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ABSTRACT. Presented here are first tests of a Gaseous Photomulbpbed on a cascade of Thick
GEM structures intended for gamma-ray position reconstman liquid argon. The detector has

a Mgk, window, transparent to VUV light, and a Csl photocathodeodépd on the first THGEM.

A gain of 8- 10° per photoelectron ang 100% photoelectron collection efficiency are measured at
stable operation settings. The excellent position regolutapabilities of the detector (better than
100 um) at 100 kHz readout rate, is demonstrated at room temperaBtructural integrity tests

of the detector and seals are successfully performed agenjo temperatures by immersing the
detector in liquid Nitrogen, laying a good foundation fotute operation tests in noble liquids.

KEYWORDS. Micropattern gaseous detectors (MSGC, GEM, THGEM, RETINGEHSP,
MICROPIC, MICROMEGAS, InGrid, etc), Noble liquid detecsofscintillation, ionization,
double-phase), Photon detectors for UV, visible and IR gf®{gas) (gas-photocathodes,
solid-photocathodes), Gaseous imaging and tracking tbesec

*Corresponding author.
TMost of the work performed while at University of Sheffield


http://arxiv.org/abs/1501.05674v2
mailto:brais.lopez.paredes@cern.ch

Contents

1=

@. Introduction

Conclusions

7. GPM Detector Design and Operation Principle 2]
B Experimental Setup and Methods g
A Results: detector characterisation a4

B

[éxl

1. Introduction

Noble liquids (xenon, krypton and argon) are growing in imaoce in particle physics experi-
ments [1-5] and they have been proposed as an alternativestals in medical particle detectors
such as Positron Emission Tomography (PET) scanners [6PHER scanners, the position res-
olution is limited by the granularity of the 36&rystal and photomultiplier tube (PMT) arrays,
and the energy resolution by the crystal scintillation tigield (Nal(Tl): 38 ph/keV, BGO: 15%
relative to Nal(TIl), GSO: 30%, LSO: 75% [7]) and the phot@dtdr resolution. Compared to
conventional scintillation crystals, noble liquids hawmitar or superior scintillation light yield
(liquid argon: < 51 ph/keV [8], liquid xenon:~ 40 ph/keV [9]), leading to an improved energy
resolution. Furthermore, they are transparent to their seimtillation light and, unlike solid state
detectors, degradation of the medium can be counteractedrtinuously circulating the liquid
through a purifier. Liguid xenon is commonly used due to itghhilensity and scintillation light
wavelength at 178 nm, offering a better stopping power tharother liquids and the possibility of
detecting the light with cryogenic photomultipliers [104t lower light wavelengths, such as the
peak of argon scintillation 127 nm), wavelength shifters must be used to continue wonkith
PMTs[11]. However, liquid argon is the ideal medium due $oséry low cost, although alternative
light read-out methods are required to avoid the granylérititations imposed by PMTs and the
efficiency loss introduced by wavelength shifters.

Position sensitive Gaseous Photomultipliers (GPMs) camaeufactured with large active
areas and with photocathodes sensitive to UV noble liquidtiation light, offering a cheap
alternative to vacuum and solid state photon detectors d@hdaposition resolution on the order of
100 um. Hole-type micropatterned structures like Thick Gasdglestron Multipliers (THGEMSs)
are indispensable components in such GPMs. When arrangedascade, with the first structure
coated with a thin film of photosensitive material and opedat high voltages immersed in a noble
gas, they focus the photoelectrons into the holes and pr@dditional electrons and positive ions
via collisions with the gas atoms. The cascaded structuogvsilfor lower individual operating



voltages and discharge probability while increasing thiecter gain. Caesium lodide (Csl) can
be used to form a reflective photocathode [12], with sensitio UV light below the 220 nm
threshold with a quantum efficiency from15% for liquid xenon scintillation (178 nm) ts 60%
for liquid argon scintillation light (127 nm) (see Figuresaidd 8 in [13]) and a time resolution
< 10 ns [14-186].

The stability of position sensitive GPMs at cryogenic terapgres down to 88 K has been
tested with positive results [17], confirming the expecteduction in photoelectron extraction ef-
ficiency with increased gas density at low temperaturesuitdigenon scintillation light detection
has also been performed with a GPM detector [18]. In thiglarthe construction, operation and
testing of a prototype GPM intended for liquid argon sciatibn light is presented. Voltage set-
tings are optimised at room temperature to maximise the gaththe position resolution is studied.
Further tests towards the operation of the detector sutedergliquid argon are also carried out:
structural tests in liquid Nitrogen, room temperature fiplétphoton position reconstruction and
gain stability.

2. GPM Detector Design and Operation Principle

The detector used in this work is shown in Figlire 1a. The desmnprises three micropatterned
structures housed in an aluminium cylinder of 10 cm diamatet 10 cm height, with a 3 mm
thick circular window on one end and two diametrically opgibgas inlet/outlet perforations on
the other. A stainless steel CF flange with nickel pins is Usedignal and power feedthrough,
with all structural components vacuum-sealed with Tefloskgts. The window material is Mag-
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Figure 1: (a) Detector prototype - the MgWwindow, vacuum-sealed with Teflon gaskets to the
aluminium cylinder, the grid and the first THGEM are visib{e) schematic representation of the
detector and its operation principle.



nesium Fluoride (Mgh) due to the high typical transmittance in the VUV range > 50% at
121 nm [19]). The three micro-structures comprise two THGEMWd a 2D-THCOBRA, copper-
cladded 40Qum thick G10 sheets with 40Qm holes mechanically drilled, without rim and with
800 um pitch in the case of the THGEMSs and with an @th rim and a 1 mm pitch in the case of
the 2D-THCOBRA. Strips 10Qum wide were etched on the top and bottom surfaces of the 2D-
THCOBRA following a photolithography process, and thesejained by resistive lines deposited
by serigraphy (see Figure 1 in [12]). The detector is opdratdlow mode with a gas mixture of
95% Neon and 5% Cldthat fills the inside of the cylinder and serves as multipicca medium.

As shown in Figurg b, a VUV photon that enters through the Mgidow and interacts in the
Csl photocathode deposited on top of the first THGEM may predemission of a photoelectron
with a certain probability. The photoelectron drifts duethie electric field between the THGEM
top and bottom surfacedy B;) into the THGEM holes. As it accelerates in the gas medium,
collisions with Neon atoms start an electron multiplicatigrocess. The electron cloud extracted
from the first THGEM holes drifts towards the second THGEM thu¢he transfer fieldE, .. A
second multiplication occurs in the second THGEM and theteda cloud then drifts towards the
2D-THCOBRAINE,, . » A bias voltage/ct is applied between the top stripg) and the cathode
(C) on the bottom of the structure, generating a field in whiahahectron cloud accelerates and
multiplies. Further multiplication occurs due to the vgkd/ac between the cathode and the anode
strips @), where the signal is collected and divided. An opposita signal is induced in the top
strips [12], allowing for 2D reconstruction of the positiohincidence of the VUV photon.

3. Experimental Setup and Methods

Detector gain measurements and image acquisition arerperbsimultaneously at room tem-
perature. For all measurements, a collimated Hg(Ar) lampséed to provide the VUV photons
producing the signals. The signals from the top and anodstikeslines in the 2D-THCOBRA
are preamplified with a Cremat CR-111 and digitized with a GIA¥EL728B NIM ADC module
(4 channels, 14 bits, 100 MHz sampling rate) and the imagedsnstructed by weighting the
integrated signals from each end of the resistive linegvotig the principle of resistive charge
division [20].

The single photoelectron energy distribution is well méstklby a Polya distribution (see
e.g. [21]) of the form

m 1 ()" e

9= \c

whereg is the energym a dimensionless real parameter dthe detector Gain. In log scale the
function has a linear component of the form

(3.1)

10g(Rn(@)) ~m2 + (3.2)

Relative gain comparisons can be performed using the ievs&dope of the linear part of the distri-
bution [22-24].

To measure the photoelectron collection efficiency of theaer, one end of the anode-strip
resistive line is disconnected, so that all the charge flovtké other end. After preamplification,



the signal is amplified with a Canberra 2022 (shaping times2G = 100 andG; = 1) and then
digitized using an Amptek MCAS8O0O0O0A.

4. Results: detector characterisation

To achieve optimal performance, the detector must holdnetsiral integrity at liquid argon tem-
peratures and retain a stable and predictable gain. Due twatiure of the liquid argon scintillation
light, the detector has to detect simultaneous multiplég@hmteractions. In this section, measure-
ments to determine the detector performance are presdfitetl. measurements to characterise the
GPM behaviour are performed at room temperature: gainoehettron collection efficiency and
position resolution, and finally, preliminary tests to exse the detector behaviour under simu-
lated liquid argon conditions are carried out: multiphofmsition reconstruction, gain stability
and evolution and detector structural integrity tests ybgenic temperatures.

The detector gain was measured at room temperature as &funtthe two 2D-THCOBRA
potentials Vac andVcT, with the potentials on THGEM1 and THGEMZ2 fixed at 595 V and 550
respectively, empirically chosen as a compromise betwtigreacy and discharge probability, and
the transfer fields set 6y, 5nsf 1= Etransf 2= 300 V/cm. The gain as a function of the Anode
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Figure 2: Detector gain as a function of the Anode stri@athodes potential (a), and as a function
of Top strips-Cathodes potential (b), in number of collected electromppetoelectron.

strips—Cathode potentiala¢ is shown in Figur¢ 2a fovac from 100 V to 125 V in steps of 5V
and for CathodesTop strips potential fixed -1 = 525 V. The behaviour observed in this region
is approximately linear, indicating that no additionalatten multiplication occurs in the gas at this
stage. In Figur¢ 2b, gain measurements as a functiafrgfare presentedv is varied from
485 V 1o 525 V in steps of 10 V for a constavit - = 125 V. In this range, the observed variation
has an exponential behaviour, as there is electron meHiptin taking place in the 2D-THCOBRA
holes, between the top strips and the cathodes. Based ostillig optimal operation voltages



were chosen{pc = 125 V andV1 = 525 V), corresponding to a gain & = 8-10°. For these
values, detector operation is stable and there is a low digelrate.

The drift field between the first THGEM and the grid has a streffgct on the extraction
of photoelectrons from the Csl surface. In Figlfe 3, the detegain is plotted as a function
of the drift potential with respect to the top of THGEML1, whet is shown that the gain falls
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Figure 3: Detector gain as a function of drift potential

rapidly when applying a non-zero potential. A negative ptig¢ stops the photoelectrons from
being extracted from the Csl layer and the gain flattens ott&8% of the maximum fo¥/y,s ~
—10 V. However, with increasingly positive potential the raxtion of photoelectrons is aided
by the additional electric field, and the gain drops more Blowrhe optimal value found was
Vgrift = (0£0.5) V, so the grid potential was set to zero with respect to the TFGEM for the
rest of the tests.

Maximising the detector collection efficiency (ratio of lemited to extracted photoelectrons)
is specially important when working in single-photoeleatrmode. This ratio approaches 1 as
VTHGEMZ1 is increased, and to measure it the gain is kept approxiynateistant for different
voltage settings by comparing a reasonably linear regidhetnergy spectra and applying equa-
tion[3.2. The comparison is performed by integrating thigme to estimate the amount of collected
charge for different THGEM1 potentials [25, 26]. The resslshown in Fig}4, wheregg) ~ 1
atVTHGEM1 = 595 V. At this bias voltage, the surface field between holésgh enough for the
detector to reach an extraction efficiency higher than 7084 [2

To determine the GPM position resolution the edge spreactibmmethod was applied to one
of the edges of the pattern created by the first THGEM in thegar(gee Figurf 5). The result of
the fit yields< 90+ 30 um in the direction of the anode strips and-930 um in the direction of
the top strips.

An experiment was set up to test the detector ability to retrant UV light from naturally oc-
curring sources. Flame light below the Csl 220 nm threshiobdisl be detectable by the GPM [27],
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Figure 4: Photoelectron collection efficiency as a funcodbi HGEM1 potential

so a lit candle was placed in front of the detector, collidadad attenuated with plastic film, as
shown in Figurg]6 (left). In the absence of attenuation, flanrdight overwhelmed the detector,
causing discharges due to space-charge accumulationrromgithe hypothesis. With enough
attenuation, it was possible to ensure that only singlegisohit the detector. An image built after
a 3 s exposure to candle light is shown in Figfjre 6 (right). Aeseof frames were recorded and
a movie showing the movement of the UV light sources withimflame can be found in [28]. In
combination with an IR detector, a 366ollimated GPM can be used for outdoor fire detection.

Liquid argon produces: 51000 scintillation photons per MeV of incident particld.[8hese
photons can extract photoelectrons from the GPM Csl phttode QE > 10% [13]). Assuming
that the detector is observingsd1l MeV gamma-ray interactions in a cylinder of liquid arggn
10 cm height with a Mggwindow (70 mm diameter), the number of photoelectrons geadris
on the order of7(10Y) ~ ¢(10%). Therefore, the system must be able to reconstruct evetits wi
multiple photons that simultaneously produce photoadestin the photocathode.

To simulate argon emission, a spinning disk with a slit alquulses of UV light from the
Hg(Ar) lamp to be detected, being integrated for.l The detector, operated at room temperature
at 20 cm from the light source was moved from right to left iepst of~ 2 cm to determine if the
average position of the photon pulses would vary accordinglFigure[7 three energy distributions
and their corresponding position distributions are showhe results show that the detector can
simultaneously reconstruct the energy of multiple photamd their average position of arrival at
the photocathode. The first measurement (violet energyilditibn, position (a) ) suffered from
more noise from one of the channels, hiding most of the malfghoton signal due to pileup
conditions. The trigger threshold was increased for theafethe measurements. It is worth noting
that when operated in multiphoton mode, the detector ldsesingle photon position capability
(reconstructed always around the centre) due to the loegration time.

In order to test the stability of the gain during prolongeddiperiods, the GPM was set up



to detect single photons from the UV Hg(Ar) lamp. The experiran for approximately 44 h,
collecting data in intervals of 3 min. The following variablwere measured: anode and top-strips
gain, pressure of the gas entering and leaving the deteciam temperature and instantaneous
discharge times. The purely exponential part of the medsemergy distributions for every 3 min
interval was fitted to extract the gain. Every signal indimgita high current in the voltage supply
(discharge) was recorded.

A standard Principal Component Analysis (PCA) revealsdingependence between gains,
room temperature and pressure of the gas leaving the detlciigure[$, the normalised pressure
(green histogram) and temperature (blue histogram) arershogether with the gain from the
anode strips channels (purple histogram), as a functiofmat Discharges are shown as red
points on the gain distribution. The ratio between top anmbarstrips gain is shown in Figufk 9,
stable at a value of 67%.

The variation in gain observed in Figyie 8 is mainly due tovheation in room temperature
and pressure and to occasional discharges, and can bebéesoyi:

dG dGdp  9GdT dGJ 4.1
discharge

dt ~dpdt T dt | ot

Where the partial derivatives are calculated for all theeptrariables constant. Integrating this
expression yields:

G(p(t),T(t),discht)) = Go+ Z_Cr; p(t) + g—$T(t) + G(disch(t)) 4.2)

= Ga(p(t)) + G2(T (t)) + Ga(disch(t))

The behaviour of the gain with respect to pressure variat®éy(p) was studied in regions of
constant room temperaturd & 297.1 K). On average, a discharge occurred every 46 minutes,
so it was required that no discharge occurred in the last 3&.mA linear correlation between
pressure and gain was established, with negative slopdogamasly, G,(T ) was fitted and a pos-
itive slope was found. The discharge-dependent term isradutaby calculatingGz(disch(t)) =
G(p, T,disch — Gy(p) — G(T). As shown in Figurg 30, discharges are responsible f18%
variation around the mean @+ 2)%.

Given the stable operation and multiple photon detectigrabiities, preliminary structural
tests at cryogenic temperatures were carried out. Inititle MgF, window was substituted for
a more robust aluminium window. The detector was then evadua a pressure of 10-° mbar
and then cooled down to 77 K with liquid Nitrogen. After resuh stability, the detector was
removed from the liquid and was left to heat up to room temtpega During this stage, the pressure
increased to 200 mbar, an encouraging result consideriagtite gas pressure will be kept at
~ 1 atm during normal operation. To further ensure structimgrity and good performance
of the Teflon gaskets, an additional test was performed widhramy glass window. argon was

1Gain is normalised to an arbitrary central value (1200 ABQ). Pressure is normalised to the first measured value
(100922 hPa) and temperature to the most common value. 12Q) Pressure and temperature are then transformed as
1+100x (x— 1), and temperature is shifted down by 0.3 for illustrationgmses. Time is normalised to the length of
the experiment (145711 s or 4@ h)



allowed to flow through the detector until all air had been oged. When the pressure reached
1.2 atm, all valves were shut and the detector was cooled doing liguid Nitrogen. The pressure
was maintained at- 1.2 atm by adding more argon, since the gas freezes below 84 KnWh
equilibrium was reached, the liquid Nitrogen was removed amlock of solid argon was visible
through the glass window of the detector. As the system waiupeto room temperature, the flow
of escaping argon was regulated to keep the pressure condthan the pressure dropped to 1 atm
all valves were shut. No water, in liquid or solid state, wasble inside the detector volume or
on the inner surface of the glass window after all the argapesated and the system reached
room temperature. The detector was pumped down 18 fbar to test the glass window strength,
without problems. After turning off the pump the pressuré kot go above 10 mbar, hence the
system is vacuum tight with Teflon gaskets and a glass windween after the process of cooling
and heating. While in the actual prototype a Mg#ndow is used, there is no reason to expect a
significant change with respect to the measurements pestbmith glass.

5. Conclusions

A new large area Gaseous Photomultiplier utilizing a casag#dlhick GEM layers intended for
gamma-ray position reconstruction in liquid argon is psgah A prototype designed to operate
at cryogenic temperatures inside the liquid phase and tmetaict liquid argon scintillation light
was built. A number of performance measurements were daaig at room temperature and
stable operation high-voltage settings: photoelectrdieciion efficiency, position resolution and
stability. A photoelectron collection efficiency on the eraf 1, a gain of 810 per photoelectron
and a position resolution better than 10én were measured. Discharges were observed every
46 min of operation on average.{0dischargesi{- cn?)). Detector gains were stable for the whole
data taking period withint10%, showing a slow charging-up effect after every disobhari@Gain
variations due to pressure and temperature disappear \Wwhdawo variables are under control in
the laboratory. However, to reduce the discharge rate ietessary to operate with lower bias
settings, limiting the stability of the gain to the aboventiened+10%.

The proposed detector has potential applications rangorg fnedical physics and engineer-
ing, to particle physics. Initial tests of robustness aglagmyogenic temperatures were performed
successfully. The next essential step would be to demdegtra operation of the Gaseous Photo-
multiplier inside the liquid argon phase.
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Figure 5: Position resolution measurement with the Linee8§gri-unction method. The spread of
one of the edges in the THGEM1 imaged pattern is fitted to azBw@hn function. The derivative
of the fit is taken and fitted to a gaussian to obtain the resolutThe results obtained ame =
90+ 30 um in thex-direction (top strips) andr < 90+ 30 um in they-direction (anode strips).
Scale: 312 cm=1.
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Figure 6: Experimental setup for candle tests. A lit candldront of the GPM, UV radiation

collimated and attenuated with plastic film (left).

Exampteage obtained from a 3 s exposure

time, showing the burning candle flame shape (right). A falheated sequence can be watched

in [28]. Scale: 312 cm= 48px.
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Figure 7: Displacement of average position and energyildigion of multiple photon interactions.

The single-photon polya energy distribution is modified hyltiple photon interactions appearing
in the high end of the spectrum as a resonant peak, revedlm@verage energy deposited in
the detector per multiphoton event. A different average lmemof simultaneous photons interact
in the photocathode in cases (b) and (c), and hence theigyeuistributions do not peak at the
same energy. The maximum number of available ADC channeds@eched and the distributions
cannot be fully shown. An excessive number of low-energynesvduring data-taking hides the

multiphoton peak in (a) due to pileup. Scalel3cm= 1.
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Figure 8: Normalised pressure (green histogram), temyrerdblue histogram) and gain from the
anode strips channels (purple histogram), as a functiomef. tDischarges are shown as red points
on the gain distribution.
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Figure 9: Ratio of the gain measured from the top strips sigrhie gain measured from the anode
strips signal. A stable value ef 67% is observed during operation.
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Figure 10: Gain evolution after correcting for the variatidue to temperature and pressure. Dis-
charges induce oscillations &f10% around the mean.
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