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Abstract

Electroluminescence (EL), as signal amplification method of primary ionisation of noble gases in

Gas Proportional Scintillatidn2 dzy § SNBA 6Dt { / 00X RS@St 2LISR Ay (GKS wm
role in applications to many fields such as astronomy, plasma physics andragly physics,

dzL) 462 NR&aAyYy3I 2F &d42ftAR aidldS RSGSOG2Nmatidny GKS YA
recovered importance in experiments for rare event detection, such as directraatier and

double betadecay searches.

The Neutrino Experiment with xenon TPC, NEXT, is an international collaboration that
aims at measure the neutrinoless doubleth decay, @i | oEthe isotope*®Xe.

Recent Monte Carlo simulation studies performed in Coimbra pointed out different
trends for several gases added to xenon. While the presence ah@avels of the order of the
percent or below does not have important impact on the EL reduction, the addition .of CF
reduces significantly the EL, even for amounts of few decimals percent. A compromise must be
found between the reduction of EL and themaunt of molecular additive.

It is of great importance for the NEXT Collaboration to have these R&D studies
performed, both experimentally and by simulatiohe Atomic and Nuclear Instrumentation
Group (GIAN) of the Instrumentation Centre at the Uniwgrsi Coimbrahas large expertise in
the field, assuming the responsibilitty carry out the detailed studies on this topic.

In the present work, relative measurements have been performed for the EL yields of
xenon and xenomixtures in a uniform electeifield driftless GPSC. The operational parameters
of the detector, including amplitude, energy resolution and drift velocity, were measured as a
function of the reduced electric field in the scintillation region. The results obtained agree with

those fromMonte Carlo simulations.



Resumo

A Hetroluminescéncia (EL), como método de amplificacao de sinal da ionizacao primaria
produzida em gases nobres, em contadores gasosos de cintilacdo proporcional (CGCP),
desenvolvidos na década de 1970, tem desempenhado um papel importante em aplicacdes a
diversas areas, tais como astronomia, fisica dos plasmas e fisica das altas energias, até meados
dos anos 1990 com a evolugéo dos detetores de estado solido. No entanto, nos Ultimos anos a
EL recuperou importancia em experiéncias para a detecao de evemntss camo a procura de
matéria negra e do decaimento beta duplo.

NEXT(Neutrino Experiment in aron TPC§ uma colaboracgédo internacional que tem
O02Y2 202S0A02 YSRANI 2 RSOIFIAYSyi(2i bfdisbtopir dzLJ 2 &

l36xe.

N>

Estudogecentes de simulacdo Monte Carlo realizados em Coimbra apontam tendéncias
diferentes para cada gés adicionado ao xénon. Enquanto a presenca ee Qblantidades da
ordem de um por cento ou inferior ndo tem impacto importante na reducéo de EL, a adicdo de
CR reduz significativamente a EL, mesmo em quantidades de algumas décimas percentuais. Um
compromisso deve ser encontrado entre a reducdo de EL e a quantidade de impurezas
moleculares a adicionar ao xénon.

E de grande importancia para a colabora¢d®XTque estes esidos de &D sejam
realizados, tanto experimentalmente como por simulagéo. O Grupo de Instrumentacdo Atémica
e Nuclear (GIAN) do Centro de Instrumentacdo da Universidade de Coimbra tem grande
experiéncia na area, tendo ficado a seu cargo dizagdo de estudos detalhados sobre este
tema.

No presente trabalho, foram realizadas medidas relativas do rendimento de EL em
xénon e em misturas de xénon usando um CGCP sem regido de deriva com um campo elétrico
uniforme. Outros parametros investigadomcluindo a amplitude, resolucdo em energia e
velocidade de deriva, foram medidos em fungdo do campo elétrico reduzido na regido de
cintilacdo. Os resultados obtidos s&o concordantes com os resultados de simulacdo de Monte

Carlo.
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1. NEXT and Neutrinoless Double Beta Decay

The Neutrino Experiment in &mon TPC, NEXT, is an internatiar@laboration that
aims to measure/search the neutrinoless double beta decay, 0 = A y136EaS$ ti@ y
Laboratorio Subterraneo de CanfraihSC) in Spain. NEXT has the collaboration of 14 different
institutions and around 80 investigators to carry out tleenception, development and
construction of a 100 kg high pressure xenon gas (HPGXe) Time Projection Chamber (TPC) to be
able to perform the experiment [1].

52dzof S 0 Siisamdedrtransition in Wwhich the nucleus maintains its mass
number butincreases its atomic humber from Z to Z+2. It can only occur if the decay to Z+1
atomic number is forbidden energeticallixll double beta decay experiments have to deal with
Fy AYUNAyaiAO olwiidhBaNBnizpesippraskes byigood energpligion. To
suppress cosmic background the detector is operated in an underground laboratory. Natural
radioactivity from the detector materials and environmental elements can easily overwhelm the
signal and, therefore, the use of radmre materials is b huge importance. Additional
experimental choices and procedures that increase the separation of signal from background
are welcome and render the result more robust.

Xenon is a slow gas, having very large electron diffusion. These characteristics are a
drawback for the pattern recognition needed for the TPC. The addition, in small quantities, of a
molecular gas such as £bt Ck can have a great impact on the reduction of diffusion and on
the increase of the drift velocity.

However, drifting electronmay undergo ~ 1{elastic collisions before gaining from the
electric field enough energy to excite the xenon atoms and produce electroluminescence (EL). If
a collision occurs between an electron and a polyatomic molecule, the electron energy may be
lost without resulting in EL, if the electron transfers its energy to the molecule through
vibrational and rotational excitation; this process reduces the EL drastically. A compromise must
be found between the reduction of EL and the amount of molecular additive

Recent Monte Carlo simulation studies performed in Coimbra [2,3,4] pointed out
different trends for each gas; while the presence of, GHhe order of the percent or below
does not have important impact on the EL reduction, the addition of r€é#uces he EL
significantly, even for amounts of few tenths of percent.

It is, therefore, of great importance for the NEXT Collaboration to have these R&D
studies performed, both experimentally and by simulation. Because our research group has

large expertise inthe field, it was up to our groughe Atomic and Nuclear Instrumentation



Group, GIAN, of the Instrumentation Centre, University of Coimbraatoy out the detailed
studies on this topic.

The objectives of the work described in this thesis were atthiessassemblyof a driftless
GPSC, i.e. a detector without drift region. It was equipped with two gas systems, one for
purification and circulation of the gas and another, independent of the former, for addition of
molecular impurities.

Since the drift remn is not present and the electric field in the scintillation region is
high, the effect of electron attachment during the drift of the electrons through the small
thickness of the scintillation region is negligible; only the effect of the loss in ktiotil yield
will be measured. As the-pay absorption is shallow, a few mm, compared to the scintillation
region thickness, of a few cm, the different penetration depths of thrays in the scintillation
region present only a small effect that can bereated for. Further on, as the ultimate objective,
studies were performed for the scintillation yield as a function of reduced electric field in the
scintillation region, forxenon only and for doped xenon, addingolecular concentrations

between 0.5 to 2%f CH at pressures of about 1 bar.

1.1Double Beta Decay
52dzo0fS o60SilF RSOlIe 6ii 0 Aa | ydzOf SINJGNIYEAAGAZ2Y
but increases its atomic number from Z to Z+2. It can only occur if the decay to Z+1 atomic
numberisfoo ARRSY SyYySNHSGAOlIffed ¢KSNBE IINB (G2 Y2RSa
the emission of neutrinos.
The standard twe/ Sdzi NAy 2 Y2RS 0i i HAa0O O2yaraita Ay (GKS
protons with the emission of two electron€)() and two electronantineutrino Q[). This mode

is observed in isotopes with years as Halés of 10%-10?'years. Its decay scheme is [1]:
80 9 cA O 11

bSdziNAy2f Sad R2dzf S 06 Sl nudkesr@randitioroin whichtvo A & | K
neutrons experience beta decay simultaneously and without the emission of neutrinos. Its

scheme is [1]:

Ly GKS §inan RSOFe& (KS UGkioth thé tsdn® (edeByy, & LINEB R

corresponding to half the mass between the parent and daughter nuclei.



¢KS (2Lt 23A0Fft &A 3y LelecediRrack &ith & strang enBr§Ol & A &
deposition at each end, the 0 f f SR Gof 204¢ @
¢KS i nan &S| Nidét wayito révigabif neudriacs aréSirac or Majorana

particles.

1.2Neutrinos and the Standard Model of particle physics

Neutrinos are fundamental and neutral particles with spin %. They are not influenced
either by the strong interaction or by thelectromagnetic force. However, they are observed
via the weak interaction, whose small strength makes neutrinos very difficult to detect [5].

For more than 30 years th&tandard Modelhas provide the most consistent
description of the majority of the phenomena occurring in particle physics. One of the few parts
of the Standard Model that does not agree with experimental results is the description of
neutrinos, namely where it assumes that neutshhave zero mass and that neutrinos and
FYGAYSdziNAy2a FNB RA&ZAAYAT NI LI NLGAOESa FyR GKI(
Fdzf t & O2yaAradasSyd gAdK GKS {dFyRIFINR a2RSt 27F S
inconsistent with this madel [5].

Recently, neutrino oscillation experiments demonstrated that neutrinos are massive
particles [5]. Neutrinoless double beta decay is able to demonstrate the basic nature of
neutrinos and can only occur, evenwih a very low event ratdf the neutrino is a Majorana
particle The importance of neutrinoless double beta decay emanates from the fact that it
necessarily implies a Majorana neutrino mass [6] and, neutrinos being Majorana particles
implies that the neutrino is its own antiparticl€heparticle emitted as a neutrino by one of the
beta decays iabsorbed as anantineutrino, by the other, producingeutrinoless double beta
decayd i i nA0® G fl1 &0 Ay o601 inan0 fSLI2Yy ydzYo SNI 02\
forbidden by the Stadard Model of electroweak interaction and, thus, can only occur if lepton

number conservation is not an exact symmetry of nature [7].

1.3Xenon in neutrinoless double beta decay detection
The isotope xenomoc ¢l & OK2aSy G2 06S dzaSR Ay 01 i nAop
several advantages over other mediZenon provides both scintillation and ionization signals

and, in its gaseous phase, it can provide high energy resolution, betterOtb&f at 2500 keV
(Qub=2458 keV). It offers the possibility of scalimg to a largemass detector, in the toscale,


http://www.youtube.com/watch?v=V0KjXsGRvoA

by using higkpressure xenon gas. In addition, thmackground rate is among the lowest
predicted for the new generation of experiments.
Xenon has two naturallg OOdzNNA Yy 3 A &a20G2LISa {UBA(G=8€by RSOl &
keV) and xeno1136 (Qp = 2458 keV). Because of its highev&ue, xenorl36 is preferred over
xenon134 for neutrinoless double beta decay searches, since the detaysrproportional to
@ iand radioactive background is lower at higher energies.
Xenonl36 constitutes 8.86% of all natural xenon, which implies that the xenon gas has
to undergo an enrichment process, although this procedure is relatively simple amd no
expensive compared to that of other isotopes; this turns xed86 into the most obvious
candidate forafuture mukii 2y SELISNAYSy i !t 423 ESy2ysx dzyt A1 S
other longlived radioactive isotopes that could increase the ovdrattkground.
There are several experiments that study double beta decay such as GERDA {8], EXO
200 [9], SNO+ [10], KamLAMEN [11], Lucifer [12], T2K, Egeas [13,14] and NEXT [1]. The latter
one, in which our research centre takes part, is describélarfollowing section. Among those,

the ones using gas target are Exas, SNO+ and NEXT.

1.4The NEXT Experiment

Neutrino Experiment with aenon Time Projection Chamber, NEXT, is an international
collaboration composed of 14 different institutions from @i@nt countries, including the
Instrumentation Centre at the University of Coimbra, accounting more than 80 researches in
total.

The NEXT experiment was proposed to the Laboratorio Subterrdneo de Canfranc (LSC),
Spain, in 2009 [5].

NEXT will searchfor ( n A 0 ALY6 using § Higfressure xenon gas (HPGXe) time
projection chamber (TPC).

1.4.1 NEXIMain objectives and operation principle

The NEXT collaboration has designed and is building a High Pressure Xenoitifi€ Xe)
Projection Chamber (TPCjthva source mass of 100 kg oémon at 10 bar, enriched in the
isotope xenorl36 for measuring its doubkbeta decay, both with neutrino and without
neutrino emission [1].

Measuring neutrinoless doubleeta decay is the main objective of NEXT and the
measuremen of this phenomenon would establish that neutrinos are Majorana particles (it

being their own antiparticles). It would also provide an explanation for the very small neutrino

4



mass and it will demonstrate that conservation of the total lepton number istdad and, thus,

that it is not a conserved quantity in nature, which could be related to the cosmic asymmetry

between matter and antimatter in opposition to what is stated in the Standard Model.

1.4.2 The innovative Concept of the experiment

A most important $sue for the success of this experiment is the achievable Energy

Resolution (ER), which should tbetter than~1% FWHM (full width half maximum) ati 2458

keVyp L A
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bar, tortuous due to multiple scattering, and with larger energy dgfons at both end§l1].

1.4.3 Function for Tracking
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Figure 1.1The Separate Optimized Functions (SOFT) concept in the NEXT experiment; the PMTs

on the left form the energy plane and the SiPMs on the right form the tracking plane [1].

The TPC for NEXT has separate detection systems for tracking and calorimetry. Figure

1.1 represents the detection process based on the separated optimized function (SOFT) concept

[5]. Particles interact in the HPXe gas and transfer their energy to thenxgas through



ionization and excitation. In the dexcitation processes vacuum ultraviolet (VUV) scintillation
light from xenon (~ 178 nm) is emitted.

In the region between the cathode and the anode, the electric field is 0,3 kV/cm to
prevent recombmation of the positive ions with the free electrons. The ionization electrons drift
towards the TPC anode and enter another region where the electric field is of the order of 3
kV/cm/bar. This region with higher electric field is delimited by two higladgsparent meshes.

In this region, additional EL is produced isotropically.

The pulses from both electroluminescence and ionization are detected in the plane of PMTs
located behind the cathode, the smlled energy plane. The stasf-event, t0, is given bthe
detection of the primary scintillation light, the prompt signal. EL also allows tracking because it
is detected, in the anode plane, the tracking plane, placed some millimetres from where the EL
production takes place. The tracking plane is composked-mm? SiPMs and is important
0S0FdzaS AG oAttt ft26 G2 ARSYGATFEIT gAlGK2dz
SPSy iz yryYSte | (02Nldz2dza tAYyS 6AGK GKS (g2
at both ends of the track.
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Figure 1.2:Monte Carlo simulation of the charge released in &n decay if*¢Xe gas at 10 bar;
GKS GoAaildSR A 2 yortl 2 ok éd ¢achieNd ofifje trachk, Which eonstitutes the

unambiguous signature ofia On event [1].

1.5Chapters summary

Chapter 2 presents a description of the electroluminescence processes, the fill gas
chosen for the detector and an overview of the design, operation principle and main

performance characteristics of a Gas Proportional Scintillation Counter (GPSC).

by e

aof 2



In chapter 3 the experimental system is presented, namely the GPSC without drift

region, the photosensor, the electronic and the gas system. It also has

Chapter 4 presents the experimental results and discussions for the enemjyties,
relative amplitude and drift velocity as a function of E/p, its comparison with Monte Carlo
simulations from another author and the electroluminescence yield.

Finally, chapter 5 presents the conclusions drawn from this work and ideas that can be

developed studied in the future.

1.6 References

[1] V. Alvarez, F.I.G.M. Borges, S. Carcel etN&XT100 Technical Design Report (TDR).
Executive S4 Y | NHANSY (2012) T06001d0i:10.1088/17480221/7/06/T06001

[2] J. Escada, T.H.V.T Dias, P.J.B.M. Rachinhas et al., A study of the electroluminescence vyield
and fluctuations irkenondoped with Cllor CE: The role of electron cooling and attachment,

Nuclear Science Symposium Conference Record IEEE (2009) 729

[3] J. Escada, T.H.V.T. Dias, F.P. Santos et al., A Monte Carlo study of the fluctuedioos in
electroluminescence yield:ype xenonvsxenondoped with Clor Ck and planar vs cylindrical

geometries JINST 6 (2011) PO8006

[4] J. Escada, P.J.B.M. Rachinhas, T.H.V.T. Dias et al., Photoelectron Collection efficiency in Xe
CF4 mixtures, Nuclear Science Symposium ConferencedR&égt volume 1 (2007) 585

[5] M. C. G. Garcia and M. Maltoni, Phenomenology with Massive Neutrinos, Physis Reports,
2008.

[6] J. W. F. Valle, Neutrino physics overview, J.Phys.Conf.Ser.53, no. arXiv:hep ph/0608101v1,
pp. 473505, 2006.

[7] A. Faessler el F.Simkovic, Double beta decay,Phys.G24 (1998) 2132378
arXiv:hepph/9901215v1.

[8] M. Agostini, M. Allardt, E. Andreotti, et al., Results on neutrinoless double beta deé®gof
from GERDA PhaséPhysical Review Lettengol. 111, Article 22503, 2013.

[9] M. Auger, D. J. Auty, P. S. Barbeau, .eSahrch for neutrinoless doubleeta decay in3Xe
with EXG200,Physical Review Letters, vol. 109, no. 3, Article ID 032505, 2012


http://dx.doi.org/10.1088/1748-0221/7/06/T06001

[10] C. Kraus and S. J. M. Peeters, The rich neutrino progeaai the SNO+ experiment,
Progress in Particle and Nuclear Physics, vol. 64, no. 2, 27272010

omMMB8 ! ® DIFIYyR2X |, ® DIFIYR2X | @ |yl {*™@ganthdd | f &
first phase of KamLANPen and comparison with the positi claim in’Ge, Physical Review

Letters, vol. 110, no. 6, Article ID 062502, 2013

[12] J. W. Beemarf. Bellini P. Benettj et al., Current Status and Future Perspectives of the
LUCIFER ExperimeAtvances in High Energy Physics, Volume 2013 (2013), Article 1D ;237973
http://dx.doi.org/10.1155/2013/237973

[13] D_SinclairE Rollind Smit, et al., Prospects fdarium Tagging in Gaseowwn,Journal

of Physics Conference Series 08/2011; 309(1):012Z005 10.1088/1748596/309/1/012005

[14] Kirill Pushkin, Status of the EXO gas detector R&D,
http://meetings.aps.org/link/BAPS.2011.APR.Y8.7



http://www.hindawi.com/64150940/
http://www.hindawi.com/54753014/
http://www.hindawi.com/93037195/
http://dx.doi.org/10.1155/2013/237973
http://www.researchgate.net/researcher/61630480_D_Sinclair
http://www.researchgate.net/researcher/38806766_E_Rollin
http://www.researchgate.net/researcher/2020430264_J_Smith
http://meetings.aps.org/link/BAPS.2011.APR.Y8.7

2. Gas Proportional Scintillation Counter

2.1The Gas Proportional Scintillation Counter

The first detectors used forbaysfluorescence detection were scintillator detectors and
proportional counters. Since these detectors had bad resolution, it was needed to find solutions
to improve the energy resolution.

In 1967 Conde and Policarpo developed the gas proportional scintitatmter, with
better energy resolution, higher count rate capability operating without space charge effects

and higher detection areas when compared with proportional counitk)2).

2.1.1 General Description

The gas proportional scintillation counter is a radiation detector based on
electroluminescence as a signal amplification technique, with the particularity of operating at
room temperature.

This detector is usually filled with a highrity noble gas, fyically xenor{2] but argon
[3] is also used or noble gas mixtures like ArfXexXe+K{5], Ne+Xd6], or Xe+MN2], or even
noble gases with molecular impurities, likesCER, CQ.

The filling pressure is around 1 atmosphere or higher.

The output signal is proportional to the absorbed radiation in the detedbat is why
Dt {/ KI& WLINRLERNIA2YIfQ Ay Ada RSaraIyldrAzyo

2.1.2 Absorption of XRays in xenon

When an ionizing radiation is absorbed in the gas, two processes can occur, hamely
ionizatian of atoms producing a cloud of primary electrons and excitation of atoms resulting in
light known as primary scintillation.

The interaction between xay photons and gas atoms can happen through different
effects, the photoelectric effect and the Compteffect which are the two more probable, but
also Rayleigh scattering and pair production [7].

The main electromagnetic interaction types with matter for energies below 1.02 MeV
are photoelectric effect (absorption), Rayleigh effect and Compton Effectagigwo due to

photon diffusion.



The photoelectric effect consists in the absorption of an incident photon by an atomic
electron and, consequently, its ejection from the atom. The ejected photoelectron has an energy
given by the difference between the ident photon energy and the electron binding energy of
the occupied layer. This interaction originates an excited ion with a gap in the layer previously
occupied by the electron, except when the ionization occurs in the most outer layer of the atom
[7].

The probability of Xray photon absorption depends on the absorption cross section,
which is approximately equal to the photoelectric cross sectjon,

® 2.1
o | oF

where Zis the atomic number of the gas atonm,is a number between 4 and 5 ads the
energy of the incident photon. From (3, the heavier the noble gas atoms, the stronger the
absorption. That is why pure xenon (Z=54) or mixtures with xenon are often used as the filling
gases in Xays detectors.

The Compton effect is the elastic collision between a photon and a free electron at rest.
With this collision the photon diffusion through the electron occurs and part of the photon
energy is then transferred to the electron. As a result, the incidewtiqi is deflected with an
energy depending on the diffusion angle and an energetic electron is emitted.

Rayleigh scattering is an elastic diffusion process of a photon incident on an atom. The
photon does not lose almost any energy since the atom hasrya laege mass. The atom is
neither ionized nor excited; only the direction of the incident photon whose energy is preserved,

changes.
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Figure 2.1 Total effective cross section of the photoelectric effagt), Rayleigh
dispersion {as) and Compton effectscomp) fOr pure xenon as a function ofrdy energy
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For the range of energies considered in figure 2.1, the total effective absorption cross
section is higher for thghotoelectric effect, so that contributions from other effects are
negligible, meaning that, the probability for occurrence of the photoelectric effect is the highest.

As we can see in figure 2.2, photoelectric effect is dominant for photon energies up to
400 keV.
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Figure 2.2Relative importance of the interaction processes between gamma rays and matter

[7]

11



2.1.3 Structure and operation principle

This GPSC is generally composed of three parts, the absorption/drift region, the scintillation

region and the photosensor, as represented schematically in figure 2.3.
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Figure 2.3Schematic representation of a GPSC

A Macor ceramic is often used betwedmet detector body and the radiation window
holder for electrical insulatiorBoth window and Macor are glued to the stainless steel detector
body. The fill gas circulates in a closed circuit that includes elements to purify the gas which is
inside the detetor.
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Figure 2.4Schematic of a GPSC showing the formation of the signal afteraniXteraction
in the gas.
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Figure 2.4 shows the different regions of a GPSC and the physical processes taking place

in each of them.

2.1.3.1 Absorption/Drift region

The absrption (or drift) region is defined by the radiation detector window and grid G1.
The window voltage isHVO and lower than the voltage of GHV1, so that the electric field
direction points to the window and electrons move in the opposite direction,tte
photosensor.

The incident ionizing radiation passes through the radiation window and is mainly
absorbed in the gas volume inside the drift region.

As the incident xay beam interacts with the gas atoms, a primary electron cloud is
produced. The primry scintillation is the result of gas radiative excitation and subsequent de
excitation as well as electraion recombination and its intensity is 20% of the total absorbed
energy[9,10].So, in general it is not high enough to be detected.

In the drift region, the electric field is weak, smaller than the gas excitation threshold,
which in the case of xenon is around 1V/cm/torr. This weak electric field guides the free electron
cloud towards the scintillation region, where they undergo elastic collisiotistiwé gas atoms,
because the energy gained by the electrons from the electric field is not enough to excite the

gas atoms.

2.1.3.2 Scintillation Region

The scintillation region is defined by grids G1 and G2. G2 is at ground.

In this region, a scintillatioreduced electric field (E/p) is applied, that is higher than the
gas excitation threshold (1V/cm/torr for xenon) but lower than the gas ionization threshold (for
xenon 6V/cm/torr). Therefore, while the primary electrons are crossing this region, theyracqui
enough kinetic energy from the electric field to excite noble gas atoms; when the latter return
to the ground state; deexcitaciong they emit vacuum ultraviolet (VUV) photons. This process

is called secondary scintillation or electroluminescence (EL).

2.1.3.3 Photosensor

The secondary scintillation produced in the scintillation region of a GPSC filled with a
noble gas must be detected with a photosensor sensitive to the wavelength of the light

produced inside the detector. For xenon and other noble gasespti@osensor must be
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sensitive to VUV light, because the secondary scintillation emission spectra of rare gases centre
in this region of the electromagnetic spectrum.
A fraction of the VUV photons is converted in an electric pulse by this VUV sensor.

Normally, a Photomultiplier Tube (PMT) or an Avalanche Photodiode (APD) is used.

2.2 GPSC performance

2.2.1 Response Linearity

The interaction of Xays with energyw in the detector results in the production of
primary electrons. In a good approximation, the mean number of primary electrons produced,
No, is proportional to E

2 22
0
where w is the mean energy necessary to produce a primary eledwarpair andg is the
energy of the incident energy.

In the secondary scintillation process, each primary electron produces, on aviskage,

photons, proportional to the energy acquired from thkectric field by the electron:
YO
s — 23
where' sis the scintillation efficiency, which depends Bfpin the scintillation regionYO is
the potential energy variation of the electron when it crosses the scintillation region and
the mean excitation energy of the gas.

The number of photoelectrons detected in the photosengdy, is proportional to the
solid angle subtended by the photocathode active area relative to the scintillaticemd to the
photosensor quantum effiency,' o, according to:

6 60 - 2.4
T

whereTis the window transmittance anblyyvthe mean number of VUV photof3].

The signal at the output of the photosensor is, thus, proportional to the initiayX

energy which waabsorbed in the detector gas medium [11]
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2.2.2 Energy Resolution

The response function of the detector is the amplitude distribution, which is typically a
Gaussian distribution around the mean value and other features, e.g. due to possible escape
radiation from the detector and electronic noise tail. The energy resmiutiay be given by the
ratio of the Full Width at Half Maximum (FWHM) and the centroid of the peak obtaiedf
the Gaussian distribution:

vy L —— couw 2.5
whereg is the centroid position of the Gaussian distribution gnds the standard deviation

of the distribution (see figure 2.5).
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Figure 2.5Representation of FWHM arif) of a peak, necessaries to calculate the energy

resolution

The energy resolution of a GPSC depends on the statistical fluctuations in the number
of primary electrons, in the number of secondary scintillation photons that reach photosensor
and the statistical fluctuations inherent to the amplification process msie photosensor.

So, for a GPSC equipped with a PMT photosensor, the energy resolution is given by:

2.6

. O 0
Y c¢lou u— ﬁ i
0 00 0

beingNo the mean number of primary electronkthe Fano factorNvuvthe mean number of
VUV photons andl. the mean number of photoelectrons produced in the PMT photocathode
because of the scintillation collected there. In equation (2.6), the falitintroduced to correct

for the fact that the distribution is not a Poisson one.
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Since the number of secondascintillation photons produced by one single primary
electron is high and the statistical fluctuations are small &dF, the energy resolution for a

collimated beam can be simplified and written as:

: - O ¢
Y c¢ouvu— — 2.7
0 0

2.3 Driftless GaPRroportional Scintillation Counter

In a normal GPSC, the interaction efays close to the detector window can produce
primary electrons that may be lost to the windoWhis process results from the diffusion, more
important in soft Xrays because they a shorter penetration depthdt was shown that this
effect is reduced with the increase of the electric field. Hence, a solution was found to this
limitation, a GPSC without drift region.

The driftless GPSC is composed by only one grid near the photos&hg scintillation
region is defined between the radiation window and that grid. The first driftless GPSC was first
introduced by Simons and Korte [12].

The main difference between the driftless GPSC and the standard GPSC is the
dependence of the outpwtignal on the photon penetration in the scintillation region, i.e., in the
driftless GPSC the output signal depends on the distance travelled by the primary electrons
produced in this region. To overcome this effect, the signal amplitude is correctedgthithe
relation between the photon interaction position and the pulse rise time. The result is a signal
proportional to the absorbed radiation energy, independent of the interaction position or depth
[12].

2.4 Electroluminescence

When a primary electrocloud drifts under the action of an electric field, electrons are
highly accelerated and gain from the electric field energy enough to excite the xenon atoms but
not to ionize them. Excited atoms might return to the ground state and, in the deexcitatian, e
photons, secondary scintillation photons.

For pressures above few Torr, excited noble gas atoms create excited dimers, which are
molecules composed by two atoms. These dimers decay through radiative emission in the UV

region, generating electroluminesnace.
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The EL mechanism in noble gases, for pressures of 1 atmosphere are gjit8h by

8 Aog A 2.8
8z ¢80 @ 8 2.9
@' 80&% 8 2.10
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the dimer formation through a thredody collision process, one atom in the excited state, X*
and two atoms in the ground state, 2X. The result is a diatomic molecaleibrational excited
state,®” and a noble gas atom in the ground state, X.

Whend”* collides with an atom, the excimer relaxes to the lowest vibrational state,
(equation 2.3).& decays to the Xground state, which is repulsive, emitting a VUV photon,
followed by the dissociation of the dimer (equation 2.4).

EL or secondary scintillation gives signals with much larger amplitudes, minimal
fluctuations in gain and negligible electronic noise, wikempared to primary scintillation. In
addition, the amplification of the primary ionization signal through EL results in higher gains and
better energy resolution when compared to primary ionization amplification through charge
avalanche processes, whidh the reason why NEXT chose EL as the primary ionization

amplification technique for their detector.

2.4.1 Electroluminescence yield

The addition of molecular impurities to noble gases will produce an increase of the drift
velocity and a reduction of thdectron diffusion. However, they will reduce the EL yield, i.e. the
number of secondary scintillation photons produced per drifting electron per length unit.
Therefore, a compromise must be found between the amount of molecular impurities and the
reductionof the secondary scintillation.

Vibrational excitation of these molecular impurities at low electron impact energies can
compete efficiently with elastic scattering and, as a result, the electron energy may be reduced
after a few collisions to valuesahreduce drastically the chance of exciting the gas [16]. This is
one of the reasons to add molecular contaminants (e.g, CHor CQ) to the noble gases.

Electrons may undergo super elastic collisions with vibrational, excited molecular

impurities, where electrons will gain energy equal to the excitation energy releasethdy
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molecule (deexcitation) [15These gas molecules, called quenching molecules, absorb photons
without being ionized, avoiding also recombination of-glactron pairs.

In the present work different quantities of Giere added to xenon in order to find the
optimal mixture (10&)% Xe + x% Gk is the percentage of molecular impurity) in such a way
that the reduction of the EL yield will not result in significant deterioratadnthe energy
resolution of the detector.

We have Monte Carlo simulations available in the literature [ft8]drift velocity,
longitudinal diffusion and EL yield, needed to be confirmed experimentally and another
parameter needed to be measured, the @gg resolution, R (%). The additive percentages were

chosen similarly to those used in Monte Carlo simulations (0.5% and 1%).
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Figure 2.6:Monte Carlo results for the mean number H of EL photons produced in planar

geometry under applied reduced electrigldls E/N, when one electron drifts across a D=0.5 cm

long scintillation regiom xenonor in the XeCHand XeCRY A E (1 dzZNB & 6 A (idkand KS A Y RA (
+ 1 dnolecular concentratias at p = 7600 Torr, T=293 K][15
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2.5 Electron drift velocity

The electron drift velocity is defined as the mass centre velocity of a cloud of free
electrons. It is the average velocity that free electrons achieve due to the electric field applied
in a certain region, for instance the drift region in a GPSC.

In Y. Kondet al. [14 the drift velocity of an electron cloud is obtained as:

Q

O 2.12
Y

whered is the distance travelled by electrons afds thedrift time [16]; d is proportional to"Y
since the drift velocity is constant.

As shown in figure 3.6Yis the time that the centre of electron swarm takes from the
position where it is absorbed to the position where it reaches the anode.

oy Pey p1a
C

where the drift time is related to theotal time “Y which is the duration of the pulsand fall

time “Y , represented in figure 3.6, according to:

N
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Figure 2.7Scheme of the electron cloud travelling in a region of thickigskhe circle

represents a group of free electrons.
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The parameters§Y and”Y are determined from the osdibscope.The circls presented
in figure 2.7are a simplification of the primary electron cloadThis cloud drifts towards the
PMT window because of the electric fidgpliedin this region. The duration of the travelled
distance is the drift time, T antthe signal appears when the frontal part of the claiodiches
the PMT window, symbolised by the bottom line in figure 2.7.

Figure 2.8 shows an output signal (top) and the histogram of the total time obtained for
1000 pulses.

P1:rise(C1) P2:fall@lv(C1) P3:(P1+P2) P4:hmean(F1) P5:wid@Iv(C1) P6:dutv@Iv(C1) P7:mode(F1) P8:ampl(C1)

2.397750 us 553.237 ns 2950987 us — 3.081106 us 1.647 % 3.4920 us 4543V

x b 4 )4 ¢ v a 3 4

1.00 ps/div Stop 243V

| 500 ns/di 100kS 10 GS/s [Edge Positive|

TELEDYNE LEC‘ROV 3/28/2014 9:58:03 AM
Figure 2.8Pulse shape (top) and histogram of total time (bottom) obtained with a driftless

GPSC for a reduced electric field of 4.5 V/cm/torr with pure xenon.
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Figure 2.9 presents another histogram showing the fall time distribution of 1000 pulses.

P1:rise(C1) P2:fall@Iv(C1) P3:(P1+P2) P4:hmean(F1) P5:wid@Iv(C1) P6:dutv@lv(C1) P7:mode(F1) P8:ampl(C1)
value 2.769170 us 794.547 ns 3.563717 us > 573 ns 3.623578 us 1224 % 552.0 ns 4503V
status .4 R .4 X v a Ry E.4
C1 1 ey (Trigger i}

1.00V/div | 50.0 #/c:j 1.00 ps/div Stop 240V
-3.320 V| 200 ns/d 100kS 10 GS/s [Edge Positive|

TELEDYNE LECROY

3/28/2014 11:39:38 AM

Figure 2.9Fulse shape (top) and histogram of the fall time (bottom) obtained with a driftless

GPSC for a reduced electric field of 4.5 V/cm/torr with pure xenon

Themathematicalmodes of the histogramsof figure 2.8 and figure 2.9 give the total
time andthe falltime, respectivelp Ly FA I dzZNBE Hdy GKS G201t GAYS
fall time is 552 ns. Therefore, we can calculate the drift time using equation (2.13) and,
considering the travelled distance, the drift velocity is estimated from equa®oh?]. In this
case, its value is 7.78X@m/s.

In this work, we use this method to determine the drift velocity in pure xenon and
mixtures with small quantities of GHup to above 2%)Monte Carlo simulations were
performed for a gas proportional scili@tion counter with amplification achieved through the
production of electroluminescence under a chagaeltiplication free regime, like in this work.

These simulations were mader pure xenon and enon doped with different percentages of

CH, and the nain results are presented in figures 2.10 and 2.11.
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Figure 2.10Monte Carlo simulation results (curves) and experimental results from literature
(symbols) for the electron drift velocity, w, as a function of reduced electric field, E/N, for Xe

CH mixtures [15.
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Figure 2.11Monte Carlo simulations results ftine electron drift velocity, w, ixenon

and XeCH mixtures as a function of the reduced electric field, ELH].
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As seen in figure 2.11, the addition of 46l xenonincreases the drifvelocity, which
tends to reach a maximum wherg/N increases and then exhibits a negative differential

conductivity effect, i.e. decrease ofat increasind=/N.

2.6 Diffusion

There are two types of diffusion, transversal and longitudinal, dependinghen
direction of the charge motion relative to the electric field. Longitudinal diffusion is an important
issue for the NEXT TPC, so we will investigate the behaviour of this parameter in this work.

The longitudinal diffusion parallel to the electric déliroki Kusano et al. 1, i.e. in the
direction from the window to the PMT. The longitudinal diffusion coefficient is an important
transport parameter that can be obtainddom 0, "Y and "Y through the following equation
Hiroki Kusano et al. [17

oY
A

0O 2.14

Longitudinal and transversal diffusion coefficients can be expressed in terms of two other
parameters, thedO K NI OG SNR AU A QI YIRSO®BINRY SYySNHASE &

(09
i —_— 2.15

(9 0)
— 2.16

In equations (2.9) and (2.9 and O are the longitudinal and transversal diffusion
coefficients, respectiveleis the electron charge arwlis the electron mobility, defined as

U

(@) 2.17

whereEis the electric field applied.

Figure 2.12 shows Monte Carlo simulation results for the characteristic electron energies
as a function of the reduced electric field for pwenonand XeCH mixtures.
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In figure 2.12, we can see that the addition of methane to xenon, even in very small
percentages, changes the electron longitudinal and transversal diffusion characteristics in the
I a3 RSONBRidgeye[1.
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3. Experimental system and operation

In the conventional GPSC, the interaction efa}s close to the detector window
produces primary electrons that may be lost to the window, which happéran the electron
diffusion towards the window is faster than the drift velocity of the primary elattcloud in
the electric field This process is more probable to occur in sefay§, low energy incident
photons, because of their low penetration depti#ss a consequence of these primary electron
losses, the energy resolution increases and the backgtdn the peak region rises due to
diffusion.

Other possible degrading effects in conventional GPSCs are the loss of primary electrons
to the grid that separates the absorption region from the scintillation region, due to lateral
diffusion, and also losseo impurities due to the higher number of inelastic collision in the low
electric field of the drift region, for the whole energy randé

The fact that a driftless GPSC does not have drift region is one advantage of this type of
detector. Xrays areabsorbed directly in the scintillation region, which is a way to reduce or
eliminate the above mentioned degrading effects because of the higher reduced electric field in
the driftless GPSC [2].

However, besides the inexistence of drift region in a dr$ftl GPSC, another difference
between a driftless and a conventional GPSC is the dependence of the output signal en the X
ray penetration in the scintillation region, i.e., in a driftless GPSC the output signal depends on
the distance travelled by primanfextrons produced in this region as they experience different
gains. To correct this effect, the signal amplitude is amended taking into account the relation
between the photon interaction position and the pulse rise time. The result is a signal
proportional to the absorbed radiation energy, independent of the interaction position or depth
[1, 3].

3.1 Driftless GPSC: structure and principle of operation

The first driftless GPSC was proposed by Simons and Korte and is presented in figure 3.1.

~ A oA 4

As we can se& NBY (KS TA3Idz2NBI (i K §HV.RTEdl iBoldén® rbidiztion, 6 A Y R2 &

represented by h, is absorbed in the scintillation region. The electric insulation is achieved with
Macor. The PMT window is made of Magnesium Fluorite ¢Mgkhich converts VUV

sdntillation into visible light whose wavelength can be detected by the chosen photosensor.
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As the driftless GPSC does not have a drift region, the radiai@bsorbed in the
scintillation region. Two processes may occur: photoelectric effect or excitatienohatoms.

The first process originates primary electrons and the second process is followed by
deexcitation, releasing VUV lighprimary scintillaion.

Therefore, the electrons produced from the interaction of radiation with the gas atoms
by photoelectric effect form an electron cloud which is promptly accelerated by the reduced
electric field.

The reduced electric field in a driftless GPSC is higlesr the xenon excitation
threshold (1 V/cm/torr) but lower than its ionization threshold (6 V/cm/torr). The primary
electrons travel through the detector, accelerated by the electric field, colliding xetion
atoms. In the collisions, electrons excitee atoms and then, in the process of deexcitation,
atoms emit VUV photons, secondary scintillati@he photosensor collects these photons and

converts them into a charge signal, similarly to what happen in a standard[@PSC

3.2 Experimental Setup

In this work, the driftless GPSC outlined in figure 3.2 was used.
This detectohas a 1&cm diameter and 2f&m deep scintillation region and is filled with

xenon or xenorCH mixtures at pressures close to 1 atmosphere, continuously purified through

27



SAES $t07 getters. The upper part of the detector body is made of Macor, which insulates the
8-mm diameter Kapton radiation window and its stainless steel holder. The Kapton, the stainless
steel and the Macor are epoxied to each other. The Kapton wind@aminisedon the inner

side to ensure electrical conductivity. The lower part of the detector is built from stainless steel
and is connected to the gas circulation system. The bottom of the detector is a Macor disc
epoxied to a 5dmm diameter PMT and to the tlector wall. A chromium grid of ~18@m line

width and 1006mm spacing is vacuwtleposited on the PMT quartz window and connected to
the photocathode pin through a continuous chromium film deposited on the lateral surface. The
upper and lower parts of theletector are made vacuustight by compression of an indium
gasket. The Kapton window and holder are kept at negative high voltage, while the chromium
grid and the PMT photocathode are kept at OV. The window holder and the upper Macor piece
were designed t@nsure a uniform electric field in the scintillation region [1].

The electric field points towards the window, so that electrons travel in the opposite
direction, towards the grid (see figure 3.2, number 3). The Macor electrically insulates the
window from the remaining detector body.

The photosensor used, a photomultiplier tube (PMT) with quartz window for VUV
scintillation light detection, has some advantages such as suitable detection area and quantum

efficiency, low dark current and high gain $2@F), important, for instance, for single photon

detection.
e
)
/’ﬁ
S Macor
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P . 2 ——
=] Y ::.
Macor _ E \-\
. PMT A
1)~ Kapton window / (4
(2} - stainless steel window holder /
i3) - orid evaporated on PMT i
(4)- to gas purifier &) -
'Eé - stainless steel enclosure

Figure 3.2Scheme of the driftless GPSC used in this work, already used in [1] and [3].

The charge signal from the PMT was-praplified and subsequently formatted with a

linear amplifier, with il SINF GA2Y K RAFFSNBYGAI A2y O2yaidl yia

pulses were collected with a multichannel analyser (MCA) of 1024 channels and with a digital

oscilloscope. More details of the electronic system will be given further on.
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Figure 3.3 preants the components of the electronic system used to analyse the pulses
from the PMT.

The equipment necessary to operate the detector is composed by two power supplies
and a PMTThe HV window power supply has an upper limit of 10kV; applying a voltglerhi
than this results in discharges. The PMT maximum biasing was set to 800 V.

The window of the GPSC is polarized through an HV source and does not need a low
noise power supply while the PMT power supply must have low noise, in order not to degrade
the detector energy resolution.

As can be seen from figure 3.3, thkectronic system connected to the driftless GPSC,
the preamplifier, a linear amplifier and, finally, a digital oscilloscope and an MCA. The models of

each component are listed in table 3.1.

Power supply

Oscilloscope

P Power supply

S

w i
Detector Pre-amplifier Linear Amplifier

MCA

Figure 3.3Scheme of the electronic detection system

The preamplifier used is from Canberra model 2004, and for the present tests a
sensitivity of 9mV/MeV was chosen. The linear amplifier, model HP 5582 A, has variable
independent gain and formatting constants (differentiation and integratidije amplifieris

connected to both an MCA and a digital oscilloscope.
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Table 3.1List of electronic components used in this work

NIM basket ORTEC 4001 A
High Voltage power For the window: Bertran
supplies For the PMT: NHQ Fast NH
206L
PMT
Preamplifier Canberra 2004
Sensitivity of 9mV/MeV
Linear Amplifier HP 5582A
Oscilloscope Lecroy
Multi -channel analyser PCAIl Nucleus

3.3 Gas system

There are two main gas systems associated to the detector, namely a purifying system
with getters and a system to add molecular impurities, represented in figure 3.4.

The first system was used to purify and circulate the gas (see figure 3.4, from valve T1,
including T2, T3, to valve T4, in black) and another one to introduce the molecularitieg
into the detector (from valve T4 to the ¢bbttle). Getters (SAES St 707) were used throughout
the whole experimental work to purify the gas by convection. During the experiment, getters
were maintained at temperatures in the range of 2GGo 150C.

The reducer allowed the introduction of methane in the impurity system by opening the
valve and controlling the amount of Gidtroduced in the different volumes of the system. With
different volumes, it was possible to control the quantity of,@lvht was introduced in the
detector and, this way, we could have different percentagesarfion and CH inside the
detector volume.

In figure 3.4 the tube system and other components before valve T1 are not presented
because, when the experiment was reasig/ve T1 was closed and this part of the system did
not interfere with the detector operation. However, the components omitted are important to

make vacuum (pumps) in the system and also to introduce the xenon needed@monbottle.
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Figure 3.4Scheme of both gas stems connected to the detector

The U tube presented in figure 3.4 allows the condensation of the methane gas with the

help of nitrogen. This is useful when we want to collect the methane gas.

3.3.1Mixtures

In this work, smalbuantities of methane were added to the xenon in the detector,
through the molecular impurities gas system. To know the percentage x.a¥€hhd to add to
have mixtures of (10@)% Xe + X % @he need to calculate the ratio of the different volumes
in our experimental system, represented by variabledefined in table 3.2.

To proceed to the addition of molecular impurities to xenon, we first closed the valve
between the detector and the gas impurity system, T4, opened valves T5 and T6, and introduced
1 bar of CHlin the tube. Then, we closed valves T5, T6raddcer. All these volumes/s, Vsand
V7had the same pressure, 1 bar of CWe also knew the pressure insidg measured with P1
(it was at O bar) initially. Afterwards, we opened T4 and,radte/hile, equilibrium was achieved.
From the ideal gas lavRV= nRTwhere temperature T) and number of molesn] were kept

constant, we were able to use the following equation:
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