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C. Amsler 2 V. Boccone 2, A. Biichler & R. Chandrasekharan °, C. Regenfus 2 and
J. Rochet 2
aPhysik-Institut der Universitat Zirich,
Winterthurerstrasse 190, CH-8057 Zurich, Switzerland
bInstitute for Particle Physics, ETH-Ziirich, CH-8093 ZimjSwitzerland
E-mail: Cl aude. Ansl er @ern. ch

ABSTRACT. The influence of air contamination on the VUV scintillatigield in gaseous argon at
atmospheric pressure is investigated. We determine witti@activea-source the photon yield
for various partial air pressures and different reflectord wavelength shifters. We find that the
time constant of the slow scintillation component dependgas purity and is a good indicator for
the total VUV light yield, while the fast component is notexffed. This dependence is attributed
to impurities destroying the long-lived triplet argon exeir state. The population ratio between
the slow and the fast decaying excimer states is determaraxtparticles to be 5.3- 0.6 in argon
gas at 1100 mbar and room temperature. The measured deeagdivstant of the slow component
is 3.140+ 0.067 us at a partial air pressure of2 10~% mbar.
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1. Introduction

Noble liquids such as argon (or xenon) can act as targets fMP4& (Weak Interacting Massive
Particles), the most popular candidates for dark mattanéruniverse. These elements have high
scintillation yields and are also suitable for charge daiadecause of their relatively low ioniza-
tion potentials. Both ionization and scintillation ligharcbe detected [1, 2]. ArgoA%r) is cheap
compared to xenon and is therefore competitive for largamels, in spite of its contamination by
the 3°Ar B-emitter. Here we present measurements on gaseous argenwdiile developing the
scintillation light readout of a 1 ton liquid argon TPC to s#afor dark matter (ArDM [2]).

The light yield and the mechanism for the luminescence ofenghses and liquids are com-
parable to those of alkali halide crystals [3, 4] and are idlesd in the literature for dense gases
[5, 6] and liquids [7, 8, 9, 10]. Fundamental to the scintitla process is the formation of ex-
cited dimers (excimers) which decay radiatively to the umubground state of two argon atoms.
Figure 1 shows schematically the two mechanisms leadinmyld ¢mission in argon, excitation
and ionization. Excitation leads through collisions witkighbouring atoms to neutral excimers
Ar3 which decay radiatively into two argon atoms. lonizatioads to the formation of charged
excimers which are neutralized by thermalized electroesofnbination luminescence). Both pro-
cesses are strongly pressure and density dependent. Rieatiotbis also sensitive to external
electric fields. For gaseous argon at room temperature amdah@ressure, at which we operate
here, excitation dominates [11, 12], while recombinatiamihescence becomes important at high
pressures or in liquid.

In liquid argon the population ratio of the fast to slow-dgog states depends on the type of
projectile, e.g. electrong-particle or fission fragment. The population ratio of thetfe slow
decaying states increases with stopping power and is @& 3 for electronsy-particles and
fission fragments, respectively (for a compilation see ). However, the decay times are
not affected. The measured time constants scatter in ttge raetween 4 and 7 ns for the fast
component and between 1.0 and 1§ for the slow component. The large difference in the two
time constants is unique for argon among noble gases andecasell to suppress background in
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Figure 1. The two mechanisms leading to the emission of 128 nm phaidapted from ref. [6]).

WIMP searches, since WIMP-interactions lead to heavilyziogy recoil nuclei and hence to a high
population of the fast decaying states.

Of special interest to this work is the long lived componehiach is attributed to the excita-
tion of the lowest spin-triplet excimer state with a meap liff 3.2+ 0.3 us, which is pressure
independent in gas between 1 and 30 atm [5]. This state deadigively by emitting VUV pho-
tons in a~10 nm band around 128 nm [13, 14] (second excimer continudingse photons are
not absorbed by atomic argon and can therefore be detectghit dt higher wavelengths is also
produced from transitions between highly excited argomatstates [14, 15, 16].

In this paper we present evidence for the (non-radiative}rdetion of the triplet state in
gaseous argon by traces of air [17, 18]. The population otriptet states decreases exponen-
tially with a shorter decay time than measured with cleammamgas. The reduced light yield is
presumably due to collisional destruction of the longdivgplet state by impurities such as water
molecules. A similar effect is observed in liquid argon [19]

2. Experimental setup

The apparatus consists of a 6 liter cylindrical vessel, 160im inner diameter (with no inter-
nal electrical field), equipped with a variety of service wections, e.g. to a quadrupole mass
spectrometer (fig. 2). Pumping is carried out by a dry prinpamgnp and a 60 liter/s turbo pump.
Without baking a typical vacuum of 18 mbar is reached within 24 h. The residual gas is mainly
composed of water vapour. The surrounding dewar is used éasarements with liquid argon.
The present measurements are performed with a HamamatSudR68®multiplier (PMT), 38 mm
diameter with bialkali photocathode. A reflecting collardM coated aluminium) concentrates
the light on the photocathode. A 40 B§¥Pb source (half life 21.4 yrs [20]), emitting 5.3 Max-
particles and up to 1.2 MeV electrord{Pb — 219Bi — 219P0 —2%pp), is mounted in the center
of the vessel, about 6 cm below the photomultiplier. The eamighea-particles is roughly 4.5 cm
in argon gas at NTP (density 1.78 g/l). Heragoarticles are fully absorbed while electrons from
the source are not fully contained. The average number ohbi2®hotons in pure argon gas is
estimated to be 78 000, assuming an energy expenditure of 68@V/photon [21].
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Figure 3. Trapping of the shifted blue light in a plexiglas cylinder.

Argon gas is taken from 50 liter cylinders of class Ar60 (impes < 1.3 ppm). An oxisorb
(CuO) filter and a hydrosorb cartridge (molecular sieve)used during filling. The VUV scintil-
lation light is converted into blue light with tetrapheryltadiene (TPB) as a wavelength shifter
(WLS), sprayed on Tetratex or 3M (ESR vikuiti) foils. The asion spectrum of TPB reaches its
maximum value at 422 nm [22] and matches the response ofaliiglkotocathodes (300 — 600
nm). The typical time constant of TPB is 2 ns [23] and the timestant of the PMT 4.5 ns. The
WLS material is dissolved in chloroform and sprayed (or evaged) on reflecting foils covering
the internal wall of the vessel. To improve on the overalhfigollection yield the glass window of
the phototubes can also be coated with WLS. The coating ferpeed with TPB imbedded in a
clear polymer matrix such as polystyrene or paraloid. Fiidemonstrates trapping of the shifted
blue light in a plexiglas cylinder, one end of which has beaveced with TPB/polystyrene.

The R580 PMT is operated at —1350 V bias voltage yielding a ghfoughly 16. Its signal
is amplified by a factor of 10 in a fast NIM amplifier (CAEN N97&0d fed to the 8 bit FADC of
a LeCroy WP7100 digital oscilloscope terminated witf)50The signal is sampled at a rate of 1
GHz and, for each event, 20 000 samples coveringi2@re recorded and stored in compressed
MatLab file format to hard disk, in packages of about 1000 ts/en
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Figure 4. Sampling of ano-event in gaseous argon. The ellipse shows the region daetray single
photon pulses.

3. Measurement of the decay spectrum

The measurements presented in this paper were collectadhagan pressure of 1100 mbar and at
room temperature, except for the data at the partial aispresof 2<10-6 mbar, which were taken
slightly below the water freezing point-20°C). The latter constitute our cleanest argon sample.
A typical event generated by the-source at 210 6 mbar is shown in fig. 4. The large prompt
pulse is mainly due to the fast scintillation component,gtosvly decaying amplitude to the slow
component, and the pulse at large sampling times (ellipsédté arriving single photons. The
event trigger in the oscilloscope is set on the analogueakiggight in the range of 20 to —2000
mV, depending on the data set to be taken. The typical hefgsingle photoelectron pulse after
the 10< amplification amounts to roughks35 mV.
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Figure5. Pulse height distribution of 32&-decays at a partial air pressure of 2 10-% mbar.

Before integration the pedestal is determined event-wysavbraging over the first couple of
thousand data points before the trigger. The total numbehofoelectrons is then calculated by
dividing the integrated signal (charge) by the averagelsipboton charge, which we find from
the integrated distribution of dark counts. Single photeants from the signal tails (ellipse in
fig. 4) were used for a cross-check only since they are affelbiepile-up. Figure 5 shows a
typical integrated pulse height distribution for a samdl&28 events at a partial air pressure of 2
x 10-® mbar. The peak (321 events) is duartgarticles. An integrated charge of 1 nVs ovef50
corresponds to 6.& 0.2 photoelectrons (p.e.).
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Figure 6. Light yield ofa-particles in argon gas vs. partial air pressure at room teargiure. The data at
2 x 10~ mbar were taken below the water freezing poiat-20°C).

We now discuss the light yield as a function of gas purity Wwhitepends on the vacuum
pressure in the vessel before letting argon in. Measurenvesite started by evacuating the vessel
down to pressures around Tmbar. Air was then introduced up to atmospheric pressure and
pumped out until the desired pressure was achieved. Gasegois was then introduced until a
pressure of 1100 mbar was reached. Figure 6 shows the nuinbleotoelectrons as a function of
partial air pressure. The number of photoelectrons clasphends on the purity of the argon and
still rises below 10° mbar at which pressure the dominating contribution is cagiyg from the
vessel. The minimum pressure that could be achieved in tsgelevas around-10-® mbar by
cooling with cold nitrogen.

Next, we add the sampled pulse distributions from meangecays with total charge within
+30 from the peak value (see fig. 5), and determine the averaggehad its error for each 1 ns
bin. Figure 7a shows a semilogarithmic representation efatlerage amplitude vs. time for the
321 a-events above, taken at2 10-% mbar. The dark (black) area represents the data points, the
grey (green) area the r.m.s errors. Figure 7b shows a zoofedirsgt 400 ns

The red line shows the fit to the data with two exponentials ea@hthe fast and slow decays,
convoluted with a gaussida to describe the experimental resolution. A step functioand a free
parameter are used to fit the event titpeHence the model function has 6 free parameters and is
given by

f = G(t—to,O')
A _th B _th
® H(t—t) | —e T10+—e o , (3.1)
1 T2

whereH(t —tp) = 1 fort > tg and O fort < top. The parameters; and 1, are the time constants
of the fast and slow-decaying states. The paramétensdB are proportional to the total number
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Figure7. a) Average signal fronor-decays in clean argon gas; b) zoom into the first 400 ns (sé¢k te

of photoelectrons detected from the two components. Inliserece of non-radiative de-excitation
processes, they describe the populations of the two isitzdés.

Both components are clearly visible in fig. 7. The fit is in g@ggeement with data, except in
the intermediate regiott { tp ~150 ns). The slight excess of data in this region (probabéytduan
additional process) does not affect our results on the fabskbw time constants. We have fitted a
third exponential 13 ~100 ns) and also performed fits without the 3.94 — 4u80egion. We use
these fits to assess the (dominating) systematical errorsth€ data shown in fig. 7 we find =
14.7+ 2.5 ns, 1, = 3140+ 67 ns and a rati®R= B/A = 5.5+ 0.6. The fitted r.m.s. resolution
o of 5.6 ns is consistent with the time constant of the PMT (4} mcluding the transit time of
a-particles &4ns).

The time distributions for various partial air pressured #re corresponding fits using eqn.
(3.1) are shown in fig. 8. The time constamst, and the amplitudeA andB are given in Table 1.
The time constant of the fast component and its photoelegfield remain constant within errors.
From Table 1 the average value faris 11.3+ 2.8 ns and is compatible with values obtained earlier
[14]. In contrast, the time constam of the slow component and its photoelectron yield clearly
increase with gas purity. Our result fog is in good agreement with a previous measurement in
dense gases, 32 0.3 us [5], but is more precise.

For each measurement, two batches of data were taken ctimebgthe second about 10 — 15
min later than the first. The number of photoelectrons deesalightly between the first and the



Table 1. Time constantg; and 1, for various residual air pressures at room temperature. Al #are
proportional to the total number of photoelectrons fromteaomponent.

p [mbar] 71 [ns] A [nVs] 1, [ns] B [nVs]
1 ~10 9.5(0.2)| 114(9) 6.5(0.4)
101 ~10 12.7(0.3)] 198 (14) 8.7(0.4)
102 | 11.0(0.6) 12.8(0.3) 240(57) 9.1(1.8)
102 | 11.9(1.7) 14.0(0.8) 520(59) 17.1(1.2)
52x 104 | 12.7(2.8) 15.6(1.5] 1341 (44) 39.9(0.8)
23x10%| 12.8(2.8) 14.8(1.6) 1788 (43) 48.6(0.7)
3x107°| 13.2(2.9) 15.2(1.8) 1817 (44) 50.5(0.6)
105 | 12.6(2.8) 14.5(1.6) 2992 (33) 82.6(0.4)
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Figure 8. Average signal fronmr-decays for various residual air pressures: Z0mbar (a), 102 mbar (b),
2.3 x 10~* mbar (c) and 10° mbar (d).

second batches. However, with cooling, the second batctaioea slightly more photoelectrons.
This suggests in the first case outgassing of water moleankdsn the second case, freezing water
on the walls of the vessel. Nitrogen contamination, on ttemwohand, does not lead to a strong
suppression of VUV light [13]. Hence the partial pressurevater might be responsible for the
non-radiative destruction of the triplet states.

We have also investigated the nature of the slow and fast cpemts by using two PMTs
installed, one at the bottom, the other at the top of a gaske&mne of the PMT photocathodes
was covered with a 5 mm thick quartz plate. With the quartodi®s one observes a very strong
suppression of the slow component (fig. 9) while the fast comept is not affected. The measured
absorption spectrum in fig. 9 right shows that light with a alangth below 160 nm is strongly
absorbed. This indicates that the slow component congistsndintly of VUV light (second con-
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Figure 9. Left: average signal fronw-decays at 1200 mb in clean gas (top distribution). The bottione
distribution was obtained by inserting a quartz plate innfr@f the PMT photocathode. Right: absorption
spectrum of the quartz plate as a function of wavelengthgtule). The dashed line shows the transmission
efficiency without absorption, but taking into account thesikel surface reflection from the quartz plate.

tinuum around 128 nm), while the fast component is mainlygosed of UV light with wavelength
from the third continuum above 160 nm [14].

4. Slow to fast population ratio

Sincet; andA do not depend on gas purity, we can determine the ratio of &ldast populations
by measuring the light yield as a function of and extrapolating to pure argon gas. Indeed,
the light yields being proportional tA and B, the populatiorB; of the long-lived state is given
by B = B1ly12, wherel, is the radiative width, while the population of the shoveli state is
proportional toA. The slow to fast population ratio is then equal to the r&ie B/A for ', =
1/1,, i.e. for pure argon gas. Figure 10 shows the total numbehofgglectrons as a function of
1, for the various gas purities given in Table 1. Extrapolatiado 7" = 3.2 us obtained earlier
with gas of highest purity [5] we finlR = 5.5+ 0.6 for 5.3 MeV a-particles in clean argon gas
at 1100 mbar and room temperature. To our knowledge this Ratif the slow (VUV) to the fast
(UV) components has not been measured before.

We have also performed measurements of the light yield faries of WLS configurations.
These data provide a cross-check for the measurementsfgéstoove. The PMT photocathode
was either coated with TBP/polystyrene or sprayed with T&rgl, the reflecting foil (3M or Tetra-
tex) sprayed with TPB of various thicknesses. Figure 11 shibw various measurements. As in
fig. 10 we extrapolate the data points to the expected dewsy df ' = 3.2 us for the second
component in pure argon. However, we now require the stréiigs to intersect they-axis at the
common fitted pointr; = —485f}28 ns, whereA+ B = 0. The simple proportionalitiR = B; /A =
rg“/rg leads to the population ratR = 6.6f§:}). This number agrees with our determination above,
but is much less precise due to the large lever arms in thepoltion torg.

Summarizing, we have measured the light yield in gaseouséday various residual air pres-
sures. For the slow component of the luminescence at 128 nwba&rve a strong dependence
on residual air pressure. This effect is attributed to amirtating water vapour. The longest time
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Figure 10. Total number of photoelectrons as a functiorrgf The upper dashed line gives the fitted total
light yield (A+ B) from both components, the bottom dashed line the fastibation (A). The labels a — d
refer to the data shown in fig. 8.
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Figure1l. Light yield ofa-particles in argon gas for different WLS coating and apation techniques: a)
coated PMT and sprayed 3M-foil; b) sprayed PMT and 3M-fgilsigrayed 3M-foil ; d) sprayed PMT0.4

mg/cn?) and Tetratex; e) sprayed PMTE&Q.1 mg/cri) and Tetratex; f) sprayed PMT and MgEoated
mirror foil.

constant is obtained from purest argon (33467 ns). The population ratio between the slow and
the fast decaying states is measureddeparticles to beR = 5.5+ 0.6 in pure argon gas at 1100
mbar and room temperature.
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