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The Successful Operation of Hole-Type Gaseous
Detectors at Cryogenic Temperatures

L. Periale, V. Peskov, C. Iacobaeus, T. Francke, B. Lund-Jensen, P. Pavlopoulos, P. Picchi, F. Pietropaolo, and
F. Tokanai

Abstract—We have demonstrated that hole-type gaseous detec-
tors, gas electron multipliers and capillary plates (CPs) can operate
at temperatures down to 77 K. For example, a single CP can op-
erate at gains above 10? in the entire temperature interval between
77 and 300 K. The same CP combined with CsI photocathodes op-
erates perfectly well at gains of 100-1000, depending on the gas
mixture. The obtained results open new fields of applications for
CPs as detectors of ultraviolet light and charged particles at cryo-
genic temperatures: liquid noble gas time-projection chambers, de-
tectors for weakly interacting massive particles or liquid Xe scintil-
lating calorimeters, and cryogenic positron-emission tomography.

Index Terms—Csl photocathode, noble liquids, TCP.

1. INTRODUCTION

N SEVERAL studies and applications, there is a great need

for the detection of vacuum ultraviolet (VUV) light at cryo-
genic temperatures. Examples are high-energy physics and as-
trophysics experiments [1], liquid noble gas positron-emission
tomography [2], studies of cryogenic plasmas, and studies of
quantum phenomena in liquid and solid He [3]. Focusing on
high-energy physics, one of the main applications could be the
liquid noble gas time-projection chambers (TPCs) and liquid
noble gas scintillation calorimeters [4]. TPCs are rather widely
used detectors: the ICARUS experiment [1], the nTOF experi-
ment [5], and liquid Xe/Ar detectors for weakly interacting mas-
sive particles search [6] are all good examples.

A cryogenic TPC is usually a large-volume structure filled
with liquid noble gas (see Fig. 1). If an interaction occurs in-
side the liquid, scintillation light and an ionization track from
a charged particle are produced simultaneously. The scintilla-
tion light is detected by photodetectors. By influence of the ex-
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ternal electric field, parts of the primary electrons from the track
are collected on the position-sensitive readout plate. This allows
obtaining a two-dimensional (2-D) projection of the track. The
time difference between the scintillation light and the charge
collection on the position-sensitive elements is used for the 3-D
track reconstruction. A liquid noble gas TPC is a very powerful
detector, not only to visualize the tracks, but also to measure
the deposited energy and perform event rejection from the mea-
sured light-to-charge ratio, a usage for which photodetectors are
important components of the TPCs. Until now, vacuum photo-
multipliers (PMs) have usually been used.

In arecent publication [7], some preliminary results were pre-
sented demonstrating that gaseous detectors with highly effi-
cient solid photocathodes can operate at low temperatures. This
opens the possibility of replacing costly and bulky PMs with
cheap and simple photosensitive gaseous detectors. One can
also note that gaseous detectors are less sensitive to magnetic
fields, as desired for some experiments.

In this paper, we present new results from systematic studies
of the operation of gaseous detectors at cryogenic temperatures
obtained with the latest equipment.

II. EXPERIMENTAL SETUP

The experimental setup is shown schematically in Fig. 2. It
consists of a cryostat with a test chamber located inside (see
also Fig. 3). The cryostat was originally designed for tests of
the ATLAS barrel presampler. It uses a computer-controlled
temperature regulator to open or close a valve on the liquid
nitrogen inlet tube. This allows cooling to any temperature
between 290 K and liquid nitrogen (LN3>)’s temperature with
a selected time profile. The test chamber was filled with Ar
+10%CH, or He +10%H> gas mixtures at a pressure of 1 atm.
We chose these mixtures because they contained quenchers
which remained in gas phase at low temperatures: 7' > 170 K
for Ar + CHy, and 7" > 78 K for He + Hy. Some tests were
also done with pure noble gases. If necessary, a gas scintillation
chamber, filled with Ar or Kr at 1 atm, could be attached to the
test chamber via a MgF» window (see Fig. 2). The scintillation
light was produced by an alpha source placed inside. Inside
the test chamber, various gaseous detectors could be installed.
The main focus in these studies was on the hole-type detectors
because of their unique properties, which are the ability to
operate in poorly quenched gas mixtures and the possibility of
working in cascade mode. The hole-type detectors used in these
studies were gas electron multipliers (GEMs) or capillary plate
(CP). GEMs had sizes of 5 x 5 cm? and hole pitches (50 zm in
diameter) of 140 um. GEMs were used either in CAT (the
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Fig. 1. Schematic drawing illustrating the operational principle of a noble liquid TPC.
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Fig. 2. Schematic drawing of the experimental setup for measurements with
radioactive sources.

Fig. 3. Photo of the cryostat with the test chamber inside.

cathode was electrically connected to the readout plate placed in
contact) or cascade mode (two GEMs). The diameter of the CPs

used was 20 mm. Two thicknesses were tested: 0.4 and 0.8 mm.
The capillary holes had a diameter of 40 or 100 m and an open
area ratio of 57%.

The operation of these detectors in combination with CsI and
other solid photocathodes was also studied (see [8] for more de-
tails). For these measurements, the test chamber was slightly
modified, as shown in Fig. 4. In this paper, we only present se-
lected results obtained with reflective and semitransparent CsI
photocathodes. Semitransparent CsI (20-nm thickness) was de-
posited on the inner surface of the MgFs window. In the case of
the reflective photocathode, CsI was deposited on the top elec-
trode of the hole-type detector (the thickness was 400 nm).

It is known that gaseous detectors combined with CsI photo-
cathodes, even at low gains (A), may suffer from feedback prob-
lems: an appearance of undesirable successive pulses followed
the real signal (see [9] and [10]). For feedback measurements, a
pulsed (a few ns) Hs lamp was placed outside the cryostat (see
Fig. 4). The same lamp in combination with an Hg lamp was
also used for the quantum efficiency measurements [7].

The signals from the capillaries were read out by a charge-
sensitive amplifier (Ortec, 142 PC). In some measurements,
we also recorded pulse-height spectra produced by radioactive
sources or by an Hs lamp (see [8] for more details).
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Fig. 5. GEM gains (CAT mode) measured with alphas (A < 10) and with

55Fe (A > 40) in Ar +10%CH, at various temperatures.
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Fig. 6. GEM gains (CAT mode) measured with alphas (A < 20) and **Fe
(A > 100) in He +10%H, at various temperatures.

III. RESULTS

A. Gain Measurements With Radioactive Sources

Figs. 5 and 6 show the gain measurements of a single GEM
operating in Ar + CH, and He + Ho gas mixtures at P = 1 atm.
At low gas gains (A < 10), measurements were done with the
alpha source (24! Am) and at high gains with >*Fe. The measure-
ments with the °Fe were stopped at the voltage where some
instability or predischarges appeared. One can see that the max-
imum achievable gain of the GEM dropped sharply with the
temperature; however, it could still operate, even at an LN,
temperature.

Figs. 7 and 8 show the gain of the CPs in He + Hy and Ar
+ CH, mixtures at various temperatures. One can see that the
maximum achievable gain of the CPs is much higher than for
the GEMs, although it drops with the temperature, as well. Note
that CPs could operate at gains of 103, even in pure Ar (see [7]
for more details). In discharge-rate studies, the gain was kept a
factor 5 below the breakdown limit. In this case, discharge rates
were less than one in the period of 1-2 hours. Since the counting
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Fig.8. Gains (>*Fe) of conventional CPs in Ar + CH, at several temperatures.
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Fig. 9. Resistivity of an H,-treated CP versus the temperature in Ar
+10%CH, and He +10%H- gas mixtures.

rate in our measurements was 1000 Hz, the discharge rate was
below 3 x 1078,

The operation of Hs-treated CPs were also tested. An advan-
tage of this type of CP is its ability to operate at high counting
rates [11]. Fig. 9 shows how their resistivity changes with the
temperature. The resistivity measured between the electrodes
of the Ha-treated CP was ~ 1 G2 at 293 K. At this temper-
ature, the resistivity obeyed Ohm’s Law. At LNs temperature,
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Fig. 10. Alpha signals measured on the readout plate of the hydrogen-treated
CP (in the charge-extraction mode) in Ar + CH, at 183 and 275 K.
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Fig. 11. QE of hole-type detectors measured at various temperatures in Ar

+10%CHy (' > 150 K) and He +10%Hs> (I' < 100 K) gas mixtures.
Triangles: GEM with reflective CsI photocathode. Squares: CPs with reflective
CslI photocathode. Circles: CPs with semitransparent Csl photocathodes.

the resistivity reached ~ 100 Gf2, and began to deviate from
Ohm’s Law. This value of resisitivity is still, by a few orders of
magnitude, less than the conventional (untreated by Hy) CPs.
Thus, rate characteristics of cooled Ha-treated CPs are superior.
Gain curves for the Ha-treated CPs measured with alpha sources
in the charge-extracted mode are presented in Fig. 10. In these
tests, we used only alpha sources, thus, the maximum achievable
gain was several orders of magnitude lower than in the case of
the 55Fe source (see Section IV).

B. Quantum Efficiency and Gain Measurements With
Hole-Type Gaseous Detectors Combined With Reflective and
Semitransparent Photocathodes

The procedure of the Csl quantum efficiency (QE) calibra-
tion is described in [7]. In these measurements, the gain of the
CPs and GEMs were kept much lower than the breakdown limit,
so the results from the QE measurements presented here corre-
spond to the low-gain case.

The QE of hole-type detectors in Ar +10%CH, and He
+10%H> gas mixtures, and at various temperatures, are pre-
sented in Fig. 11. One can see that the value of the QE was,
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gains with and without Csl photocathodes. Squares: single GEM in Ar + CH4
(°%Fe). Circles: single GEM in He + H, (*°Fe). Upward triangles: single GEM
in He + Hy (alpha). Downward triangles: double GEMs in Ar +10%CH,
(5°Fe). Rhombus: double GEM with a reflective CsI photocathode.
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Fig. 13.  Summary of results obtained with CPs. Single CP gains with and

without Csl photocathodes. Squares: bare CP in Ar + CH, (°Fe). Circles: bare
CP in He + H, (°°Fe). Upward triangles: bare CP in Ar (°°Fe). Downward
triangles: CP with a reflective CsI photocathode. Rhombus: CP with a
semitransparent CsI photocathode.

depending on the detector, between 14% and 5%. Note: the
heavy loss of the measured efficiency at T ~ 80 K is due to
the strong back diffusion of the photo electrons in the He + Hy
gas mixture [7] (which is much stronger than in the Ar + CHy
gas mixture). The absolute QE of the Csl itself remains almost
unchanged with the temperature [7].

Figs. 12 and 13 summarize our results obtained with GEMs
and CPs. One can see that in both cases, the maximum achiev-
able gain of the detectors dropped with the temperature, but the
maximum achievable gain with the Csl photocathode remains
almost unchanged. Photosensitive gaseous detectors are thus
able to operate at high gains, even at cryogenic temperatures.
Note also that CPs offer higher gains, compared with GEMs.

IV. DISCUSSION AND CONCLUSIONS

We have experimentally demonstrated that both GEMs and
CPs can operate at cryogenic temperatures down to 78 K. CPs
offer the highest gains possible in a single-step operating mode,
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and can thus be used to detect charges at cryogenic tempera-
tures, for example, in WIMP detectors operating in a charge-ex-
tracting mode [12].

The fact that CPs offer higher gains than the GEMs, and that
the maximum achievable gain A, for both types of detectors
dropped with decreasing temperature, can be explained by re-
sults presented in our earlier work [13]. There it was shown that
the maximum achievable gain of bare hole-type detectors is

Q(p,A)

o

Amax = )]

where Q(p,A) is a constant depending on the gas density p
and the detector thickness A, and ng is the number of primary
electrons created by the radioactive source (°°Fe, or alphas in
our case). Usually, Q(p, A) drops with decreasing thickness of
the amplification gap, and also with the gas density. This is why
one can reach higher gains with the CPs than with the GEMs,
and why the maximum achievable gains of hole-type detectors
drops with the temperature.

The other important result is that GEMs and CPs combined
with the CsI photocathodes can also operate at cryogenic tem-
peratures, however, with a lower maximum achievable gain. In
the case of the CPs or the GEMs combined with photocathodes,
A pax is limited by feedback processes [14]

Amax’y =1 (2)

where + is the probability of the secondary electron appearance
due to the feedback mechanisms [9], [10]. Usually, « drops with
the pressure [15], so that A,,., stays almost unchanged with
decreasing temperature, or even slightly increases (see Fig. 13).

The value of the QE at cryogenic temperatures is found to
be high enough to use these detectors as alternatives to PMs.
This opens new avenues in applications, such as in the readout
of liquid noble gas TPCs.

Note that photosensitive gaseous detectors has already suc-
cessfully been used in the detection of the scintillation lights
from gaseous or liquid noble gases [7].
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