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High-Gain operation of GEM in pure argon

A. Bressan®, A. Buzulutskov™, L. Ropelewski’, F. Sauli’, and L. Shekhtman”

“CERN, Geneva, Switzerland
*Budker Institute of Nuclear Physics, Novosibirsk, Russia

Abstract

We study the operation of the Gas Electron Multiplier (GEM) in pure Ar, in comparison 0 that
in Ar-CO, mixture. In purc Ar. high GEM gains. of ahove 700 and 30 for single and double GEM
struciures correspondingly, have been obtzined. It is obscrved that the GEM cffective gain and its
charging-up are sirongly affected by elecuric ficld valees above and below the GEM.  Applications to the
developmeni of non-ageing gas photemultiplicr are discussed.

1. Introduction

It is generally accepted that gas devices cannot properly operate in a multiplication
mode in noble gases, unless some quantity of the quenching gas (mostly organics) is
added. Indecd, many years ago it was recognized that the maximum gas gain achievable
in pure noble gases is rather low, duc to a very early onsct of sccondary avalanche
processes {1]. In particular, in pure Ar the gas amplification factor does not exceed a few
hundreds in proportional counters [2,3] and a few tens in paratlel-plate chambers [4.5].

The poor quenching properties of the noble gas molecule are due to the fact that it
is monoatomic. This characteristic however is very useful if one is interested in non-
ageing detectors. In contrast to molecular gases, for monoatomic gases, nothing can
decompose and thus induce ageing. Nonageing gas fillings ate of primary importance for
the development of the gas photomultipliers [5-8], whete even tiny amount of chemically
active molecules created in an avalanche can destroy the sensitive photocathode layer. In
particular, the stability of Ar-filled photodiodes was proved by exploiting a very large
number of them in sound film reproduction (4].

During the last two years, a new gas device with internal amplification is being
intensively developed: the Gas Electron Multiplier (GEM) [9-13). GEM is a thin kapton
foil metal-clad on both sides and perforated by a high density of micro-holes, inside
which gas amplification occurs. It has been recently conjectured [13] that GEM can

effectively operate in pure noble gases, since the quenching properties of the filling gas

* Comresponding author. F-mail: buzulufdinp.nsk.su.
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are less important compared to other gas amplification devices. Morcover, it was shown
that the GEM operation in pure Xe almost does not differ from that in Xe-CO,.

The possible reason is the effect of the avalanche confinement in GEM micro-holes
[13]. One aspect of the effect is obvious: GEM is basically a multisegmented device, with
suppressed feedbacks between holes. The sccond aspect is that, due to the high dipole
field formed inside the hole [10], the avalanche is externally quenched when developing
too far from the hole axis. Therefore, no matter what gas is used, the avalanche will be
confined within a small space of a dimension of a few tens of microns, even at high
gains, preventing the development of the discharge. In the present work we study the
GEM operation in pure Ar, and compare to that in Ar-CO, mixture. We show that rather
high gains are reached both for single and double GEM structures. We also investigate
the effect of the electric field above and below GEM on its effective gain and charging-
up.

2. Experimental Setup and Procedure
All GEM devices investigated had a similar basic structure: Smm copper electrodes

were plated on 50pm Kapton; the diameter of the holes on the metal and the Kapton
were 80 and 50pm, respectively; the pitch was 140fm; the active area was 10x10cm’,
Either a single or double GEM structure was coupled to a printed circuit board (PCB)

with a 200pm pitch strip pattern, used as a readout clement (Fig.1).

Figure 1. Schematics of a single and double GEM assembly with the appropriate notations.



For the single GEM assembly, the upper and lower gaps were 4 and 2 mm,
correspondingly. For the double GEM assembly. the distance between GEMs was 2 mm
and the upper and lower gap were 4 and | mm, correspondingly. The detector was
flushed at atmospheric pressure with pure Aror Ar-CO, (70-30).

Pepending on the measurement to be performed, the PCB was grounded through a
picoammeter or amplifier input. The high voltage was supplied 1o GEM electrodes
through a resistive voltage divider. For the single GEM, the electric field below GEM,
E_ow. Was proportional to the voltage applied across the GEM (GEM voltage, Vgeu):
E gw = (4, 5 or 10 kV/em)x(V/400V). The electric field above GEM, E,jp, was fixed.

In a symmetrical mode of operation of the double GEM, V.., = Vien: = Voew and
the electric fields below each GEM were equal: E 4y, = E; qq, = (4kVicm)X(V g /400V),
In the asymmetrical mode of operation, the voltage on the first GEM was fixed, the
lower field of the second GEM was the same as before, while the field bewteen GEMs
was weaker, varying between 2.4 and 3.4 kV/cm.

The detector was irradiated with a 8 keV X-ray beam over an area of ~40cm® with a
rate in a range between 10' and 10° mm'%™. In the pulse-height measurements, the
exposed area was reduced to 2 mm’ to prevent overloading of the amplifier.

The effective GEM gain was determined measuring either the pulse-height, with
the help of a charge-sensitive preamplifier {integration time is 300ns), or the current from
the PCB. Both techniques gave similar results, The absolute gain calibration was done at
a point where both the current and the counting rate could be recorded simultaneously,
assuming the initial charge in the upper gap generated by an X-ray conversion to be wel]
known. The maximum gain is defined as the gain at the highest voltage at which there are
still no micro-discharges during at least I min. The accuracy of the absolute gain values

measured is estimated to be 20%.

3. Results
In a single GEM assembly, a large signal has been detected in pure Ar, with no

afterpulses seen even at the highest gains. Figure 2 shows the GEM gains as a function of
GEM voltage measured in Ar-CO, and in pure Ar at different rates; the last points
correspond to the maximum safe gains obtained at a given rate. The data sets were

measured at optimized upper fields E;;, and at different lower fields E, .
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One can see that the maximem gain attainable in pure Ar is about 700 at a rate of
10* mm?s” in a large exposed area. The maximum gain drops down to 500 when
increasing the rate by an order of magnitude. On the other hand, it can approach 1000
reducing the exposed area and slightly increasing the lower field, from (4 to 5 kV/em)x
{Vgen/400V). This should be compared to 3000, the maximum gain value obtained in Ar-
CO, at a similar ratio of lower field to GEM field.
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Figure 2. Effective gain of a single GEM as a function of GEM voltage measured in Ar-
CO, and in pure Ar at different rates and different E,,,, . The exposed area of
the detector was 40 cm?, except for the last two data points in the Ar plot
(cross symbols) where it was reduced to 2 mm®.

It has been recently understood [10,11] that the values of the upper and lower
electric fields play a cructal role on the effective GEM gain, i.e., on the sharing between
the charge captured into ‘GEM holes and the one transfered, after amptification, to the
lower gap. This fraction is a function of the ratios Eyp/Egem and E gy /Eggy  (here Eggy,
is the average field in GEM holes), of the electron diffusion and of the GEM
geometrical transparency. Indeed, the higher the ratio E oy /Eggy , the larger fraction of
charge is transferred from holes into the lower gap. Conversely, the higher the ratio
Eyp/Egeu, the larger fraction of charge is lost due to termination of the field lines on the

upper GEM electrode,
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The last point is illustrated in Fig. 3, showing the relative gain as function of the
upper field: in pure Ar the optimal value of E,, is below 0.5 kV/em. In Ar-CO, , the
maximum value of E,; is significantly larger: about 1.5 kV/ecm [10]. The difference can
be explained by the lower GEM operation voltage and probably by larger electron

diffusion in pure Ar.

1.2 T T T T T T
10 g-O—O0—— __ -
08 -
| =
S
[~:]
o 08+ E
:
k]
& o« Singla GEM e
Vgp = 370V
ozl E.,., = SkVicm =V, / 400V i
o ER A [l I 1 L
[:X:] 0.2 04 [-X:} 08 10 1.2
E,. ( kV/icm)

Figure 3. Relative gain of a single GEM in pure Ar as a function of the electric field in
the upper gap.

At too high values of the lower field, the lower gap statts to operate in a parallel-
plate amplification mode. Though providing an additional gain, the parallel-plate mode
results in two negative effects: gain nonuniformity over the area, and the charging-up of
GEM. The latter is induced by a positive charge accumulation on the lower, bare kapton
side due 10 lon feedback. Charging-up manifests itself in gain increase at low rates, due
to enhancement of the local field in GEM holes, and in gain decrease at high rates, due to
reduction of the lower field.

This s illustrated in Fig. 2. At E gy < (5 kV/iemx(Vop/400V), below parallel-plate
multiplication, there is no dependence of gain on the rate in both Ar-CO, and Ar. This is
however not the case when increasing the lower field by a factor of 2 (sce Ar-CO, plot),
Due to the parallel-plate mode contribution, the gain drop can be as large as 50% at a
rate of 10" compared to that of 10! mm* s,

We observed the effect of charging-up in pure Ar when the absolute value of the
lower field reached 4.9 kV/cm, the value at which an avalanche multiplication starts in Ar
[14,15]). Figure 4 shows the gain stability studied at the same GEM voltages but at

different lower ficlds. One can sec that while at E, oy = 3.95 kV/cm the gain is stable, at

Eiow = 4.94 kKV/cm it grows with time until sparking. The spark discharge neutralizes a

positive charge accumulated on GEM and initiates the next charging-up cycle.
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Figure 4. Effect of GEM charging-up in pure Ar. Shown is the GEM gains as a function
of time measured at the same GEM voltages, but at different electric fields in
the lower gap. The exposed area is 2 mm?,
Further increase of the maximum gain was obtained in 2 double GEM structure {see
Fig. 5). In a symmetrical operation mode, the maximum gain in pure Ar was about 3000,
which should be compared to a value of 20000 obtained in Ar-CO,. Even higher gains, of
above 4000, are reached if to operate in the asymmetrical mode, where the voltage on the

second GEM is higher than on the first.
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Figure 5. Effective gain of a double GEM in a symmetrical (Vgegm) = Vgea, ) and
asymmetrical (Vgg,, is fixed) operation mode as a function of the voltage of
the second GEM, measured in Ar-CO, and in pure Ar. The exposed area is
2mm’; the rate is 10" mm* 5. The upper ficlds are 1 and 0.4 kV/em for Ar-
CO, and pure Ar, correspondingly.



Rather satisfactory energy resolution in both single and double GEM was obtained An important observation is that optimal electric fields in Ar are significantly lower

in pure Ar. For example, Fig. 6 shows the pulse-height spectra for 8 keV X-rays compared to those in Ar-CO,. In order to avoid charge losses and charging-up, the
measured in a double GEM. Its energy resolution in Ar (FWHM=23%) corresponds to electric fields should be less than 0.5 kV/cm and 4.9 kV/em above and below the GEM
" that in Ar-CO,. correspondingly. This is an outcome of the lower GEM operation voltage and the earlier

beginning of the parallel-plate mode contribution.

A-CO, (70-30) o The results obtained can find application mostly in the field of nonageing gas
mfr’“' devices. In pure noble gases, the electron drift velocity is relatively small and the
vu-n'vunn"w

diffusion is large. Consequently, the Ar-filled devices may not be applied to track

Courts

detection at high rates because of the large charge collection time. However, they may be
relevant to the development of the gas photomultiplicr where the parallax of the charge

S conversion peint is absent. In particular, the gas photon detector, consisting of a series of

Pure At GEMs coupled to a solid photocathode and operated in pure At, Kr, or Xe, could be
sealed, would be very long-lasting, and not subjected to ageing. The lifetime of such gas

photomultipliers can even exceed that of the conventional vacuum phototubes, due to the

2
§ lower ion energy in a gas medium compared to vacuum, and thus, less effect of the ion
bombardment of the photocathode.
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INFRARED EMISSION: A NEW POSSIBLE APPROACH
TO PARTICLE DETECTORS

G. Carugno’

INFN, Sezione di Padova, Via Marzolo 8, Padova, Ttaly

Abstract

A bricf review on the infrared concepts and photodetectors will be summarized. Emission of infrarcd
photons has been observed in an ionization chamber filled with standard gases and some results are reported.
Light produced by the electron drifting in 1he gascous mecdia has also been ehserved. Resulls are presented as a

function of the clectric drift field.

1. INTRODUCTION

Few data are available in the literature about the correlation between the ionization
phenemena and the infrared (ILR.) signals (the typical range of the LR. photon energy is
between 0.01 and 1 eV).

The reported experimental data [1] only concerns the area near the LR. region (£ 900nm).

This was possible using a GaAs photomultiplier (Q.E. = 20% up to 900 nm). Studying
proportional scintillation in noble gases, some groups [2] stated a possibility of further
emission in the wider LR. region. In fact, an incomplete energy balance in the photon
emission process was seen. '

Another unsoilved question is related (o the energy resolution in cryogenic noble liquid
detectors, and the possibility of some energy output in the LR. channel [3}, according to a
dimeric deexcitation. This is why we started our measurements hoping that some LR.
processes occur due to prompt or propertional scintillation. We also noticed that the drifting

clectron energy under the electric field (E, =e* E * A= 0.2 c¢V), and the LR. photon

elecizon
cnergy yield the same order of magnitudes.

We speculate that due (o the low energy quanta invofved, the energy resolution can be
improved with a high LR. light yield scintillator

In the last few years, after the end of the cold war, good photodetectors have been made
available to detect photons in the infrared region. The progress in LR, techiiology has been
largely used tn astrophysical measurements.

For our purpose there are two kinds of uscful LR. sensors: photovoltiac and
photoconductive. They can rcach, under a controlled and cooled environment, a quantum

* E-matl address: carugno @pdinfn.it,
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efficiency of up to 80% at a 10 pm wavelength, with a possibility of detecting a few

thousands of L.R. photons.
The LR. materials, optics [4], and detectors {5] are available from many vendors. One of

the limits affecting this field is the high cost of these devices compared to those devices
which are sensitive in the visible wavelength region.

Due to the blackbody radiation representing a major drawback for LR. particle detectors,
the reader is reminded in Chapter 2 of some of the concepts on LR. radiation and the present
state-of-the-att in LR, materials, detectors and handling methods. In Chapter 3 and 4, we
present our measurements. In Chapter 5, we will consider the possible directions of future
research in the field of high-energy detectors.

. IN RED PRIME 1

2.1, Infrared Radiation
The L.R. wavelength region ranges from 0.75 pm (1.65 eV) to a few 100um (= MeV).

The LR. region is usually subdivided in three regions: near (0.75+3 um), middle (3-+6 pm),
and far (6+15pm), respectively. Each region corresponds to different kinds of photodetectors.

Objects at a temperature higher than 0 °K radiate due to the blackbody radiation. There

are three main formulas governing the blackbody radiation;

{1) Planck’s blackbody radiation law

W,=¢, 17 fexp(c, /1 T)-1]" [Watt / cm? pm}

T = absolute temperature [°K]; 4 = wavelenght [am)],

c,=3.74+10° [Wau um*/cm®) ¢, = 1.43* 10" {um °K].
(2) Stefan-Boltzmann law

W=goT* W /em?] o= 5.66* 10" [Wa/em?® °K*].
(3) Wien displacement law

A *T=2897 (m Kl

Figures 2.1 and 2.2 show the Planck radiation law expressed in terms of spectral radiant

photon emittance,
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Figure 2.1. Planck’s taw for speciral radiant emittance at three background temperatures Ty.
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Figure 2.2. Planck’s law for spectral photon emittance at a background temperature of 300°K.

The objects are not usually ideal blackbody sources: i.e., the emissivity of the material
must be taken into account (W' = eW), Highly reflective metallic surfaces or LR, transparent

materials typically have a very low emissivity (see Figure 2.3 fot details).
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A huge number of photons emitted from a blackbody source per cm’/sec makes it
difficult to detect transient LR. signals. Cooling down the entire systemn (detector + emitting

material) helps. For example, the emission peak wavelength of 10 pm at 270°K shifts down
to about 50 pm at 77°K, while the overall photon flux decreases from 10** photonsfcm®/s

down to 10" photonsfem¥s.
Another possibility to reduce the continucus blackbody emission is to select a particular

LR. line using very low bandwidth filters. This can decrease the background photon flux by

many orders of magnitude.

2.2. Optical Material
Another useful LR, characteristic is the larger wavelength with respect to the visible one,

which considerably decreases the scattering through the media.
The LR. transmission through the atmosphere involves absorption in well-defined

wavelength ranges due to H,0, O,, and CO, molecules, see Figure 2.4 and Ref. 6. Care must
be taken in choosing the optical transmitting material and the presence of pollutants on the

surfaces.
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Figure 2.4, Atmospheric absorption above scawater.

The common materials used for LR. optics such as lenses or windows are shown in
Figure 2.5. The degree of transmission for these materials depends on the refractive index[6].
It can easily reach almost 100% with the help of antireflection coating as shown in Figure 2.6

for the germanijum window. .
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Figure 2.5, Transmittance of optical materials in the infrared region.
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Figure 2.6. Transmittance of a germanium plate with and without antireflection coating.

Aluminum or gold-coated mirrots have a reflectivity of 99%. By means of LR. emission
lines, it is possible to use coated surfaces, e.g., the Febry-Perot cavity in order to have
reflectivity as high as 99.99%.

2.3. LR. Photodetectors

The most suitable detectors for our purpose are the quantum type (7). The electrons,
excited by the LLR. photons in the conduction band, give rise in some semiconductors a
detectable current.

Because of the low photon energy, typically ~0.1 eV, it is necessary to cool down the
detector to reduce the thermally excited currents in the semiconductor. Recently, Hamamatsu
Co. marketed a cooled photomultiplier extending the photocathode quantum efficiency up to

1.7 um. Most of the detectors are specially packaged to decrease the field of view angle

(FOV) in order to reduce the background photons from the blackbedy radiation and to
optimize the level of the signal. Accurate measurements of low light level signals are made
possible using a hetevodyne detection method 1o suppress the blackbody background. This
technique allows to detect signals as low as 10°° W/Hz [8].

The glossary of LR. detector technology takes into account the blackbody background
because in these systems both the room temperature environment and the main phenomenon
to be detected are normally involved. Such photodetectors are Background Limited Infrared
Photo-detection “BLIP" limited.

The three main parameters characterizing the LR. detectors are Responsivity (R), Noise
Equivalent Power (NEP), and the normalized Detectivity (D*) [6]. The Responsivity (R) is
the output current or voltage per wait. It is detector dependent when noise is not considered;

S
R ac ﬁ (AIW) PV, or (V:’W) PCH
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§ = Signal output (A) or (V); P = Incident powerfcm? (W/cm?),
A = Detector area (cm?).
The Equivalent Power {NEP) sets the detection limit of the detector, and it is expressed in
(W/Hz 7y
P.A N

TSINATE T RAPTE
N = noise output (V) or (A),

Af = noise bandwidth (Hz).

The Detectivity (D*} allows the possibility to make a comparison between different
detectors; it is normalized to 1 cm? and 1 Hz amplifier bandwidth:

172 142
D= =S;N‘;Al{z = :IFP (cm Hz "? /W = Jones).

The D* values are quoted for a given measurement condition depending on the temperature

of the radiant source, chopping frequency, and amplifier bandwidth. The D* limit, computed
from theoretical considerations [6] only taking into account the LR. blackbody background,
for photo-veltaic (PV) and photoconductive {PC) detectors:

A

P £ 1207 (em Hz ' 1w,
C

* -
D PV —

D*.., = -fl'— & Qi {cm Hz "2 /W),
2he

where A is wavelength, £ is the quantum efficiency, & is the Planck constant, ¢ is the speed

of light and Q is the flux of background radiation.
As shown in Figure 2.7, the manufacturers quote the Detectivity of their products for the

BLIP conditions to 300 °K radiant source, and FOV of 180°. Table 1 shows the typical

Dietectivity values for quantum type detectors {51. The LR. detectors currently used are BLIP
limited. Therefore, the Detectivity can be increased by many orders of magnitude when
cooling the external environment of the detector. For example, the Detectivity value of the

InSb semiconducter at 5 um with £ = 70%, FOV = 180°, radiant source at 500°K, chopper
frequency at 1200Hz, and 1Hz amplifier bandwidth is 10" If the radiant environment is

cooled down to 77°K, its Detectivity increascs to 10",

=16~
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Figure 2.7. Detectivity for various infrarcd photodetectors {the BLIP curves are plotted for 300°K, 180° FOV.

Table | - Quantum Types Infrared Photodelectors and Their Characteristics.

Photo- LS 101036 300 D (500,600, 1)=1x10% 200
conductive | PhSe 151058 300 D (500,600,1)=1x108 3
P HgCdTe 2 1012 n D* {500,1000,11=2x10% 1
Intrinsic Ge 08w 18 300 D* (Ap.1000,1)=1x100 2
% | phow. | InGuas 07w 17 300 D* (up.1000.1)=5x101 0.0003
detector | otmic | InAs 131 77 D* (50,1200, 1315101 1
?\mwn type InSh 1055 77 D* (500,1200.1}=210: 1
ype HgCdTe 21016 n D* (500,1000.1)=1x1010 0.003
Geihu 110 - D* (500.900,1)=1x101 0.05
Extrinsic Ge:Hg 2w 4 42 D* (300,900, 1)=8x10° 2.05
type Ge:Cu 2030 472 D* (500,900, 1)=5x102 0.08
delocior CeZn 2040 42 D* (500,900, )=5x1(¢ 0.05
Si:Ca 117 42 D* (500,900, 1)=5% 10> 0.05
Si:As 12 42 D* (500,900,1)=5x10° 0.05

LR. detectors have sensitive surfaces of up to 1 cm?®. It is possible to increase the surface
by a factor of 20 or more with special lenses [7]. LR. sensitive CCD detectors are also

available on the market, with wavelengths of up to ~10 pm.
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Photoconductive devices are useful for R&D purposes; however, they are siow devices
{switch mode) requiring the light pulse time to be higher than the carrier’s lifetime:; typically

at 100 nsec.
We started our measurement with a MCT PC photodetector. Qur MCT detector [9] has

the following characteristics: working temperature = 77K, FOV = 60°, detector area = 1
mm’, Responsivity = 5000 V/W, NEP = pW/Hz'"?, risetime = 0.5 pisec, D* (500, 1000, 1) =
410" (emHz"* W), Qs = 10" photons/cm?/s (300°K), and infrared window = ZnSe. The
overall spectral response is shown in Figure 2.8. The maximum wavelength response is about

12 um (5000 V/W).

1
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Figure 2.8. MCT P.C. photodetector response in the infrared sensitive region,

3. INFRARED SCINTILLATION IN THE GASEQUS MEDIA INDUCED BY
IONIZING MEDIA

We started our investigation looking at standard gascous systems used to fill an iontzation
chamber (1.C.). The experimental setup is shown in Figure 3.1.

Protons of 4 MeV from the Legnaro Van der Graaf facility (INFN Nat. Lab.) entered the
1.C. The continuous proton beam was chopped with a rotating wheel, generating a time

window of about 100 s every msec, and 10%+10° protons were contained in each window.

The protons entered the [.C. through two 10 wm Mylar windows, and were stopped and

measured in the Faraday cup. The approximate energy relcase per proton in the 1.C. at NPT
was of the order of a few hundred keV. The LR. sensor (sec Fig. 3.1} was placed
perpendicularly relative to the beam direction. The solid angle covered by the sensor was
~10. The I.C. was made from two metallic plates, 2 em apart and 2 diameter of 2 cm. The
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one closest to the sensor was made of wires with 1 mm spacing. The cell was rated up to 6
bars. The optical coupling between the LR. sensor and the 1.C. was realized via a ZnSe
window. The transmitting wavelength was higher than 750 nm. The ZnSe material is not
wave shifting, and stops the known UV scintillation emission [9] from the noble gases.

VACUUM CHRMBER

Figure 3.1 - Schematic view of the experimental apparatus (not to scale).

The following gases were tested: He, Ar, Kr, Xe, CO,, CH,. and N,. Some of them are
known to be transparent to LR. radiation (noble gases and N,). The scintillation was clearly
seen only with the noble gases. Helium gave a weaker signal compared to the others. The LR.
emission phenomencn seems to be independent from pressure conditions. The power

detected on the LR. sensor was at a level of a few pW. Our study focused on Argon gas in

the pressure ranges from 0.2 to 5.5 bar, A typical LR. signal from the MCT detector is shown
in Figure 3.2,

ELECTRONSY

INFRARED

S0ps
]

I_Sm\" -

Figure 3.2. Infrared scintillation signal for Argen gas (T = 200°K. P = 1.7 bar). No eleetron current signal is
present {AV =0 in the L.C. clectrodes).
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In order to understand the emission spectra, we used materials with different transmission
characteristics between the LR. sensor and the 1.C. window. The resuit is the emission

wavelength centered between ! and 2 pm. These measurements are very preliminary and we

are planning to make a systematic study with a spectrophotometer to measure more precisely
the emitting wavelength. This emission line is probably related to dimeric deexcitation of the
Art, [10] molecule formed by ionization, If this is the case, the Xenon should emit around

2pm [11]. We have compelling reasons to believe that scintillation is also present in the

liquid phase. We are preparing a cryogenic test cell to be itradiated with an electron beam to
look for the LR. radiation. As stated before, the cryogenic environment reduces dramatically
the blackbody background. This gives rise to the possibility of using simple Ge or InGaAs
photodicdes in the case of liquid Argon. We intend to look at other materials, liquid and
solid, emitting in the LR. wavelength region.

4. INFRARED EMISSION BY DR

We noted that the LR. signal was increased in all noble gases after switching on the
electric field in the L.C. In Nitrogen, the LR. signal, which was not seen in the “prompt
mode,” appeared when the drift-field was applied. The increase in the LR. signal is clearly
visible in Figure 4.1 for Argon gas. The dependence of the IL.R. amplitude on the voltage
applied to the 1.C. for Argon at 5 bars is shown in Figure 4.2. In the same figure, we show the
collected charge as a function of the applied voltage. It was possible to remove the prompt
scintillation light by placing a filter between the sensor and the window. The light emitted

during the electron drifting was above 2 pm wavelength.

ELECTRQNS

L L [T

PR TR | Ah

INFRARED ‘,4"‘"

SN’ 505
——

ISmV

Figure 4.1. Electron current signal (AV =+ 1500) and infrared signals (prompt + electron drift superimposed).
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The mechanism involved in infrared emission is different from the prompt scintillation.
The emission light created by the drifting electrons may be related to some excitation of the
gas. The onset of such phenomena can be observed at very low electric fields (see Figure
4.2). Up to now, we have not succeeded in understanding whether this emission is continuous
or a line spectrum.

B e .
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Figure 4.2. Curvent and LR. light signal (arbitrary units) vs voltage applied to ionization chamber.

As seen in Figure 4.3, the drifting electrons seem to have excited the Nitrogen molecules
in vibrational states, whose lifetime is of the order of a millisecond. This would support the
idea of line emission.

T
INFRARED
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Figure 4.3, Edeciron coment and LR. light signal in Nitrogen,
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The drifting emission in the noble gases seems to be quite efficient and doesn’t show any
decrease at higher pressure.

The measurements we have obtained are considered preliminary. The investigation can be
extended using materiats where electrons show high mobility.

ARY A P v

1. As mentioned above, the data are preliminary and more systematic work is needed,

2. A spectral analysis of the emitted light needs to be measured to explain the mechanism in
the prompt and electron drift mode.

3. The light yield of the two emitting modes seem high.

4. There are good reasons to investigate the LR. scintillation in cryogenic noble liquids.

5. We are searching for the new LR. scintillator materials (solid, high Z, high light yield) to
increase the energy resolution in gamma detection. Possibly, these materials can be found
in binary low-band gap semiconductors doped with a color center.

6. If these tests are successful, we can foresee future construction of LR. detectors used as
new particle detector devices such as LR. calorimeters, gamma spectrometers, and light
signal amplifier of the drifting electrons.

7.
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AEROGEL AND ITS APPLICATIONS TO RICH DETECTORS

E. Nappi
INFN, Sez. Bar, Istituto Nazionale di Fisica Nucleare, via Amendola 173, I-70126 Bari, Italy

ABSTRACT

Beam test results show that the “new generation™ aerogel has attractive features and appears an inter-
esting candidate as radiator in Ring Imaging Cherenkov (RTCH) detectors. The challenging applications
envisaged in the LHCb experiment at CERN and in the HERMES experiment at DESY will be reviewed.

1 Intreduction

The hadron identification in the momentum domain of few GeV/c represents a challenge for Cherenkov
detectors, in fact traditional gas and liquid radiators have a refractive index either smaller of 1.0018
(C'y F3) or larger than 1.27 (liquid Cs Fi,). To avoid the use of gases at high pressure or in unmanageable
liquified form, the only possible way to partially close the gap in refractive indices is represented by silica
aerogel that can be produced in a fairly wide range from n = 1.004 to = = 1.1. After the unsuccesful
attempt of Linney and Peters {1] in 1972 to use compressed silica powder to obtain a matenal with
n<1.2, scon abandoned due to the very poor transparency of their radiators, in 1973 Cantin ef al. [2)
adopted silica aerogel in Cherenkov counters. Although aerogel was discovered in 1931 {3), a time
and cost effective fabrication method was found only in the late 1970s, when France decided to store
rocket fuels in porous materials. Since then, an explosive growth of specific application in the scientific
community has stimulated new techniques for the production of aerogel with remarkable optical quality.
Indeed aerogel is now currently produced in a sol-gel chemical process that provides a very transparent
hydrophobic polymer gel structure while old acrogel was fabricated in a way to lead to seedy hydrophillic
colioidal structures. The “breakthrough™ in aerogel fabrication promoted more advances in the use of this
matenial in Cherenkov detectors, as V.1, Vorobionov [4] and H. v. Hecke {5] pointed out in 1991 and 1993,
respectively. Nonetheless, the major merit of the rapid progress of acrogel in real RICH devices must be
ascribed to J. Segutnot and T. Ypsilantis, who revised the van Hecke proposal in the light of currently
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available photodetector technology and envisaged an appealing application in the LHCb experiment [6).
The outstanding potential of their detector design inspired the upgrade of HERMES at DESY [71.

In the next section, the chemical and physical properties of silica aerogel will be briefly reviewed,
results from beam tests at CERN-PS are then presented in Sec. 3. An outlook of the experiments LHCb
and HERMES will be given in Secs. 4 and 5, respectively, Finally, Sec. 6 is devoted to conclusions.

2 Chemical and Physical Properties of Silica Aerogel

Acrogel is a manmade material that could have a density as low as three times that of air. It essentially
consists of grains of amorphous SiQ, with sizes ranging from ! to 10 nm linked together in a three-
dimensional structure filled by trapped air. The huge number of such tiny primary particles determines an
internal surface close to 1000 m?/g that plays the fundamental role in the aerogel chemical and physical
behavior. It exists a simple relationship between the resultant index of refraction and the aerogel density
pingfem? [8):

n=1+021p (1}

Density values lying between 0.003 g/em® and 0.55 g/om? are in principle available, corresponding to
refractive indices of n=1,0006 (Yoareshold == 28) and n=1.11 (Yureshotd = 2.3), respectively,

In the aerogel preparation, the starting phase is the hydrolysis and condensation of silicon alkoxides in
presence of an alcobolic solvent. Aerogel is then obtained by removing the solvent in a quite complicated
way because if the liquid were simply left 1o evaporate, then adhesion and capillary forces would shrink
the gel into a very dense material. Therefore, in order to prevent the collapse of the porous structure, the
pressures and temperatures during liquid extraction must be raised above the triple point of the solvent. In
the past, this operation required high temperatures and high pressures. Moreover, the demanding control
of the correct quantity of solvent made possible only the production of silica aerogel within a limited
range of refractive indices 8).

In the final treatment, the acrogel needed to be baked at several hundred degrees Celsius in order to
dry off the residual adsorbed solvent. The final product had surfaces not particularly elean and flat and the
baking treatment makes it very hydrophillic, consequently aerogel samples used in the experiments had
to be often rebaked during their operative life.

In 1988, a new fabrication process was developed at Lawrence Livermore National Laboratory, later
on adopted by the russian team lead by A. P. Onuchin in collaboration with the Boreskov Institute of
Catalysis in Novosibirsk to produce very transparent silica acrogel with refractive index in the range
1.005-1.055 [9].

Oppositely to the aforementioned method, called “one-step,” the new one treats the starting gel into
two succesive steps: the alcohol (m;uinly methanol) within the gel is, in the first siep, replaced by liquid
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CO; that undergoes a supercritical drying in the second step without damaging the aerogel [10]. The
“two-step”’ process is much safer than the simply extraction of supercritical methanol, in fact CO, has
a lower critical point (31°C and 1050 psi) than methanol {240°C' and 1600 psi) and dees not pose an
explosion hazard as alcohol does.

But the breakthrough in the fabrication process occured only few years ago, in the framework of
the Belle experiment at the B-factory in Japan, when silica aerogel with very low refractive index was
produced by means of a revolutionary technigue [[1]. The National Laboratory for High Energy Physics
{KEK) in Japan in collaboration with Matsushita Electric Works developed a method based on the old
single-step process but adopting the basic philosophy of the two-step method. The aerogel is baked under
supercritical conditions after replacing the alcohol with COs by avoiding in this way the complication of
the alcohol distillation. This aerogel is hydrophobic, due to a treatment of the surface of the acrogel pores,
and highly transparent, but it loses this property if a baking process is applied to improve its transmittance.

Moreover, KEK aerogel has been found to be radiation hard at least up to 9.8 mrad of gamma ray
dose {12).

2.1 Opticat Properties

The granular structure of aeroge! with a typical length scale of few nm determines its optical properties.
Indeed, the behavior of visible light in aerogel is dominated by Rayleigh scattering which increases as the
fourth power of the frequency. The bluish haze that surrounds aerogel samples is an effect of the Rayleigh
scattering since short wavelengths are the most severely affected by the continuos scattering mechanism.
The internal absorption does not play a significant role in the visible region (the intensity drops to /e
only after several cm), while weak absorbances appear in the infrared. The measured transmittance ¢ of
an aerogel sample of thickness L, as function of the light wavelength X in the range from 300 nm to 700
nm, is fairly fitted by the expression:

t = Ae~CHN, @

where ¢ characterizes the aerogel clarity, and A is the measured transmission in the long-wavelength
region. Samples with a good optical quality have A and C close to the value of 1 and O respectively. The
typical values of the parameters A and C have been reported in Table | where samples with n = 1.03
produced with the aforementioned fabrication methods are compared.

When the Rayleigh scattering occurs, the directionality of the Cherenkov radiation is completely lost.
Therefore, the major concern associated with the design and construction of a RICH detector with an
acrogel radiator is whether the Cherenkov photons that traverse the aerogel without any scattering are in
sufficient number to allow the measurement of their emission angle with the expected accuracy.

—25—
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Table 1: Silica aerogel optical parameters

Fabrication method Producer A C (umiem™1) Ref.
“One-Step” Airglass Co. (Sweden) 0.96 0.018 {13}
“Two-Step” Jet Propulsion Lab (USA) 0.96 0012 [6]
“Two-Step” Boreskov Institute of Catalysis (Russia) 0.9¢6 0.005 [14]
“KEK Method” KEK Lab. (Japan) 0.96 0.0085 [15}

The fraction N of photons of wavelength A that cross undeflected an aerogel sample of thickness L,
characterized by the optical parameters A and C, is given by:

N = AX(1 — e CLYY/CL. 3

Although the C parameter of Russian samples is smaller than that of aerogel samples fabricated with other
methods, the KEK aerogel has the big advantage to be hydrophobic and therefore it ages less in the long
term. By assuming the best optical parameters, the fraction of photons of 350 nm that have not undergone
any scattering inside a 3 cm thick sample is about 60%, but N raises up to almost 85% for photons of
500 nm.

These simple calculations show that the useful production of Cherenkov light is limited to the visible.
This therefore places high demands on photon detection. A large area multicell hybrid photodiode (HPD)
with a bialkali photocathode seems the most promising candidate to detect and resolve single photoelec-
trons from aerogel [6]. Moreover, HPDs ensure operatiomal stability on a long term since they are devices
without intrinsic gain {16].

3 Beam Test Results

In the framework of Hermes and LHCb RICH detector development, investigations have been carried out
to prove the feasibility of detecting a single event Cherenkov ring produced in aerogel [17).

Aerogel samples with n=1.03, procured from KEK, were tested at the PS-T9 beam facility at CERN with
10 GeV/e negative pions.

The experimental sctup is schematically shown in Fig. 1. Tt consists of a black painted light-tight alu-
minum box flushed with nitrogen at atmospheric pressure, which contains the aerogel sample and an
angled spherical mirror used to focalize the light from the radiator on the photodetector entrance window.
The mirror has a focal length of 45 cm, and thus, aerogel rings with a diameter d of 11 cm are expected
in the mirror focal plane. Smaller rings, with d ~ 2 cm, are instead produced by particles in nitrogen
between the aerogel and the mirror. Two different systems employing either a single phototube (PM) or a
matrix of 114 phototubes have been used to detect the emitted light.

T



ICFA INSTRUMENTATION BULLETIN

F “om 1r\ch-$;o—m(;m0lsu oneinch Homamaotsy
3 R
.... L o 268 PMs
a) " \Z

beam

aerogel
mirror

Figure 1: Schematic layout of the test setup at CERN for the imaging of the Cherenkov light produced in
silica aerogels with n=1.03. Two detector schemes were consecutively implemented on the mirror focal
plane: (a) a single phototube mounted on a motorized stage, and (b) an array of 114 photomultipliers.
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In the first part of the test, 2 Hamamatsu 1332Q PM with a bialkali photocathode of one inch was
installed on a linear motorized transiator in order to scan horizontaly across the mirror focal plane. The
number of counts, referred to the same number of triggers, registered by the PM during the scanning
of the focal plane, is reported in Fig. 2 as a function of the position. In order to suppress the noise
and mantain sensitivity to single photoelectrons, a threshold in the pulse height was placed between the
pedestal and the one-photoelectron (p.e.) peak of the PM spectrum. The stronger peak in Fig. 2, obtained
with the PM nearly in the center of the focal plane, corresponds to the Cherenkov ring produced in
nitrogen. Another peak is clearly visible when the PM is displaced 11.6 cm from the position of the
maximam of the first peak. The same enhancement is seen moving the PM in the opposite direction.
These erhancements are originated from the uascattered Cherenkov light produced in the radiator and
prove that KEK aerogel preserves the direction of an appreciable fraction of Cherenkov photons. From
the values of the mirror focat length and from the observed radius of the aerogel ring, a refractive index
of 1.03 has been caleulated, in good agreement with the nominal value provided by the KEK group
(n=1.028). The resolution of the peaks in Fig. 2 is dominated by the size of the PM photocathode.

sconner hmil __)

counts

Figure 2: Scan with one PM across the mirror focal plane. The first peak, on the left-hand side, is due to
the unresolved Cherenkov ring from nitrogen, while the second peak corresponds to Cherenkov photons
produced in the aerogel. The counts between the two peaks are very few as expected.
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In the second part of the test, the array of 114 one-inch PM's atllowed to perform the electronic imaging
of the full Cherenkov pattern. A threshold was applied to the signal of each of the 114 PM’s recorded,
corresponding to about 2o of the pedestal distribution.

In Fig. 3, the PM hit map containing a large number of overlapped events is reported. The nitrogen and
acrogel rings are clearly visible over a very low background.

From the positions and the number of PM's fired in each event, the average radius of the ring, the av-
erage number of Cherenkov photoelectrons per ring and the average background due to photons emerging
from the aerogel after having undergone one or more scatterings, were calculated [17]. The following
results, referred to a 2.5 cm thick sample, were found:

(1) a ring radius valve of 11.4 £ 0.5 ¢m:
(2) an average number of 14,9 p.e. per ring; and
(3) an average background of 2.4 p.e. per ring.

Figure 3: The photomultiplier hit map over the mirror focal planc obtained by overlapping events from
a full run. The Cherenkov ring from aerogel is clearly visible, while the ring from nitrogen is poorly

resolved by the three centrat photomultipliers. The sparse background hits show the good optical quality
of the tested acrogel sample.
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4 THE LHCb EXPERIMENT AT CERN

LHCb is an experiment designed to study CP violation in B decays. It is conceived as a collider-mode
forward spectrometer which will be operational at the LHC start-up. The proposed layout (Fig. 4) features
an accurate momentum reconstruction and particle identification since precision determination of the
CKM unitarity triangle angles requires an excellent pion/kaon separation over the momentum renge from
1 GeV/c to 150 GeV/ic. A detailed description of LHCb can be found in Ref. [18], in the following only
those aspects of the setup which concern particle identification will be addressed.

Figure 4: LHCb layout.

The desired momentum range for pion/kaon separation cannot be spanned by one refractive index
setting; therefore, two focused RICH detectors with three radiators have been proposed. The first RICH
is placed upstream the dipole magnet to allow the identification of panticles in the low momentum region
from 1 to 60 GeV/ic. 1 is based on the innovative idea 1o implement acrogel and C,Fyq radiators in
the same focusing system by positioning the aeroge! radiator close to the gas vessel entrance window and
tilting the 2 m focal length mirror to bring the image out of the beam aperture in order to reduce secondary
interactions. Photons are detected via an array of HPDs located on each side of the RICH detector (Fig. 5).
The second RICH has 2 2 m long C'Fy gas radiator to identify high momentum particles between 16 and
150 GeVle. A system of mirrors transfers the ring images to the HPD array located in such a way that it
is not traversed by particles.

Anticipated performances of the RICH systems are listed in Table 2. The particle identification layout
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Figure 5. The innovative set-up of the LHCb RICH with aerogel and gas radiators.

proposed has a high discrimination power, but the inntovative technical solution envisaged need crucial
tests to determine their feasibility.

S The HERMES Experiment at DESY

Hermes is an internal gas-target experiment designed to investigate the nucleon spin structure functions at
HERA [19]. An open spectrometer has been built with the aim to measure the scattered electron and the
teading hadrons coming from the target fragmentation with 2 momentum and angle resolution of 1% and
I mrad (at 4 GeV/c}, respectively.
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Table 2: Expected performances of LHCb RICH detectors with n=1.03 acrogel radiator and € Fy, CoFyp
gas radiators. The following factors are listed: momentum thresholds for pions and kaons, maximum
Cherenkov emission angle, contributions to the angle resolution from the uncertainty of the photon
emission-point, from the radiator chromatic dispersion and from photon detector spatial resolution {as-
suming 2.5x2.5 mm? pixel size), total angle resolution per photoelectron, and the momentum upper limit
of 3ok separation.

n 1.03 (aerogel) 1.0005 (C'Fy) 1.0014 (Cy Fig)
Pureshs (GeVic) 0.6 4.5 2.7
Prrean i (GeV/ic) 2.0 156 94
8¢ (mrad) 240 30 33
g§mision (mirad) 0.4 0.2 0.6
05""""‘“"" {mrad) 1.2 0.3 0.6
og'-m (mrad) 0.7 0.2 0.7
ot (mrad) 1.5 04 1.1
Pmaz (GeV/ic) 20 146 73

The spectrometer consists of a conventional dipole magnet of 1.3 Tm and many tracking chambers
for an accurate cvent reconstruction (Fig. 6). The scattered primary clectron is identified with an effi-
ciency greater than 97% (with less than 1% of hadron contamination) by the combination of a Jead-glass
calorimeter, a preshower, and a transition radiation detector. The threshold Cherenkov detector that for-
merly allowed the identification of pions above a threshold of 3 GeV/c using Cy Fyp was replaced by a
LHCb-like dual radiater RICH during the summer of 1998 [20].

Tn this way, the unique opportunity to provide valuable information on the flavor dependence of the
spin structure functions and estimates of the strange sea polarization is fully exploited by an unambiguous
identification of pions, kaons, and protons in the momentum range from 3 to Z0 GeVi/c.

6 Conclusions

Hydrophobic, crack-free, very transparent acrogel samples are now routinely fabricated. Loss of photons
due to the absorption and scattering processes in the bulk material have been minimized by using inno-
vative production techniques. Aerogel ageing effects due to exposure to atmosphere can be afleviated by
proper handling and storage. This new silica aerogel can be an ideal medium to be employed in RICH de-
tectors as radiator. Test beam studies of aerogel gave very promising results indicating that KEK-aeroge!
has the required optical quality, and therefore, it is suitable to be used for RICH detectors. Moreover
results show that the background from scattered photons is low,

LHCb and HERMES experiments have alrcady planned to implement an acrogel RICH in their setup.
Indeed, a RICH device with aerogel and an array of visible light photodetectors shows an attractive con-
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Figure 6: Reconstruction of an event in the HERMES spectrometer. The scattered positron has been
recognized by hits in the teansition radiation detector (TRD), the preshower counter (PRE) and the elec-
tromagnetic calorimeter (CAL).

ceptual simplicity due to the modest service and maintenance needs. The major drawback of this tech-
nigue is the high detector cost per unit of surface. In fact, the commercial available devices (HPD and
multi-anode photomultipliers) have suitable performances but they suffer of large inactive arca and high
cost. The developments of cheap hybrid phototubes with large active area is underway at CERN in col-
laboration with INFN-Bari and 1SS-Rome [21].
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