data points. The voltagpplied were Wesi=V1opi=-3250 V,
Viottomi=-2300 V, Viop=-2100 V, Vpottom=-1250 V, V1053=-1050V, V gottomz=-200 V,
corresponding toAV1hcem1=950 V, AVrtheem>= AV1ucemz=850 V and Hansfert
Etranster= Enducior=1 KV/cm. From the fit it can be determined that thean charge of
the distribution is ~16.4 + 0.1 fC, correspondimga detector gain of ~1x10The
selection of an asymmetric voltage distributionoasrthe stages of the GPM serves to
maximize the voltage on the first stage electrodbe-electrode with the evaporated

photocathode — hence maximizing the photoelectxtraetion efficiency.
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Figure 5.18 — Typical single-photoelectron spectrum operating obtained with the Triple—

THGEM GPM configuration in ~1.1 bar of Ne/CH4(80:20)

Results

In Figure 5.19 are represented the charge gain results obtained with a Triple—and Quad—
THGEM GPM at room temperature with single—photoelectrons extracted from the Csl
photocathode with the H, flashed lamp in ~600 torr of Ne/CH4(80:20) gas mixture. The
maximal gains correspond to the appearance of discharges at a rate of about 1/min. The
voltage division across the stages was set asymmetrically in order to maximize the
extraction efficiency on the first stage between 1000 V and 850 V, for Triple— and

Quad-THGEM setups, respectively. The maximal gains recorded were ~3x10° and

~1x10°, for Triple— and Quad—-THGEM setups, respectively.
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Figure 5.19 — Gain measurement as a function of the voltage difference applied to the
THGEMs of the cascade, except the first, for a Triple— and Quad—-THGEM GPM
configuration in Ne/CH4(80:20), using single-photoelectrons from a flashed H, lamp at

room temperature.

5.5 Cryogenic characterization

The GPM assembly was installed in the central shaft of WILiX, as shown in
Figure 5.20, above a UV transparent window with a 35.6 mm clear aperture (MPF
A0650-2-CF, with Corning HPFS 7980 fused silica). The window transmission was
measured to be 90% at 175 nm. The GPM prototype investigated in this work, shown
in detail in Figure 5.14, comprised a cascaded structure of three THGEMs with a pitch
of 0.8 mm between the hole-centers, hole-diameter of 0.4 mm and the width of the
etched rims was 50 um. The Cu layer thickness (after etching) was 64 um. The transfer
gaps between the stages, as well as the induction gap between the third THGEM and
readout plane were 2 mm wide. The readout plane (anode) was a whole, un-segmented

unit. An electro-formed Cu mesh with 85% transparency (Precision Eforming, MC17)

103



Large area gas photomultiplier

was set 3 mm below the first amplification stagd &apt at the same potential as the
Csl-coated face of the first THGEM, to maximize theéraction efficiency of electrons
from the reflective Csl photocathode: since th&dfeg the photocathode surface is the
combination of the electric field due to the poi@napplied between the two THGEM
faces and the drift field, when the drift field rsegative (pointing toward the
photocathode), the mesh, being more positive thanTHGEM photocathode, collects
part of the photoelectrons, which are then losttl@nother hand, when the drift field is
positive (oriented toward the wire cathode), thsuling field at the photocathode
surface is reduced, and so is the probability aftpélectron extraction. For zero drift
field all electron trajectories enter the THGEM d®wlp8] and [69. HV bias to each
electrode was done through low-pass filters wittutoff frequency of ~5Hz, using a
CAEN N1471H power supply. The signal was taken ftomreadout plane on a coaxial
cable (inside the GPM chamber), to a Canberra 20G6ge sensitive preamplifier
connected on the outer side of the top flange ®GRPM chamber.

For these experiments several mixtures of neon mwathane were used:
Ne/CHy(5%), Ne/CH(10%) and Ne/Cl{20%). Most of the data were taken at a
pressure of 0.7 bar (~500 torr), which at 180K egponds to roughly the same gas
density as in 1.1 bar (~800 torr) at room tempeeatdven though the GPM gas system
allows operation in gas-flow mode, it was decidedbégin the study with the detector
operating as a sealed device.

For this study the WILiX cryostat was used to hoasgnall dual-phase TPC at its
center (Figure5.20 and Figure5.21). Two electro-formed Cu meshes with 85%
transparency (Precision Eforming, MC17), set 5 nparta were used as the TPC anode
and gate - bounding the liquid-gas interface frdmova and below, respectively. The
liquid level was controlled by a movable level gotier (not shown in the figure). An

18 mm diameter stainless steel disc, serving bsttha TPC cathode and as an alpha
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particle source, was held 5 mm below the gate mesh. The disc carried a central oval

active spot of 80 Bq **'Am, roughly 8x5 mm?’ in size. Prior to the experiments, the

source was tested in liquid nitrogen, showing no loss of activity in repeated thermal

cycles.
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Figure 5.20 — Schematic of the TPC and Triple-THGEM GPM. The main elements are

highlighted like the alpha source, gate and anode mesh, the quartz window and the

components of the GPM.

105



Large area gas photomultiplier

Figure 5.21 — Interior 3D schematic of the WILiX — TPC. The PMT can be seen at the

bottom and the Triple-THGEM GPM at the top separated by the quartz window.

The TPC voltages, set by a CAEN N1471H power supply, were —3kV for the
cathode/source, —2.5 kV for the gate and +2 kV for the anode, defining a drift field of 1
kV/cm and a nominal extraction field of ~12 kV/cm in the gas phase (assuming the
liquid-gas interface lies half-way between the meshes). Alpha emissions from the source
are stopped within ~40 pum in the liquid producing prompt S1, primary scintillation light
signals, and primary ionization electrons. The primary electrons that escape
recombination due the applied electric drift field on the TPC are drifted towards the gate
mesh and extracted through the liquid/gas xenon interface into the gas phase. There, due
to the high electric field between the liquid surface and anode mesh (~12 kV/cm), the
electrons produce secondary electroluminescence (S2), appearing 2.4 ps later,
depending on the TPC drift field. A 1” square PMT (Hamamatsu R8520-06-Al), located

3.5 cm below the top surface of the source, was used to record reflected S1 and S2
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photons (the source disc holder was mounted omialess steel structure with wide
openings to allow reflected photons to reach thé&obo PMT). Throughout the
experiment the xenon pressure in the TPC was ~ar8abd the recirculation flow

through the purifier was about 3 standard litenrsmpmute.

5.5.1 S1 and S2 GPM signals

At adequate electric fields in the LXe TPC, alplaatigle induced S1 and S2 signal
pairs were observed on the GPM anode, startingiasgf ~16. For a drift field of 1
kV/cm and nominal extraction field of 12 kV/cm inet gas phase,,Signals appeared
~2.4 us after S1, as expected based on the known diifcie of electrons in liquid
xenon §6] [70]. The ratio of S2 to S1 pulse areas measured ®YMT was ~25 (the
PMT signal was used as direct input to the osa@tps without amplification and
shaping; the pulse area was therefore proportional to the number of photoelectrons).
Figure5.22 shows a typical signal of the charge senspreamplifier (CSP) connected
to the GPM anode, along with the corresponding PBighal for the same event. In this
particular case the GPM was operated with Ne(CBo) at a pressure of 1.05 bar at
~190 K. The voltage across THGEM1 was 1250 V, Widb0 V across THGEMSs 2 and

3 (overall gain of ~1x19); the transfer and induction fields were 0.5 kV/cm.
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Figure 5.22 — Typical S1 and S2 signals from the PMT and GPM (the latter — through a
charge sensitive preamplifier). The GPM was operated here with Ne/CH4 (10%) at 1.05
bar and 190 + 1K, at a gain of ~1x10°. The vertical scales are 100 mV/div for the top

signal and 50 mV/div for the bottom scale, while the horizontal scale is 2 ps/div.

Figure 5.23 — Typical S1 and S2 signals from the PMT and the GPM (the latter —
through a timing filter amplifier). The GPM was operated here with Ne/CH4 (5%) at 0.7
bar and 180 + 1K, at a gain of ~1x10°. The vertical scales are 200 mV/div for the top

signal and 500 mV/div for the bottom scale, while the horizontal scale is 1 us/div.
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Figure 5.23 shows an example of the GPM signal where t88 Gutput was
processed by the timing filter amplifier (ORTEC 374with integration and
differentiation time constants of 20 ns and 100raspectively. This particular image
was taken with the GPM operated with Ne/C{3%) at 0.7 bar and ~180 K. The
voltage across THGEM1 was 700 V, with 430 V acrd$tGEMs 2 and 3 (gain

~1x10); the transfer and induction fields were all 1 kV/cm.

5.5.2 GPM gain and stability

A GPM deployed within an array of photosensors idual-phase noble-liquid DM
detector should have a large dynamic range; it should be capable of consistently
recording both single S1 photons with high detectefficiency and S2 signals
comprising thousands of photoelectrons with minindistharges. The GPM gain plays
a key role in its detection efficiency: for exampéegain of 1x10should permit >90%
detection of single-photoelectron signals abovesendor front-end electronics with a
moderate noise level of ~1 fC (~6,000 e-). For sedevel of ~1000 e-, a gain of
~3x10 would permit ~95% detection efficiency at the leska 3 cut, as shown, for
example, for a quintuple-GEM prototype ifd].

Gain measurements were performed by shining a deotéJV lamp through a
fused silica window near the top of the GPM portheTlamp provided single UV
photons at a rate of a few hundred Hz that reatheds| photocathode by reflection.
The gain was estimated by fitting an exponentiahcfion to the pulse height
distribution of these photons, as shown in FigbrE8. The position of the GPM S1
peak due to alpha patrticle scintillation was alscorded on the multichannel analyzer

(MCA), serving as a complementary handle to finthtree changes in the g8 in
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particular, this allowed estimating the gain at IG®RM voltages, where the exponential
fit was no longer possible because of noise linaitest in the present setup. During gain
measurements the TPC voltages were set to zers,pitawventing the formation of S2

and leaving only alpha-induced S1 signals at aoht#) Hz. The typical amplitude of

the S1 pulses was much larger than that of thdespigpoton signals, and thus did not
affect the single-photoelectron pulse-height disition.

During gain measurements the TPC voltages wergoseero, thus canceling
contributions from S2 signals and leaving only §iha particle signals with a rate of
40Hz. The typical amplitude of these pulses wassiclanably larger than those of the
single-photon signals induced by the lamp, and tdis not affect the single-
photoelectron pulse height distribution.

The detector gain (Figurg.24) depended on the gas composition, with lower
voltages required for smaller admixtures of meth&émrea given gas-multiplication
value. The maximum gain obtained at 0.7 bar andKL8@&s ~8x168 for Ne/CH, (5%)
and ~3x10 for Ne/CH(20%); increasing the voltages to higher values resulted in
occasional discharges. For both gas mixtures, “asgtmc” THGEM polarization (with
higher voltage across THGEM1) proved to be morblstas shown in Figurg.24A.
Thus, for Ne/CH(5%), 700 V were applied on the first stage witl® 40495 V on the
second and third, while for Ne/GKR20%) the voltage on the first stage was set @010
V, with 660-820 V on the second and third. The ¢fanand induction fields in both
cases were all 1 kvV/cm. While operating with theCT¥ltages on, and thus with S2
signals, the maximal stable gain was lower by #ofacf ~2-3 for both gas mixtures.
With Ne/CH, (5%) at a gain of 1xf0and alpha-particle ;Ssignals at 40 Hz, the
discharge probability was found to be of the omfet0°. We note that in addition to the

alpha patrticle gsignals (resulting in a few thousand photoelecrom the GPM), there
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were ~20-30 cosmic rays permaie crossing the TPC; these deposited charges resulted
in S2 signals up to ~100 times larger than thodadad by the alpha particles.

Figure 5.24B shows two gain measurements performed withtCNg (20%)
under similar conditions (0.7 bar, ~190 K) overeaxipd of two months. During this
entire time interval, the detector operated inaeskmode, i.e., with no exchange of the
gas. The two curves are consistent to within 7-1&%r the range of overlapping
voltages, with the higher values obtained in theosd measurement (for which the
onset of occasional discharges occurred at a layeém). The results of the two
measurements were consistent for both thé&aBp and alpha S1 signals, indicating that
there were no significant changes in either theagasposition or the Csl QE between

them.
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Figure 5.24 — (A) Gain curves for symmetric and asymmetric voltage divisions in
Ne/CH4(5%) and Ne/CH4(20%) at 0.7 bar and 180 K vs. the equal voltages on the
second and third THGEMs (AV,3); in the asymmetric cases the voltage across
THGEMI1 (AV)) was kept at a fixed value: 700 V for Ne/CH4(5%) and 1000V for
Ne/CHy(20%). (B) Gain curves recorded within two months of each other with

Ne/CH4(20%) at 0.7 bar and ~190 K with the detector operated in sealed mode.

5.5.3 Energy resolution

Figure 5.25 shows the GPM pulse height distributions of alpha particle-induced S1 and
S2 signals. The detector was operated with Ne/CH, (5%) at 0.7 bar and 180 K; the
voltages were AV;=700 V and AV;3=430 V and the transfer and induction fields were 1
kV/cm, with a resulting gain of 1x10°. For SI a RMS resolution of 6/E=10.9% was
derived (by fitting a Gaussian to the entire S1 peak). For S2, the asymmetric shape of
the spectrum reflects the coincidence of alpha and 59.5 keV gamma emissions from the
source, and a Gaussian fit to the left side of the peak gives 6/E=8.7%. Note that in the
S2 spectrum one can clearly see the 59.5 keV peak, for events in which the alpha
particle is emitted into the source holder and the correlated gamma is emitted into the

liquid. The ratio of alpha to the 59.5 keV gamma S2 peaks (~5.7) is consistent with the

112



Large area gas photomultiplier

different charge yields from their respective tmdk LXe [72]. The S2 resolution
recorded here is comparable to that obtained in @EMNOO with PMTs (there/E=10.0

*+ 1.5%), for a similar number of ionization electso(~8000) entering the gas phase
[73].

The S1 RMS resolution can serve as an independéiniatde for the detection
efficiency of the GPM prototype of this study. Taggument relies on a comparison
between the expected number of photoelectiysand a lower bound oN,e derived
from the observed S1 resolution. The number of gélettrons in an alpha particle S1
signal can be estimated as follows. Since the geéf3Am alpha particle energy is 5.5
MeV and the average energy required to produceVié photon in an alpha particle
track is ~18 eV 48 and [72], the number of photons emitted inta & ~3x16.
Considering the geometry of the setup, and appl@ngll's law on the liquid-gas
interface, only 1.7% of these photons are emitied the solid angle that may allow
them to reach the GPM window. With Fresnel refatij5%) from the interface and the
measured transmission of the three electroformedhete (85%) and fused silica
window (90% at 175 nm), the number of photons reeghhe first THGEM is thus
~2700. The number of resulting photoelectrons terd@ned by the effectivE given
by [63], as discussed previously in chapbe?:

QEcrr = QF - Acsy * €ext " Ecot
WhereAcq is the fraction of THGEM area covered with Csl7{0in the present
geometry, including the rims). is the overall extraction efficiency (~0.6 for ghi
geometry, gas mixture, pressure and voltage — $ept€r5.2 above) and.,, is the
collection efficiency, assumed to be 1 under thes@nt conditiond3].
For a nominalQE of 25% at 175 nm74] [52] we have thaQE« = 11.5% (for

Ne/CHy(20%) the nominal effective QE for the present getmynis ~14% as discussed
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below). With these values, the nominal number aftpélectrons for an alpha S1 signal
iS Npe ~ 2700 * 0.115 = 310.
A lower bound on the actual value Mfe can be obtained from the measured S1

RMS resolution. Considering only the statisticattuation inV,, and detector gain:

2. 1/2
2o (1+(2))

where M is the average single-photoelectron avalanche ammoy is its
standard deviation. For an exponential single-pdlettdron pulse height distributiamy
= M and thus the lower bound on the RMS resolutiorotvess /E > ,/2/N,,. Here,
with ¢ /E =0.109, we find\ye = 170. In terms of the effective quantum efficientys
gives QE« > 6.2% (QE > 14%). We note that additional effects can contebtat the
observed S1 RMS resolution, including, in particMBV light scattering on the liquid-
gas interface (which is diffidt to quantify); thus the actual values of Npe and QEgs in
the present experiment were likely considerablyh&igthan their respective lower
bounds.

Since the observed ratio S2/S1 was ~25, a lowendon the average number
of S2 photoelectrons Ny () = 170 * 25 = 4250 (the upper bound is ~7800). Using
the same consideration this give&E > 2.2%. The fact that the observed value is 8.7%
suggests that the S2 RMS resolution is governedlunfuations in the secondary
scintillation process in the xenon gas phase,\likelcause of ripples in the liquid-gas

interface.
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Figure 5.25 — S1 (A) and S2 (B) spectra and their associated RMS resolution, recorded
with the GPM operated with Ne/CH4(5%) at a gain of 1x10° at 0.7 bar and 180 K.

5.5.4 GPM time resolution

The time delay between the moment of photoelectron emission from the GPM’s Csl
photocathode (here deduced from the S1 PMT signal) and the signal formation on the
GPM’s anode depends on the gas composition, pressure and fields (particularly the
transfer and induction fields). For Ne/CHy4 (5%) at 0.7 bar and 180 K with transfer and
induction fields of 1 kV/cm, the time difference between the PMT S, signal and the
corresponding signal on the GPM was found to be ~220 ns, as shown in Figure 5.26,
corresponding to the time spread of collection of emitted photoelectrons plus the drift
time for the electrons to transverse the three transfer gaps with 1 kV/cm electric field
and the drift time through the three THGEMSs holes with high (<10 kV/cm) electric
field; for Ne/CHy4 (20%) under the same conditions, the GPM signal appeared only ~135
ns after the PMT signal. This is expected, based on the known increase of the electron

drift velocity with the percentage of methane in Ne/CH,4 mixtures [75].
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Figure 5.26 — The GPM S, signal (at the charge sensitive preamplifier output) along
with the corresponding signal on the PMT, for Ne/CH,4 (5%) at 0.7 bar and 180 K. The
vertical scale is 50 mV/div for both of the pulses while the horizontal scale is 100

ns/div.

While the GPM response is delayed compared to that of a PMT, its time
resolution was shown to be on the nanosecond scale. The GPM time resolution was
measured with reference to the PMT signal using the PMT and GPM output signals as
the ‘start’ and ‘stop’ signals, respectively, for a time-to-amplitude converter (TAC),
which provides an output signal whose amplitude is proportional to the time difference
between both. The setup used is shown schematically in Figure 5.27: the PMT output
signal was connected to an Ortec 934 Quad-constant fraction discriminator (CFD),
followed by an adjustable delay box and connected to the start input of an Elscint time—
to—amplitude converter model N-1, initiating the internal timer. On the other hand, the
GPM signal was amplified and shaped by a Canberra 2006 preamplifier and an Ortec
474 timing filter amplifier (TFA). The shaped GPM signal was then provided to another
channel of the Ortec 934 Quad-CFD and then to the ‘stop’ input of the TAC. The TAC
output was used as the input signal for the multichannel analyzer (Amptek 8000A
pocket MCA).
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Figure 5.27 — Setup used for measuring the time jitter between the GPM and PMT
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Figure 5.28 — (A) Distribution of the time differences between the GPM and PMT alpha
particle S1 signals at a gain of ~3x10° and, (B) Dependence of the time jitter (standard
deviation of the GPM-PMT time-difference distribution) on the overall detector gain for
Ne/CH4(5%) and Ne/CH4(20%) at 0.7 bar and ~190 K.

Figure 5.28A shows the time difference distribution in Ne/CH4 (5%), measured

at a gain of 3x10°. Figure 5.28B shows the RMS time resolution (standard deviation of
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the time difference distribution) as a functiontbé GPM gain for Ne/ClH(5%) and
Ne/CH, (20%) at 0.7 bar and ~190 K. The voltage on the&GEM1 was 700 V for
Ne/CH, (5%) with the transfer and induction fields se0d& kV/cm, and 1000 V for
Ne/CH, (20%) with the transfer and induction fields set\/cm and 1.5 kV/cn{the
gain was varied by changing the voltages on THGEMsd 3). In all cases, the time
jitter decreased with increasing detector gain,(W&h increasing\V, 3), approaching a
plateau of ~1.2 — 1.3 ns RMS. While a full explamatfor this behavior requires a
detailed simulation study, it may result from imyped focusing of the electrons into the
holes of THGEMs 2 and 3 with increased voltages. Ne/CH, (20%) the faster
stabilization of the time jitter on the 1.3 ns plat (as a function of the overall gain)
may be attributed to the fact that for a given gam THGEM voltages are significantly
higher than for the Ne/CH(5%) gas mixture, leading to a faster signal fdrama It
should be emphasized that these measurements ivperfarmed with alpha particle
induced $ signals comprising ~17800 photoelectrons per event; the ultimate time
resolution should obviously be defined for singhefmelectron pulses. These are
expected to be governed by signal-to-noise issuethe hole-geometry of the THGEM
electrodes, and by the electric field at the phatfoade surface.

5.6 Discussion

The maximum gain obtained at 0.7 bar and 180 K +&sl® for Ne/CH, (5%)
and ~3x10 for Ne/CH, (20%). For both gas mixtures, “asymmetric’ THGEM
polarization (with higher voltage across THGEM19y#d to be more stable. Starting at
gains of ~16, alpha-particle induced S1 and S2 signal paireweserved on the GPM
anode. With Ne/CHl(5%) at a gain of 1xf0and alpha-particle-Ssignals at 40 Hz, the
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discharge probability was found to be of the omfet0®. In terms of S1 and S2 energy
resolution, for S1 a RMS resolution @E=10.9% was derived (by fitting a Gaussian to
the entire S1 peak) while for S2 a Gaussian fithe left side of the peak gives
o/E=8.7%. This is comparable to that obtained in XEBNMO00 with PMTs (there
o0/E=10.0£1.5%), for a similar number of ionizatidleatrons (~8000) entering the gas
phase.

While the GPM response is delayed compared to ¢fhad PMT, its time
resolution was shown to be on the nanosecond sicakdl studied gas mixtures, the
time jitter decreased with increasing detector g@ie., with increasingAVs ),

approaching a plateau of ~1.2 — 1.3 ns RMS for #ttfioelectron signals.
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Chapter 6 — Position readout

6.1 Introduction

Reconstructing the interaction position as welkeasmating the number of secondary
scintillation photons emitted from the gas phase doluble phase detectors is
fundamental for the determination of valid primasgintillation events and for
discrimination between electronic and nuclear decioi the liquid phase. Current and
future double-phase experiments use a time projeathamber (TPC) to detect rare-
events. These experiments rely on phototubes rgnfysam 1” to 3” in diameter
arranged in arrays on the top and bottom of the. TIP@ top array is primarily used to
reconstruct the (x, y) coordinates of the intemacttwhile its z-position is determined
from the time difference between the primary andosdary scintillation signals (S1
and S2, respectively). In existing double-phaseegrments the (x,y) positions are
determined from the photon hit pattern on the t&dpI® and the resolution is smaller
than 3 mm (&) in XENON2100 [/3], between 4 to 6 mm in LUX7p] and for the
proposed next generation DARWIN detector it is expé to be 8 mm7[7].

In this section | will describe the methods used gonulating a future large
volume double-phase detector, focusing particulaty the physics of secondary
scintillation photon propagation from the gas phes@ gas photo multiplier detector
(GPM). A center of gravity method is used to defasrthe most likely position of the

event and the deviation from the actual positiocoisputed for several pixel sizes. The
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results were taken into consideration in the design of a segmented position sensitive

readout to be used in the GPM for WILiX.

6.2 Position resolution simulations

We optimized the pixel's size by simulating scintillation photons in the 2.5 mm gas
phase of a DARWIN-type experiment [78] (a 2 meter in diameter and 2 meter high
cryostat for a double-phase xenon TPC) and calculating the deviation between the actual
scintillation point and the calculated center-of-gravity point, for different pixels sizes

(binning).

3-inch PMTs

e i G

SEirAE ISy

Figure 6.1 — Computer generated model of the DARWIN consortium multi-ton liquid

xenon detector.
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The physical model implemented in GEANT4 is basedh® latest conceptual
design of the next-generation large-volume doulblasp detector as proposed by the
DARWIN consortium 79|, and represented in Figure 6.1.

The model is composed of a cylindrical geometryresenting the internal
volume with a height of 2040 mm and diameter of®@@m, the material of the inner
walls of the cylinder are defined as PTFE and a wopdow of quartz. For the
calculations the liquid xenon level was set at igh. Above the liquid surface the
quartz window was modeled as 10 mm thickness, atgghby a xenon gas gap of 40
mm thickness. The window was modeled as “one pidge’simplicity, although in
reality some supports will inevitably be used foeahanical rigidity. In Figure 6.2 is
represented a typical simulated scintillation eyéighlighting the liquid and gaseous
xenon phases, the quartz window and the detegbacesfilled with Ne/Cil

The origin of the secondary scintillation photoresvdefined to be a cylindrical
volume whose height corresponds to the region gt kiectric field between the liquid
surface and a mesh. The radius of the cylindricdlime is a random number whose
maximum value was set at 5.6 mm. This maximum vaugiven by the following

expression:

or * 7.
r(Z) = |—

T *Vgy

Whereort is the electron transverse diffusion coefficienaaiven drift electric
field, in cnf/s, Z is the interaction depth within the TPC, andis the electron drift
velocity in liquid xenon for a given drift field dnconsidering the worst hypothetical
case scenario of an interaction occurring at thiwboof the 2meter deep TPZ+2000

cm). The initial electron cloud would drift upwamdith a velocity ve= 2x1F cm/s
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(considering a drift field of 0.6 kV/cm), taking pqoximately 0.01s to transverse the
whole length of the TPC. Simultaneously to this mmoent the electron cloud diffuses
both longitudinally and transversely — the transeadiffusion coefficient is taken to be
o1~100 cndls, see Figure 2.11. The position of the cylindas then randomly set.

The localization of the interacting particle in th¥e volume is derived from the
calculated center of the gravity (CG) of all the@®dary scintillation photons detected
by the segmented readout electrode of the GPM.aMeeage number of scintillation
photons, created within the xenon gas gap, wasigbeedto be 208 per extracted

ionization electron from the liquid(], given empirically by:

Npp = 70*(Ee/p—1)*x*p
whereE. is the applied extraction field of 12 kV*¢hracross a Xe gas gag,of
0.3 cm and a gas phase presspref 2.1atm.
The hit position of each photon on the readout wWesn recorded and the
corresponding coordinates used for the calculadfathe center of gravity, according to

the following set of equations implemented in a Mdit routine 81]:

COGy = ZXini/Z "

| coG, =2 Yini/Zn
l

WhereX; andY; are the coordinates of the center of each pixgieXX andYY
axis respectively, and; is the number of hits within the considered pix@gure 6.3

shows typical hit patterns obtained from GEANT4 anacessed by MatLab.
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Figure 6.2 — Result of a GEANT4 simulation run of the implemented detector. The
green lines are the calculated photon paths taking into account reflections, refractions

and absorptions, highlighting the liquid and gaseous xenon gap and the quartz window.
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Figure 6.3 — Typical hit patterns on the detector volume resulting from the simulations
for two different pixel sizes and shapes for a number of photons equivalent to
10electrons emerging from the liquid surface (~1800photons), the same event is
represented for: A and B, square pixels , and C and D, hexagonal pixels of 80 mm and
20 mm size, respectively. Inset is the deviation between the real COG and calculated

COG.

Figure 6.4 shows COG reconstruction deviation, for Xenon100 [73] and XenonlT

experiments, for comparison. There is no decrease in the reconstruction deviation while
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using pixels sizes up to 30 mm, due to averaging effect of the large number of
photoelectrons.

6mm Gas Gap

14

—oe— 10 Electrons
12} ~— 100 Electrons
—w— 1000 Electrons

107 solid lines - Cylinder source at random position

Dash lines - Point source at (0,0)
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Figure 6.4 — Deviation between actual scintillation point and calculated center-of-
gravity, for different pixel sizes, as calculated for DARWIN, XENON100 (simulation

and measurement) and XENONIT experiments.

6.3 Segmented anode design

For the segmented readout design it was decided to use hexagonal versus conventional
square pads since it provides the most efficient and compact division of the round
surface available with equal sided polygons [82]. The next design consideration was, for
the first prototype, to use less than the total available channels on the analog readout

chip selected for use in the WiLIX—GPM. The selected analog readout chips have the

127



Position readout

benefit of the already acquired know-how and the potential low-noise (1-2 fC) [83] and

small size.

Figure 6.5 — Autodesk Inventor image of the designed segmented readout with main

dimensions highlighted.

Figure 6.6 — Photograph of a segmented 61 pixel hexagonal-pad readout. A) Front and

B) back. Pad side is 6 mm.
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The segmented readout (Figw®) was designed with 61 6 mm sided hexagons

that cover almost completely the useful area ofRH&GEM. Each hexagon is 10.4 mm
across with an area of 93.5 mnThe total active area is 5705.4 farithe spacing
between each pad was set at 0.2 mm. The readouts preduced and tested by
Shenzen Suntak Multilayer PCB Co. in 3.2 mm thié4 with 70um Cu plating on
each side, followed by 4,2m Ni followed by 0.07um Au.

The electrical contact between the segmented reéaaiodl the analog readout
electronics is done via standard RD51 130-pin Ramassocket (male on readout,
female on chip). In Figuré.6 is represented a photograph of a finished setpde

readout.

6.4 First imaging results

To test the position readout sensitivity at roormperature and to test the complete
electronics suite coupled to the hexagonal paddorgaa series of experiments were
devised that consisted in visualizing the chargesity of alpha particles tracks emitted
from a®*!Am source into Ne/Ck{95:5) and the imaging of UV light.

For the alpha-track visualization and UV light inrag a test detector was
assembled that consisted in a Double-THGEM conétiom, the hexagonal pads
readout and the electronics suite, a simple gagemsysonsisting in a pre-mixed
Ne/CH,(95:5) cylinder, a gas-flow regulator and a buhbkar the UV light imaging
experiments a quartz 2%” CF window was installethvai transmission of 85.5% for

A=175 nm, but only 4.3% &t=160.8 nm (main emission from the, khmp), a Csl
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photocathode was deposited on the first-THGEM arfthghed hydrogen lamp was
used to extract photoelectrons.

The experimental setup is shown in Figéré. The THGEMs were made of an
FR4 plate with an active diameter of 100 mm andhwithickness t = 0.4 mm, Cu-clad
on both sides. The drilled hole pattern was hexalyavith a pitch a = 0.8 mm (between
the hole centres) and hole diameter d =Ad; the width of the etched hole rims (h)
was 10um. The Cu layer thickness (after etching) wasu6® The THGEM electrodes
were produced by ELTOS SpA, ltaly. The final praieg stages, including gold-
plating, cleaning and baking were done in the CHRRGD workshop. The transfer
gaps between the stages, as well as the inductiprbgtween the last THGEM and the
segmented readout electrode were 1.5 mm wide. &attte THGEM faces, as well as
the mesh mounted 13 mm above THGEML1, had a sepaigitesoltage bias, provided
through low — pass filters.

The segmented readout electrode contains 61 heabgas arranged in a
hexagonal pattern (see Fig@®A). Each of the 6 mm pads is connected to adtamna
header connector (type: AXK6SA3677YG) (see Fighu@B), which is suitable for the
SRS (Scalable Readout Syste#d]] frontend hybrid, the APV25 chiBp]. The APV25
chip can be connected directly on the readout reléef however, in our measurements
the signals from each pad were transferred to tA¥25 chip through a ribbon flat
cable (3754/80 80 conduct 0.025" pitch) 30 cm lamw two PCB adaptors: 1.
Panasonic to flat cable adaptor, using a PCB wéthaBonic socket AXK5SA3277YG
and SBH41-NBPB-D17-ST-BK connectors, and 2. flableato Panasonic adaptor,
using a PCB with Panasonic header (type: AXK6SAY8Fyand SBH41-NBPB-D17-
ST-BK connectors. The flat cable was wrapped bypeopape and aluminum foil. The

APV25's ground was well connected to the electgrdend.
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The APV25 chip was connected to the SRS [84] using a 1 meter long homemade
vacuum rated micro-HDMI to HDMI cable and feedthrough. Triggers for the SRS were
extracted from the top of the THGEM closest to the readout electrode through a coaxial
cable into a Canberra 2006 charge sensitive preamplifier connected on the outer side of

the GPM chamber’s top flange.

A [Segmented Readout B [Segmented Readout

1.5mm Ind , Ind
1.5mm *ETransfer 1 *ETransfer 1
Au coating k Csl coating
10mm Am
o o |
~5.5 MeV Qs
MESH tieeiiieeriiienesenssesnssssnssssnsssssnssssnsssss  sessssessssssssssssssssscssnssessesannnseannnaanns

Hg(Ar) lamp

Figure 6.7 — Schematic of the setups used for the position sensitivity tests: A) Setup for

the 241 Am source, and B) Setup for the UV light imaging.

6.4.1 Alpha-particle tracks

For the alpha particle track visualization the **'Am source was placed halfway in the
drift gap, between the drift mesh and the first THGEM, with the source face
perpendicular to the THGEM face. The alpha particles were emitted primarily in the
direction perpendicular to the applied drift field. The alpha particles were stopped

within a few centimeters in the Ne/CH4(95:5) and the resulting ionization electron cloud
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was drifted towards the first THGEM’ holes, were they underwent electron impact

ionization due the high applied electric field. The resulting electron avalanche was then

drifted towards the holes of the second THGEM where it underwent further electron

impact ionization before being drifted to the segmented anodes’ pads.

Typical single alpha track events, as measured in the hexagonal pads electrode,

are shown in Figure 6.8A and Figure 6.8B. In this figure the color bar represents the

charge in each pad in femtocoulombs.

241Am source in Ne (2H‘I (95:5) - Color bar represents charge in fC
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Figure 6.8 — Typical single alpha track events, as measured in the hexagonal pads

electrode. The color bar on the right represents the charge in each pad in fC.

6.4.2 Flashed UV lamp test

For these tests the self-discharging flashed H, lamp (UV emissions peaking at 157.8 and

160.8 nm) previously described in 5.4.2 was used, shining on the GPM through a

pinhole (¢=3 mm) and the 2%” CF window. For these measurements the SRS
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acquisition was triggered directly by the UV lamp discharge. A typical single UV-

scintillation event, as measured in the hexagonal pads electrode, is shown in Figure 6.9.

Csl photocathode in Ne:CH4 (95:5) - Color bar represents charge in fC (run#1852)
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Figure 6.9 — Typical single UV lamp discharge event, as measured in the hexagonal

pads electrode. The color bar on the right represents the charge in each pad in fC.

For the measurements of various lamp positions the voltages applied on the
detector were set at Vipesi=-1100 V, V1;=-800 V, V1= 475 V, V1o=-400V and Vg,=-75V.
The lamp voltage was set at +2273V. For each measurement of different lamp X-Y
position, the center of gravity (COG) was calculated, event by event, according to the

following equation, with a threshold of 1.6fC on the charge in each pad:
. Z;:ilﬁ;' Qi
CoG, = R
Z j=1 Qi,j
Then, a 2D histogram of the COGs is plotted. In the equation, Q;; is the charge

collected in event i by pad j and F]) is a [x,y] position vector of the center of pad j. Table

3 lists the calculated COG for seven different measurements of lamp positions. In these
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measurements, the number of photoelectrons in eaeht was ~1.3xf0As can be
seen, the calculated COGs are in very good agreemvéhin few tenths of millimeter)
with the actual lamp positions. In two cases (bn@nd 7) there is bias of 2-3 mm in the

calculatedy position, probably due to edge effects of the souartz window.

Measuremenf Lamp position Calculated COG
number X [mm] Y [mm] X[mm] | Y [mm]
1 0.3 -8.4 0.1 -7.9
2 5.0 -1.9 4.8 -1.6
3 7.9 2.2 7.8 2.3
4 11.9 -0.7 12.0 -1.3
5 12.1 -5.7 12.3 -6.0
6 5.7 -14.7 5.1 -11.5
7 3.2 -12.9 2.9 -10.9

Table 3 — Calculated COG for seven different measents of lamp positions.
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Chapter 7 — Study of

submillimetric induction gaps

7.1 Introduction

Following the promising studies performed in Coimlaith the Gas Electron Multiplier
coupled to a Micro Induction Gap Amplification Seagr the GEM — MIGAS g6,
[87], [88], an analogous configuration of a THGEM coupled aosubmillimetric
induction gap was investigated to eventually ob&iGPM configuration capable to

reach higher gains with lower biasing voltages.

7.2 Electric field simulations

Electric-field simulations with Ansys release 1Zkege B9 were carried out to assess
and optimize the field strength and distribution the THGEM/parallel-gap
configuration, under various geometrical and biasdttions. They permitted to define
the conditions and the region of electron multgion.

The unit cell shown in Figure 7.1 corresponds #-fald rotation of the basic
1/4 cell along the Z-axis used in the simulationd aonsisted of a THGEM with the
following parameters: 0.4 mm thick G-10 with 0.02Znnthick copper clad on both

sides, cylindrical holes of 0.3 mm diameter arrahigea hexagonal pattern with 1 mm
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pitch and an etched rim around holes of 0.1 mm; the multiplication parallel gap was of

either 400 pm or 800 pm deep. The drift/conversion region was set at 11.5 mm.

Figure 7.1 — Representation of the three dimensional THGEM cell, highlighting the

boundaries (white dotted lines) of the repeated unit cell used in the simulations.

The electric-field strength was calculated along the axis of one of the THGEMs
holes, i.e. along the Z—axis in Figure 7.1, at different bias settings on the THGEM and
for different parallel-gap depths. In all of the following representations the abscissa
corresponds to the distance (in mm) from the anode in the multiplication gap, with the
origin corresponding to the anode. The drift field was set at constant value of 0.5
kV/em. Figure 7.2 provides the simulation results for a 400 pm gap. In these
simulations and for each case the bias voltage on the THGEM was varied in the range
50 — 350 V, while across the gap the induction voltage was set at 40, 160 and 280 V,
corresponding roughly to parallel-gap fields, Egap, of 1, 4 and 7 kV/cm, respectively.

Figure 7.3 depicts simulation results for an 800 pum induction gap, for induction
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voltages set in the range 0 —280 V and THGEM bias values of 150V, 250 V and 350 V.
The gap voltages were selected so as to roughly correspond to Eggp in the range of 0 —

3.5 kV/cm in 0.5 kV/cm steps.
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Figure 7.2 — Electric field profile along the axis of a THGEM hole coupled to a
multiplication gap of 400 pm, for THGEM voltages in the range of 50 to 350V; gap
voltages: 40V (A), 160V (B) and 280V (C).
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The simulation results show an evidence of therdejgendence of the hole and
the induction electric fields in a region betweeatflay within the THGEM holes and
part of the induction region, just outside the Bolghich can extend as far as to 300
away. Outside this region the influence of thedebn each other becomes negligible.

For low induction fields, e.g. typical fields of KW/cm, the electric field inside
the holes dominates, reaching values of ~6.4 k\dtthe center of the hole, for typical
THGEM voltages of 350 V, presenting a fast decreasen approaching the exit and
reducing to values of about 3 and 2 kV/cm at distarof 100 and 200m away from
the hole exit. We note that in the Ne/5%@as mixture used in this work, the onset for
gap multiplication was evaluated to be ~2 kV/c@8t]] Therefore, if one wants to
exploit the full development of the charge avalanohthe THGEM, the induction gap
should be thicker than the above values. Neverbeleven for a distance of 80t
away from the hole exit there is a slight increaséhe induction electric field as the
THGEM voltage increases.

As the induction voltage increases, the electatdfaround the hole exit increases
and the charge avalanche extends to outside tles.hokreasing further the voltage in
the induction region, the charge avalanche evegtexitends to the whole induction
region. For high induction voltages, the inductiectric field dominates, increasing
significantly the field inside the hole, in the &g close to the hole exit. Nevertheless,
the effect of the induction field becomes smalt®wdrds hole center, e.g. at the hole
center the electric field increases only from &.418 kV/cm and from 4.5 to 5.0 kV/cm
as the induction field near the anode increases fioto 7 kV/cm, for a THGEM

voltage of 350 V and 250 V, respectively.
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Figure 7.3 — Electric field profile along the axis of a THGEM hole coupled to a

multiplication gap of 800 um, for gap voltages in the range 0 to 320 V and for THGEM
voltages of 150 V (A), 250 V (B) and 350 V (C).

For the experimental work, we used a single THGEM produced from G-10 with
0.4 mm thickness and with a 0.02 mm copper clad on both sides. It had a hexagonal
pattern of 0.3 mm diameter holes, with a pitch of 1 mm over an active area of 20 mm by

20 mm,; the holes had 0.1 mm wide etched rims.
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The THGEM was assembled inside a cylindrical amsteel vessel (~150 mm
in diameter) where in one of the bases aund thick Kapton window 10 mm in
diameter was installed. The Kapton was glued toctr@mber with TRA-BOND 2116
low vapour-pressure epoxy. The detector, depiateBigure7.4, had a stainless-steel
drift mesh, of 50 mm thick wires and with 500 mntcphi the THGEM and a copper
anode plane; it was assembled on Teflon mountings within the stainkteel chamber.
The drift/conversion region was 1libm wide, set by Macor spacers; the induction
(multiplication) gap was varied from 4Q0n up to 800um, using spacers of adequate
thickness.

The chamber was vacuum pumped down t3 fitbar by a turbo-molecular
pump and then filled with 1.1 bar of each gas mixtdhe gases used were research
grade Ne N4.0 (Ne 99.99%), Ar 5.0 (99.999%),,@Eb (CH, 99.995%) and CFR14
(purity of 99.8%); Ne was filled through a cold finger immersed in liquid nitrogen. &ft
filling, the chamber was decoupled from the gd#ifil system and gas purity was
maintained by circulating it, by convection, thrau§AES St707 non-evaporable
getters, heated to ~150°C. Measurements were nféelead least 24 hours of gas
purification.

The detector was irradiated through the Kaptondaim with 5.9 keV X-rays
from a®Fe source, collimated to 1.5 mm diameter. The tiesuprimary electron cloud
deposited in the 11.5 mm drift region was focused the THGEM holes where the
electrons were multiplied. The avalanche electrdoudt was extracted into the
following gap where further multiplication occurrechder sufficiently high electric
field. The resulting electron charge signal wasdreat on a copper anode, with a
Canberra 2004 charge pre-amplifier with a sengytiof 0.2V/pC. The charge signals
were also visualized on a digital oscilloscope fi@kix TDS 2022B (200 MHz, 2 GS/s).

The average counting rate with the X-ray source @fas450 Hz. The charge signals
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were further processed by a Canberra 2025 shaper; pulse-height spectra were recorded
with a Maestro Multi-Channel Analyzer. The electronic chain was calibrated for charge
gain determination using the 2.2 pC/V test input of the preamplifier and a BNC model
PB-3 precision pulse generator.

The drift mesh was biased using an Ortec 659 high-voltage power supply; the
THGEM electrodes were biased with a CAEN N471A high-voltage power supply.
Voltages were supplied to the respective electrodes through low-pass RC filters with a
cutoff frequency of ~16 Hz.

The pulse-height distributions obtained for the 5.9 keV X-rays were fitted to a
Gaussian superimposed on a linear background; the peak centroids and the respective
FWHM values were registered for each experimental condition. The detector gain was

derived from the centroids, using the electronics calibration.
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Figure 7.4 — Setup used in pulse-mode measurements. Charges deposited in the drift gap

11.5mm

—1Hl- H

are multiplied in the THGEM; avalanche electrons are further multiplied in the

following thin parallel gap.
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7.3 Ne mixtures with tetrafluoromethane

7.3.1 Charge gain characteristics

Figure7.5A depicts the charge gain measured on the am®aefunction of the voltage
applied to the THGEM AVtucem), for different values of electric field in the
multiplication gap (kap (between 1 and 5.7 kV/cm), of 4@@n depth following the
THGEM. The limitation on the applied induction flehndAVtcem Was determined by
the onset of discharges at a rate of about 0.haiges per minute. A gain increase from
7.8x10 to 2.2x10 was observed for &gy increase in the multiplying gap from 1 to 5.7
kV/em. The gain curves show a typical exponential rise; the increase in Eap Showed a
shift of the gain-curves to lower THGEM bias valuas previously observed in GEM-
MIGAS [91].

Figure 7.5B presents the gain curves for a multiplicatgap of 500um. A
somewhat larger gain increase with increase @f, S observed, compared to the
smaller gap: from ~2xf0at 1 kV/cm to 1D at 5.6 kV/cm. A thicker induction region
allows further development of the electron avalan¢hgure7.5C depicts the gain with
an 800um thick multiplication gap. A maximum gain of ~1Before the onset of micro-
discharges was obtained with ag,fof 3.8 kV/cm.

Previous works92] provided maximum gains in Single-THGEM of ~5%%hd
in a Double-THGEM of ~7x10) in the same gas mixture of Ne/{{%5:5). Thus the
maximum gains reached during the present studigagushe THGEM and
submillimetric induction gap multiplication proved reach about 10 fold higher gains
than those with the Single-THGEM detector, and lsinto that with a double-THGEM.

In Figure7.6 the charge gain is depicted as a function efilduction field for

different values of the THGEM voltage, for a THGEMIowed by an 80Qum thick
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induction gap. An upper induction-field limit arai8.8 kV/cm was reached before the
onset of discharges. The same trend was observethédo400 and 50Qum thick
induction gaps, with field limits around 5.5 kV/cithe limit on the electric field could
be due to avalanche-photon feedback within thedtd gap. This process involves
UV photons (emitted, or not quenched by,ClFom the gap-avalanche, impinging on
the THGEM bottom electrode and releasing photoedast Thinner induction gaps may
sustain higher induction fields, possibly due toalem avalanche development.
Therefore, CH should be a more adequate quencher in this detsmtdiguration — this

hypothesis will be covered in the next section.
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Figure 7.5 — Charge gain as a function of AVygpm for different induction fields of the

THGEM coupled to induction gaps with thicknesses of: (A) 400 um, (B) 500 pm and

(C) 800 um.
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and for 800 um induction gap.

It can be seen from Figure 7.6 that for low induction fields (lower than ~1
kV/cm) there is a gradual increase of charge gain followed by a much steeper increase.
This behavior is due, both, to an improved charge collection by the anode (higher
electron extraction) and by the onset of gap multiplication. To reach the same gain value
for increasing Egap, the required AVrugem was decreased. For example, for the Eg,p of
~1 kV/cm, the required AVrpgewm to reach gains of 10* was on the order of 350 V while
for the Egap of 3.5 kV/cm it was only necessary to apply AVrugem of 150 V to reach the
same gain values.

The transition from multiplication only inside the hole to multiplication also in
the induction region is gradual which indicates that the avalanche region extends to
outside of the hole into the induction region.

Figure 7.6 indicates a ~4 fold decrease in maximum gain for AVygem increase
from 200 V to 350 V. The maximum applied induction field was simultaneously

reduced from ~3.5 kV to ~1.2 kV/cm, before the onset of occasional discharges. A fairly
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constant maximum gain could be achieved for a wathge ofAVrhcem, between 200

and 300 V and corresponding induction fields betw&® and 2.1 kV/cm, respectively.

7.3.2 Energy resolution

Figure7.7 depicts the energy resolution (%FWHM) for 56/kX-rays as a function of
the gain, for some values of the induction fieldladHGEM followed by an induction
gap of 40Qum (Figure7.7A), 500um (Figure7.7B) and 80@um (Figure7.7C). After an
initial fast decrease of the peak width with incieg gain, the energy resolution
stabilized between ~25% and ~35%FWHM, degradinggiter gains, due to the onset
of photon feedback. A trend observed is that loduation fields resulted in somewhat
better energy resolution values, with a broadeoluti®n plateau. The induction-field
increase degraded the energy resolution, due tdti@ual statistical fluctuations
introduced by the gap multiplication process. ldiadn, the energy-resolution plateau
is shortened and shifted towards higher gains.ti®ihighest induction fields, the best
energy resolutions ~30%FWHM were achieved for tb@ i thick induction gap and
~35%FWHM for the larger gaps. The degradation ekéhenergy resolutions occurred
at gains above 1xf@vith the 400um gap and above 6xi¢or the larger ones, reaching
at maximum gains values of 40-45%FWHM.

For comparison, the energy resolution obtained Birgle-THGEM f#i9] was
~25%FWHM for gains above 10degrading to ~30%FWHM for gains above 2%10
and reaching roughly 40%FWHM close to a gain of8xIn the present configuration,
a gain of 2x1® yielded energy resolutions of ~27%, 25% and 27%MWVFEbr

multiplication gaps of 400, 500 and 80, respectively.
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The Double-THGEM setup in4f] yielded the best energy resolution of
25%FWHM at a gain of a few times “LONith the 400um induction gap this charge
gain value was only reached for relatively highuecibn fields (5.7 kV/cm) with
degraded energy resolution (~45%FWHM) — due to high amplification in the
induction region — while for the other investigaiaduction gaps lower induction field
was required to reach the same gain but with sooteaable energy resolution

degradation.

147



@
o

Study of submillimetric induction gaps

-
o

2]
o

wn
o

o
o

w
o

Energy Resolution FWHM (%)

n
-©
o<

Single-THGEM; Induction = 400um 1 bar Ne/CF (5%) Single-THGEM; Induction = 500um 1 bar Ne/CF (5%)
- - v [r————g—t S —
E:mw(hv cm) o~ 4 -
A . .1 28 B
. 15 ~ ' .
. a2 = 70+ s ™
| < v 25 . é } . » N
" ; 4 - :‘ u 60 I . . E‘w\an’lv Cm)
- " - b | : :‘
. ) - . 45 wi?s g %] l‘ : . pe ’ L 2‘
" o .5 A o = f . o . . - ., ..- n . 25
< . . 87 . o 40} N . o g 3
Py . N | L - . ae ..I
B . /18 0 .. - — .3
Toe. ® o Yy < 30} P gere 4
™ o * . o Ay :‘ . - | .‘-5.:_-:_.‘-¢ . . 48
Sttt & 20} Fesadd .
AR i Y ) | . 56
| | | & 10 L — =
\J 2 3 . 9 ()
10° 10’ 10° 10 10 10 1.0 10 10
Gain Gain
Single-THGEM: Induction = 800um 1 bar Ne/CF (5%)
70 . - v -
:\3 C Elndudlon(kwcm)
~ 60 + - 25
s -
« 38
T 50+
w
- -
o 40 L o .
= L}
2 .. = @
[=3 - L ‘.
8 %0 - P — "
o< u-®
5 20 +
B
w 10 . r
10' 10° 10’ 10" 10° 10°

Gain
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different values of induction fields applied across gaps of 400 um (A), 500 um (B) and
800 um (C).

7.4 Methane mixtures with neon and argon

The results obtained for the THGEM coupled to a submillimetric induction gap
operating in Ne-CF4 mixtures have revealed the presence of photon-induced feedback
effects, as VUV photons are produced in the electron avalanches on CF,. This imposes a

limitation for the maximum gains that could be achieved in the THGEM and/or in the
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induction gap in those mixtures. As ¢Hoes not scintillate in the VUV or UV range
and CH is an effective VUV quencher, the photon-feedbafflect is reduced in Ne-
CH,; mixtures and, therefore, higher gains may be ptesdb be obtained in these
mixtures. On the other hand, Ar-based mixturespaederable over Ne-based ones for
the detection of MIPs (minimum ionizing particlesiice they present higher ionization
yields and lower electron diffusion. However, thgher voltages needed to be applied
to the THGEM are a drawback, a factor that cannleegertheless, minimized coupling
the THGEM to a submillimetric induction gap andngsthe charge multiplication in the
induction gap to obtain high gains while applyirogver voltages to the THGEM. To
explore these ideas, we have investigated the tperaf the THGEM coupled to a

submillimetric induction gaps in Ne/Gt95:5) and Ar/CH(80:20) gas mixtures.

7.4.1 Charge gain characteristics

In Figure7.8A and Figure’.8B the avalanche charge gains that can be achigitk a
THGEM coupled to a 0.5 mm and 0.8 mm induction gapspresented, as a function of
the THGEM voltage for different electric fields digol to the induction gap. In
Figure7.9A and Figur&.9B the charge avalanche gain are depicted ascaida of the
electric field applied to the 0.5 mm thick inductigap for several values of voltage
differences applied to the THGEM electrodes.

As can be seen, the presence of high electridsfigl the induction gap allows
achieving higher gains using lower applied voltapethe THGEM, almost a factor of
ten higher when compared to the gains achievedhirtypical electric field values
usually applied to the induction gap, at a cos efightly higher overall voltage applied

to the THGEM+induction region. Charge gains welbwab 13 are possible to be
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achieved in Ne-5%CH These gains can be almost one order of magnhigher than
those achieved in Ne-5%CF4 mixtures.

A remarkable fact is that Ar-20% GlHeaches gains that are only a factor of two
lower than those obtained in Ne-5% CMevertheless, the total voltage applied in Ar-
20% CH, is about 1500 V, while for Ne-5% GHt is still below 400 V. While for Ne-
5% CH, mixture the effect of photon feedback seems teiesent at higher voltages
and, therefore a higher content of Chhay be used to further reduce the photon
feedback, this effect is not present in the castrét0% CH,. For the Ar-CH mixture
it is possible to set induction fields as high & K\V/cm without having photon-
feedback effects, due to the strong quenching effethe 20% CH content and to the
high ionization threshold of this mixture.

The results also show that, for the studied midureis possible to achieve
almost the same gains with the smaller inductign thi&cknesses. This may present an
advantage for the R&D that is being carried outdavelop a thin element for the
DHCAL calorimeter, since the induction gap can éguced from 1 to 0.5 mm without

sacrificing the gain that is possible to achievkilevalso using lower applied voltages.
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7.4.2 Energy Resolution

Figure7.10A and Figur&.10B depict the energy resolution for 5.9 keV Xsrabtained
with the THGEM coupled to 0.5 mm and 0.8 mm induttgaps, respectively, as a
function of the THGEM voltage and for different etiec fields applied to the induction
gap. For Ne-5% Cldmixture it is noticeable a fast degradation of ¢éinergy resolution
for the higher voltages between the THGEM electspd®eing this effect is more
pronounced for the 0.8 mm induction gap.

In Figure7.11 the energy resolutions obtained for 5.9 keXa)s are depicted as
a function of the gain, for the different electfield applied to the 0.5 mm thick
induction gap. We note that while for Ne-5% f£hkhe threshold for charge
multiplication is around 0.5 kV/cm, for pure Ar shvalue is about 3 kV/cm/bar and,
therefore, for Ar-20% Ckimixture a significant charge multiplication is raathieved in
the induction gap, even for the higher fields aggblio this region. This results from the
fact that there is not a large dependence of theeaed energy resolution on the electric
field and justifies the absence of photon feedbeftdcts. While the degradation of the

energy resolution in Ne-CHs due to the onset of the photon-feedback pre sd to

the much larger intensity of the electric fieldidesthe holes, which results in the loss
of some of the avalanche electrons to the THGEMobotelectrode, for the Ar-CH
mixture only the latter effect is present. As candeen from Figur&.11 there are no

significant differences in the energy resolutiohiaged in both mixtures.
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7.5 Discussion

The characteristics of THGEM based detectors opératith additional multiplication
in a submillimeter (400, 500 or 8Qdm) induction gap were investigated in Ne/CF
(95:5). The charge gain and energy resolution wetermined with 5.9 keV X-rays, as
function of the applied bias to the THGEM and theuiction gap.

Maximum gains of 19 similar to those obtained with a standard double-
THGEM configuration operated in the same gas m&tean be reached for induction
gaps between 500 and 8. The maximum respective applied gap-fields desaéa
from ~5.5 to ~3.8 kV/cm. The maximum gain limitatics due to poor VUV avalanche-
photon quenching by GFwhich also scintillates in the VUV. At higher unctions
fields, gain-limiting photon-feedback effects o@s the electron avalanche extends
into the induction gap.

It was shown that, contrary to what was observethenNe-CEk mixtures, the
Ne-CH, mixtures, having a more effective UV quenchindpwéd achieving higher
charge gains in stable operating conditions. Moeeow Ne-CH mixtures, with a 0.5
mm thick induction gap it is possible to achievaifar charge gains to those achieved
in the 0.8 mm thick induction gaps. Thereforesipossible to implement an effective
reduction of the thickness of the thin elementbdodeveloped for the calorimeter for
the ILC, based on THGEMs. Using a submillimetriduotion gap coupled to a
THGEM operating in Ar-Cll mixtures, it is possible to achieve gains that @y a
factor 2 lower than those achieved with Ne QHixtures. This is very important for
improving the SNR in the detection of MIPs as inbased mixtures present higher

ionization yields and lower electron diffusion do@énts, when compared to Ne-based
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ones. Again, this is an important issue for the R&d3earch of thin elements for the
future ILC.

We have shown that it is possible to conceive atikadly thin electron multiplier
capable of reaching high gains. Further investgeti are required to evaluate the
performance of such thin detector elements witfediht gases and over larger areas.
Compared to a regular THGEM followed with an indoictcollection gap yielding fast
electron signals, one has to investigate effecéstdwslower avalanche-ion components
on the signals due to the transit of the positoresiacross the gap. The latter may affect
high-rate applications. The present concept magMaduated as an alternative sampling
element for Digital Hadron Calorimeter under depetent for ILC P3], where the
detector thickness plays an important role. Thesipdgy to reach high gains in this
detector concept, reducing the gains on each ofwbeslements, will allow the use of
low biasing voltages, below the respective maximlmits, thus minimizing the
discharge probability.

The electric field profile has been computed foresal electrostatic conditions
in the 400 mm and 800 mm induction regions usingy&r8D finite element simulation
software. The simulations provided a valuable ttwldetermine the electric field
strength on the several regions of the detectagy ®how that the full development of
the charge avalanche of the THGEM extends intartdaction gap for more than 200
mm even for induction electric fields well belowetiecharge multiplication threshold,
extending deeper inside the gap as the inductiectred field increases. In each of the
experimental measurements a clear decrease of HIGEW operation voltages was
observed for increasing values of applied inducfield accompanied by a significant

increase of the charge gain, being more signifiG@anliarger induction gaps.
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Chapter 8 — Helium mixtures with

molecular gases

8.1 Introduction

He-based mixtures may present a good alternativiNdebased mixtures for the
potential higher gains 30], with lower applied voltages, similar photoelectr
extraction efficiency and lower costs. The THGEMergiion in Ne-CH and -Ck
mixtures have been extensively investigated] [63] [30] [27] [95] [49] [50], but the
studies of He-based mixtures for THGEMs have notbgen done. To the best of our
knowledge, only 30] have presented a single test with such mixtugéernng to its
potential advantages.

In this work we present experimental measurememthe collection efficiencies
of photoelectrons emitted by Csl photocathodes aijpey in He-based mixtures and
investigate the charge gain characteristics of TNIGBperating in He-based mixtures.
The obtained results are compared with those addafor Ne-based mixtures and a
discussion on the potential use of He-based farréutryogenic applications will be
presented. Main interest of these studies is iklatgh the development of gas
photomultipliers (GPM) for high-energy physics apalions as an alternative to Ne-
based mixtures, namely RICH detectors, e6§] [69] [96], as well as for cryogenic

applications, e.g.30] [95].
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In this experimental work we used a single THGEMduced from G-10 with
0.4 mm thickness and with a 0.02 mm copper cladath sides. It had a hexagonal
pattern of holes 0.3 mm in diameter, with a pit€liimm over an active area of 20 mm
X 20mm; the holes had a 0.05 mm wide chemically etched rims.

The THGEM was assembled in the experimental systescribed in detail in
[JINST 8 P06004]. The detector was assembled iresitidindrical stainless steel vessel
evacuated down to Penbar prior to gas filling. The THGEM and the drftainless-
steel mesh (5@m thick wires and with 50Q@m pitch) and the copper induction plane
were assembled on Teflon mountings. The drift arthiction regions were 6 mm, and
2.3 mm respectively, as shown in Fig&&. The chamber was closed after gas filling
and gas purity was maintained by circulation viawaxtion through SAES St707 non-

evaporable getters, heated to ~120°C.

8.2 Charge gain measurements

In Figure 8.1 the experimental setup used for the effectiaen gletermination is
depicted. Charge-gain measurements were obtaindd aviSingle-THGEM detector
operating in these gas mixtures using a UV lamgHerextraction of photo-electrons. A
1000A Csl photocathode was deposited on a golegpl@HGEM for photo-electron
conversion. Photoelectrons were extracted fromQslefilm by incident 185 nm VUV
photons emitted by an Oriel Hg(Ar) VUV lamp and &reused into the THGEM holes,
due to the strong electric field present in vigirof the holes.

Charge-gains in excess of *1@vere obtained for gas mixtures containing

percentages of quencher higher than 20%.
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The THGEM gain was obtained from the ratio between the photocurrent
extracted from the photocathode to the mesh without gas multiplication (as measured
with the setup represented in Figure 8.5) and the current measured in the induction
electrode after multiplication in the THGEM’s holes (using the setup represented in

Figure 8.1).

UV photons

—HV

—e -HV

Figure 8.1 — Schematic of the experimental setups used for effective gain determination,

highlighting applied bias, the CsI photocathode and the THGEM used.

In Figure 8.2 the obtained gain curves, measured in current mode, are
represented for a Single-THGEM + Csl photocathode deposited on its top electrode,
operated under different He/CF4 mixtures. The effective gain is represented as a
function of the voltage difference applied to the THGEM electrodes. In Figure 8.3 the

results obtained with He/CH,4 mixtures are presented.
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Effective Gain

Figure 8.2 — Single-THGEM gain curves for several He/CF,; mixtures, measured in
current mode for photoelectrons emitted from a Csl photocathode coating the THGEM

top electrode, illuminated by VUV photons peaking at 185 nm from a Hg(Ar) UV lamp.

Effective Gain

Figure 8.3 — Single-THGEM gain curves for several He/CF4 mixtures, measured in
current mode for photoelectrons emitted from a Csl photocathode coating the THGEM

top electrode, illuminated by VUV photons peaking at 185 nm from a Hg(Ar) UV lamp.
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As seen from Figure.2 and Figure8.3, both types of gas mixtures allow
reaching very high charge-gains, well abové. imilar gains are obtained in both
types of He-based mixtures but higher content of, GHdd higher voltages are
necessary: maximum gains are obtained fof &@mtent around the 20-30% while for
CH, the content must be above 30%. This trend andithéeved gains are similar to
those obtained imdf] [63] for THGEMs with similar parameters; the differences in the
maximum applied voltages needed in the differesesanay result from different levels
of gas purity, as demonstrated B4] and 9. On the other hand, when compared to
Ar-based mixtures4] [63] [96] [69], He-based mixtures allow to achieve similar gains
but needing lower voltages applied to the THGEMeviRius works 94] [96] [69] have
shown that the maximum gains achieved in pulse mailting from interactions of
X-rays with energies in the keV range, are loweamntthose achieved in current mode,

by a factor that can be up to one order of mageitud

8.3 Photoelectron-extraction efficiency

Since few years, we have carried out an extensregram for the studied on the
collection efficiencies of photoelectrons emitted Gsl photocathodes operating in
gaseous atmospheres, noble gases and Ne-basedresiix@@ompared to vacuum
operation, the emitted photoelectrons may collidié whe gas molecules and return to
the photocathode. The effective quantum efficiensy thus, reduced when the
photocathode is operated inside a gas atmosphdrerefbre, the photoelectron
collection efficiency is an important parametercansider when deciding about the
suitability of a gas. In Figur8.4 the electron scattering cross sections in Hg,add

CH, as taken from various authors is shown, highlighthe elastic momentum transfer
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as well as the inelastic momentum transfers, duedissociative and electronic
excitations, ionizations and vibrational excitaBof97]. As can be seen, inelastic
collisions of electrons with GFand CH molecules, due to the vibrational states of the
molecules become important for electron energiesvab0.1eV, decreasing the
probability of photoelectron backscattering to giftetocathode in He -GFRand -CH
mixtures, when compared to a pure He atmospherBurileoresents higher elastic
scattering cross sections when compared to Ne geegb5]), indicating that He-based
mixtures may need higher concentrations of molecatiitives to achieve the same
photoelectron collection efficiencies.

The photoelectron collection efficiencies presaghtvalues in molecular gases,
around 90%, since the photoelectron loses almbgsanergy in non-elastic collisions
with the molecule, transferring energy to rotatiomad vibrational states of the
molecule, and will not have enough energy to ovakedhe electric field and return to
the photocathode, upon a collision. On the othedh#or the monoatomic molecules of
the noble gases only elastic collisions are alloaed the photoelectron will retain its
energy to get back to the photocathode, upon aiswl| resulting in poorer
photoelectron collection efficiency, Therefore, thddition of a molecular gas will

increase the photoelectron collection efficiencyhia noble gas.
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Figure 8.4 — Electron scattering cross-sections in a) He and CF, and b) He and CHy,
from various authors: elastic momentum transfer (o), rotational excitation (),
vibrational excitation (oy), neutral dissociation (c4) dissociative excitation (Gge)

electronic excitation (o), and ionization (o;).
This task presents the experimental efforts made for the measurements obtained

for UV-induced photo-electron extraction efficiency from a CsI photocathode into He

with CF4 and CHy4 gas mixtures, when irradiated by VUV photons around 185 nm.
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In Figure 8.5 the experimental setup used for extraction efficiency determination
is represented. Photoelectrons were extracted from the Csl film by incident 185 nm
VUV photons emitted by an Oriel Hg(Ar) VUV lamp and are collected in the mesh
placed above the photocathode. The photoelectron currents were measured operating the
photocathode in vacuum and in the gas for the different He-CF4 and He-CHy4 as a

function of the electric field applied in the region above the photocathode.
UV photons

Figure 8.5 — Schematic of the experimental setups used for extraction efficiency

determination.

In Figure 8.6 the measured photoelectron extraction efficiency from Csl into He
and CF, mixtures are presented as a function of the electric field above the
photocathode. In Figure 8.7 similar results are presented for He and CH4 mixtures. The
photoelectron extraction efficiency was obtainednfr the measured photoelectron

currents in gas were normalized to the vacuum photoelectron current, i.e. the ratio of

Igas/Ivacuum-
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Figure 8.6 — Photoelectron extraction efficiency from Csl into several He and CF4 gas

mixtures as a function of the applied electric field in the region above the photocathode.
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As shown from Figure8.6 and FigureB.7, the addition of Cfto He is more
effective than the addition of GHin terms of the reduction of photoelectron
backscattering, the same behavior as that foundeibased mixturessp] [94] [63].
This is due to the fact that Clpresents lower energy thresholds for the vibration
excitations, resulting in the onset of inelastidismns at lower photoelectron energies.
However, more important is the fact that He-basedures present lower photoelectron
extraction efficiencies than the Ne-base mixtureth ihe same molecular additive
content. This is a consequence of the higher gesson presented by He for electron
impact elastic collisions when compared to Ne. Whor He-30%CH mixture the
photoelectron extraction efficiency is below 50% dtectric fields lower than 2 kV/cm,

in Ne-20%CH it is already above 70% for electric fields abdavev/cm [65] [94].

8.4 Discussion

In this work a Single-THGEM detector was operatede/CF and He/CH mixtures
reaching effective charge-gains well abové, teasured in current mode. These gains
are similar to those obtained with Ne/C&nd Ne/CH in current mode and with
THGEMSs having similar geometric parameters. Boies/of gas mixtures (He and Ne)
allow reaching very high charge-gains, applyingtieely low voltages when compared
to Ar mixtures.

The maximal achievable charge-gains for phototedas in He/Cg20%) and
He/CR(30%) gas mixtures, close to ®lGare comparable to the maximal achievable
charge-gains ind3], for Ne/Ck mixtures. On the other hand, the maximal chargesga
achievable in He/CIH30% and 40% gas mixtures, which are similar toctherge-gains

reached in He/Cf20%) and He/CK30%), are one order of magnitude higher than the
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ones reached in the above work for NejChixtures. Both types of gas mixtures (He
and Ne) allow reaching very high charge-gains, abthve 10 applying relatively low
voltages, when compared to Ar mixtures.

The results obtained for the photo-electron exwmacefficiency show that in
He/CF, mixtures this parameter is high, reaching ~70%af@ kV/cm electric field on
the surface of the photocathode and for He/40% This value is lower than that of
~85%, obtained for the Ne/Gnixtures. For He/Cklgas mixtures the photo-electron
extraction efficiency is roughly 55%, while in Nagmixtures with Cfand CH, the
photo-electron extraction efficiency can reach galabove 80%. Therefore, in terms of
photon detection there seems to be no advantagtedifased gas mixtures over Ne-
based ones.

The well-known higher permeability of He throughffelient materials,
particularly through fused silica (a typical VU\atrsparent material used in GPM and
vacuum PMT windows) when compared to that of otheble gases is, however,
significantly lower in cryogenic temperatures aswh by the permeation rat, given
in units of cni of gas (N.T.P.) per second perZper mm thickness of material per unit

pressure difference as a function of 1/T, represkimt FigureB.8 [98].
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This feature, combined with the promising results previously shown, opens the

possibility of using He-based gas mixtures in cryogenic VUV gas photomultipliers.
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Chapter 9—  Conclusions and

future work

This thesis reports on important advancements dagathe development and testing of
a large—area gaseous photomultiplier based on TH&&drating close to liquid xenon
temperature, integrated with pixel readout for évpasition identification. It was
demonstrated the detection of both primary and regaxy scintillation signals from a
dual-phase LXe TPC with a large-area cryogenic @as@hotomultiplier. The detector
configuration studied, employing a UV-transparenndew and a reflective Csl
photocathode deposited on the first amplificatiteige of a triple-THGEM detector,
could potentially be suitable for photosensors tedaabove the xenon vapor phase in
such TPCs. A key observation in this respect wasGRPM'’s ability to stably record
signals over a very broad dynamic range: at a ghinl(’ the detector recorded both
single photons and large S2 signals comprising shieds of photoelectrons, with a
discharge probability of the order of 10The GPM's energy resolution for alpha
particle S2 signals (~9% RMS) was shown to be edent to that of the XENONZ100
dual-phase detector equipped with PMTs, for theesaomber of ionization electrons
(~8000). The RMS time resolution, derived from &hals, was demonstrated to be on
the nanosecond scale for ~200 photoelectron signals

Future work involves the determination of the pebéctron extraction
efficiency of the Csl photocathode and the deteatmam of its quantum efficiency in-

situ at cryogenic temperatures. Since the currd¥i@esign does not allow for such
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measurements while inside WILiX, a major re-desigas recently begun in order to
install inside the GPM chamber an optical systehis Dptical system will involve an
external UV-light source transmitting, through dasi@ation resistant optical fiber, a
collimated light beam shinning on the Csl photoodth The light intensity will be
monitored via a UV photodiode and a UV beam spliftdnis system will allow the
measurement of the photocurrent from the Csl napedlto the light intensity.

Moreover, the contribution to the background radrafrom the materials used
in the THGEMs is still to be determined. Isotopéshmrium, uranium and potassium,
mainly %*2Th, ?*U and*®K may be present as impurities in the materialsemily used
in the THGEM manufacturing (glass fiber, copper gott) and the total radioactivity
of these will be determined in order to assess tgplicability in current and future
large scale low-background rare-event experiments.

Two particular challenges must be overcome to n@RMs a viable solution for
future rare event experiments: (1) they must be emaid radiopure materials, with
radioactivity per unit area comparable to that of PMTs; (2) for pixilated GPMs, large-
scale, radiopure cryogenic readout electronics Ishioei developed. The first challenge
can be addressed by replacing FR4 with low-radiafctsubstrates such as Kapton
(Cirlex), PTFE, or PEEK. Since these have intrirfdft), 2*Th and*K radioactivity
levels on the order of T0- 10° mBg/cnf for ~0.5 mm thick plates (based on screening
campaigns such a99] [10Q [101], their total radioactivity should be at most dre t
mBq scale in a 150x150 min&PM module with cascaded THGEM electrodes. Other
candidate materials are glass—fiber laminate nadsewhere the typical glass fibers are
replaced by pure (>99.9%) silica grade fabrice Astroquartz®.

While care must be taken not to introduce extemaalioactivity during the
production process of the electrodes, one should timt Cu-clad PTFE and Kapton

sheets have typical radiopurity of the same ordemagnitude as the bare materials
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[10]] [102. Additional GPM structural materials, such as #iedow and metal case,
can also be expected to have low radioactive codiemparticular — high quality quartz
has similar radiopurity as PTFERY]). As for the readout electronics, both issues
(cryogenic operation and radiopurity) are engimegxvise solvable.

As a final note, THGEM-based GPMs are currentiynpeaieveloped for recording
primary scintillation in single-phase LXe detectdos neutron and gamma imaging
[103 [104. They may also be used in conjunction with Liquitble-Multipliers
(LHMs), developed in parallel in Prof. Amos Breslgroup, as potential sensors for

large-scale single-phase TP®@3][[105 [10§.
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