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The nature of the Dark Matter component of the Universe is one of the most important unsolved
problems in physics. The preferred option for the next generation of experiments foresees multiton argon or xenon chambers, which have to achieve outstanding performances in terms of low
background and event topology discrimination. At the same time a high pressure noble gas chamber,
which operates at room temperature, offers remarkable features in terms of energy resolution and
directional information. That approach is considered mandatory in order to provide a solid evidence
for the discovery of Dark Matter. Nowadays the noble element detectors technology implements fast
light detecting devices, like photomultiplier tubes and silicon photomultipliers, which integrate the
signal over a wide spectral range missing the potential information given by the wavelengths of
the scintillation light. Preliminary measurements carried out at the CIEMAT laboratory evidenced
the noble gases complex emission spectra, suggesting that the relative amplitude of the different
wavelengths of the scintillation light could be used to establish a new event discrimination technique,
which is fundamental for direct detection of Dark Matter.
1. INTRODUCTION

Neutrino [1] and Dark Matter [2, 3] observation requires devices highly sensitive to tiny signals over large
detecting volumes. Noble gases technology has been
widely used in the recent years in particle and astroparticle physics experiments and it can provide, in principle,
the sensitivity and detector-mass scalability required for
those kinds of rare event searches. Particularly, the last
decade has witnessed an enormously increasing interest
in argon and xenon based Time Projection Chambers
(TPCs). These detectors are operated with different configurations of electric fields to allow for a 3-dimensional
(3D) reconstruction of the trajectories of the particles using the ionization and scintillation properties of the gases,
and to perform particle identification with high efficiency.
New multi-ton experiments are currently in operation or
under construction, and there is a significant worldwide
effort ongoing to extend the technology to even larger
sizes [4, 5], thus facing new challenges in terms, for example, of low energy threshold and background rejection.
A large volume of a high purity noble element, like
argon and xenon, serves both as target and tracking
medium for particle interactions. Given the large availability and low price of argon gas, the Ar-TPC is the
preferred option for the next generation of massive neutrino experiments for neutrino oscillation measurements
and supernova detection. Xe-TPCs are especially attractive detectors to study the nature of neutrinos due to
its double beta decaying isotope 136 Xe [6] that allows to
study the leptonic-number violation.
The high scintillation yield of argon and xenon (∼ 104
photons/MeV for 1 MeV electrons) permits to establish low detection thresholds for particle interactions, of
the order of the keV, increasing the Dark Matter signal
sensitivity. This aspect, together with the unique background discrimination made possible by particle identi-

fication and 3D event reconstruction capabilities, makes
both gases ideal materials for the next generation of Dark
Matter direct search experiments [5, 7].
The current trend of the technology has exploited more
the liquid phase, although a high pressure gas chamber
operating at room temperature offers remarkable advantages concerning energy resolution, topology selection,
and ultimately background rejection [8]. In fact, a renewed interest in the gas chambers has been prompted
by the possibility of exploiting directional information in
nuclear recoil processes. An observation of the anisotropy
of Dark Matter interactions in a direction-sensitive detector would constitute decisive evidence for the discovery of
galactic Dark Matter, and a crucial input to understand
its distribution in the local Universe [9].
Most of the existing directional Dark Matter detectors
foresee particle tracking methods in a low-pressure gas
TPC, such that the tracks are long enough to be reconstructed adequately. However, the total mass per detector is of the order of a kg or less. The high background
and other technical problems limit the scalability of gas
chamber detectors, making impractical to build the tonscale experiments necessary to reach sensitivities beyond
the limits of the current Dark Matter direct search experiments. For these reasons, high pressure gas detectors
are preferred.
A central aspect of argon and xenon chambers is the
efficient collection and detection of the vacuum ultraviolet (VUV) scintillation photons, which makes available
the calorimetric data, the time information necessary for
the 3D event reconstruction and the particle identification capability required for background rejection. In particular, the pulse shape analysis of the scintillation signal, carried out through the comparison of the relative
amount of the “fast” and “slow” emission components of
the scintillation light, provides the most powerful tool to
discriminate the different types of interaction (Fig. 1).
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These components originate in the bond between excited
and ground state atoms to form metastable molecules
known as excimers. Direct atomic excitation mainly results in singlet-state excimers and the recombination of
ions with their electrons primarily yields triplet-state excimers. From the practical point of view, the higher the
excitation density the more singlet photons are promptly
observed. Given the different ionization density between
the electrons and the heavy ionizing particles, like α or
nuclear recoil, the former produce more long-lived scintillation light than the latter. This difference in pulse shape
can then be exploited to effectively discriminate nuclear
recoils events from gamma-ray events, with observed rejection factors at the 10−6 to 10−8 level. However, even
though the pulse shape of the noble gases scintillation has
been precisely studied, not all the aspects concerning the
wavelength emission are well known.

FIG. 1. Example of pulse shape discrimination (PSD) of the
scintillation light in argon (ArDM [2] experimental data). The
nuclear recoils produced by neutrons (up) can be clearly distinguished from the gamma interactions (down) with similar
visible energy.

It is typically assumed that the “second continuum”
(described in sec. 2), arising from the excimers decay,
dominates the light emission giving the spectral lines at
128 nm and 172 nm, for Ar and Xe respectively [10].
However, our results (sec. 3) suggest that, at least in gas,
the fast component can be also produced by the “third
continuum” (sec. 2) at longer wavelength. Further investigations carried out at CIEMAT (sec. 3) evidence that,
additionally, the fast and the slow components are complementary and are characterized by only one excimer
emission (the second for the slow and the third for the
fast). Thus they can be differentiated not only by their
typical decay time but also spectroscopically. The detection of a substantial third excimer emission rejects the
simple assumption of narrow VUV emission, significantly

boosting the importance of the spectral information and
rousing a new advance in technology.
A novel detector sensitive to the photon wavelength
could exploit the distinctive features of the noble gases
scintillation emission, a possibility that is excluded in
detectors of the current generation, equipped with standard optical sensors that integrate the signal over a wide
spectral range. Even though no specifically designed
wavelength-sensitive light-detecting devices are commercially available, it would be possible to use photomultiplier tubes (PMTs) with different spectral sensitivities
given by diverse photocathodes and windows materials,
to disentangle the different components of the photon
spectrum.
A new particle identification technique based on the
spectral information is expected to enhance the background rejection capability of a noble gas detector for
rare event research, giving an additional and efficient
event discrimination tool in the low energy region. This is
particularly important for a xenon detector, whose pulse
shape discrimination is limited by the similar decay time
(a few ns) of the fast and slow scintillation components.
A spectroscopic differentiation of the two components has
the potential to boost the background rejection by several orders of magnitude and it can open new frontiers
for the Dark Matter and rare event searches.
We have built a nobel gas TPC at CIEMAT with the
aim to investigate new techniques that would improve the
discrimination between α and β interactions in argon and
xenon. The detector has been used to perform specific
studies of scintillation in noble gases, with focus on the
aspects of the light emission that are not fully understood
experimentally.
This report is structured as follows. The theoretical
mechanism describing scintillation in noble rare elements
is explained in sec. 2. Sec. 3 gives the details of our experiment for studying the wavelength dependence of the
fast and slow scintillation components. The first results
are reported, paying special attention to the dependence
of the signal with the purity in order to have full control
of the detector. Several modifications are implemented
in the experimental setup to perform additional tests in
argon at higher pressures (sec. 4). Sec. 5 outlines the potential of this technique in xenon. Finally sec. 6 contains
the main conclusions of this project and suggests possible
future lines of research.

2. SCINTILLATION IN NOBLE ELEMENTS

Particle interactions in noble gases produce primarily
excitation and ionization generating a prompt light signal
and ion/electron pairs. Those pairs can either partially
recombine, producing additional light, or can be separated through a drift field and then collected. The average energy loss of the particle along its path through the
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gas determines both the shape of the light pulse and the
ratio between the scintillation and the ionization signals,
which are the signatures typically used to discriminate,
for example, between heavy ionizing particles, like α or
recoil nuclei, and electrons [11].
In general terms the mechanism of primary scintillation is similar for argon and xenon gases. The liquid can
be considered in the following just a very dense gas, which
is not strictly correct given the acknowledged existence
of a band structure. The excitation of a noble gas atom
leads quickly (∼ ps) to the formation of a strongly-bound
diatomic molecule in an excited stated called “excimer”.
A vibrational excitation of the excimer is possible, and
its relaxation is almost non-radiative although some infrared emission is expected.

FIG. 2. Excitation of rare gas atoms by electron impact
and recombination of ionization electrons with positive ions.
Both processes yield VUV emission (“second continuum”) at
128 nm in argon and 178 nm in xenon.

The whole process is described in Fig. 2, where R refers
to either Ar or Xe, and the superscript v is used to distinguish the vibrational states of the excimer R2∗,v from
the purely electronic excitations (R2∗ with v=0) [10]. The
scintillation photons, with wavelength in the vacuum ultraviolet (VUV) region for all rare gases, are emitted
in the transition from one of the two lowest molecular
excited states, either the triplet 3 ∑+u (from P23 ) or the
singlet 1 ∑+u (from P13 ) with v=0, to the ground state
1 +
∑g . The transition occurs at short interatomic distances, where the ground state potential is repulsive, resulting in dissociation of the molecule. At the same time
their decay times can be different. In fact, the direct
transition from the triplet state 3 ∑+u (P2 ) is forbidden,
but the decays become possible due to the mixing between the 3 ∑+u and the 1 ∏u states through spin-orbital
coupling [12]. This transition can be characterized by
longer lifetime with respect to the singlet state, for example 1.6 µs with respect to 7 ns in liquid Ar or 22 ns
with respect to 4 ns in liquid Xe. In the case of liquid
xenon the time difference is lower because the spin-orbital
coupling becomes stronger for heavier molecules.
Besides direct excitations, the alternative VUV lumi-

nescence process involves recombination of the ionization
electrons with positive ions. This recombination occurs
mostly with molecular ions formed shortly (∼ ps) after
ionization of the atoms by a particle [13]. The final stage
of this process is similar to the direct excitation channel
and consequently wavelengths and decay times are alike.
Depending on the ionization density, the light produced
by electron-ion recombination can be suppressed if an
electric field is applied. In that case the electrons are
drifted away and can be directly collected at the anode.
In double-phase Ar and Xe detectors, which combine
liquid and gas, ionization electrons are accelerated by
a stronger field in order to produce electroluminiscence
light or secondary ionization by Townsend avalanche [14].
The emission corresponding to the last processes in
Fig. 2 is called “second continuum” and is peaked at
128 nm in argon and 178 nm in xenon. As the ground
state for these transitions of the excimer is not bound,
it decays to two neutral argon/xenon atoms. A resonant
re-absorption of the photons is excluded by the absence
of excimer molecules and atoms with low enough excited
states, hence the scintillation photons are free to leave
the gas (or liquid). Residual molecules in Ar/Xe gas,
mainly O2 , N2 and H2 O (impurities), can dissipate the
energy of the excimers through non-radiative channels or
can capture the VUV photons, affecting the total light
yield of the detector and the scintillation decay times.
This is observed in [15, 16] with the addition of small
concentrations of N2 and O2 (≥ 0.1 ppm).
It is usually assumed that the scintillation spectrum
is dominated by the second continuum, although experiments carried out with proton and ion beams suggest that
another set of emissions with longer wavelength plays an
important role in the light emission [17]. Especially in
case of high ionization density, the probability to create
highly charged argon ions could be relevant, leading to
several different light emission processes. The first step
is again the formation of an ionic excimer:
Ar2+ + 2Ar → Ar22+ + Ar.

(1)

This excimer molecule can either decay into two Ar+
atoms, releasing photons with a wavelength of 188 nm,
or form doubly charged Ar32+ molecules in collisions with
other argon atoms. The Ar32+ molecules in turn can either decay, radiating at a wavelength of 199 nm, or form
in collisions the excited ionic excimers Ar2+ . The decay of the latter releases photons of 177 nm, 212 nm, or
225 nm, however, it is once again in competition with
another molecule formation, Ar3+ which is the origin
of scintillation light with a wavelength of 245 nm. All
these processes combined form the so called “third continuum” [18], which is found at wavelengths above the
128 nm of the argon second continuum. Similar processes
can be considered in Xe.
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3. SPECTROSCOPIC STUDY OF
SCINTILLATION IN ARGON

At CIEMAT, we have carried out a specific study of noble gases scintillation, focusing on the aspects of the emission which are not fully understood, eventually opening
new paths to improve the particle discrimination power
in argon and xenon. We designed and built a cylindrical electroluminescent chamber (10 cm diameter, 50 cm
height), along with the additional vacuum and gas purification systems necessary for the high pressure operations
in clean xenon and argon gas. Light emission produced
by the interactions of particles entering the gas volume is
detected by photomultipliers placed at both ends of the
chamber (Fig. 3).

FIG. 3.
Experimental setup: gas purification system
(left), chamber of detector (middle-top), gas vacuum system
(middle-bottom), electroluminescent chamber with grids and
PMT readout plane (right).

A photomultiplier (PMT) is a vacuum sealed tube consisting of an input window (photocathode), an electron
multiplier with a set of focusing electrodes (dynodes),
and an anode. Light entering the PMT through the input
window causes the emission of electrons in the vacuum
tube through photoelectric effect on the cathode with
a certain efficiency, called quantum efficiency (typically
≈0.2). Photoelectrons (PE) are accelerated and focused
onto the first dynode, with a collection efficiency ≈0.9,
where they are multiplied by means of secondary electron emission. This process is repeated at each of the
successive dynodes. The multiplied secondary electrons
emitted from the last dynode are finally collected by the
anode. Commercial PMTs have typical gains of the order
of 106 − 107 .

3.1. FIRST EXPERIMENTAL SETUP

As discussed above, no wavelength-sensitive lightdetecting device, specifically designed to detect the noble
gases scintillation, is commercially available. Our strategy to evidence the third excimer continuum, disentangling the different components of the photon spectrum

in the TPC, is based on the use of photomultipliers with
different spectral sensitivities given by diverse photocathodes and windows materials. In particular, the R6835
1” PMT produced by Hamamatsu Photonics is sensitive
only in the region 115-190 nm due to the unique combination of the quantum efficiency of the Cs-I photocathode
and the transmittance of the MgF2 window.
We designed our chamber to host one R6835 PMT
(VUV) in the middle of a PTFE support (PolyTetraFluoroEthylene) to minimize the outgassing in vacuum. Four
1” tubes are located around the VUV: two Hamamatsu
R7378 sensitive to wavelengths above 180 nm (called UV1
and UV2); and two Hamamatsu R6095 sensitive above
320 nm. The spectral sensitivities of the PMTs are summarized in Tab. I. The windows of the latter two PMTs
are covered with a layer of evaporated TPB (TretraPhenylBoutadiene), a wavelength shifter that converts
the VUV-UV light to 420 nm, as it is typically done in
the Dark Matter and neutrino detectors.
The PMT signal is a function of three parameters:
quantum efficiency, collection efficiency and gain. The
latter is the amplification factor of the dynodes and can
be adjusted. Different voltages are applied to each PMT
in the detector in order to equalize their gains. The calibration is carried out by calculating the integrated signal
produced by the thermic emission of photoelectrons on
the photocathode with the chamber either filled with air
or in vacuum. The calibration of the VUV PMT is performed directly with the argon light pulse given the very
low dark current of that PMT. A fit with two or three
Gaussians is performed to the distribution of the collected charge signal (Fig. 4). The values extracted from
the fits are listed in Tab.I.

TABLE I. Values of the voltage, spectral response and gain
(SPE mean), obtained for each PMT from a Gaussian fit. The
value χ2 /ndf indicates the goodness of the fit (best when near
1).

To ensure high purity, a two stage vacuum system extracts the air from the chamber before introducing pure
argon/xenon. The primary vacuum pump, DIVAC 4.8
VT, reduces the chamber pressure to about 3 mbar. At
this point the secondary pump, TURBOVAC 350 i, is activated reaching a pressure around 10−5 mbar. Finally argon gas with a purity better than 1 ppm (ALPHAGAZ-2)
is introduced. The gas purity is maintained using a purification system composed of three gas filters (SUPELCO
503088, O2 ) and a recirculation pump (KNF N035AT.18)
that keeps the argon flow in the chamber. Preliminary
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put signal exceeds a certain threshold, individually adjustable for each channel. Given that the time width of
the signal is too narrow compared to the typical decay
time of the argon scintillation, two dual timers CAEN
N93B are used to increase the time window width to
1 µs. A coincidence carried out among the PMT signals
through the quad coincidence logic unit CAEN N455 is
used to trigger the data acquisition system (DAQ) to
saving the data. Different AND and OR configurations
have been tested during the data taking. Typical runs
are taken with the trigger condition (TPB1 AND TPB2)
OR (UV1 AND UV2).

FIG. 4. Calibration of each PMT. The fit (red) is made with
several Gaussians (blue), the first one corresponds to the bias,
and the following two to the single photoelectron and the tail
of the signal, respectively.

studies are carried out with a 241 Am α source placed in
a central position inside the chamber, and with argon at
different pressures (up to 2 bar).
3.2. DATA ACQUISITION

Two power supplies CAEN N470 and CAEN N1470,
provide the HV to the PMTs. A positive voltage is generated and reaches the photomultiplier through the electrical feedthrough. The voltage signal is carried out by
the same PMT signal, and is decoupled from the DC signal through a voltage splitter. The splitter output is provided to an amplifier CAEN N979, which multiplies the
signal by a factor 10. One of the two amplifier outputs
is used as input to the trigger logic, the other one is fed
into the two analog-to-digital converters (ADC) CAEN
N6720 with four channels each (Fig. 5). The ADC has a
resolution (r) of 12 bit, an input range of 2 Vpp and a
sampling rate between 10 and 250 MHz. The amplitude
of the signal in volts SV is given by
SV = c

2
V,
2r

FIG. 5. Scheme of the data acquisition system. The ADC is
activated once the trigger bit is set.

The data generated by the ADC are transferred to a
computer via optical link. Subsequently, the signals are
stored and processed by three computer programs developed at CIEMAT. The first one, adcrun, stores the data
in packs of 200 000 events per channel in binary files, occupying two bytes per sample. Different digitalization
windows from 4 µs to 16 µs are used. The code adc2root
extracts several variables like charge integral and maximum pulse height (Tab. II), storing the data in a specially binary format. A comprehensive analysis of the
data, performed with the analysis tool ROOT, is used to
obtain the results reported in this research. Finally, a
program named adcvis is used to display the events.

(2)

where c is the measurement number of ADC counts.
Hence, each ADC count is equal to ∼ 0.50 mV. In a
similar way the equivalent number of photoelectrons is
obtained by
PE =

SV
,
eZf G

(3)

where G is the PMT gain, Z the input impedance (50 Ω),
f the sampling frequency and e the electron charge.
The trigger logic utilizes a discriminator CAEN N841
that delivers a NIM signal of -800 mV whenever the in-

TABLE II. Software variables of adc2root.
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3.3. DETECTION OF THE SPECTRAL
COMPONENTS OF SCINTILLATION IN ARGON
GAS

The noble gases scintillation is usually assumed to be
nearly monochromatic, therefore a typical noble gas TPC
does not explore potential spectral information, not being
considered a distinctive signature for particle identification.
The goal of this project is to make clear the complex
spectroscopic structure of the VUV scintillation light in
noble gases, using the setup described above. We take
advantage of the purification system to operate pure gas
argon in stable conditions with an impurity level better
than 1 ppm and a pressure range of 1 to 2 bar, for periods
of variable duration.
The setup described in sec. 3.1 permits a clear detection of the signals produced by the α particles from the
241
Am source, with nearly 1 000 PE detected, allowing
wavelength and time resolved analysis of the light pulses.
In Fig. 6 the pulse shape of a typical signal detected by
the different PMTs, sensitive to different spectral regions,
is depicted using the adcvis program. As expected, the
TPBs evidence both the fast and slow components, however only the slow component is detected by the PMT
sensitive to the VUV spectral region, in form of a long
(≈ µs) train of pulses at the single photoelectron level.
At the same time the two UV PMTs are able to detect
only the fast component, with a pulse amplitude similar
to the one given by the TPB. It has to be stressed that
tubes of the same type (either TPBs or UVs) present
nearly identical signal shapes, with minimal variations in
the amplitude that could be explained by the different
interaction positions of the particles.

slow component is compatible with the second continuum
emission at 128 nm. The data favour the hypothesis that
the two components of the scintillation light can be distinguished spectroscopically, opening the possibility for
novel techniques of particle discrimination, alternative to
the standard pulse shape discrimination technique.
To assess the importance of the purity in the scintillation signal, we collected data disabling the purification
system. The experimental data, in Fig. 7 indicate that
the fast component (UV range) is not affected by purity,
unlike the slow component (VUV range) which varies
considerably. This fact is due to the short time it takes
the fast component to develop (about 10 ns), in contrast
to the slow component (1.5 to 3 µs depending on the pressure). The impurities have a higher chance of trapping
photons than argon atoms, decreasing the light output.
The highest purity we obtained during data taking corresponds to a slow component decay of 2 µs.

FIG. 7. Purity evolution over time. The integrated charge
versus entries is displayed for different PMTs. Without the
purification system the light yield decreases, unlike when the
system is activated.

FIG. 6. Typical Ar scintillation signal detected in three spectral regions (argon gas at 1.4 bar) with the CIEMAT chamber.
A clear separation of the components is possible by wavelength discrimination.

The time resolved analysis of the light pulse indicates
that the fast component of the scintillation in argon is
entirely given by emissions at wavelengths compatible
with a third continuum emission larger than 180 nm (in
contrast to what is typically assumed), while only the

Preliminary tests with the chamber filled with argon
strongly suggest that the scintillation light emission in
noble gases is characterized by features, in terms of wavelength and time structure, more complex than what is
typically assumed. After reaching this important milestone, our goal is to study the viability of a possible
particle identification technique in noble gas detectors
based on the spectral information. To achieve this goal
it is necessary to build a gas chamber able to detect both
α and β interactions. A 90 Sr90 Y source has been, consequently, introduced in the chamber and several modifications have been applied to the experimental setup to
operate at higher pressures, with the aim to increase the
sensitivity to the β emission. The details are explained
in the next section.
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4. STOPPING POWER OF ARGON

The study with the 241 Am source proved that the fast
and slow components of the argon scintillation are characterized by different wavelengths. In order to study the
features of the β interactions, comparing α and β events,
it is necessary to design a detector that withstands higher
pressures and has a higher light collection efficiency. In
principle, a full simulation of the setup with Monte Carlo
methods would be necessary to design and build the new
detector. However, that approach is time consuming and
not fully compatible with our schedule. In addition, the
fundamental information about the deposited energy and
the range of the particles in a high pressure noble gas
chamber can be obtained with fast calculations based on
stopping power and cross sections.
We used the ESTAR database from NIST [19], which
provides the stopping power in different materials. The
energy loss in argon and xenon is given by the product of the gas density and the stopping power. The
first term depends on the gas pressure, so the amount
of energy collected varies with the gas density and
the path length. The CSDA (continuous-slowing-downapproximation) range is a very close approximation to
the average path length travelled by a charged particle
as it slows down to rest. In this approximation the rate of
energy loss at every point along the track is assumed to
be equal to the total stopping power. The CSDA range is
obtained by integrating the reciprocal of the total stopping power with respect to the energy. The maximum
travel distance is defined as the CSDA range divided by
the gas density.

TABLE III. Energy loss for the α source and the two decays of
β source as function of the pressure. The density is calculated
with the ideal gas equation. The stopping power and CSDA
range are extracted from [19]. There is an approximation of
the maximum path length travelled (10 cm for α and 30 cm
for β) in order to have an estimation of the setup required
parameters.

Tab. III shows that the size and the maximum pressure
of the setup described in sec. 3 are appropriate to detect
α particles, since they are fully contained in the active
volume, however thy are too small to detect the β source

even at 2 bar. This motivates the use of a larger pressure
vessel (Fig. 8), with a minimum length of 30 cm, which
can withstand at least 5 bar in argon, so that it can fully
contain the interaction of the β particle from the 90 Sr decay. Unlike the α interaction, the energy spectrum of the
β particles is continuous, with kinetic energies between
zero and a maximum value (Q), and with energy missing in form of neutrinos. The calculated energy losses
and maximum CSDA ranges are reported in Tab. III as
function of the pressure.

FIG. 8. CIEMAT detector: position of the sources (left
down), PMT position in the support (right up an down), detector system with modifications (left up).

4.1. MODIFICATIONS TO THE
EXPERIMENTAL SETUP

The upgraded detector is an ≈50 cm stainless steel pressure vessel, built at the CIEMAT workshop. Although
it has been tested up to 10 bar the maximum operating
pressure is limited by the valves and the PMTs to 5 absolute bar. A safety spring valve is added to the system in
order to keep the pressure below the maximum operating
conditions.
Two radioactive sources are introduced in the chamber. The α source, 241 Am with it most intense line at
5486 keV, is located in the center of the chamber. A β
source, 90 Sr90 Y with decays of 546 keV and 2280 keV (Q
value), is placed at the center of the structure supporting
the VUV-PMTs.
The two TPB-PMTs, sensitive to the ultraviolet
light, and the two UV-PMTs, sensitive to wavelengths
≥170 nm, are placed near one endcap of the chamber.
The two VUV-PMTs are located at the opposite side
(Fig. 8).
In order to maximize the light yield a mylar layer cover
with TPB is wrapped around the active volume of the
detector. The TPB has been deposited on the mylar by
evaporation at the CIEMAT laboratory with an average
density of 200 µg/cm2 . In this new setup, the spectroscopic information of UV PMTs is lost, since they mostly
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detect the 420 nm TPB converted light, thus they are
sensitive to the fast and slow scintillation components of
the indirect light. At the same time, the VUV PMTs are
sensitive only between 115-190 nm, thus are not affected
by the TPB and are only sensitive to the light directly
hitting the photocathode.
The purification system does not withstand pressures
greater than 2 bar. In order to keep the purity stable
during the runs with argon, the gas flow is kept constant
by releasing argon to the atmosphere, maintaining pressure and flux stable by a flow meter (20 stdl/min). The
cables used in the previous setup are replaced by single
copper wires isolated with kapton in order reduce the
outgassing, at the price of getting some signal cross-talk.

FIG. 9. Relative variations of the integrated charge (summed
for all the PMTs) during one run with different pressures and
gas flow, in standard litres per minute (stdl). The different
conditions are indicated with vertical lines.

4.2. PARTICLE IDENTIFICATION OF α AND β
SOURCES IN ARGON GAS

The goal of the new tests at high pressure is to identify
α and β interactions in argon gas. Several runs were carried out with argon ALPHAGAZ-2 in the pressure range
1-5 bar, with the same trigger1 and PMT calibration described in sec. 3.1.
Fig.9 plots the evolution of the purity during the data
taking, measured through the integrated charge variation
of the fast and slow components of the α events, for different pressures and gas flows. As expected, the light
yield of the slow component increases when the flow is
higher because the argon is cleaner. Also the fast component is not affected by the low level of impurities in
the chamber (≈ 1 ppm) and remains constant, in agreement with the results of sec. 3.3. When the pressure is
reduced the slow component of the scintillation light first
decreases and then increases. This effect can be produced
by a flow reduction before getting stable conditions. The
fast component remains constant, being less dependent
on the gas purity given the ≈ns decay time. In conclusion,
the α signal looks mostly independent of the pressure in
the range from 2.5 to 5 absolute bar. The best purity obtained during the runs correspond to a slow component
decay of 2.1 µs, comparable to the value obtained with
the recirculation system.
Noise and cross-talk events are characterized by high
pulse values in the time window previous to the trigger
signal, by being time-shifted with respect to the trigger
signal, or by having small differences between maximum
and minimum pulse height. Selection cuts of the analysis
exploit these signatures to reject background events. The
total integrated charge distribution is used to evaluate
the effectiveness of the cuts (Fig. 10). The α source,
which is used as a reference to verify the efficiency of the
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OR of the coincidence of the two pairs of UV and TPB PMTs.

cuts, is clearly visible in this distribution in the region
above 1 000 PE. A negligible number of α interactions
are rejected, while most of the events removed are low
energy noisy events. The flat region between 200 and
600 PE could be due to α particles emitted at very small
angles, almost parallel to the wall of the chamber, which
do not fully penetrate the argon gas volume.

FIG. 10. Total integrated charge before (blue line) and after (red line) selection cuts. The distribution for α particles
remains unchanged.

Even though the α peak is clearly visible it is difficult
to identify the β events. A small bump is present at low
energy (50-100 PE). However, the results are not fully
conclusive since, as seen in Tab. III, the argon setup is
not optimal for the β interactions. This motivates the
use of a denser gas like xenon, in order to detect both
sources and perform a spectroscopic study of them. In
addition, due to the small time difference between the
fast and slow components, xenon is one of the most attractive candidates to test the spectroscopic pulse shape
discrimination.
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5. FIRST MEASUREMENTS WITH XENON

Our goal is to identify β and α interactions, in order
to validate the present setup for particle discrimination
studies based on scintillation wavelength. The previous
results based on the data taken in gas argon at 5 bar
are not sufficient to conclusively identify the β source. A
denser gas like xenon provides better conditions for detecting β events, since the 546 keV decay of the 90 Sr90 Y is
fully contained in the chamber already at 3 bar (Tab. IV).
As stated before, that is especially interesting in xenon
due to the small time difference between the fast and slow
scintillation components, which makes more difficult a
pulse shape discrimination based on the time evolution
of the signal.

TABLE IV. Energy loss for the α source and the two decays
of β source. It is observed that the first β decay is completely
contained at 3 bar.

Unlike in argon, in xenon both the slow and fast signals have ≈ 1-20 ns decay time, therefore the signal is
not greatly affected by the gas impurities. For that reason the gas flow system has been removed and not used
during the data taking. Some synchronization problems
between the two ADC boards were evidenced during the
preliminary studies in argon. A software patch fixed the
problem, however it widely reduced the maximum trigger rate generating a high deadtime. During the data
taking with xenon the two boards were replaced by an
ADC CAEN DT5725 with eight channels, a resolution of
14 bit and the same sampling rate (250 MHz). A vacuum
of 10−5 mbar is reached before introducing the gas in the
chamber. Additionally due to the high price of xenon and
the small amount available, a gas recovery procedure has
been used after each set of measurements, consisting in
cooling the xenon bottle with liquid nitrogen to significantly decrease its pressure. This procedure recovers the
gas from the chamber with practically no loss. Data are
taken with the chamber filled with xenon ALPHAGAZ
of purity better than 3 ppm, and a total pressure of 5
absolute bar.
A slightly larger amount of light than the one obtained
during the previous argon runs is detected in xenon, also
given its higher scintillation yield. For some α events the
fast components saturate the DAQ, however, this is not
a problem since we are more interested in studying the
low energy region, with the aim to identify the β source.
In Fig. 11 the energy spectrum taken with both sources

FIG. 11. Total integrated charge before and after selection
cuts. A small bump is present at low energy, however the
results are not fully conclusive.

is shown before and after the noise rejection cuts detailed
in sec. 4.2. A clear bump is present at low energy suggesting the possible identification of the 90 Sr90 Y event
region in argon, however the results are not fully conclusive, because the 90 Sr90 Y source activity seems to be
low compared to the environmental background. Therefore, the 90 Sr90 Y is removed and a weak 22 Na source
(≈ 2 kBq activity) is placed on top of the chamber. Also
a plastic scintillator is added above the detector, in order
to evidence the coincidences between the signals in the
xenon chamber and in the scintillator produced by the
two 511 keV photons from the 22 Na source.
The energy spectra taken with the external β source
in different positions are shown in Fig. 12 after noise
reduction cuts. As expected, an increase of events in
the β region is obtained when the source is close to the
TPB and UV PMTs, which are used for the trigger. In
addition, that event bump is observed in coincidence with
the plastic scintillator signal, thus we can unambiguously
identify the events produced by the 22 Na source.
The trigger is spatially asymmetric as it uses information from the TPB and UV PMTs on one side of the
chamber. Even though a reflector has been introduced
in the chamber, in order to maximize and make more
uniform the light collection, the comparison of the spectra taken with the source at different positions evidences
a low trigger efficiency obtained when it is moved away
from the TPB and UV PMTs. As a side effect, the light
collected in the VUV-PMTs is lower than expected.
Finally the ratio between the fast and slow scintillation components is shown in Fig. 13 for the UV and
TPB-PMTs after noise filtering cuts: two peaks are
distinguished, one given by the high energy interactions
associated to the α source, the other by the low energy
events identified as β or γ interactions, thus confirming
the difference of the two distributions in terms of pulse
shape.
We have proved that both the α and β interactions are

10
5 bar led us to detect events produced by α and β sources.
A pulse shape analysis of the interactions based on the
relative ratio of the fast and slow components evidences
the possibility to discriminate the two types of interaction in an event-by-event basis.
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FIG. 12. Histogram of the total integrated charge for different
positions of the source.
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clearly detected in the 5 bar xenon chamber, validating
the setup for the study of new event discrimination techniques based on the spectroscopic analysis of the scintillation light. At the same time, the geometric dependence
of the trigger described before has to be reduced with new
but minimal improvements to the setup.
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FIG. 13. Ratio of the TBP+UV fast and slow scintillation
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compatible with one peak and the α events (blue line) with
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6. CONCLUSION AND FUTURE WORK

Our measurements with argon and xenon gas chambers prove that an important third excimer continuum
contribution is present in the scintillation signal of α and
β particles, contrary to the common assumption that the
second continuum emission dominates the Ar/Xe scintillation light in the VUV. Additionally, our results confirm
that longer wavelengths emission is dominant for the fast
component of the scintillation, while only the slow component is compatible with the second continuum. The
outcome of our experiments with argon strongly motivate the investigation of innovative event identification
techniques that exploit the spectroscopic information.
An upgraded chamber with gas xenon operating at
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