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ABSTRACT: We review the current status of liquid noble gas radiation detectors with energy thresh-
old in the keV range, which are of interest for direct dark matter searches, measurement of coherent
neutrino scattering and other low energy particle physics experiments. Emphasis is given to the op-
eration principles and the most important instrumentation aspects of these detectors, principally
of those operated in the double-phase mode. Recent technological advances and relevant develop-
ments in photon detection and charge readout are discussed in the context of their applicability to
those experiments.
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1. Introduction

Liquefied noble gases have attracted the attention of experimental physicists since the middle of
the 20th century [1, 2, 3, 4]. The unique combination of their scintillation properties with the fact
that electrons released in the ionization process can remain free to drift across long distances fa-
vorably distinguishes these liquids from other dense detector media. Another notable property of
the ‘noble liquids’ is the possibility of extracting electrons to the gas phase, where the ionization
signal can be amplified through secondary scintillation or avalanche mechanisms. These properties
have been extensively studied over the years and significant progress has been made in understand-
ing the underlying physics as well as on development of the associated technologies, notably gas
purification, material cleaning, cooling, photon and charge detection, and low noise electronics. A
wide spectrum of applications has been considered involving both precise particle tracking (owing
to the low electron diffusivity) and calorimetry/spectroscopy (good energy resolution): in high en-
ergy physics, γ-ray astronomy, neutrinoless ββ -decay, medical imaging and, more recently, dark
matter (DM) searches and coherent neutrino scattering (CNS) detection.

The latter two applications have much in common from the instrumentation point of view, as
we shall discuss below: a low energy threshold and low intrinsic background are important requi-
sites in both cases. In addition, both are low energy processes which benefit from coherence of the
scattering across all nucleons in the nucleus, thus enhancing expected event rates very significantly.
For that reason, we shall consider them in close connection, despite the fact that direct DM searches
are more mature than CNS experiments: while large scale DM detectors using liquid xenon and
argon are already running or in advanced stage of construction, the possibility of detecting CNS
with those media is still under consideration, and several important questions remain open.

Although this review gives a reasonably comprehensive account of efforts to measure low
energy signals with liquefied noble gas detectors, its main aim is to show how the noble liquid
technology works for this purpose and to discuss some recent advances and improvement attempts.
The authors apologize in advance for inevitable incompleteness. More information can be found in
other recently published monographs and review papers [5, 6, 7, 8, 9, 10].

The article is organized as follows. After motivating the search for particle dark matter and
coherent neutrino-nucleus scattering in Section 2, we examine in the following section the main
characteristics of the signals expected in liquid xenon and liquid argon targets and how those inter-
actions might be detected. We devote Section 4 to a detailed description of the physics involved in
the response mechanisms. In Section 5 we review the devices used to detect scintillation light and
ionization charge, both those which are well established as well as others under development. In
Section 6 we examine how the different DM search programs have implemented the noble liquid
technologies and indicate their status at the time of writing. A brief overview of ongoing efforts to-
wards a first detection of CNS is presented in Section 7. We conclude in Section 8, highlighting the
progress in sensitivity achieved by direct DM searches with noble liquids in the last two decades.

2. Elastic scattering of dark matter particles and neutrinos off nuclei

There are several observational evidences for the existence of non-luminous (i.e. not observable
electromagnetically), non-baryonic matter in the Universe. The exact nature of this dark matter
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is not known yet. It is recognized that it may exist in various hypothetical forms; one possibility
— favored by current cosmological models — is a new, neutral particle, frozen-out as a thermal
relic in the early Universe, with mass in the GeV–TeV range and interacting with ordinary matter
through the weak force. These so-called Weakly Interacting Massive Particles (WIMPs) might be
the lightest supersymmetric particles; in particular, the neutralino — arising in some flavors of
Supersymmetry — is the prime candidate for direct detection.

A simple model for the distribution of this ‘cold’ dark matter in our galaxy suggests that
WIMPs should gather in a spherical isothermal halo — much larger than the visible baryon disc
— with a mean particle speed of 270 km/s. The solar system moves through this halo with a speed
of '220 km/s. Therefore, in the Earth’s frame one should observe WIMPs coming preferentially
from a certain direction in the sky, with that velocity on average (plus a small seasonal variation
due to the Earth’s rotation around the Sun with a speed of about 30 km/s). Since the WIMP velocity
dispersion is comparable to our orbital velocity around the galactic center, such directional effects
are not large, and even a stationary observer in the DM halo might be able to detect WIMPs.

Naturally, this ‘canonical’ dark halo offers too simplistic a view of galaxy dynamics, one
which has been questioned by n-body simulations in particular. These propose a more ‘lumpy’
distribution of galactic dark matter and the possibility that the dark component may be co-rotating
with the baryon disc to some degree. However, we adopt the simpler halo model for the purpose of
this article. For a recent and comprehensive review of dark matter the reader is referred to [11].

Elastic scattering of WIMPs off the atomic nuclei of a target material should result in nuclear
(atomic) recoils [12]. With an adequate detection technique, the minute energies transferred to re-
coiling nuclei can be measured, allowing WIMPs to be observed. This method is usually referred
to as direct dark matter detection (reviewed also, e.g., in [13, 14, 15, 16, 17]). In contrast, indirect
detection relies on the observation of WIMP annihilation products arising elsewhere in the Milky
Way or beyond [16, 18]. Discovery of the nature of dark matter would not only solve an astrophys-
ical puzzle dating back to the early 1930s — and change radically how we view our own galaxy —
but it would arguably be one of the most important steps in our understanding of the Universe.

In turn, the interest in measuring coherent neutrino scattering off atomic nuclei is twofold.
From a fundamental physics viewpoint, it is important to observe a process for which the Standard
Model offers a concrete prediction. This would allow several tests of the theory. For example,
observation of neutrino oscillations with CNS would provide evidence for the existence of sterile
neutrinos, since this is a flavor-blind process. Measurement of the CNS cross section could shed
light on the value of the neutrino magnetic momentum, and so reveal how neutrinos couple to
the high magnetic fields which exist in some astrophysical environments. It would contribute to
our understanding of neutrino dynamics in neutron stars and supernovae, where CNS adds to the
neutrino opacity, besides providing a high-rate mechanism for supernova detection. Many other
applications could be listed (see [19], for example). In addition to these scientific applications,
detection of neutrinos through this scattering mechanism could bring about new neutrino technolo-
gies, such as nuclear reactor monitoring (nuclear safety, non-proliferation), geological prospecting
and perhaps even neutrino telecommunications.

The effect of coherence over all nucleons in the nucleus is the enhancement of the scattering
cross section by a factor of N2 (N is the neutron number) with respect to neutrino-nucleon scattering
[20]. If the coherence condition qR. 1 is fulfilled, with R the nuclear radius and q the transferred

– 3 –



momentum, then one can gain a factor of N ∼ 100 in scattering rate by using a neutron rich target.
However, this enhancement works well only for low energy neutrinos, roughly.50 MeV. The CNS
cross section (and the rate per kg) is also several orders of magnitude higher than that of elastic
neutrino-electron scattering — the process used in several neutrino detectors. The relatively large
cross section allows consideration of kg-scale, rather than tonne-scale, detectors. This is what
makes coherent scattering on nuclei so attractive in spite of the challenge of measuring extremely
low recoil energies. The search for a spin-independent WIMP-nucleus interaction benefits from the
coherence enhancement in a similar way, as outlined in the next section.

3. Overview of detection principles

A nuclear recoil with energy in the keV range is the only signature of the interaction of both
WIMPs and neutrinos scattering elastically off atomic nuclei. The recoil energy spectrum due
to galactic WIMPs is approximately exponential. Although it depends on the (unknown) WIMP
mass and atomic number of the target, most recoils have energies well below ∼100 keV [21].
Therefore, expected WIMP count rates depend critically on the detector energy threshold, which
must be as low as possible. The recoil spectrum expected from coherent neutrino scattering has
roughly a similar shape and can extend up to tens of keV for higher energy neutrinos (from decay
of relativistic ions or decay of stopped pions, for example [22, 23]); on the other hand, the spectrum
lies mostly in the sub-keV region in the case of the reactor antineutrinos [24].

Liquid xenon (LXe) and liquid argon (LAr), as well as liquid neon (LNe), have been proposed
for direct dark matter search detectors. At present, several liquid xenon detectors (with target
masses of order 10–100 kg) have been built and operated for dark matter searches and larger ones
are in the process of construction or underground deployment. Liquid argon projects have made
slower progress after initial demonstration of capability for WIMP searches, but systems are now
under construction with tonne-scale targets. Neon offers some interesting complementarity in direct
searches and is the subject of R&D work. We review briefly some of the existing projects in
Section 6.

The present predominance of liquid xenon detectors is explained by several advantages of
this medium, namely higher WIMP-nucleus interaction cross section (the spin-independent cross
section σSI

χ,Xe includes a factor of A2, where A is the atomic number), absence of long-lived radioiso-
topes in natural xenon1 and presence of odd-neutron isotopes with non-zero nuclear spin, which
makes the detector sensitive also to a spin-dependent interaction component. High Z and density
combined into a continuum (unsegmented) active medium allow for a compact self-shielding de-
tector geometry. In turn, liquid argon detectors benefit from higher electron recoil discrimination
capability due to a large difference between the decay times of the two scintillation components
(expanded in Section 4.2.1 in more detail). The much lower cost of argon and the relative ease
of contaminant purification are the other advantages of liquid argon. Unfortunately, natural atmo-
spheric argon contains the radioisotope 39Ar, with a specific activity of 1 Bq/kg; sourcing from
specific underground sites is required to mitigate against this problem [29].

1The 2νββ -decay mode of 136Xe has been measured recently [25, 26], but this produces an extremely low event rate
at energies relevant for DM and CNS searches. Also, 85Kr (β -decay, T1/2 ∼ 10.8 years) is a common contaminant, but
can be removed by cryogenic distillation [27] or adsorption-based chromatography [28].

– 4 –



As for coherent scattering neutrino experiments, low A liquids (argon and especially neon)
are favored for low neutrino energies, due to the fact that the nuclear recoil energy is inversely
proportional to the mass of the target nucleus, Emax

r ∝ E2
ν/A. For example, for neutrinos with

energy Eν = 3 MeV (close to the average energy of reactor antineutrinos) the maximum recoil
energy is ≈1 keV for neon, ≈0.5 keV for argon and merely ≈150 eV for xenon. This means
that the signals one can expect from ionization or scintillation detectors are of the order of a few
electrons or photons, respectively. Thus, the requirement of a low detection energy threshold is
even more demanding for CNS than for DM search experiments, unless WIMPs are much lighter
than presently thought. On the other hand, the scattering cross section increases with the square
of the neutron number N in the nucleus, σν ∝ E2

νN2, thus giving advantage to xenon as far as the
interaction probability is concerned. For a given target mass, the scattering rate is proportional
to E2

νN2/A. Xenon detectors can be advantageous if the source provides neutrinos with energy
above ∼30 MeV, so that the maximum recoil energy becomes >15 keV [22], [23].

By any standard, scattering cross sections are small for both processes. The scalar WIMP-
nucleon cross section is unknown, but from existing experimental constraints it is smaller than
σχ,n ∼ 2 · 10−45 cm2 (2 · 10−9 pb). Due to coherence, the cross section scales up with A2 for the
whole nucleus and gains also a kinematic factor (A(mn + mχ)/(Amn + mχ))

2, where mn is the
nucleon mass and mχ is the WIMP mass. Assuming mχ=100 GeV, present experimental limits
imply σχ,Xe < 10−37 cm2 and σχ,Ar < 2 ·10−39 cm2 for scattering off the two nuclei.2

At the same WIMP mass of 100 GeV, a simple estimate of expected scattering rates can
be obtained from the particle flux in our galactic neighbourhood, where the WIMP density is
ρ0 ∼ 0.3 GeV/cm3 [30] and the mean particle speed is v̄χ ∼ 270 km/s (assuming a stationary Earth
in the galactic frame for simplicity). The WIMP flux is therefore Φχ ∼ ρ0v̄χ/mχ ∼ 105 s−1cm−2.
From this one can calculate the expected total scattering rate for a given target species T as
RT = σχ,T ΦχNA/AT , which results in a maximum of ∼0.1 event per year per 1 kg of xenon,
and nearly an order of magnitude lower for argon. The left panel in Figure 1 shows scattering rates
above detection threshold for several noble gas elements and for germanium, the most competitive
cryogenic bolometer material.

These calculations must take into account the weak nuclear form factor, which decreases with
transferred momentum much more rapidly for xenon than for argon [21, 31, 32, 33]. The Xe form
factor drops practically to zero for recoil energies of 100 keV, while it is still≈0.5 for argon recoils
of that energy — this behavior is apparent in Figure 1 (left), where the full calculations following
[21] are presented. This is fortunate since WIMP-search thresholds are anyway higher in LAr as
discussed later. Such low scattering rates justify why dark matter search experiments require large
detector masses, with tonne-scale experiments being built at present. It is also important to keep in
mind that these estimates are made under the assumption that the WIMP mass is about 100 GeV.
One must also point out that the rates mentioned above are scattering rates. Actual detection rates
will also depend on detector efficiency (and energy resolution) as a function of recoil energy.

For neutrinos, the scattering cross section can be calculated in the Standard Model frame-
work [20, 35]. It is different for neutrons and protons due to different coupling to up and down

2In reality, this is measured in the opposite way: the scattering cross section on xenon (σχ,Xe) provides the present
experimental constraint, and the WIMP-nucleon cross section (σχ,n) is calculated via a hypothetical particle model
(typically a neutralino); scattering rates on other nuclei, such as argon, can then be inferred.
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Figure 1. Predicted integral spectra for WIMP elastic scattering (left) and for coherent neutrino-nucleus
elastic scattering (right) for Xe, Ge, Ar and Ne (in order of decreasing rate at zero threshold). Both plots
assume perfect energy resolution. Dark matter rates are for a 100 GeV/c2 WIMP with 10−45cm2 (10−9 pb)
interaction cross section per nucleon, calculated as per [21] with the halo parameters shown; the markers
indicate typical WIMP-search thresholds for each technology. CNS rates are calculated at 10 m from a
3 GWth nuclear reactor (4 ·1013 ν/cm2/s) and at the same distance from the ISIS neutron spallation source
(thanks to E. Santos), where 3 neutrino flavors result from pion and muon decay at rest (1 ·107 ν/cm2/s for
all flavors [34]).

quarks: for neutrons it is σν ,n ≈ 0.42 · 10−44(Eν/MeV)2 cm2, whereas for protons it is a factor
of ∼200 smaller. Therefore, the effect of coherence over the whole nucleus is an enhancement
factor of N2. For example, for 10 MeV neutrinos, the cross section for scattering on a Xe nucleus
is σν ,Xe ∼ 2 ·10−39 cm2; for Ar it is an order of magnitude smaller, σν ,Ar∼ 2 ·10−40 cm2. Although
these values are even smaller than those expected for WIMPs, significantly higher fluxes can be ob-
tained with neutrinos from artificial sources (∼1013 cm−2s−1 at a distance of∼10 m from a nuclear
reactor, to give one example). Calculated rates as a function of threshold for two neutrino sources
are shown in Figure 1 (right). In addition, ‘on/off’ experiments are also possible in this instance,
which is a significant advantage for controlling systematic uncertainties. Therefore, detectors with
a mass of the order of kilograms can, in principle, provide a reasonable rate. However, one must
not neglect the fact that, contrary to WIMP searches, where only a few events with correct signa-
ture could constitute a discovery in a nearly background-free experiment conducted underground,
a neutrino experiment in a surface laboratory must accumulate enough recoil signals to produce
a statistically significant distribution in energy (or in the number of ionization electrons, as only
few-electron signals can be expected for MeV neutrinos [24, 36, 37]).

The low scattering rate makes the background issue of extreme importance. Background re-
duction (passive shielding, low radioactivity environment and radio-clean construction) and its
active discrimination in the experimental setup are essential. In the case of direct dark matter
searches in underground laboratories, two kinds of background can be distinguished: one resulting
in electron recoils and the other leading to production of nuclear (atomic) recoils in the sensitive
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volume of the detector. Most electron recoils are produced by γ-ray interactions, both from the
environment and from radioactivity of detector components, and from decays within the detector
or contamination of internal surfaces. The intrinsic radioactivity is mostly due to the U/Th decay
chains, but other radioisotopes can be important (e.g. 40K, 60Co, 137Cs). Ultimately, elastic scatter-
ing of solar p-p neutrinos off electrons will provide a challenging background for next-generation
detectors, with hundreds of events/year expected in a tonne-scale target (see, e.g. [38, 39]).

Nuclear recoil background is the most dangerous one since some of the resulting signals are
indistinguishable from those that WIMPs or neutrinos would produce. The dominant source is
the elastic scattering of neutrons arising from either (α ,n) reactions (induced by α-particles from
the U and Th decay chains) or from spontaneous fission of 238U. Trace amounts of these nuclides
are naturally present in the surrounding environment and in detector components, despite careful
screening and purification of materials. Another source of neutrons is the interaction of atmo-
spheric muons, some of which penetrate deep underground, in the rock and γ-ray shielding around
the experiment. Low-A shielding is essential for moderation of external neutrons; an active neu-
tron veto surrounding the detector (e.g. Gd-loaded scintillation counters [40, 41]) can also be very
effective at tagging radioactivity as well as muon-induced neutrons.

Fiducialization of the sensitive volume by excluding from the data interactions in the outer
regions of the target is crucial for background reduction, not only those effects mentioned above
but also nuclear recoils from α-decays on detector surfaces. This relies on the ability to reconstruct
particle interaction sites in three dimensions. Owing to their high spatial resolution, double-phase
noble element detectors are capable of very effective fiducialization even in modest-sized targets.

While elastic neutron single-scatter events cannot be discriminated from WIMP or CNS sig-
nals in the detector, electron recoils have a different signature and therefore can be identified and
rejected to a significant extent. The early dark matter detectors relied on the fact that the relative
contributions of slow and fast components to the observed scintillation signal are different for nu-
clear recoils and for electrons. This was the case in the DAMA/LXe and ZEPLIN-I liquid xenon
scintillation detectors [42, 43, 44]. The difference between the two effective decay time constants
in liquid xenon is not large: ∼32 ns and∼18 ns were measured for electrons and for nuclear recoils,
respectively, in the energy range of 10 keV to 20 keV [44, 45]. Considering, in addition, the small
number of scintillation photons and the relatively small VUV light detection efficiency, it is un-
derstandable that a discrimination efficiency of only ∼50% was achieved. The current generation
of liquid xenon detectors does not rely on pulse shape discrimination for the primary scintillation
signal. However, for liquid argon targets this method is much more effective and can increase the
discrimination power very significantly. Indeed, the two scintillation decay time constants differ
very much in liquid argon: ∼1,600 ns versus ∼7 ns (see Section 4.2.1).

Much higher discrimination efficiency can be achieved if, in addition to primary scintilla-
tion, the ionization signal is also measured. Most noble liquid detectors dedicated to dark matter
searches share a common operation principle. It is based on electron emission from the liquid,
followed by secondary scintillation (also known as electroluminescence) in the uniform electric
field in the gas phase, as illustrated in Figure 2. The foundations for this technology were laid by
Dolgoshein, Lebedenko and Rodinov in 1970 [46], who demonstrated the possibility of particle
detection in a double-phase argon chamber; by Barabash and Bolozdynya some two decades later
[47], who first proposed the use of double-phase detectors for WIMP searches; and in work of
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Figure 2. Illustration of the operation principle of a double-phase electroluminescence detector. The number
of electrodes may vary: some detectors do not feature a grid under the liquid surface; additional grids are
often placed in front of the photomultipliers in order to shield them from the external electric field. Only one
array of photomultipliers is used in some chambers: either immersed into the liquid and looking upwards,
or placed in the gas phase viewing downward.

the ICARUS group at CERN, who proposed to measure both scintillation and ionization signals
for background discrimination of WIMP signals from electron and γ-ray background in the early
1990s [48]. Following preliminary work with several small prototype chambers built by different
groups, these three crucial components were implemented in ZEPLIN-II — the first double-phase
dark matter search detector operated underground [49].

The interaction of a dark matter particle with the detector takes place in the bulk of the liquefied
xenon or argon. The particle scatters elastically off an atomic nucleus transferring to it part of its
kinetic energy. In the energy range considered (∼1–100 keV) the initial velocity of the nuclear
recoil is comparable to that of the atomic electrons, so that the recoiling atom conserves most of
its electrons and moves through the liquid as a positive ion with low effective charge (or even as a
neutral atom). The moving ion continuously exchanges electrons with other atoms along its way
and its average charge in xenon is ∼0.1e at 1 keV and ∼1e for 100 keV (for argon and neon these
values are approximately twice as large). As the medium consists of atoms of the same species, the
primary recoil can transfer a significant fraction of its kinetic energy in each collision, thus losing
rapidly its ‘projectile’ identity and producing a cascade of secondary recoils of comparable energy
which interact with the medium in the same way.

The interaction mechanism of nuclear recoils with matter differs from that of electrons, as be-
sides the energy loss to atomic electrons it involves energy transfer to atomic nuclei (essentially
generating heat, which does not contribute to the observed signal in these detectors). Conse-
quently, the track structure is different for electrons and nuclear recoils and one can expect that
the charge recombination along the particle track also behaves differently. This is indeed veri-
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Figure 3. Signals from a xenon nuclear recoil after elastic scattering of a neutron (upper trace) and from
a γ-ray (lower trace) measured in ZEPLIN-III [50]. The label ‘S1’ designates prompt scintillation in the
LXe, while ‘S2’ denotes secondary scintillation produced in the gas phase by the electrons extracted from
the liquid. (Courtesy ZEPLIN-III Collaboration.)

fied experimentally. For a given electric field strength, the fraction of electrons escaping recombi-
nation with positive ions is higher for electrons than for nuclear recoils. This affects directly the
size of the ionization signals but also influences, in the opposite way, the amplitude of the scin-
tillation signal. Therefore, one can roughly say that in the case of nuclear recoils more energy is
drawn into the luminous signal than into the (observable) ionization signal, while for electrons the
situation is reversed, as shown in Figure 3. The plot shows two signals measured by an array of
photomultipliers (PMTs) with an Am-Be neutron source. The lower trace corresponds to a γ-ray
interaction and the upper one is due to a neutron elastically scattered on a nucleus. The first short
pulse in each signal (usually known as ‘S1’) is due to primary scintillation of the liquid xenon,
while the second one (‘S2’) corresponds to the secondary scintillation produced in the gas by the
electrons extracted from the liquid. Although both signals are detected in the form of light, S2 is
frequently called the ‘ionization’ signal to stress that its origin is in the ionization process and its
size (pulse area) is proportional to the number of electrons extracted from the particle track. Note
that the time delay between these two signatures provides a very accurate measurement of the depth
of the interaction site in the liquid.

A complete picture of the energy transfer mechanisms as well as energy sharing between dif-
ferent channels for low energy particles is still missing, both for nuclear recoils and for electrons.
However, it is well established experimentally that the distributions of the collected charge versus
the number of detected primary scintillation photons (both depending on the deposited energy) ap-
pear quite different for the two particles (see Figure 4). This constitutes the basis for discrimination
of the electron/γ-ray background in the current double-phase dark matter detectors. This method
was initially tested with α-particles and γ-rays in liquid xenon [48], with the ionization signal ob-
served through secondary scintillation in the liquid; it was further investigated with double-phase
xenon in [51] and [52], until it was conclusively demonstrated in [53].
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Figure 4. Scatter plot of the ionization signal measured from proportional scintillation (S2) versus the
prompt scintillation signal (S1), both expressed in electron equivalent energy, for Compton-scattered 137Cs
γ-rays (upper population, in red) and for xenon recoils induced by elastic scattering of Am-Be neutrons
(blue), acquired during the ZEPLIN-III calibration runs at 3.9 kV/cm drift field in the liquid. (Courtesy
ZEPLIN-III Collaboration.)

Figure 5. Discrimination in liquid argon. Left: pulse shape discrimination in a single-phase chamber
yielding 4.85 photoelectrons per keV (electron equivalent); the nuclear recoils are produced with a D-D
neutron generator [54]. (Courtesy D. McKinsey; copyright (2008) by The American Physical Society.)
Right: dual parameter discrimination in the 2.3-liter WARP detector; nuclear recoils with energy 40–60 keV
from an Am-Be neutron source are indicated by the red region (from [55]; with permission from Elsevier). In
both panels the scintillation pulse shape is described by a ‘prompt fraction’, i.e. the ratio of signal integrated
within a narrow prompt window (90 ns and 200 ns, respectively) to the total pulse area (several µs).
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Figure 6. Pulse size distribution of the secondary scintillation signal due to cross-phase emission of a single
electron in ZEPLIN-III (adapted from [37]); the mean signal contains 28 photoelectrons. The inset shows the
summed waveform from 31 photomultipliers; each pulse of ∼10 ns width represents a single photoelectron
measured at the output of one PMT. (Courtesy ZEPLIN-III Collaboration; with permission from Springer
Science and Business Media.)

In liquid argon, pulse shape discrimination on the primary scintillation signal is extremely
effective at rejecting electronic interactions above∼10 keV; this is confirmed by data from a single
phase detector shown in Figure 5 (left). In addition, the charge/light ratio measured in double-phase
configuration can be used to enhance the electron recoil rejection, as illustrated in Figure 5 (right).
Very high discrimination efficiency is essential in LAr to mitigate against the 39Ar background.

The sensitivity of the scintillation channel is lower than that of the ionization by as much
as an order of magnitude. Therefore, the minimum detectable energy is limited by the S1 signal
in experiments where the presence of both signals is required. Strictly, the minimum detectable
energy is not well defined: due to significant dispersion at low energies, the probability to ob-
serve energy depositions below an established energy threshold is not zero. The nuclear recoil
energy threshold for the purpose of WIMP searches is chosen by each experiment as a compromise
between the count rate expected in the signal region and acceptable background discrimination
efficiency (which decreases for low energies, as illustrated in Figures 4 and 5. For example, the
ZEPLIN-III and XENON100 experiments used similar thresholds of ≈10 keV for nuclear recoils
[56, 57]. Recoil energy can be reconstructed both from S1 and S2 signals, none of the methods
being straightforward. Since direct, in situ calibration of the nuclear recoil response with MeV
neutrons has so far proved impractical, the energy scale is usually obtained indirectly by irradiat-
ing the detector with 122 keV γ-rays from 57Co. If primary scintillation is used as a measure of
recoil energy, the relative scintillation efficiency for electrons and nuclear recoils must be known,
from ancillary measurements, as well as its dependence on the recoil energy and field strength (see
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Figure 7. Number of electrons extracted from tracks of Xe recoils in liquid xenon. Experimental data
from [53] (triangles) and [61] (squares); the black line is an empirical fit. Electric field strength varies from
0.1 kV/cm to 4 kV/cm. Color lines: red – ionization potential (band gap) limit; blue – SRIM [62] prediction
for the energy transferred to atomic electrons. Solid lines correspond to the solid state model (band gap
Eg=9.62 eV); dashed lines are for a gas model (ionization potential I=12.13 eV). The ionization potential
and band gap values are from [63].

Section 4.2). In the case of the S2 signal, one has to correct the energy scale for the differences in
charge yield from electron and nuclear recoil tracks, also dependent on the field and energy.3

Remarkably, the ionization signal measured through secondary scintillation in the gas is sen-
sitive to single electrons extracted from the liquid [64, 65, 37]. An example of such a signal in
ZEPLIN-III is shown in the inset of Figure 6. Each pulse on the waveform corresponds to a single
photoelectron emitted from a PMT photocathode (outputs of all PMTs are summed in this plot).
On average, about 30 photoelectrons are detected per extracted electron [37]. The main histogram
in the same figure shows the size distribution of those signals, very clearly separated from the
exponential-like noise.

In order to express the sensitivity to single electrons in terms of recoil energy, the electron
extraction efficiency from the recoil tracks must be known; this includes the probability to escape
recombination and the transfer efficiency from liquid to gas. Both are functions of electric field
strength; recombination depends also on the recoil energy. Any losses during the charge drift to the
liquid surface must also be considered. Using ∼7 e/keV as a reference for LXe [53, 66, 61, 67],
one can estimate that the nuclear recoil threshold in the ionization channel could be as low as a few
hundred eV (Figure 7).

3In the large detectors now under construction, calibration with 57Co becomes problematic due to thicker vessels and
self-shielding of the inner detector volume. It may become necessary to refer the nuclear recoil response to short-lived,
internally-dispersed sources, e.g. 83mKr (T1/2=1.8 hr), which emits 32.1 keV and 9.4 keV conversion electrons [58, 59].
However, an anomalously high yield was recently measured for the 9.4 keV electrons at zero field, explained by the
presence of positive ions left over in LXe after the preceding 32.1 keV transition [60]; further study of the 83mKr source
is therefore desirable.
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4. Relevant properties of the liquefied rare gases

4.1 Particle energy transfer to the liquid

The energy transferred by a particle to the medium, E0, is split between three channels — ioniza-
tion, excitation and heat. For electrons, the following equation can be written [68]:

E0 = Ni Ei +Nex Eex +Ni ε , (4.1)

where Ei and Eex are the mean energies spent to ionize or to excite an atom; Ni and Nex are the mean
numbers of ionized and excited atoms, respectively; and ε is the mean energy of sub-excitation
electrons immediately after the last collision to result in either excitation or ionization. Below
such energy free electrons will participate only in elastic collisions with atoms, thus increasing the
temperature of the medium. The value of ε has been estimated to lie between 6.3 eV and 7.7 eV
for LAr and between 4.65 eV and 5.25 eV for LXe, depending on the theoretical model [69]. In
more recent work, the lowest of the two values for each liquid has been adopted (e.g. [63]).

In the case of nuclear recoils, a significant fraction of the particle energy is spent in nuclear
collisions which do not result in excitations or ionizations. Therefore, an additional term should
be considered in equation (4.1) to account for recoil elastic scattering. We shall discuss various
aspects related to this topic in Sections 4.2, 4.3 and 4.4.

Returning to equation (4.1) for electrons, one notices that, in the gas phase, the energy quan-
tities can be conveniently referred to the atomic ionization potential, I = 15.75 eV for argon and
I = 12.13 eV for xenon:

E0

I
= Ni

Ei

I
+Nex

Eex

I
+Ni

ε

I
. (4.2)

It has been found that the ratio Ei/I exceeds unity by a few percent due to a small probability to
produce multiple ionizations or to form an excited ion.

The liquefied noble gases (Ar, Kr and Xe, at least) exhibit a band structure of electronic states,
so that the atomic ionization potential should be replaced by the band gap, Eg, and equation (4.2)
can be rewritten for the liquid phase as:

E0

Eg
= Ni

Ei

Eg
+Nex

Eex

Eg
+Ni

ε

Eg
. (4.3)

The band gap was found to be Eg = 14.2 eV for solid Ar and 9.28 eV for solid Xe [70] (see also
Table 2 in Section 4.3, where ionization processes are discussed in more detail). For liquid xenon
a band gap of 9.22 eV was measured [71].

Using the definition of the W -value, W = E0/Ni, equation (4.3) can now be written as:

W
Eg

=
Ei

Eg
+

Eex

Eg
· Nex

Ni
+

ε

Eg
. (4.4)

These ratios for liquid argon, krypton and xenon were evaluated by several authors. Although a
general agreement seems to have been achieved, some values are not concordant. In particular, a
ratio Nex/Ni = 0.06 has been calculated for LXe, although 0.2 is more consistent with experimental
data. Their average, 0.13, is often used for some estimates. For LAr better agreement has been ob-
tained around the ratio Nex/Ni ≈ 0.2. We refer the reader to Refs. [63, 72, 73] for a comprehensive
set of parameters, some of which are reproduced in Table 2 in this work.
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For nuclear recoils, the ratio of the number of primary excitations to that of ionizations in
liquid xenon was found to be much higher than for electrons: Nex/Ni ∼ 1 [74, 75].

In the condensed medium, charge recombination along the particle track plays a very im-
portant role in determining the response to radiation. Therefore, the observable ionization and
scintillation signals depend on the applied electric field and, in most cases, are not equal to those
that one might expect on the basis of the Ni and Nex values. Due to recombination, the number
of electrons collected at an anode is < Ni and depends both on the ionizing particle (species and
energy) and on the applied electric field. For some particles, such as 1 MeV electrons, the num-
ber of collected electrons approaches Ni already at fields of ∼1 kV/cm, while for heavily ionizing
particles (α-particles, for example) it can be significantly smaller even at some tens of kV/cm. For
the very low particle energies relevant to DM and CNS searches — both regarding electron and
nuclear recoils — it is found that the dynamics of the recombination process becomes qualitatively
different from that described by the models applicable to MeV particles and above.

In the absence of electric field and for medium ionization density, which on a first approach
can be characterized by the linear energy transfer (LET), practically all electron-hole pairs created
initially recombine and give rise to recombination luminescence; in this instance, the scintillation
yield is at its maximum, and the number of emitted photons is Nph ≈ Ni +Nex. For low density
tracks, some electrons escape recombination even at zero field, and so Nph < Ni+Nex. On the other
extreme are the tracks surrounded by a high density of ionized and excited species. In this region,
the luminescence signal can be suppressed because of a high probability of collision between ex-
cited species, leading to so-called ‘bi-excitonic quenching’ [76, 77]. We shall discuss these effects
in more detail in Sections 4.2.1 and 4.2.2.

Regarding the energy transfer from nuclear recoils, two substantial differences with respect to
high energy particles must be stressed. Firstly, although some of the energy of the impinging ion
goes ultimately into electronic excitations and ionization, a large fraction is spent in collisions in
which the target atom recoils as a whole. Therefore, a significant fraction of the particle energy
appears as kinetic energy of the target atoms (i.e. heat) and is not visible either as light or as
charge. This mechanism of energy transfer is referred to as nuclear energy loss. In the formalism
of stopping power it is described by a separate term: dE/dx = (dE/dx)e + (dE/dx)n, where the
index n denotes energy losses through nuclear collisions and e refers to the electronic component.
The second difference lays in a distinct ionization/excitation pattern that exists in the medium at
the instant when the energy of all secondary particles drops below the excitation threshold —
frequently called the ‘track structure’, except that in the case of very low energies this pattern
does not resemble a track, but rather a cloud of electrons, positive ions and excited species (see
Section 4.2.2).

A comprehensive theory of the energy loss of ions with velocity comparable to that of atomic
electrons is not sufficiently developed to provide a solid theoretical background for exact calcu-
lations [78]. This certainly constitutes a handicap in understanding the physics associated with
WIMP detection. The theoretical basis was laid out by Lindhard et al. [79, 80], who calculated
the nuclear stopping power using the Thomas-Fermi screened potential to describe the interaction
between the ion and a target atom. The electronic stopping was obtained by considering an ion
moving through a constant density electron gas. The dependence on the ion and target atom charge
was included again using the Thomas-Fermi description. Lindhard himself considered the treat-
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ment of electronic stopping the most approximate of the two. In fact, the charge of an ion moving
through a medium is not constant due to electron exchange with other atoms and accurate deter-
mination of the effective charge is a difficult task. This formulation is usually referred to as the
Lindhard–Scharff–Schiøtt (LSS) theory.

As in WIMP detectors the medium consists of atoms of the same species as the nuclear re-
coil, the latter very rapidly loses its ‘projectile’ identity producing a cascade of secondary recoils
which undergo the same interactions as the primary particle. In order to evaluate the total energy
partition between the electronic and nuclear components for an impinging recoil of a given en-
ergy (Lindhard’s partition function [81]), the whole cascade must be taken into account. In spite
of all difficulties, the LSS theory provides a useful framework and describes reasonably well the
energy losses by nuclear recoils, at least in what the scintillation efficiency of LXe is concerned
(see [82, 78]). We recommend [78] for a concise analysis of Lindhard’s model and more recent
works related to it, in view of WIMP detection with liquefied noble gases.

The SRIM/TRIM code [62] provides information on ranges and stopping powers, (dE/dx)e

and (dE/dx)n, using parameterizations adjusted to the existing experimental data, mostly for light
ions; it can also simulate the whole cascade. For xenon, it results in somewhat low values for the
electronic-to-nuclear loss ratio, which predicts a lower-than-observed scintillation yield for nuclear
recoils even if no quenching is taken into account. A comparative analysis of SRIM/TRIM and
LSS model predictions can be found in [78].4

4.2 Primary scintillation

4.2.1 Emission mechanism and yields

The emission mechanisms and scintillation yields have been studied primarily (and better under-
stood) for particles of relatively high energies: ∼1 MeV electrons and γ-rays as well as α-particles
and relativistic ions. Information is rather scarce in the range .100 keV, although some progress
has been made in recent years. Therefore, we begin by discussing the results obtained with fast
electrons and α-particles and then move to low-energy electrons and nuclear recoils.

In general terms, the mechanism of primary scintillation is similar for liquid argon and xenon.
Imagining the liquid as a compressed gas (which is not strictly correct given the acknowledged
existence of a band structure), one can say that most of the observed light is emitted by diatomic
excited molecules which are formed in two distinct processes. One is excitation of rare gas atoms
by electron impact with subsequent formation of strongly bound diatomic molecules in the excited
state (excimers), similarly to what happens in the gas phase (using the terminology of solid state
physics, one would refer to these states as ‘excitons’):

e−+R→ R∗+ e− impact excitation

R∗+R→ R∗,v2 excimer formation

R∗,v2 +R→ R∗2 +R relaxation

R∗2→ R+R+hν VUV emission

Here, R = Ar or Xe and the superscript v is used to distinguish excited states with vibrational
excitation (R∗,v2 ) from purely electronic excitation with v = 0 (R∗2). The vibrational relaxation is

4The 2003 version of SRIM/TRIM code was used in [78]; newer versions are now available.
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mostly non-radiative, as shown in the above equations, but emission of infrared photons is also
possible. The scintillation photons, with wavelength in the vacuum ultraviolet (VUV) region for all
rare gases, are emitted in a transition from one of the two lowest electronic excited states 3Σ+

u , or
1Σ+

u with v = 0, to the ground state 1Σ+
g . The transition occurs at short interatomic distances, where

the ground state potential is repulsive, resulting in dissociation of the molecule. Although the two
transitions are spectroscopically indistinguishable, their decay times are quite different, especially
in liquid argon. Direct transition from the triplet state 3Σ+

u is forbidden, but the decay becomes
possible owing to the mixing between 3Σ+

u and 1Πu states through spin-orbital coupling [83]. This
can result in rather long life-times as is the case in LAr (∼1 µs). As the coupling becomes stronger
for molecules with higher atomic number, the decay time is significantly shorter for LXe (∼27 ns).
Conversely, the triplet lifetime is even longer in LNe (15 µs [84]) and reaches ∼13 seconds in
LHe [85].

Emission in the visible and near infrared (NIR) wavelength region (up to 2000 nm) has also
been observed in LAr and LXe [86, 87, 88, 89].5 Its intensity, however, is much lower than in the
VUV region in those liquids (and falls also far short of the NIR emission in the respective gas). For
liquid argon, emission in the range 400−1000 nm represents only ∼1% of the VUV yield [88]. In
[89], a value of 0.51±0.09 infrared photons per keV is reported for LAr for λ = 690− 1000 nm,
a result generally consistent with that in [88]. For LXe, an estimate of &0.2 photons/keV can be
obtained combining results from [87] and [92].

The alternative VUV luminescence process to direct excitation involves recombination of the
ionization electrons with positive ions. The recombination occurs mostly with molecular ions
formed shortly (∼ps) after ionization of atoms of the liquid by a particle [73, 93]:

e−+R→ R++2e− ionization

R++R+R→ R+
2 +R

e−+R+
2 → R∗∗+R recombination

R∗∗+R→ R∗+R+heat

R∗+R+R→ R∗2 +R+heat

R∗2→ R+R+hν VUV emission

The final stage of this sequence is similar to the direct excitation channel and consequently wave-
lengths and decay times are similar. However, the relative population of the singlet and triplet
excited states is not necessarily the same. Moreover, the recombination process preceding the ex-
cimer formation can introduce a considerable time delay. This is the case in liquid xenon, where
recombination is rather slow compared with the excimer de-excitation times, which leads to the
appearance of a non-exponential third component in the decay curve. For liquid xenon, apparent
time constants of 34 ns to 45 ns have been reported [83, 76] (see Figure 8). However, a longer tail

5The origin of the emission in the near UV, visible and infrared regions in these liquids is not fully understood.
Observed spectra bear some similarity to those measured in the gas phase, where some lines have been identified as
due to atomic transitions from the higher excited levels to the first excited state 3p54s [90, 91], but with significant
suppression of the intensity for λ > 1300 nm [87]. A weaker intensity (by a factor of ∼100) in LAr and LXe compared
to that in the gas may be understood in view of the much higher collision rate in the condensed phase, leading to efficient
non-radiative quenching of the highly excited states.
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of up to ∼2 µs, at the level of ∼1% of the initial amplitude of the scintillation signal, could also be
observed in the study reported in [94]. This component disappeared completely when an electric
field of a few kV/cm was applied, which confirms its recombination origin.

In liquid argon no significant changes in the shape of the decay curve under electric field
have been observed — a fact explained by the relatively fast (∼1 ns) recombination, so that the
timing of the photon emission is mostly determined by the decay time of excitons formed shortly
after ionization [94]. Measurements of the electron thermalization time (0.9 ns for LAr and 6.5 ns
for LXe [95]) support this conclusion. We point out that the recombination dynamics is especially
sensitive to the purity of the liquid, as contaminant atoms and molecules can provide more effective
thermalization of ionization electrons than elastic scattering off xenon atoms — thus hindering their
escape from the influence of the positive ions.

It has long been observed that, for electrons under a field of the order of ∼10 kV/cm, the
scintillation yield decreases by a factor of up to ≈3 in both liquids, which means that only ≈1/3
of the scintillation light emitted in the absence of an applied field is due to direct excitation, the
remaining≈2/3 resulting from recombination. The relative contribution of the recombination com-
ponent to the total light yield was measured to be (67±2)% for liquid argon and (74±2)% for liquid
xenon [96]. Similar results, 64% and 71% for argon and xenon, respectively, were obtained in [94].
The observed light yield decreases with field more rapidly in xenon than in argon. For example,
in xenon it drops by a factor of 2 already at ∼250 V/cm, while in argon ∼1 kV/cm is necessary to
produce the same effect.

The diagram shown in Figure 8 represents the distribution of the total number of emitted
scintillation photons between different excitation channels when the liquid is excited by fast elec-
trons with typical energies from 0.5 MeV to 1 MeV. The diagram is based on data published
in [83, 94, 97]; other results are referred in the figure caption. Note the small contribution of
the transitions from the singlet state to the direct excitation channel (only about 1.5% of the total
number of emitted photons). In argon, the fast component is enhanced through the recombination
channel resulting in about 8% of the total number of photons emitted at zero field. In LXe, how-
ever, the fast component is practically unobservable for electrons unless an electric field is applied
to suppress recombination luminescence. It is important to point out again that impurities can af-
fect (sometimes significantly) the luminescence properties of the medium, namely the light yield,
emission spectrum and observed decay times. This may explain some discrepancies (especially no-
ticeable for the slow component in liquid argon) between the early measurements and more recent
ones, when more advanced purification techniques and better control of the impurity content were
employed. This was observed in [99, 100] where the addition of small concentrations of N2 and O2

(&0.1 ppm) effectively quenched Ar∗2 triplet states and significantly shortened the observed decay
time for the slow component, reducing the overall light yield (especially significant in the case of
nitrogen).

For particles with higher LET, such as α-particles or fission fragments, no difference in the
decay time constants has been observed compared to those for electrons [101, 97, 76]. This means
that the species emitting the scintillation photons are the same for all exciting particles. It also
indicates that there is no substantial non-radiative quenching of the 3Σ+

u and 1Σ+
u states (which,

being present, would shorten their effective lifetimes). However, the relative contribution of each
component to the observed scintillation signal does depend on the particle type and energy. A
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Figure 8. Observable distribution (percent) of the luminous energy for fast electrons. R and Ex stand for
recombination and direct excitation channels, respectively. Estimates are from data in [83] and [97]. The
share between the direct excitation and the recombination channel is from [94].
*) Other values can be found in the literature (see also [98] for earlier measurements). On time constants,
7.0 ns has been reported for the fast component in LAr [76], whereas the slow component has been also
measured as 1600 ns [76], 1463 ns [54] and 1260 ns [99] (all at zero electric field); for LXe, singlet and
triplet decay times of 4.3 ns and 22.0 ns were reported in [76] along with an apparent scintillation decay
time of 45 ns also at zero field. Other singlet/triplet intensity ratios have been published: 0.31/0.69 [94] and
0.23/0.77 [76] in LAr, and 0.36/0.64 in LXe [94].

strong enhancement of the fast component with respect to the slow one has been observed with
5 MeV α-particles in liquid xenon [101, 97, 76] (see Figure 9).

The linear energy transfer for α-particles is higher by a factor of ∼100 than for fast electrons.
Therefore, the density of the ionized and excited species along the particle track is also much higher
for α-particles, which leads to stronger and faster recombination. No long (∼ µs) tail nor the
∼40 ns recombination component have been observed in LXe with α-particles, which means that,
in this instance, the recombination time is shorter than the excimer decay time constants even in
liquid xenon, contrary to what happens for electrons [101]. Moreover, it is an experimental fact that
only a few percent of the charge initially created along α-particle tracks can be extracted even with
fields of ∼10 kV/cm (for electrons, this would collect nearly 100% of the ionization). Therefore,
the two scintillation mechanisms (direct excitation and recombination) cannot be distinguished in
practice. This is represented in the diagram in Figure 9 by the joining of the two channels together.

Strong recombination does not explain per se why the relative contribution of the fast com-
ponent is enhanced for α-particles. To our knowledge, a comprehensive explanation for this ob-
servation is still missing, although a number of hypotheses have been suggested [76]. One of the
plausible mechanisms is quenching of singlet states in superelastic collisions with thermal elec-
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Figure 9. Observable distribution (percent) of the luminous energy for α-particles, based on results in [76].
For liquid xenon, different estimates for the fast/slow intensity ratio have also been obtained: 0.53/0.47
from [101] and 0.77/0.23 from [97].

trons resulting in transitions from the singlet to triplet state. These transitions are more probable in
the case of electrons than for α-particles due to slower recombination along the electron tracks.

An even stronger contribution of the fast component to the total light yield was found for
fission fragments, which have LET values ∼105 times higher than those for electrons. According
to [76], in liquid argon the number of photons emitted in transitions from the singlet state for
electrons, α-particles and fission fragments is about 23%, 57% and 75% of the total, respectively.
In liquid xenon, the singlet component contributes with about 60% in the case of α-particles and
fission fragments and only ∼5% in the case of relativistic electrons.

With regard to the scintillation decay time, a similar situation is found in the case of low energy
nuclear recoils: the effective decay time for recoils is also shorter than that for electrons and γ-rays.
This was the basis of γ-ray background discrimination in early dark matter detectors using liquid
xenon as a target [44, 42]. For example, decay times of 33 ns and 19 ns were observed for∼20 keV
electrons and xenon recoils (after elastic scattering of neutrons), respectively [44]. In liquid argon,
the enhancement of the singlet component for nuclear recoils is of the same order of magnitude as
in xenon (or even less significant) but the very large difference between the singlet and triplet time
constants allows much more efficient pulse shape discrimination to be used [54, 102]. (Liquid neon
and helium are even more promising from this point of view.)

In general, the liquefied noble gases are very good scintillators. For 1 MeV electrons and
γ-rays, yields of 40 to 50 photons/keV, i.e. comparable to that of NaI(Tl), have been reported for
LXe (see [73, 104] and references therein). At lower energies, the light yield increases rather
significantly, especially in xenon: in the energy region between 10 and 100 keV LXe can pro-
duce nearly 70 photons/keV. A comprehensive analysis of the existing data for γ-ray scintillation
in liquid xenon has been presented in [103]. Those authors also developed a simulation model
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Figure 10. Scintillation yield of LXe as a function of energy for electrons and γ-rays. Solid line – evaluated
yield (absolute) for γ-rays based on a comprehensive analysis of the existing experimental data in [103].
Triangles – relative measurements with Compton electrons in [60]; these data were re-normalized by us to
the evaluated curve at ≈120 keV (see main text). The circle is for 1 MeV electrons from [73].

consistently describing most of the available datasets. Their results are shown by the brown curve
in Figure 10. Recently, the relative scintillation efficiency for low energy electrons has also been
reported [60]. The electrons were produced in Compton scattering of 662 keV γ-rays in a liquid
xenon target. These data, re-normalized by us to the absolute light yield from [103] at ≈120 keV,
are also shown in Figure 10 (red yellow-filed triangles). When considering these two datasets one
must bear in mind that absorption of γ-rays in the liquid results in not one but several electrons
of different energies (photoelectron, those resulting from absorption of xenon fluorescence, Auger
electrons). Therefore, direct comparison of the light yields for electrons and γ-photons of the same
energy is not generally correct at low energies6. However, the similarity of the trends with energy
between the two datasets gives an important insight into the physics of the scintillation process,
as we shall discuss in the context of recombination in Section 4.2.2. There are also important
practical implications that follow from the comparison shown in Figure 10: the difference in light
yields must be taken into account when performing detector calibration with low energy electrons
or γ-rays.

It should be remarked that absolute measurements of the scintillation yield in liquefied rare
gases are difficult, in large part due to the short wavelength of scintillation photons (178.1 nm
for liquid xenon and 129.6 nm for argon — excited with α-particles [105]). For xenon, quartz-
windowed PMTs can be used, but for argon wavelength shifters are usually required (p-terphenyl,

6Although it actually works out correctly at ≈120 keV for xenon.
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tetraphenyl butadiene (TPB) or other). Poor knowledge of the angular reflectivity of different
materials in this wavelength region and absolute calibration of the VUV photon detectors pose
additional difficulties. (See Section 4.2.3 for more information on material reflectivities.)

The scintillation efficiency, or the number of photons per unit deposited energy, is frequently
expressed via its reciprocal quantity, the Ws-value, similarly to the W -value for charge. Ws is de-
fined by dividing the energy deposited by a particle in the liquid, E0, by the number of emitted
photons, i.e. Ws = E0/Nph. The number of scintillation photons emitted from a particle track de-
pends strongly on the electric field, being maximum at E = 0. Therefore, Ws is defined for zero
field (contrary to the W -value, which is defined for an infinite field).

Assuming that all the excited atoms give one VUV photon (after undergoing the excimer
formation7 phase described above) and that all initially created electron-ion pairs recombine and
also give a photon, one can write for the number of emitted photons Nph = Nex +Ni. From this
equation, and recalling that W = E0/Ni, one can establish a simple relationship between the two
W -values:

W min
s =

W
1+Nex/Ni

. (4.5)

This W min
s corresponds to the minimum possible energy needed to produce a scintillation pho-

ton (maximum Nph) when there are no quenching processes, which depends very much on the track
structure and ionization/excitation density on its different parts. We also note that Ws reflects the
efficiency of energy transfer to the medium through both direct excitation and ionization (in con-
trast with the W -value for ionization, which determines Ni only). This has important consequences
for improving energy resolution and linearity of detector response to electrons, as discussed in
Section 4.4.

The available data on Ws for different particles are shown in Table 1. Compilations of the
existing experimental and theoretically estimated Ws values for liquid xenon can be found in [106,
104, 103, 67]. One can see that, in spite of the existence of a few discordant points, there is a general
agreement, within ≈10%, between the various datasets, except probably for low energy nuclear
recoils, where some significant statistical and systematic uncertainties still remain (although the
situation has improved in recent times).

Figure 11 shows a compilation of scintillation yields of LXe and LAr for various particles of
different energies as a function of LET. Although no unified picture on the LET dependence of the
scintillation efficiency emerges from the figure, some observations can be made. It is apparent that
a dE/dx-based model is at odds with the experimental data for low energy electrons. The behavior
of low energy nuclear recoils is similarly discrepant; an indicative curve for the scintillation yield
of Xe recoils with energy .100 keV is also shown in Figure 11 (more precise data are shown
in Figure 12 and discussed later in this section). A significant reduction of scintillation yield is
obvious in this case.

The LET dependence of the scintillation efficiency of liquid argon and xenon for high energy
particles is discussed in [73, 106, 120, 107, 122]. The scintillation yield is approximately constant
for intermediate LET values, in the range between∼102 and∼103 MeV/(g·cm2), but decreases for
lower and higher ionization densities. This trend can be observed both in LXe and LAr. According

7Formation of self-trapped excitons, using the terminology of solid state physics.
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Table 1. Energy expended per scintillation photon for different particles.

Particle Energy LET, MeV/(g·cm2) Ws, eV (LAr) Ws, eV (LXe)

No quenching; W min
s – – 19.5±1.0 a) 13.8±0.9 a)

19.8 b) 13.0 b)

18.4 b) 14.7±1.5 c)

13.45±0.29 d)

13.7±0.2 e)

Relativistic electrons 1 MeV ≈ 1 25.1±2.5 c) 23.7±2.4 c)

24.4 a) 21.6 a)

22.5±2.5 f )

< 35 g)

42±6 h)

67±22 i)

Low energy electrons 20 – 100 keV ∼7 to 2 – 18.3±1.5 f )

14.2 j)

12.7±1.3 k)

29.6±1.8 l)

α-particles ≈ 5 MeV ∼ 4×102 27.1 a) 17.9 a)

27.5±2.8 c) 19.6±2.0 c)

16.3±0.3 m)

17.1±1.4 f )

39.2 n)

Relativistic heavy ions ∼ 1 GeV/amu ∼ 102 to 103 19.4±2.05 c) 14.7±1.5 c)

Nuclear recoils∗ 60 keV 2.9/4.0×103 ∼ 100 p) (exp) 95±20 r) (exp)
∼ 90 q) (theor) ∼ 77 s) (theor)

20 keV 2.6/2.7×103 ∼ 100 p) (exp) 110±20 r) (exp)
∼ 105 q) (theor) ∼ 86 s) (theor)

5 keV 1.9/1.5×103 ∼ 100 p) (exp) 160±40 r) (exp)
∼ 140 q) (theor) –

Fission fragments ∼ 1 MeV/amu ∼ 104 ∼ 110 t) 60 u)

∗ For nuclear recoils the total LET values, estimated from range tables in [62], are presented; the electronic
part can be roughly obtained by multiplying by ∼ 0.2. Values in column 3 are for argon/xenon.
a) From [73]: evaluated from several estimates and considered by those authors to be the most probable values.
b) From [73]: other estimates.
c) [106, 107]; d) [108]; e) [75];
f ) [104]; g) [109]; h) [110]; i) [111]; j) [112]; k) [113]; l) [114]; m) [115]; n) [116].
p) Using measured scintillation efficiency referred to 122 keV γ-rays [117] and W min

s from [73].
q) Using theoretical quenching factor from [118], [119] and W min

s from [73].
r) Estimated by the authors using the relative scintillation efficiency with respect to 122 keV γ-rays from data
compiled in [67] (see our Figure 12), with W min

s from [73].
s) Using a theoretical estimate for the quenching factor from [82] and W min

s from [73].
t) [120] with W min

s from [73].
u) From [106].
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Figure 11. Scintillation yield of LXe and LAr as a function of linear energy transfer for various particles.
Data points (in blue for LXe, and in green for LAr) are after [73] (Figures 2, 4 and Table III); not all
data points are shown for clarity. For the same reason, only a typical error bar is shown for each dataset.
Dashed lines are for guiding the eye only, no underlying model is assumed; the top plateau corresponds to
a minimum energy to produce a scintillation photon W min

s =13.8 eV for LXe and 19.5 eV for LAr according
to [73, 63]. Red arrows indicate average dE/dx values for electrons in LXe calculated as the initial particle
energy (indicated next to arrow) divided by the range from ESTAR [121]; blue arrows indicate (dE/dx)e for
Xe recoils in LXe calculated in a similar way using stopping power and range tables from SRIM [62] and
the Lindhard partition function from [81]. The red yellow-filed triangles represent the relative measurements
with Compton electrons reported in [60]; we re-scaled their energy to dE/dx using ESTAR as above, and
re-normalized their response to that of γ-rays at ≈120 keV using the evaluated curve from [103] as in
Figure 10.

to those studies, the ‘flat-top response’ in the region of intermediate LET corresponds to the situa-
tion when each of the excited and ionized species created by a particle gives a photon, and therefore
Ws =W min

s in this region. The W min
s value for LAr was calculated to be 19.5±1.0 eV, in good agree-

ment with experiment (see Table 1). In LXe W min
s is lower and, furthermore, some disagreement

remains between the values obtained from theoretical estimates and experimental data. Assuming
Nex/Ni = 0.06, a value of W min

s = 14.7±1.5 eV was calculated in [73] while experimental data
point to about 13.0 eV, which translates to a ratio of Nex/Ni ≈ 0.20 instead. Therefore, an evaluated
value of W min

s = 13.8±0.9 eV was presented by those authors. More recent measurements resulted
in 13.45±0.29 eV [108] and 13.7±0.2 eV [75] for W min

s in liquid xenon. We refer to Table 1 for
other references and also to [103] for a recent compilation.

– 23 –



Reduction of the scintillation yield at low LET values is attributed to a higher probability for
an electron to escape recombination even at zero field. This is the case for ∼1 MeV electrons and
γ-rays. In the high LET region above ∼103 MeV/(g·cm2) a decrease is observed too, but for a
different reason. The density of excited species along the particle track becomes high enough to
render non-negligible the probability of collisions between them. The mechanism of bi-excitonic
quenching has been proposed in [76]. This mechanism implies autoionization of one of the two
colliding free excitons (R∗+R∗→ R+R++e−) at the beginning of the exciton formation process.
Although the formed R+ ion has a good chance of recombining with an electron to produce a new
excited state, this would result, at best, in one emitted photon instead of two — one from each of
the two excitons initially created if these underwent a normal process8 R∗+R→ R∗2→ R+R+hν .

Low energy electrons and nuclear recoils (.100 keV) fall out of the trend observed in Fig-
ure 11 for higher energies. This fact can be explained by a different track structure and therefore
a different recombination mechanism. We shall postpone this discussion until Section 4.2.2, but
we do consider here the experimental data (and some interpretations) on the scintillation yield for
nuclear recoils — a case of special importance for DM and CNS search experiments.

A significantly reduced light yield has been found for low energy xenon ions traveling in LXe
and argon ions in LAr. Xenon recoils below 140 keV are found to expend at least Ws ∼ 100 eV per
scintillation photon produced, a much higher energy than, for instance, for electrons. In the dark
matter community, the recoil scintillation efficiency is usually referenced to the scintillation yield
for 122 keV γ-rays from a 57Co source, a convenient energy for detector calibration (one should,
however, keep in mind that the light yield for γ-rays of this energy is ≈12% lower than the maxi-
mum possible yield, while quenching calculations usually use the maximum as reference). Accord-
ing to this common definition, the scintillation efficiency is Le f f (E) =Ws,e(122 keV)/Ws,Xe(E) at
zero electric field (the indices ‘e’ and ‘Xe’ correspond to electron and xenon recoils, respectively).

Most experimental measurements of the scintillation efficiency for nuclear recoils to date were
carried out with different setups but using the same method — elastic scattering of mono-energetic
∼MeV neutrons off a LXe target [61, 123, 124, 125, 126, 127, 128]. The scattered neutrons are
detected at a fixed angle, thus allowing the energy transferred to Xe atoms to be determined kine-
matically.

An alternative, indirect method is afforded by modern Monte Carlo codes, notably GEANT4
[129], which can model the elastic scattering of neutrons as well as detector response effects very
accurately. The energy-dependent scintillation efficiency can be extracted by fitting the scintilla-
tion response obtained with a broadband source (e.g. Am-Be) with simulated spectra of deposited
energy folded with all efficiencies and energy resolution (including the sought quenching effect),
as demonstrated in [67]. The beam measurements do not rely directly on Monte Carlo, but they
require small chambers with high light yield, usually operated at zero electric field to maximize
light yield and light collection. The indirect method can be applied to calibration data from real
dark matter experiments and provides, therefore, a useful validation of nuclear recoil detection effi-
ciencies. The most recent datasets, namely [61], [127], and [67] report a nuclear recoil scintillation
efficiency which decreases gently with energy, as shown in Figure 12.

8When mentioned in the context of nuclear recoils, this kind of quenching mechanism is usually referred to as
‘electronic quenching’ to distinguish from ‘nuclear quenching’ which is the fraction of the particle energy transferred to
atoms of the medium in elastic collisions, i.e. lost to heat.
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Figure 12. Energy-dependent relative scintillation yield for nuclear recoils in liquid xenon; data from mono-
energetic neutron beam measurements are labelled by the following markers: (�) [61]; (•) [127]; (N) [126];
(�) [123]; (4) [124]; (◦) [128]; (�) [125]. Indirect measurements from Monte Carlo: (H) [66]; the two lines
are the indirect measurements obtained from the first and second runs of ZEPLIN-III, with 68% CL bands
shown in green (\\\) and blue (///), respectively [67]. (From [67]; with permission from Elsevier.)

As far as liquid argon is concerned, fewer experimental data exist on the relative scintillation
efficiency for nuclear recoils. A value of 0.28 has been reported for 65 keV argon recoils referred
to γ-rays of 20 keV [130]. However, the measurements were carried out with an applied electric
field, so that the recombination component of primary scintillation was partly suppressed, the effect
being more significant for γ-rays than for nuclear recoils. In more recent measurements, a constant
scintillation efficiency of 0.25±0.02 (relative to 122 keV γ-rays) has been obtained for argon recoils
in the range from 20 to 250 keV [117]. Even newer results were reported in [131]; these are
compatible with a flat interpretation of Le f f with a mean value of 0.29±0.03 above 20 keV. In both
cases a slight increase in efficiency was observed below 20 keV (similarly to some measurements
in xenon [128]).

Some recent data exist also for liquid neon in the range 30–370 keV [132]; an average effi-
ciency of 0.24 is reported above 50 keV. Similarly to liquid argon, an upturn at low energies is also
observed in this work (although the authors point out that the uncertainties on the lowest energy
points are also the most significant).

The quenching effect for xenon recoils has been assessed theoretically in [82]. The theoretical
prediction, based on the concept of bi-excitonic quenching for the electronic component and using
Lindhard’s theory [81, 79] to calculate the contribution from nuclear collisions,9 agrees quite well
with experimental data. The model also predicts a gradual decrease of the scintillation efficiency

9The observed reduction of the light yield with respect to its maximum value due to the increasing contribution of
the nuclear component is sometimes referred to as ‘nuclear quenching’ (misleadingly, in fact, because strictly speaking
there is no quenching of the excited species, only a lower probability for their formation).
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with decreasing recoil energy. It was concluded that for 60 keV xenon recoils electronic quenching
is responsible for the reduction of the scintillation efficiency by a factor of ≈1.5, while nuclear
collisions contribute with another factor of ≈3.2. Applied to liquid argon, a similar behavior of the
quenching factor with recoil energy is predicted [118, 119]: ≈0.26 for 100 keV recoils with gradual
decrease to ≈0.19 for 20 keV and, further, to ≈0.15 for 5 keV. We recall that the quenching factor
is defined with respect to the maximum scintillation yield, which is observed with relativistic light
ions, i.e. at intermediate LET values; the light yield for ∼100 keV electrons is somewhat lower
(Figure 11) thus resulting in an efficiency referred to 122 keV γ-rays of Le f f ≈ 0.32, ≈0.23 and
≈0.18 for 100 keV, 20 keV and 5 keV recoil energies, respectively.

Another phenomenological approach to the problem was proposed in [133]. This study com-
bined Lindhard’s theory with Birks’ saturation law, which was rather successful in describing the
LET dependence for organic scintillators. This combination results in a less pronounced depen-
dence of Le f f on recoil energy at higher values. For xenon, the predicted relative scintillation
efficiency is constant down to approximately 20 keV recoil energy, at which point it begins to de-
crease slowly. This approach seems to be better suited to describe experimental data for argon and
neon than for xenon.

The authors of [61] have found that their dataset on Le f f for LXe at zero field is better described
if, in addition to nuclear and bi-excitonic quenching as proposed in [82], a non-negligible electron
escape probability is assumed for nuclear recoils tracks. This assumption was supported by a very
weak dependence of the extracted charge on applied electric field (see Figure 13 and Section 4.3.1).
Considering a constant ratio Nex/Ni = 0.06, both for electrons and nuclear recoils, they arrived at
rather high values for the fraction of escaping electrons, Nesc/Ni, which increases with decreasing
recoil energy from ∼0.15 for 70 keV up to 0.7±0.2 for 4 keV.

None of the above models foresees an increase of the scintillation efficiency at low recoil
energies as observed in LAr.

4.2.2 The role of recombination

In view of the previous discussion, it is manifest that the recombination light contributes signifi-
cantly to the total scintillation yield in the liquefied noble gases. Recombination in these liquids is
rather strong and it is a complex process which depends on a large number of factors: the initial
distribution of ions and electrons immediately after the particle passage, including all secondary
ionizations and in some cases also excitations; the speed with which subexcitation electrons lose
their energy to phonons and the distance traveled to reach thermal equilibrium with the medium;
electron mobility and diffusion rate; collision frequency and the probability of recombination to
occur when an electron encounters a positive ion. In this section the interested reader will find a
more detailed discussion of recombination models which describe the scintillation and ionization
responses.

The scintillation efficiency as a function of LET for different particles and energies shown in
Figure 11 reflects well the complexity associated with recombination. For high energy particles a
general trend was recognized early on (see [73, 106] and references therein): a flat-top response at
intermediate values of LET with some reduction in the low LET region and a significant drop for
high LET fission fragments, similar for LXe and LAr. Clearly, low energy electrons — and γ-rays
— as well as nuclear recoils fall out of that trend, and this has been recognized only recently. In
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this section we search for an explanation for such irregular behavior starting, as before, from higher
energies since recombination along the tracks of these particles is better understood.

A common feature of the interaction of high energy particles with matter is a relatively well
defined track along which the ionizations and excitations are distributed. The distribution of ioniza-
tion electrons, ions and excited species at the instant when all electrons slow down to sub excitation
energy is frequently called the ‘track structure’ and this determines to a large extent the subsequent
behavior of the charge carriers. The track structure varies significantly for different particles and
LET values, thus hindering the development of a universal theory of recombination in liquid ra-
diation detectors. Nevertheless, one can always distinguish a cylindrically symmetric principal
trace and secondary branches due to δ -rays; these can be partially cylinder-shaped or form more
complex structures, especially around the end point.

Thus, according to [94], the track of a 1 MeV electron (low LET) can be regarded as a column
of widely spaced positive ions with average distance between them close to the Onsager radius,
rc = e2/(4πε0εkT ) (rc = 125 nm for liquid argon and 49 nm for xenon), where ε is the dielec-
tric constant and other symbols have their usual meaning. Comparing these values with the mean
distance between atoms, ∼0.4 nm, it is clear that ions are separated from each other by hundreds
of neutral atoms. At the surface of a sphere with the Onsager radius, the potential energy of the
Coulomb attraction of the electron to its parent ion is equal, by definition, to the kinetic energy
of the thermal motion. Thus, the electrostatic attraction to the ion dominates within the sphere,
while outside it the thermal motion is likely to draw the electron away from the ion. The ther-
malization length for electrons is estimated as ∼4.5 µm in LXe [134] and ∼1.7 µm in LAr [135],
meaning that a good fraction of the electrons can be found out of the reach of positive ions when
thermalization is achieved. In the absence of an external electric field, these will partly diffuse to
the chamber walls thus escaping recombination (these escaping electrons are considered to be the
cause of the decrease in scintillation efficiency at low LET values discussed earlier — see Fig-
ure 11). The remaining fraction of electrons governed by diffusion will sooner or later meet an ion
and recombine.

The mean volume density of free electrons along the track of 1 MeV electrons can be esti-
mated from [94] as ∼2·10−7 nm−3 for liquid argon and ∼3·10−6 nm−3 for liquid xenon (or even
much lower taking into account thermalization distances from [135, 134]). These values are to be
compared with densities of up to∼10−2 nm−3 to∼10 −1 nm−3 in the track core of an α-particle or
a fast heavy ion (estimated from [77], [136] and [137]). For these particles, the positive ions form
a continuous line of positive charges with a mean separation, projected to the particle trajectory,
of about 0.22 nm and 0.13 nm for LAr and LXe, respectively, so that an electron ejected from an
atom finds itself in a strong cylindrical field from which it will have difficulty escaping. According
to [77], an electron with sub-excitation energy in liquid argon can stray from the track core up to
a distance of only some 5 nm, whereupon it turns back, being attracted by the column of positive
ions, crosses it and continues to oscillate around the track axis until it recombines with one of the
ions. It has been shown in [77] that about 10 passes are sufficient for an electron to recombine
with large probability, and this takes in fact a very short time of ∼0.4 ps. This suggests that, on
α-particle tracks, electrons recombine long before they reach thermal equilibrium with the liquid,
in contrast with the low LET particles.

The track structure of α-particles and fast ions with similar LET values in LAr was ana-
lyzed in [77] leading to the conclusion that more energy is deposited in the core track and less in
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the penumbra in the case of α-particles than for ions. Moreover, the core radius was estimated
as ∼0.4 nm for α-particles versus ∼6 nm for ions meaning higher ionization/excitation density
along α-particle tracks. This should lead to complete recombination which does not result, how-
ever, in maximum scintillation yield in either LAr or LXe — a fact explained by bi-excitonic
quenching, similarly to what happens for particles with very high LET values such as fission frag-
ments (note the discordant points for α-particles in Figure 11).

This shows how much the ionization/excitation pattern at the particle interaction site can in-
fluence the observed scintillation signal (as well as the ionization one, since the recombination
strength naturally affects the amount of charge that can be extracted from the particle track — we
shall discuss this issue in Section 4.3.1).

Concerning the scintillation for low-energy electrons and γ-rays (the former shown as yellow-
filled red triangles in Figure 11) we note that the data agree reasonable well with the above trend
for energies &80 keV, but this is not so for lower energies. The higher energy part can be suitably
fitted with a Birks-type law [103] in terms of LET, as proposed in [120] for light ions and ∼1 MeV
electrons:

dY (E)
dE

=
A dE(E)

dx

1+B dE(E)
dx

+η0 . (4.6)

In this model, the scintillation yield due to recombination was considered to be a sum of two
components: recombination of geminate and non-geminate types. Geminate recombination and the
direct excitation component do not depend on LET and are both included in the constant term η0.
An electron is considered to undergo geminate recombination if it thermalizes within the Onsager
sphere. Recombination of all remaining electrons is included instead into the first term, which
was obtained under the assumption that recombination can be treated in terms of concentrations of
electrons (n−) and ions (n+): dn∓/dt=−αn−n+, where α is the recombination coefficient, thus
presuming that this process is volumetric in nature. Further simplification was made by setting
n−=n+= n. A link to dE/dx is obtained by assuming proportionality, n ∝ dE/dx, which is, strictly
speaking, valid only for a cylindrical geometry (i.e. long tracks). Indeed, a function in the form
of equation (4.6) was successfully applied for Eγ & 80 keV but failed for lower energies where
the ionization pattern resembles more a spherical blob than a cylinder [103]. For these energies
those authors used the Thomas-Imel box recombination model which was rather successful in
parameterizing specifically the charge yield as a function of electric field E [138]:10

Q(E )

Q0
=

1
ξ

ln(1+
1
ξ
) , (4.7)

with ξ = N0α/4a2µE = κ/E ; here, N0 is the total number of electrons and µ is the electron mo-
bility, assumed to be independent of field. In this model, recombination is also described through
the term αn2 and, to provide a connection between the electron/ion concentrations and the total

10In fact, this model was originally developed to describe the field-dependent charge yield for low-LET particles
such as MeV electrons. A better fit of the experimental data was obtained, however, by adding a second term to equa-
tion (4.7), similar to the existing one, but depending on an additional recombination parameter ξ ′ [139]; this recognizes
that the principal trace can appear surrounded by low-energy δ -electrons creating ionization ‘blobs’ with a different
recombination strength.
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charge created by a particle, a box of arbitrary size a containing that charge (assumed uniformly
distributed) is defined. Then, κ = N0α/4a2µ is used as a single adjustable parameter.

The brown curve in Figure 10 corresponds to a combination of these two models — Birks’ for
‘long’ tracks and Thomas-Imel for ‘short’ ones — with which the authors of [103] succeeded in
describing consistently most of the existing data on scintillation yield of liquid xenon for γ-rays.
To adapt the Thomas-Imel model to zero-field conditions, µE was replaced by some constant
velocity so that the adjustable parameter becomes ξ and not κ . In order to account for energy
partition between various channels (photo- and Compton electrons, X-rays, Auger electrons) a
detailed GEANT4 Monte Carlo simulation was used and the most adequate model was chosen for
each electron track having the thermalization length scale as a cross-over distance.

Qualitatively, the decrease in scintillation efficiency on the low energy (high LET) side can
be understood as the increasing probability for electrons to escape recombination. For sufficiently
low energies, the dimensions of the ionization region are determined by the thermalization length
rth rather than by the electron range and so the charge concentration becomes a linear function of
deposited energy n− ≈ (E/W )(3/4πr3

th) (here W is the W -value for charge — see Section 4.3.1).
However, this simple picture is in tension with the basic presumption of the Thomas-Imel model
which considers no electron diffusion. Without diffusion, no escape from recombination is possible
unless an electric field is applied.

The combined model was also able to describe the field dependence of the scintillation yield.
The geminate (Onsager) recombination component included in the term η0 in equation (4.6) was
found to be significant at zero field, but more easily suppressed by an external electric field than
the non-geminate part [75, 103].

To reproduce the field dependence in the modified Thomas-Imel parameterization, some field
effect on ξ had to be empirically re-introduced, although it was found to be much weaker than in
the original model: ξ ∝ E −0.1, approximately [75, 103] (originally, ξ ∝ E −1 [138]).

In spite of physical inconsistencies in the existing recombination models, the approach pro-
posed in [103] provides a very useful framework for modeling detector response to low energy
backgrounds and to γ-rays used for calibration of DM detectors. These inconsistencies reflect in
fact our poor understanding of the recombination process in noble liquids. Critical reviews of these
and other models can be found in [140, 141, 142, 143, 75]. Original papers such as [144, 145, 135,
134] may also constitute useful reading.

Even less is known about recombination along nuclear recoil tracks with energy relevant for
DM and CNS searches. It is clear that the contribution from nuclear collisions cannot be neglected,
especially in liquid xenon, but the details of the track structure are not sufficiently clear. The Bohr
impulse principle is not applicable in the case of ions moving through a medium with velocity
comparable to, or lower than, that of atomic electrons (see [78]). Besides, as the medium consists of
atoms of the same species, the primary recoil can transfer a significant fraction of its kinetic energy
in each collision, thus losing rapidly its ‘projectile’ identity and producing a cascade of secondary
recoils of comparable energy which interact with the medium in the same way. Consequently,
the spacial distribution of ionizations and excitations will be quite different from what is expected
along the tracks of other particles.

Recombination affects both scintillation and charge yields — the two signals that constitute
the basis of background rejection in most dark matter detectors. These signals are complemen-
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Figure 13. Free electron yield from the tracks of different particles as a function of electric field in liquid
xenon. Numbers next to the data represent particle energy in keV. For α-particles the data are: solid line
from [147], dashed line from [148]. Red symbols indicate charge yield from xenon recoil tracks from [53]
and [61] (not all data are shown). For γ-rays: solid line [149], dashed line [150]. For electrons: calculated
using recombination coefficients k from [151]. The coefficients were determined from the charge yield
measurements with E in the range 7–15 kV/cm (in this field region, the data are represented by solid lines),
assuming Q(E ) = Q0/(1+k/E ). Dotted lines correspond to extrapolation to the lower field region using the
above equation. We point out the difference between these calculations for 500 keV and the experimental
data for 570 keV and 662 keV, which may indicate a systematic shift. However, the important information
here is the dependence of the charge yield on electron energy, which shows the opposite tendency to that
observed for nuclear recoils.

tary and depend on electric field in opposite ways. It is therefore important to study them simul-
taneously. The charge yield from xenon recoils tracks has been measured directly in dedicated
experiments [53, 61] and also indirectly assessed from calibration data of real dark matter detec-
tors [66, 146, 67]. A relatively high charge yield and weak electric field dependence has been
found, against expectations, as shown in Figure 13. Although data with simultaneous measurement
of scintillation and ionization are still scarce and a detailed discussion of this topic is premature, a
few interpretations of the existing data can be mentioned.

Most of the energy of a Xe ion or atom moving in liquid xenon (this is what is meant by a
‘nuclear recoil’) is lost in elastic collisions with other atoms. The topology of the cascade rep-
resents a complex and very ramified structure with tens or even hundreds of branches formed by
secondary recoils (see Figure 14 for some examples). The transverse dimensions of the cascade
are, in most cases, comparable to that along the initial direction of primary recoil (although long
tracks resembling, to some extent, a high energy particle also can appear with some probability).
Therefore, recombination models based on cylindrical symmetry are hardly applicable to nuclear
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rth ~4500 nm 

100 nm 

Figure 14. Xe recoil tracks in liquid xenon simulated with TRIM [62] compared with the thermalization
distance (calculated in [134]). The projectile trajectory is shown in red; trajectories of secondary atoms/ions
are in gray with end points in green (this shows the number of secondary atomic recoils in the cascade). No
electron tracks are shown.

recoils. The extent of these cascades is in the .100 nm scale, which is much smaller than the
electron thermalization distance (rth ∼4 µm in liquid xenon [134]). Therefore, the distribution of
thermalized electrons looks more like a sphere surrounding a tree-like core of positive ions at its
center with size .1/40 of that of the sphere. In this sense, the recombination should be similar to
that for low energy electrons with the difference that, for the same particle energy, only a fraction
∼0.2 goes into ionizations/excitations in the case of nuclear recoils.

This picture is qualitatively consistent with the trend observed for recoils of different energies
in Figure 13. More electrons per keV can be extracted for lower recoil energies because less charge
is distributed over approximately a constant volume with radius ∼ rth. Thus, the electron density
should be roughly proportional to the recoil energy, something which is not fully confirmed by
the data. The energy dependence of Lindhard’s energy partition function may partially explain the
absence of strict proportionality since the electronic component of the energy losses decreases with
decreasing energy [81]).

A loose distribution of the thermalized ionization electrons may explain the relatively large
charge yield from nuclear recoil tracks and its weak variation with field: practically all electrons
escape recombination even at very low field (∼0.1 kV/cm), as argued in [61]. Considering a con-
stant ratio Nex/Ni = 0.06, both for electrons and nuclear recoils, those authors concluded that the
fraction of escaping electrons increases with decreasing recoil energy from ∼0.15 for 70 keV to
0.7±0.2 for 4 keV.

The measured charge yield, although higher than one might expect on the basis of the dE/dx
argument (cf. α-particles), is still lower than for electrons even taking into account the energy
partition between electronic and nuclear parts. This may be explained by assuming a much higher
Nex/Ni ratio for nuclear recoils as proposed in [75] and [74] where it was estimated to be Nex/Ni∼ 1
(cf. ∼0.1 for other particles — see Table 2). This would also explain lower S2/S1 ratios observed
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for nuclear recoils than in the case of electrons. As remarked in [75], a possible mechanism for
more energy to be channeled into excitation than ionization might be the lowering of some atomic
levels during the interpenetration of atomic shells of colliding xenon atoms [152]. Hypotheses of
possible field or energy dependence of the ratio Nex/Ni have also been proposed in [75, 153, 74].

Explanation of the trend for the recoil scintillation efficiency observed in Figure 12 in terms
of escaping electrons also seems plausible: the lower the recoil energy the more electrons escape
recombination and less light is emitted per unit energy. In this respect, the importance of bi-
excitonic quenching, proposed to approximate Lindhard’s prediction for the electronic component
of energy transfer to the observed scintillation yield [82], might be questioned. On the other hand,
one should bear in mind that excitons do not migrate as fast as electrons. Their distribution should
accompany the cascade topology and therefore the existence of high excitonic densities locally
cannot be excluded.

The possibility of a more complex recombination picture cannot be ruled out either, for exam-
ple, the existence of regions with very high ionization density from which extraction of electrons
with field is difficult. This may be the reason for a weak dependence of the charge yield with field:
when all escaped electrons have already been collected and those in highly ionized regions require
much higher field to be extracted. A weak dependence of the scintillation signal on the applied
field for nuclear recoils [53] can also be qualitatively explained on this grounds. In this case, there
may be no need to consider Nex/Ni to be higher for nuclear recoils than for other particles.

4.2.3 Light propagation

Beyond the generation of scintillation photons one must consider which conditions may affect their
propagation in the liquid up to their eventual detection. Two processes contribute to a finite photon
attenuation length in noble liquids: absorption, which leads to loss of scintillation photons, and
Rayleigh scattering, which is an elastic process. Absorption is mostly due to impurities — the
excimer-mediated scintillation mechanism described in Section 4.2.1 ensures that self-absorption
of VUV photons is very unlikely. Water vapor is one of the main culprits; for example, 1 ppm H2O
in liquid xenon will absorb most scintillation light in under 10 cm [154] (see Figure 15).

Separate measurement of the two light attenuation components is difficult. Usually, a com-
bined effect is observed, which is characterized by a total attenuation length, L. The attenuation
length is related to the absorption and scattering lengths (La and Ls, respectively) via the equation
L−1 = L−1

a +L−1
s . The value of La can be assessed if reflection on all passive (non-sensitive) sur-

faces is close to 100%. For example, La > 100 cm has been reported for liquid xenon [154]. On
the other hand, in experiments where no special provision has been made to enhance reflections,
or where these were intentionally suppressed, attenuation lengths between 30 and 50 cm have been
obtained by several authors [111, 155, 156, 157]. Assuming that La > Ls, this gives an estimate for
the scattering length, Ls ≈ L. It has also been noticed that the measured L increases if the photon
wavelength is shifted to longer values (as observed in [156] when a few percent of Xe was added to
LAr or LKr), also indicating a significant contribution from Rayleigh scattering in the pure liquid.
For liquid xenon, a Rayleigh scattering length of ∼30–50 cm is generally accepted, resulting both
from the measurements described above and from a calculation of scattering on density fluctuations
(30 cm [158]). These values are also consistent with those estimated from the measured refractive
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Figure 15. VUV absorption coefficients for 1 ppm water vapor and 1 ppm oxygen in liquid xenon calculated
in [154] (we note that in the original publication the y-axis is wrongly labelled in ‘m−1’ and this is corrected
here to ‘cm−1’; we thank G. Signorelli for pointing this out). (With permission from Elsevier.)

index [159, 157]. For liquid argon, an experimental value of Ls = 66 cm has been reported [156],
while theoretical calculations predict 90 cm [158].

As discussed in Section 4.3.2, the purity requirements demanded by ionization readout are
even more stringent, but loss of scintillation performance is increasingly important in large noble
liquid detectors. Elastic scattering of scintillation photons is not as problematic in small chambers
(the total light yield is preserved), but in very large, scintillation-only systems reconstruction of the
interaction position becomes more difficult.

High reflectivity of detector components at the scintillation wavelength is also very impor-
tant for efficient detection of the scintillation light. Data on reflectivity of some relevant materials
for λ < 200 nm are shown in Figure 16. Among the metals, freshly deposited Al presents the
highest reflectance although this rapidly degrades when exposed to air. A MgF2 coating can pro-
tect the Al surface from oxidation and preserve high reflectance in the VUV for long periods of
time. As for dielectric materials, much attention has been paid to PTFE because it is known to
be compatible with the high purity and low radioactivity requirements, and is therefore a mate-
rial of choice for electrical insulation and light enhancement in DM detectors. The exact values
of PTFE reflectivity for xenon scintillation light are still being discussed; in fact, they depend on
the manufacturing technology and surface treatment. Importantly, it is found that the reflectivity
of a PTFE surface in contact with liquid xenon is enhanced quite significantly relative to that in
vacuum (see Figure 16, left). Values in excess of 90–95% have been reported for the PTFE/LXe
interface [168, 169, 170].

A detailed knowledge of the angular reflectivity profiles is also important for correct modeling
of the detector response. Recently, there have been new efforts to determine the reflectivity profiles
of some materials of interest for detector construction at the xenon emission wavelength [171, 166,
172]; some results are shown on the right panel of Figure 16.
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Figure 16. The VUV reflectance of some materials employed internally in noble liquid chambers is shown
left. Data for Al [160] and Cu [161] are for freshly evaporated films and the ensuing degradation from
build-up of the native oxides; a logarithmic decrease of reflectivity up to 3 years after Al evaporation was
reported in [162]. Data for Al passivated with MgF2 (both deposited by evaporation) is from [163]; a
similar coating on a chemically-etched surface was used in the 80 kg LXe detector in [164]. Data for
stainless steel is from [165]. Measurements with pressed, polished PFTE illuminated with Xe scintillation
light in vacuum were reported in [166]; an angle-averaged value is indicated here. A model extrapolation
for the angular reflectance of a PTFE/LXe interface is shown on the right ([167], courtesy C. Silva). The
increase in specular reflection relative to the interface with vacuum increases the angle-averaged reflectance
to approximately 90%. Some experimental measurements suggest even higher reflectivity for the PTFE/LXe
interface [168, 169, 170].

4.3 Ionization charge

4.3.1 Ionization yields and transport properties in the liquid

The number of primary ionizations, Ni, created in the liquid by a particle is significantly larger
than the number of excitations, Nex, for electrons and comparable in the case of nuclear recoils
(see Table 2). For the ionization signal to be detected, the following conditions must be met:
i) charge carriers must escape recombination; ii) their mobility in the electric field must be high;
iii) the probability to form low mobility states along the drift path must be low, and iv) a high gain
amplification mechanism is required in order to form a measurable signal.

The ionization process results initially in the creation of free electrons and positive ions R+;
the treatment of dielectrics in solid state physics provides the relevant framework here, and in
this context we would refer to these positive ions as ‘holes’. Holes are rapidly localized through
formation of molecular ions R+

2 within picoseconds (see [94] and references therein). The electrons
lose their kinetic energy in inelastic collisions, producing more ionizations and excitations, and in
elastic collisions with atoms, producing heat (or ‘phonons’, to carry the solid state analogy further),
until thermal equilibrium with the medium is reached.

Recombination prevents some of the charge created initially from being collected by an elec-
tric field; this fraction depends very much on the type of particle and its energy, as discussed in
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Table 2. Some properties of LAr and LXe relevant for particle detection. W is the W -value and F is the
Fano factor, both for electrons; Nex/Ni is the ratio of the number of primary excitations to the number of
ionizations in the particle track; υe is the electron drift velocity, µ is the mobility given for several ions
(TMSi stands for trimethylsilane). The ion drift velocity is a linear function of electric field, υ =µE . This
is also true for electrons at low field, until their energy begins to deviate from thermal.

LAr LXe

Eg, eV
solid 14.2 a) 9.28 a)

liquid – 9.22±0.01 b)

W , eV 23.6±0.3 c) 15.6±0.3 d)

F 0.116 e) 0.059 e)

Nex/Ni

electrons 0.21 f ) 0.13 f )

nuclear recoils – ∼ 1 g)

υe, cm/s
E =1 kV/cm 2.6×105 h) 2.25×105 h)

E =10 kV/cm 4.9×105 h) 2.8×105 h)

µ , cm2/(V· s)
Ar+ in LAr or Xe+ in LXe 0.2×10−3 i) 3.5×10−3 j)

TMSi+ – 0.2×10−3 k)

O−2 0.2×10−3 i) 0.7×10−3 k)

a)[70]; see [173, 142, 174] for other measurements and references. The agree-
ment between data for the band gap for the solid state is better than 0.5%;
b)[71]; c)[136]; d)[72]; e)[69];
f )[73]; for LXe, an average value between that expected from theory (0.06) and
that suggested by experiment (0.2) is given; for LAr, these values agree;
g) [74, 75]; h) [175]; i) [176]; j) [177]; k) [178].

Section 4.2.2. For high energy particles, &100 keV, which leave a well-defined ‘long’ track in
the liquid, the dE/dx approach works relatively well: the higher the dE/dx value the stronger
the recombination. Thus, for the low-LET ∼1 MeV electrons (dE/dx ∼1 MeV cm2/g) about
90% of the charge created initially can be extracted by applying a field of the order of a few
kV/cm [94, 150, 149], while for α-particles (dE/dx∼500 MeV cm2/g) a field of∼20 kV/cm in liq-
uid argon, or∼80 kV/cm in liquid xenon, is required to collect about 20% of the charge [148, 147].
Figure 13 on page 30 shows some of the available data on the charge yield as a function of electric
field for different particles.

For low energy particles which are of interest for DM and CNS searches, the ionization pattern
presents no cylindrical symmetry and therefore dE/dx is no longer a good parameter to describe
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the charge yield. For example, higher yield is observed for nuclear recoils than for α-particles in
liquid xenon in spite of comparable dE/dx values for both projectiles. The yield dependence on
the applied field is also quite different as Figure 13 attests. Although some absolute figures for
the charge yield for xenon recoils are known, it is not clear yet how much ionization is originally
created in the liquid by these particles.

The usual way to characterize a medium with respect to its ionization ‘capacity’ is through
the energy expended per electron-ion or electron-hole pair W = E0/Ni, where E0 is the energy
transferred to the medium by a particle and Ni is the number of initially created electron-hole
pairs. The Platzman equation (4.1) allows one to express it through other quantities characterizing
the detection medium (see Section 4.1). The W -value is a convenient practical parameter but its
measurement is not easy. Experimentally, absolute charge measurements are inherently challenging
for low energy interactions, although the single electron signal measured in double-phase detectors
provides an ideal calibration standard. However, the main problem rests with the fact that the charge
observed at an electrode is not necessarily equal to that initially created by the passing particle. This
can often be due to attachment of electrons to impurities, but the main reason is recombination,
which in principle exists at any finite field strength. Therefore, in order to determine the number of
electrons created promptly by a particle, Ni = Q0/e, one needs to extrapolate the extracted charge,
measured as a function of electric field, E , to an infinitely large field. In turn, that requires the
assumption of a model describing this dependence. In the absence of a complete model, it is
generally accepted that the parameterization Q(E ) = Q0/(1+ k/E ) works well for the purpose,
although the physical assumptions made to derive this expression are not strictly valid for liquefied
rare gases. This equation was first obtained by Jaffé to describe recombination in a column of
positive and negative ions with equal mobilities [179], which is far from being the case for the
noble liquids (see Table 2). Besides, recombination is treated as a perturbation in this approach,
which might be acceptable for gases but certainly not for liquids. 11

Assuming the above dependence for Q(E ), linear fits of 1/Q against 1/E provide 1/Q0 as the
vertical axis intercept, thus allowing Ni to be determined. The W -values for liquid argon and xenon
have been measured in [136, 72, 181]. Table 2 presents commonly adopted values for W , although
other values have been also reported (for example W=13.6±0.2 eV for liquid xenon [181]).

Electrons which escape recombination drift relatively quickly in heavy noble liquids [175,
182]: at a field of 1 kV/cm their drift velocities in LAr and LXe are very similar (2.6 mm/µs
and 2.25 mm/µs, respectively). At higher fields, the drift velocity increases more rapidly in liquid
argon, reaching 4.9 mm/µs compared with 2.8 mm/µs in xenon at E = 10 kV/cm (see Table 2).
In argon, it continues to increase at least up to 100 kV/cm, while in xenon it saturates already at
10 kV/cm [175]. (In liquid neon and helium a gas bubble is formed around the drifting electron,
thus reducing its mobility dramatically — see [183].)

The drift velocity of positive carriers at ordinary fields is a factor of ∼105 lower than that of
electrons and, therefore, their motion is not detectable in most experiments. It has been noticed

11The constant k in the above parameterization characterizes the recombination strength. Representative values are:
for a few hundred keV electrons and γ-rays k ≈ 0.56 kV/cm in LAr and ≈0.42 kV/cm in LXe [180]; k ≈ 2.4 kV/cm for
15.3 keV X-rays [151]; k∼ 470 kV/cm for α-particles (obtained with a different parameterization, but one in which k still
combines with the field strength in the same way, i.e. also through the ratio k/E [138]). A more complete compilation
can be found in [6, p.340].
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that the mobility of positive carriers resulting from the ionization of xenon atoms is significantly
higher than that of other positive ions — a fact attributed to hole-type conductivity [177, 178]. The
same does not happen in liquid argon, in which the same mobility has been measured for positive
carriers and O−2 ions [176]. This indicates that positive ions actually drift physically in liquid argon,
similarly to the transport in gases, while in liquid xenon it is the vacancy that moves, very much
like in solids (for comparison, in solid xenon and argon the hole mobility is about 2·10−2 cm2/(V·s)
for both elements [184]).

The high mobility of negative charge carriers can decrease significantly in the presence of even
a very small amount of electronegative impurities, such as O2, water and some other molecules.
These molecules can capture free electrons and form negative ions with extremely low mobility (for
example, µ(O−2 ) ≈ 0.2 · 10−3 cm2/(V·s) in LAr and 0.7·10−3 cm2/(V·s) in LXe [177, 178] — see
Table 2 — resulting in drift velocities of a few mm/s at practical electric fields). The probability
for an electron to be captured by an impurity species depends on its concentration, the reaction
rate constant and the path length of the electron on its way to the anode. Therefore, purification
of liquefied rare gases to better than ppb level is a critical issue. (Impurities can also affect the
scintillation light yield and time constants as mentioned previously.)

Another aspect to consider is electron diffusion during their drift in the electric field. Diffu-
sion in noble liquids is much lower than in the respective gas and this is why measurements of the
diffusion coefficients are difficult. For electrons in thermal equilibrium with the medium and at
zero field, diffusion is isotropic and is characterized by a diffusion coefficient D, which is related
to the zero-filed electron mobility µ0 through the Einstein equation eD/µ0 = kT . With increasing
fields, the electron energy rises and their mobility begins to deviate from µ0. The equation can be
modified to eD/µ =F〈ε〉, where 〈ε〉 is the mean electron energy and F is a constant depending
on the electron energy distribution (for example, for Maxwell’s distribution function F =2/3). In
the presence of an electric field, however, the diffusion process is no longer isotropic and occurs
predominantly in the plane perpendicular to the electric field. Two diffusion coefficient are there-
fore required: DT for transverse diffusion, and DL for longitudinal diffusion. For liquid xenon,
a ratio DL/DT ∼ 0.1 is rather well verified for fields &1 kV/cm [93]; for a field of 730 V/cm,
DL/DT ∼ 0.15 has been obtained [185]. In the zero-field limit this ratio should approach unity.

Absolute values for diffusion coefficients in liquid xenon are not well measured but some
indicative figures can be presented: DT ∼100 cm2/s has been reported for 1 kV/cm, decreasing to
∼50 cm2/s for 10 kV/cm; for DL the values are an order of magnitude lower [93, 8]. Theoretical
estimates in [186] result in DT ≈ 85 to 100 cm2/s which vary only very weakly with field in the
range from 100 V/cm to 10 kV/cm. Recent measurements indicate DT ≈30 cm2/s with variation
of about ±5 cm2/s in the field range of 0.5 to 1.2 kV/cm [187]. For longitudinal diffusion, a value
DL = (12±1) cm2/s has been reported [185].

Less information is available for liquid argon. Transverse diffusion is studied experimentally
in [188]. The authors present values for the characteristic energy of electrons eD/µ between 0.1 eV
and 0.4 eV for fields 2 to 10 kV/cm, which are consistent with some earlier measurements and also
with predictions from Lekner’s theory. In terms of diffusion coefficient this translates to ∼ 3 cm2/s
for 1 kV/cm and ∼ 16 cm2/s for 10 kV/cm. Somewhat higher values were reported in [182] for
low fields. Those authors report 13 cm2/s for 1 kV/cm and 9 cm2/s for 300 V/cm. The effect of the
liquid temperature was also studied in this work. The ICARUS group reported on the longitudinal
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diffusion coefficient in LAr at fields of ∼100 V/cm : DL =(4.8±0.2) cm2/s [189]; this value was
also referred in a more recent publication from this group [190].

The impact of electron diffusion on the performance of DM and CNS search detectors in not
expected to be very significant (for current designs, at least). For a 1 m drift in LXe in a field
of 1 kV/cm one can estimate that an initially point-like electron cloud will spread over a distance
σx = (2DL/υe)

1/2 ≈ 4 mm. This smearing can even be turned into an advantage when considering
very low detection thresholds for nuclear recoils, as argued in [185]: for very low recoil energies
with no observable S1 signal, the width of the S2 signal can provide information on the drift time
of the electrons and hence help fiducialize the sensitive volume.

4.3.2 Liquid purity

From a practical point of view, the purity problem has several facets. Firstly, one must consider
the purity of the gas to be liquefied. The purity supplied by the manufacturer is an important
starting point but never sufficient — the contamination is usually of order parts per million (ppm).
Therefore, additional on-site purification is required. Much effort has been put into this over the
last decades and numerous purifiers have been developed; nowadays commercial getters (operating
hot or cold) can deliver sufficient purity for most applications: free electron lifetimes of ∼1 ms
can now be achieved, providing >1 m drift distances. There are also a number of distillation
and vapor evacuation tricks that can help remove inert impurities present in elevated quantities
and which are not removed efficiently by most getters. A common problem, which still has no
simple and reliable solution, is to know exactly which impurities actually contaminate the system.
The impurity monitoring is best done with a residual gas analyzer using mass spectrometry. Its
sensitivity is limited by a high partial pressure of the bulk gas; however, using a cold trap between
the gas inlet and the mass spectrometer can improve the sensitivity to ppb levels [191]. Oxygen
and water are the most common electronegative contaminants, but it is not unusual to measure
electron lifetimes which decrease with electric field, just opposite to what would be expected for
these species [192]; N2O is often blamed for this behavior but, to our knowledge, the evidence for
its presence in most systems is not conclusive. The presence of nitrogen has been detected in some
setups where a significant reduction of secondary light in the gas phase was observed; in double-
phase systems, a significant nitrogen concentration can build up in the thin gas layer above a large
LXe target to quench the secondary scintillation completely.

No less important is the cleanliness of the experimental setup, including detector components
and the gas handling system. Standard ultra-high vacuum (UHV) techniques should be adhered
to whenever possible, to minimize contamination of the gas due to outgassing of materials, or
from inappropriate component handling, cleaning or storage. A rigorous selection of ‘wetted’
materials is essential, and special surface treatment of metallic surfaces to reduce porosity and
diffusion is very desirable. The choice of electrical insulators should be subject to special attention:
the large surface and bulk porosity of many such components can lead to a high outgassing rate.
Implementation of rigorous storage, handling and cleaning protocols is essential: the system must
be assembled in a clean environment, after ultrasonic cleaning of all components using the right
solvents in the correct sequence.
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After ensuring that the system is leak-tight, baking under high vacuum and at maximum al-
lowed temperature for long periods (days to weeks, depending on dimensions and system com-
plexity) is the next important step. This is not always feasible for detectors operated underground
(for safety reasons) or when delicate internal components are involved (e.g. some photo-sensors
and vacuum seal techniques). Systems built from low-outgassing materials and following strict
gas handling procedures have sustained adequately large electron lifetimes for longer than a year
without re-purification [193]. On the other hand, some of the largest noble liquid detectors to-
day contain large amounts of fluoropolymers such as PTFE to enhance VUV reflectivity, and this
leads to very high outgassing rates. In this instance, continuous pump-driven purification of the
gas is often used: some gas is taken from the detector, recirculated through the purification system
and condensed into the detector again; purification directly in the liquid phase is also possible but
technically more challenging.

Finally, the issue of radio-purity is intimately connected with this discussion. For example,
most commercial getters are not suitable for application in rare event searches due to very signif-
icant radon emanation rates. 222Rn atoms wash into the detector where they decay, and (metallic)
radioactive progeny will subsequently plate-out internal surfaces; some are α emitters, which can
cause nuclear recoils into the active volume. Radon mitigation is also related to component clean-
ing and storage (typical Rn concentrations in air give 1–100 Bq/m3), especially in systems which
cannot fiducialize the active target very accurately (such as those relying only on scintillation).

For further information on purification methods, material selection and techniques for obtain-
ing acceptable purity of the liquid the reader is referred, for example, to [5, 7, 194] and references
therein. We can also refer [195, 155, 50, 196, 197] for some gas purification systems.

4.4 Combined signal

When detecting either scintillation or ionization due to a particle, what is actually observed
is an electrical signal which is proportional either to the number of emitted VUV photons,
S1 ∝ Nph = Nex + rNi, or the number of free electrons, S2 ∝ Ne = (1− r)Ni, where r is the charge
recombination fraction for a given particle species, energy and electric field (note that S2 may be
measured by means other than proportional scintillation). In the limit of infinite electric field, all
initially created electrons escape recombination and therefore direct excitation is the sole mecha-
nism leading to photon emission; in general, r > 0, i.e. the charge signal is smaller and the scintil-
lation signal is larger due to recombination.

Both Nph and Ne are subject to statistical fluctuation — however, not independently. They are
constrained by the total energy transferred to the medium by the particle, as indicated by equa-
tion (4.1) in the case of electrons. Therefore, fluctuations of a linear combination of S1 and S2
with suitably chosen coefficients are expected to be much smaller than fluctuations of each of the
two signals separately. The idea of using the combined signals to form an improved energy esti-
mator was originally proposed in [112] but it was not sufficiently appreciated at the time and was
implemented only much later [198]. Presently, LXe dark matter experiments use a combined sig-
nal mostly to characterize detector performance and electron backgrounds, exploiting the improved
linearity and energy resolution thus made possible.

It has been proposed in [108] that the best estimator for the energy of an electron recoil event
can be obtained by recognizing that Ni +Nex = Nph +Ne for any value of r. Making this re-
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placement in the definition of W min
s = E0/(Ni +Nex) leads to the recombination-independent sum

E0 = (Nph +Ne) ·W min
s . Note that W min

s corresponds to the ‘flat top’ response in Figure 11 on
page 23, i.e when complete recombination occurs at zero field (see also [73]); it can be measured
from fixed energy interactions (e.g. 57Co γ-rays) by varying the electric field applied to the liquid,
which effectively scans through Nph and Ne whilst keeping their sum constant (see Table 1 for W min

s

values).
As for the energy resolution, we recall that the observables S1 and S2 are proportional — but

not identical — to Nph and Ne, respectively; the number of quanta actually detected can be substan-
tially lower than the number released at the particle track — especially in the case of scintillation —
and this implies that minimizing the variance of the combined signal may require different coeffi-
cients to those suggested by the equation for E0 above. By exploiting a combined energy estimator,
σ/E ≈ 3.4% for 122 keV γ-rays [199], σ/E ≈ 3% for 570 keV [198] and σ/E ≈ 1.7% for 662 keV
γ-rays [200] have been achieved in liquid xenon. The resolution improvement is more pronounced
at high energies but still significant below 100 keV [199, 201, 202, 197]. For example, for 40 keV
γ-rays XENON100 reported σ/E ≈ 16.2% when measured with the primary scintillation signal
only, and ≈9% for the combined signal [197]. In ββ -decay experiments any improvement in en-
ergy resolution is extremely important; EXO-200 uses the combined scintillation/ionization signal
to achieve σ/E = 1.67% at the Q-value in 136Xe (2,458 keV) [203].

In WIMP and CNS searches, precise reconstruction of nuclear recoil energies is even more im-
portant, but unfortunately harder to achieve at present. Currently, most double-phase experiments
utilize the S1 response together with independent measurements of the relative scintillation effi-
ciency for nuclear recoils in this reconstruction, as discussed in Section 4.2. Therefore, this ignores
information encoded in the ionization response. In [74] it is argued that a combined energy scale
should also be applied in this instance, but specifically to the fraction fn of nuclear recoil energy
transferred to electronic excitations (i.e. including ionization and atomic excitation, but excluding
the energy lost in elastic collisions with atoms): E0 = (Nph +Ne) ·W min

s / fn. In that study the au-
thors find that fn as predicted by Lindhard’s theory is in general agreement with experimental data
for LXe. More measurements with simultaneous acquisition of scintillation and ionization signals,
especially reaching below 4 keV (see Figure 12), are required to consolidate this approach.

4.5 Electron emission from liquid to gas

With double-phase detectors, the combination of large active detector masses with exquisite sen-
sitivity to two response channels — at the level of single carriers in ionization and a few photons
in scintillation — is bringing about a steep improvement in sensitivity for dark matter searches
and may soon allow a first detection of coherent neutrino scattering. Ultimately, this is due to the
possibility to extract electrons across the liquid surface. In addition to providing amplification of
the ionization signal in the gas, this also allows the ionization response to be transduced into an
optical signal, so that the same photon detectors can be used for both signatures. The fact that
free electrons can cross, under moderate electric field, the liquid/gas boundary has been known for
more than 60 years [1]. Owing to its application to particle detection, electron emission has been
extensively studied for several decades (for example, [46], [204] and many others — see [9] for
more references). The decisive impetus to this technique came in the last decade from the growing
interest in direct detection of WIMP dark matter, which led to several programs worldwide.
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Figure 17. Illustration of the electron emission process in double-phase xenon; the figure shows the potential
energy of excess electrons near the liquid-gas interface calculated from the model in [206], with different
electric field strengths indicated for the liquid.

The potential energy of a free electron in the liquefied heavy rare gases is somewhat lower than
in the gas or vacuum (by 0.2 eV in liquid argon and 0.67 eV in xenon — see V0 value in Table 3).
Therefore, it is energetically advantageous for electrons to remain in the liquid phase. However,
some electrons in the upper tail of the Maxwellian velocity distribution can overcome the barrier
if there is even a weak electric field forcing them to approach the surface. With increasing drift
field strength, the thermal equilibrium between electrons and the liquid is broken and the mean
electron energy starts to increase — already at a few tens of V/cm [205]. Another effect of the
external field is some reduction of the height of the potential barrier at the liquid-gas interface. The
barrier is the sum of two components: the potential step of height V0 and the image potential of a
charge placed above the liquid surface. The distance at which the resulting potential curve in the
gas phase reaches its maximum also depends on the field strength, as illustrated in Figure 17. The
maximum approaches the liquid surface with increasing field, thus reducing the probability of the
electron back-scattering into the liquid (for example, at 1 kV/cm the maximum is ≈60 nm from
the surface, while at 5 kV/cm it is only ≈20 nm away). Finally, under an applied field the electron
velocity distribution in the liquid gains some anisotropy towards the surface, also resulting in a
higher emission probability.

It is usually considered that electron emission occurs through two mechanisms: emission of
‘hot’ electrons and ‘thermal’ emission. The first mechanism refers to the case when the mean
electron energy is higher than the mean thermal energy and also greater than V0, so that a significant
fraction of the electrons approaching the liquid surface has sufficient kinetic energy to overcame
the potential barrier and thus pass immediately into the gas phase. Many electrons, however, do not
cross the surface barrier at the first attempt. They are reflected back into the bulk of the liquid and,
after a number of scatterings, return to the surface guided by the field. Again, those which do have
energy above the barrier cross it, but the remainder return to the bulk and so forth. This process is
similar to thermal evaporation from the tail of a Maxwell-Boltzmann distribution, hence the name
‘thermal emission’ for the second mechanism. We note, however, that the mean energy of these
electrons is not necessarily equal to the thermal value.
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Figure 18. Probability of electron emission from liquid to gas as a function of electric field. Re-drawn from
data in [207].

The relative contribution from these two processes depends on the V0 value (Table 3) as well
as on the field strength. In liquid argon, two very distinct time constants have been observed for the
emission time [207, 208, 209]: a fast component of the order of 1 ns or less and a very slow emission
up to ∼1 ms at E ∼ 100 V/cm, the latter explained by electron trapping under the surface [208].
The time constant of the slow component depends on the field as 1/E as suggested by the thermal
emission model. A similar phenomenon, although less pronounced, has also been reported in liquid
xenon detectors [37, 210]. In liquid xenon, the surface barrier is higher than in argon and, therefore,
a lesser contribution from thermal emission is expected, and the longer emission time is limited, in
practice, by electron attachment to impurities. A much higher emission threshold for xenon is also
consistent with the above considerations (see Figure 18, where the emission efficiency is presented
as a function of electric field).

We recommend [204, 206, 9] and references therein for additional information.

Table 3. Electron emission coefficients for LAr and LXe. V0 is the electron energy in the liquid relative to
the vacuum level; Eth is the threshold field for electron emission; Ec is minimum field strength for which
the mean electron energy begins to deviate from thermal; 〈εth〉 is the mean electron energy at E = Eth; 〈εsat〉
is the mean electron energy at the field corresponding to saturation of the emission curve (Figure 18). Data
from [142, 204, 205, 207].

LAr LXe

V0, eV −0.2±0.03 (83 K) −0.67±0.05 (161 K)

Eth, V/cm 250 1750

Ec, V/cm ∼60 ∼20

〈εth〉, eV ∼0.02 ∼0.3

〈εsat〉, eV ∼0.12 ∼0.4
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4.6 Electrons in the gas phase

Once in the gas phase, electrons can easily be accelerated by the applied electric field to sufficient
energies to excite the gas atoms (and thus produce secondary scintillation, also known as electro-
luminescence) or even to ionize them resulting in a cascade of secondary electrons (avalanche).
The latter process is widely used in gaseous detectors and has been very well studied in various
gas mixtures. It allows very high amplification gains to be achieved and signals due to a single
initial electron to be detected (however, not with 100% efficiency). Charge multiplication has also
been tried in the gas phase of double-phase systems, but unsuccessfully. Discharging occurred
already at gains of a few hundred [211] (see also [212]). As the excitation energy is lower than
the ionization potential and Ar and Xe are both very efficient scintillators, plenty of photons are
produced in the avalanche. Such VUV photons cause photoelectric feedback effects at cathode
electrodes with high probability, resulting in secondary avalanches. Strong purity concerns and
low temperature do not allow much scope for traditional solutions — such as adding quenching
molecules. Nevertheless, signal amplification through electron multiplication in the gas layer of
a double-phase system continues to attract interest. As has been shown recently, structures such
as GEM, THGEM, LEM or similar devices may offer a promising solution for this problem. This
topic is discussed in Section 5.2.

Contrary to electron multiplication, secondary scintillation does not seem to have any sig-
nificant drawbacks except the need to detect VUV photons. It does not require any admixtures
and is in fact most efficient in the pure rare gases. It was proven to work in medium-sized de-
tectors in the early 1980s [213, 214] (see [9] for more references). The electroluminescence re-
sponse has now been shown to provide stable operation in underground experiments over periods
of ∼1 year [215, 56].

A single electron extracted from the liquid can produce hundreds of photons along its drift
path. In the ZEPLIN-III configuration, for example, one electron extracted into the gas produced
some 300 VUV photons, resulting in a total signal of about 30 photoelectrons at the PMT photo-
cathodes [37] (see also Figure 6).

The mechanism of secondary scintillation is well understood and is similar in argon and
xenon [216]. Atoms are initially excited by electron impact to one of the lowest excited states,
3P2, 3P1, 3P0 and 1P1 (all of these corresponding to the electronic configuration 3p54s1). Excita-
tion to higher levels, namely those corresponding to the configuration 3p54p1, is also possible but
less probable. Relaxation of these states occurs through the transition 4p→ 4s with emission of
an infrared photon, or non-radiatively via collisions with other atoms. At low gas pressure (less
than a few mbar), collisions between atoms are rare so that the excited atoms have enough time
to decay to the ground state 1S0 (if the transition is not forbidden by the selection rules, as is the
case of 3P2 and 3P0, which form metastable states). The allowed transitions 3P1→1 S0 and 1P1→1 S0

occur with emission of VUV photons with wavelengths of about 107 nm and 105 nm in argon,
and 147 nm and 130 nm in xenon, with a narrow spectrum. As the gas density increases, the col-
lision frequency also increases and formation of diatomic excimers Ar∗2 or Xe∗2 in 3Σ+

u (0
+
u ) and

1Σ+
u (1u) becomes more probable. Therefore, a wider molecular continuum at longer wavelengths

starts to appear in the emission spectra [217]. At gas pressures of 1 bar and above the atomic lines
are very much suppressed so that the emission spectrum shows only the second continuum, which
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corresponds to transitions from the lowest vibrational levels of the 3Σ+
u (0

+
u ) and 1Σ+

u (1u) states to
the ground level. The observed spectrum is rather similar to that of primary scintillation in the
liquid except for a small difference in the peak position and its width, especially in xenon (in ar-
gon, λliq = 129.6 nm, ∆λliq ≈ 10 nm, λgas = 128 nm, ∆λgas ≈ 10 nm; in xenon, λliq = 178.1 nm,
∆λliq ≈ 14 nm, λgas = 171 nm, ∆λgas ≈ 12 nm — data from [105] for liquids, and [218] for gases).
The difference in wavelength is due to the fact that the exciton energy levels in the liquid are slightly
shifted down with respect to the excimer levels in the gas.

The number of photons emitted by an electron in a uniform electric field is proportional to the
drift path length. The light yield per cm is well described by a linear function of E/n [219]:

1
n

dNph

dx
= a

E
n
−b [photons·cm2/e] , (4.8)

where E is the field strength (in V/cm) and n is the number of rare gas atoms per cm3 (related to
the gas density ρ through n = NAρ/A, being NA Avogadro’s number and A the atomic number);
a and b are gas-specific empirical coefficients. Secondary scintillation is a threshold process, re-
quiring a minimum field E/P ≈ 1.0±0.3 kV/cm/bar at room temperature (if the temperature is
different, P should be treated as the equivalent pressure at room temperature for the same gas den-
sity). In terms of number density, the threshold is E/n ≈ (4±1) · 10−17 V·cm2/atom. The stated
uncertainty reflects the variability of data published by different authors. A recent compilation of
the coefficients a and b for xenon can be found in [220]. Despite more than 30 years of such mea-
surements, the light yields reported by different authors differ by a factor of up to 2 even for recent
data, with most lying below the values predicted theoretically [221, 222]. This can be explained by
the difficulty in achieving precise absolute calibration of the photon detectors used in the measure-
ments, accounting correctly for light reflections and non-uniformity of both light collection and
photoelectric conversion efficiency across the PMT photocathode or photodiode.

The secondary scintillation light yield of xenon was found to increase with decreasing temper-
ature. In saturated xenon gas at −90oC it was measured to be a factor of 1.5 higher than at room
temperature [223]. This might be attributed to the increasing probability of direct excitation of pre-
formed Xe2 molecules (and probably more complex aggregates Xen with n > 2), the concentration
of which increases when approaching the saturation point [213].

Concerning argon, scarce data are available on secondary scintillation in this gas even at room
temperature and no data exist for saturated vapor, to our knowledge. Recent measurements in argon
gas at room temperature [224] show that the light yield can also be described by a linear function
of E/n, as above, with coefficients a and b given in Table 4. On average, the light yield in argon is
a factor of about 2 lower than in xenon.

For practical purposes, a more convenient parameterization of the light yield as a function of
field strength and gas pressure is:

dNph

dx
= αE−βP− γ [photons/(e·cm)] , (4.9)

with E in V/cm and P in bar. It takes into account the fact that the density of the saturated vapor is
described by a linear function of pressure, ρ(P) = a0 +a1P, which is a good approximation up to
at least 10 bar [225]. The coefficients are shown in Table 4, and the number of photons generated
by one electron over a distance of 1 cm is plotted as a function of E in Figure 19.
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Figure 19. Number of secondary scintillation (electroluminescence) photons generated by an electron trav-
eling 1 cm in saturated gas at different gas pressure (indicated next to each curve, in bar) as a function of
electric field; ‘t.p.’ stands for triple point and corresponds to a pressure of 0.6889 bar for Ar and 0.8175 bar
for Xe). For xenon, the data are from [223], taken in double-phase at T = 183 K; for argon, data are
from [224] measured at room temperature. Thermodynamic data are from [225].
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Table 4. Secondary scintillation coefficients in equations (4.8) and (4.9); a and b are according to [224] for
argon (measured at room temperature) and [223] for xenon (measured in saturated xenon vapor in a double-
phase chamber). The coefficients α , β and γ are calculated by the authors with densities and pressure
from [225].

Ar Xe

a, V−1 0.0813 0.137

b, cm2 1.90×10−18 4.70×10−18

α , V−1 0.0813 0.137

β , bar−1·cm−1 139 177

γ , cm−1 30.6 45.7

Secondary light emission in pure noble gases in the visible and near infrared regions has re-
cently received some interest in view of advances in solid state photon detectors sensitive at these
wavelengths. Published data on the light yield are scarce and not consistent, indicating, however,
that it is significantly lower than in the VUV region.

For Ar at atmospheric pressure, a yield of∼3 photons/(e·cm) was measured at E = 6.3 kV/cm
(E/n = 25 · 10−17 V·cm2) in the range 690–1000 nm, in good agreement with calculations [226].
It should be noted that at this field there is already some electron multiplication with a gain of ∼9.
For unity gain (E/n < 7 · 10−17 V·cm2, i.e. E < 1.7 kV/cm), the maximum light yield achieved
is ∼0.2 photons/(e·cm). In a more recent study [89], values of ∼60 and ∼2 photons/(e·cm)
have been reported for E/n = 25 · 10−17 V·cm2 and 7 · 10−17 V·cm2, respectively. The measure-
ments were done at T =163 K and P=0.6 bar, i.e. in argon gas of approximately the same density
as in the studies reported in [226]. For comparison, the VUV yield is ∼90 photons/(e·cm) for
E/n = 7 ·10−17 V·cm2 [224].

It was also found that the yield in the NIR region, 1/n ·dNph/dx, as a function of E/n follows
the same linear law which has been established for the VUV light through equation (4.8), but with
smaller slope and about three times higher threshold of E/n= 6.5·10−17 V·cm2, i.e. E ≈ 1.7 kV/cm
(about 570 V/cm for VUV; P =1 bar). Note the proximity of the threshold to the minimum field
required for electron multiplication. These facts indicate that the excitation to higher atomic states,
resulting in the emission of NIR photons, becomes appreciable only near the ionization threshold.

In Xe gas, secondary scintillation in the wavelength regions 3–14 µm [227] and 0.7–1.6 µm [92]
has been observed, but unfortunately not quantified.
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5. State-of-the-art technologies and methods

5.1 Detection of the VUV light

5.1.1 Photomultiplier tubes

All liquefied rare gases scintillate predominantly in the vacuum ultraviolet region. Liquid xenon
has the longest wavelength of 178 nm, while argon emits at 130 nm [105] and neon at about
80 nm [228]. Xenon and argon light can be directly detected with photomultiplier tubes (PMTs) if
a special entrance window transparent to the short wavelengths is used. For xenon light, a quartz
window will be sufficient, while a magnesium fluoride or lithium fluoride window is required to
detect the light from liquid argon. Quartz window PMTs are more expensive than ordinary tubes
with borosilicate glass window, but not prohibitively so, and can be manufactured with relatively
large diameter. Photomultipliers with MgF2 window are much more expensive and the window
diameter is usually smaller, two inches at most. In addition, no ultra-low background PMTs have
been commercialized with these windows.

Therefore, for detection of liquid argon scintillation the most common solution is to use wave-
length shifting materials, which absorb VUV and re-emit the light at longer wavelength. For exam-
ple, p-terphenyl emits mostly between 280 nm and 350 nm, diphenyloxazolyl-benzene (POPOP)
shifts the light to the region 340–420 nm, diphenyloxazole (PPO) emits between 305 nm and
365 nm [229]. Tetraphenyl butadiene (TPB), which emits in the blue wavelength region from
400 to 470 nm [230, 231, 232], is a popular choice for large liquid argon detectors [233, 234]. A
more complete list of wavelength shifting materials can be found in [9, p.76]. The use of a wave-
length shifter in liquid xenon detectors can enhance the photon detection efficiency by ∼20%, but
it seems that the risk of contamination of the liquid, which can lead to a substantial reduction of
the electron lifetime, should not be neglected [235] (this work indeed reports that p-terphenyl can
dissolve in liquid xenon).

When using photomultipliers for these applications, one should take into account that the elec-
trical resistivity of the photocathode materials increases when the temperature decreases. This can
lead to saturation of the photocathode under illumination and to partial or even total loss of sen-
sitivity of the PMT due to photocathode charging. This effect is more accentuated for bialkali
materials, which have the highest photocathode sheet resistance, while multialkali photocathodes
are affected much less by the low temperature [236]. The critical temperature, at which a sharp
drop in sensitivity of bialkali photocathodes is observed, is related to the illumination intensity
and the photocathode diameter [237, 238]. For example, it was possible to operate a PMT with
25 mm photocathode diameter at photocurrents of up to 60 pA down to −125◦C, while for a
2-inch PMT at 6 pA photocurrent the sensitivity started to decrease sharply already at −100◦C. In
spite of that, bialkali photomultipliers were found to be suitable for most applications using liquid
xenon as a scintillator. Most photomultiplier tubes intended for low temperature applications were
provided until recently with radial metal strips deposited under the photocathode and connecting
the central photocathode region with the peripheral conducting ring, to which the power supply
is connected (Figure 20 a). This provides a faster compensation of the charge emitted from the
photocathode under illumination, so that higher irradiances can be withstood at lower tempera-
tures without degradation of performance. For example, 2-inch PMTs R2154 from Hamamatsu
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a)                                             b)                                         c) 

Figure 20. (a) Hamamatsu R7724Q-MOD tailored for LXe operation, featuring metal strips evaporated
under the quartz window to compensate for the increase in resistivity of the bialkali photocathode at low
temperature; (b) ETEL D766Q low background photomultipliers mounted on a stack of voltage distribution
plates (courtesy ZEPLIN-III Collaboration); (c) Extremely low radioactivity 3-inch Hamamatsu R11410
(courtesy Hamamatsu Photonics).

Photonics with metal fingers under the bialkali photocathode were successfully operated in liquid
xenon [169]; it was shown in [239] that 2-inch photomultipliers with metal fingers from ETEL
(model D730Q/9829QA) can withstand a photocurrent of up to ∼100 pA at LXe temperatures.

The quantum efficiency of the photocathode can also be affected by temperature, the effect
being different at different wavelengths. An increase in quantum efficiency by ∼10–20% at xenon
wavelength has been observed for a batch of 35 bialkali PMTs (ETEL model D730Q/9829QA)
upon cooling to −100◦C [239]. A similar increase by 20% had been previously noticed with a
R1668 Hamamatsu photomultiplier at 170 nm but not at 185 nm, for which almost no change was
observed [238]. In the same work, a much more significant variation of the radiant sensitivity at
170 nm, by up to a factor of 2 (also not present at 185 nm) was observed with a Philips XP2020Q
tube. A comparable (but wavelength dependent) decrease in the overall PMT response has also
been observed for other PMTs (Hamamatsu R8778, ETL D742 [240]). A recent study of the
Hamamatsu R8520 1-inch PMT [241] revealed an improvement in QE of ∼5–11% upon cooling.
These results highlight the importance of calibration of the photomultiplier tubes under the exact
conditions in which they will be used in real experiments.

In spite of the risk of saturation (notably with the higher photon rates required during calibra-
tion), bialkali photomultipliers are the most frequent choice in liquid xenon DM search experiments
because of their high quantum efficiency and low dark noise. In most cases 1- or 2-inch tubes have
been used, usually with conductive metal fingers, for operation while immersed in the liquid phase
(ZEPLIN-III [239], XENON10 [242], XENON100 [197], XMASS [243], LUX350 [244]). Larger
tubes (130-mm diameter ETEL D742Q) were successfully used in ZEPLIN-II [49]. These had a
thin platinum underlay to reduce the effect of photocathode charging at low temperature. Unfortu-
nately, this came at the expense of quantum efficiency (only 17% for xenon scintillation).

In liquid argon detectors, PMTs have to operate at even lower temperature (87 K). An 8-inch
model (ETEL 9357FLA) with platinum underlay as above was successfully used to detect liquid
argon scintillation [233]. With a TPB wavelength shifter on the PMT glass window, a quantum
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efficiency of ∼20% for liquid argon scintillation light has been reported; a batch of 54 such tubes
has been tested with visible light at 77 K in [245]. No dramatic changes were detected for most
PMTs. Compared to room temperature, a gain drop was observed at 77 K, varying from sample
to sample in the range from 15% up to a factor of 5. It was possible to compensate the gain
loss by increasing the anode voltages by ≈100 V. A 2- to 3-fold increase of the dark count rate
was also observed, which led to some deterioration of the peak-to-valley ratio in the single electron
response. The transit time jitter was measured to be twice shorter at 77 K than at room temperature;
the sensitivity decrease was 20% at 470 nm; good linearity was found up to 300 photoelectrons per
50 ns pulse at 10 kHz repetition rate (corresponding to 4.8 pA average and 1 nA peak photocurrent)
both at room and low temperatures.

A similar 8-inch tube with bialkali photocathode and platinum underlay from Hamamatsu
Photonics, model R5912-MOD02, was used in contact with liquid argon [54]. This tube was also
tested down to 29 K to investigate its applicability to detect liquid neon scintillation [246]. A
sharp loss of gain from ∼109 to ∼107 was observed near 75 K followed by some recovery at
lower temperatures. Mechanical deformations in the dynode system were suggested as the most
likely reason for the gain variations. In the same test, the relative photon detection efficiency
(photocathode quantum efficiency times photoelectron collection efficiency to the first dynode)
decreased by only 25% and at a higher temperature — about 100 K. The dark count rate initially
decreased down to 250 K, then rose gradually with further cooling and eventually reached a 3-fold
increase relative to the value measured at room temperature.

A 3-inch diameter ETL D747/9361 FLB photomultiplier tube was used successfully to detect
scintillation from liquid neon although the tube was kept at about 155 K in this experiment [84].

Recently, a special type of bialkali photocathode has been developed for low temperature
applications [247]. It is characterized by a lower sheet resistance, obviating the need for metal
strips or platinum backing of the sensitive layer. A more recent version of the 2-inch Hamamatsu
R7724Q-MOD is an example designed for operation at LXe temperatures with quantum efficiency
of ≈25% at 178 nm. The 3-inch models R11065 and R11410 (shown in Figure 20 c) have been
developed specifically for low background experiments with LXe and LAr [248, 249, 250].

Another important achievement is the development of new ‘superbialkali’ photocathodes with
significantly enhanced quantum efficiency by Photonis and Hamamatsu [247]. This progress was
achieved by using extremely pure photocathode materials and process tuning. Hamamatsu quotes
a typical value of 43% at 350 nm for Ultrabialkali (UBA) and 35% for Superbialkali (SBA) photo-
tubes [248]. A peak value of 55% is advertised by Photonis [251]. At the time of writing, there was
no information available on the quantum efficiency of these photocathodes below 200 nm. Opera-
tion at low temperature is also not guaranteed due to high sheet resistance. Deposition of a metal
pattern, as for normal bialkali photocathodes, might help extend the range to LXe temperature.

Good definition of the single photoelectron signal is also an important requirement for reliable
detection of faint luminous signals. For a good photomultiplier, the spectrum of anode pulses due to
single photoelectrons emitted from the photocathode should present a well defined peak, separated
from the exponential noise with a peak-to-valley ratio of about 2 or higher. As an example we
present the single electron spectrum measured with a 2-inch R7724Q-MOD tube (Figure 21 a). A
technique for in-situ calibration of single photoelectron responses in photomultiplier arrays under
exact data conditions is described in [252].
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Figure 21. Low signal response of several photon detectors discussed in the text: (a) Single photoelectron
response (dark counts) measured with a 2-inch Hamamatsu R7724Q-MOD photomultiplier with quartz win-
dow and Al fingers under a bialkali photocathode (courtesy V. Solovov and L. de Viveiros); (b) Response of
a 5-mm diameter LAAPD from Advanced Photonix to faint light pulses generating a mean of 4.3 electron-
hole pairs after pedestal subtraction (adapted from [253]; with permission from Elsevier); (c) 1×1 mm2

SiPM, Hamamatsu S10362-11-100U (courtesy F. Neves) (d) HPD from Delft Electronic Products, PP0270K
with Amptek 250 preamplifier (adapted from [254]; with permission from Elsevier); (e) 13-inch HAPD
(adapted from [255]; with permission from Elsevier); (f) QUPID (adapted from [256]; with permission from
Elsevier).
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Radioactivity of the photomultiplier components is a key concern in low background exper-
iments. In fact, PMTs can dominate the total radioactivity of a detector. For a model with glass
envelope, the emission rate of 40K γ-rays can be quite significant (up to ∼10 Bq per device for
normal glass [257]). Trace amounts of radioisotopes from the U/Th decay chains contribute to
both γ-ray and neutron background (the latter through (α ,n) reactions and spontaneous fission of
238U). Quartz has ∼104 lower content of 40K and ∼102 less 232Th and 238U than normal glass,
and so PMTs with quartz window are preferable from this point of view, too. An all-quartz
envelope would be ideal, but practically unattainable due to difficulties in welding the contact
pins. A significant effort is being made by manufacturers and research teams to reduce the back-
ground from photomultiplier tubes by rigorous choice of the raw materials used for all components.
For example, ∼103 γ-rays/day and ∼10−3 neutrons/day have been achieved in the 2-inch Hama-
matsu R8778 [258, 259], and a factor of ∼3 higher for the ETEL D766Q [202] (shown in Fig-
ure 20 b). A significant further reduction of radioactive backgrounds has been reported recently: a
prototype of a 3-inch R11410-MOD, developed by Hamamatsu, exhibits 24 times lower content of
238U, 9 times less 232Th and 8 times less 40K per PMT when compared with the R8778; this would
result in a reduction of PMT-induced nuclear recoil background by a factor of 36 in the LUX350
experiment, adding to a further reduction of electron recoil background [249].

Traces of radioactive nuclei are encountered also in the metal and ceramic parts of the electron
multiplication system. A typical 2-inch photomultiplier contains about 70 g of glass, 20 g of
metal and 10 g of ceramic [257]. Hybrid photomultiplier vacuum tubes, which do not use dynode
structures for amplification and in which the variety (and total mass) of the required materials can
be significantly reduced, are an attractive solution. In this type of device, photoelectrons emerging
from the photocathode are accelerated in a strong electric field up to energies of 10 to 20 keV and
focused onto a silicon detector. As silicon is virtually free of radioactivity and the mass of the
photodiode can be very small, the background from the inner part of the tube can be significantly
reduced (by a factor of ∼100 according to [260]). In addition, all non-metal parts can be made of
quartz. We shall discuss some hybrid devices in Section 5.1.4.

The exciting and fast-paced history of recent developments in photon detectors, including
vacuum-based, solid-state and their combinations, can be found in the review articles [261, 262,
251, 263].

5.1.2 Large area avalanche photodiodes

Silicon photodiodes with intrinsic amplification are an attractive alternative to photomultiplier
tubes. Their great advantage is much lower intrinsic radioactive background and smaller mass.
Moreover, higher quantum efficiency than can be achieved with PMTs is possible, especially in the
VUV wavelength region. Among the disadvantages one should mention lower amplification gain,
higher noise, and high cost per unit area. At present, two types of silicon photodiode with ampli-
fication are being considered as possible candidates to replace photomultiplier tubes: Large Area
Avalanche Photodiodes (LAAPD) operating in proportional mode, and multipixel devices operat-
ing in Geiger mode; the latter are frequently called Silicon Photomultipiers (SiPM) or Multi-Pixel
Photon Counters (MPPC).

A comprehensive review on advances in solid state photon detectors has been published re-
cently [263]. We therefore refer the reader to this work for detailed information on the subject and
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will consider here only some of the aspects that seem to us to be the most relevant for applications
in liquefied rare gas detectors.

In a silicon avalanche photodiode, photons are absorbed in an intrinsic (undoped) absorption
region which is sandwiched between a metal contact and a p−n junction. A reverse-bias voltage
of ∼0.2–2 kV is applied to the photodiode thus creating a field of >105 V/cm across the depletion
region near the junction. Electrons drifting through this region acquire sufficient energy to produce
secondary electron–hole pairs by impact ionization so that an avalanche is developed and thus
the initial photocurrent is amplified. In silicon, both electrons and holes can produce secondary
ionization.

The multiplication gain is a very steep function of the applied voltage, and dependent also
on temperature. Typically, gains ∼100–1000 are achieved at room temperature, being limited by
breakdown. At low temperature, higher gains can be achieved: values of 4·103 at 193 K [253] and
even ∼2·104 at 40 K [264] have been reported in the literature (the APD models were different
in these works). The practical gain is, however, limited by noise, which also increases with the
applied voltage.

In avalanche devices noise has two components of distinct nature. One is due to dark cur-
rent fluctuations, while the other results from the statistics of the multiplication process. The dark
current increases with voltage (i.e. with gain) but, on the other hand, it depends strongly on tem-
perature. For example, a reduction by almost a factor of 105 was observed with a 5 mm diame-
ter LAAPD from Advanced Photonix (API) [265] when cooled from room temperature down to
−100◦C [266]. At this temperature, corresponding to the typical operation point of liquid xenon
detectors, the dark current was less than 1 pA, while in normal conditions it was measured to be
of the order of tens of nA. The electronic noise was found to be practically independent of gain
for T < −40◦C and gains >5 [253], thus indicating that fluctuations of the dark current do not
contribute significantly in these regimes.

The random nature of the multiplication process results in additional fluctuations of the output
signal of avalanche devices, which is characterized by the excess noise factor F = 〈m2〉/M2, where
m is the stochastic multiplication gain and M = 〈m〉 is its mean value. For gains M� 1, the excess
noise factor is approximately linear with gain and therefore at high gains and low temperature the
noise is determined by gain fluctuations.

Several models of avalanche photodiode have been investigated as candidates for detection
of scintillation signals in liquefied rare gases. LAAPDs from API with 5 mm and 16 mm diam-
eter active areas were found to perform very well whilst immersed into liquid xenon [267, 268].
Scintillation signals from 5 MeV α-particles and conversion electrons were successfully detected
with energy resolution comparable to that measured with photomultiplier tubes. The quantum ef-
ficiency for xenon scintillation light was found to be >100% [267], suggesting a non-negligible
contribution from multiple electron-hole pair production by a single VUV photon (each photon
carries ≈7 eV, while the Si band gap is 1.12 eV). The authors are not aware of any published re-
sults on quantum efficiency for argon scintillation light; however, efforts are ongoing to extend the
sensitivity to shorter wavelengths. In liquid xenon, a maximum gain of ∼1000 was obtained with
API devices [267], above which degradation of the energy resolution due to excess noise became
noticeable. A gain of∼104 has been reported [269, 270] for 13×13 mm2 LAAPDs from Radiation
Monitoring Devices [271]. In all instances the photodiodes were directly immersed into the LXe.
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The same model from RMD was tested from 77 K down to liquid helium temperature [264].
A similar tendency of gain-voltage dependence was observed — the lower the temperature, the
steeper the dependence becomes, and the lower the breakdown voltage. Between 77 K down to
40 K multiplication gains up to ∼2·104 were obtained. However, with further cooling breakdown
appears at a bias voltage of only 500 V, even before appreciable amplification sets in. Moreover, an
abrupt degradation of quantum efficiency to about 15% of that at room temperature was observed
between 50 K and 35 K. These measurements were carried out with a red LED.

In contrast to photomultiplier tubes, avalanche photodiodes do not present a well defined single
photoelectron peak — signal amplitudes due to a single electron-hole pair have nearly exponential
distribution Figure 21 b). The reason resides in the multiplication process, different for a photo-
diode and a PMT (quasi continuous with gain of 2 at each step for the APD, versus a discrete
process with gain of 5–10 at each dynode in the case of a PMT). This makes detection of single
photons, a strong requirement for DM searches and CNS experiments, more problematic as it be-
comes more difficult to discriminate electronic and other exponential like noise without losing a
significant fraction of the single photon signals. Yet, good discrimination seems possible given
the fact that the quantum efficiency of the photodiode can be as high as ∼100% (for xenon light
at least). This can allow setting rather high a discrimination threshold so that even if 2/3 of the
single photon signals are below threshold, the remaining 1/3 would provide the same single photon
detection efficiency as with a PMT with good single electron spectrum and ∼30% photocathode
quantum efficiency [272] (equal sensitive areas are assumed).

The first large-scale application of these devices was in the EXO-200 ββ -decay experiment,
which features Advanced Photonix LAAPDs (model SD630-70-75-500) used as bare dies, with-
out the standard ceramic encapsulation; these experiments require also extremely low background
levels and excellent energy resolution around the Q-value for 136Xe (2,458 keV), but not as low a
scintillation threshold; 468 such devices operate submerged in the LXe to readout the scintillation
light from a chamber with 110 kg active mass [273].

5.1.3 Silicon photomultipiers

An excellent single photoelectron response can be obtained with silicon photodiodes operated in
the Geiger mode Figure 21 c). The voltage applied across the depleted region in these devices is set
above the breakdown limit so that a single electron or hole entering the multiplication region can
initiate a breakdown, similarly to what happens in a conventional gaseous Geiger counter. Thus,
a large pulse of fixed amplitude determined by the stored charge is produced. A built-in resistor
limits the restoration current so that the voltage drops rapidly below the multiplication threshold
and the discharge ceases. In this mode, two or more electrons at the beginning of the multiplication
region would produce signals of the same amplitude as a single electron, typically yielding 104 to
106 electrons. The solution for obtaining proportionality between the output signal and the number
of photons is to pixellate the device and make each pixel work as an independent counter [274].
Then, the number of detected photons is simply proportional to the number of pixels which present
signals or, more conveniently, to the amplitude of the sum signal over all pixels.

In silicon, the photon attenuation length is >100 nm in the visible region for λ & 400 nm, but
it drops abruptly for shorter wavelengths, being only ∼6 nm in the region of λ between 300 nm
to 150 nm (Figure 22). For a conventional n+/p/p+ structure (in the sequence encountered by
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Figure 22. Absorption length in bulk silicon and its thermal oxide and nitride, which are typical device
passivation materials (note that other native silicon oxides, with different absorption spectra, can also form).
Calculated with extinction coefficients from [275] and [276].

incident photons), the short wavelength photons are absorbed at the very front of the undepleted n+

region, which has typically a thickness of∼100 nm and where recombination is quite strong [277].
This is one of the main reasons for the low quantum efficiency of these devices for short wave-
lengths. Photon absorption in the native SiO2 and protective Si3N4 layers frequently used in these
devices is also critical, especially for argon light.

The SiPM is a pixel device and, therefore, some dead space between pixels is necessary to
obtain electrical and optical isolation (the latter is to avoid optical cross-talk induced by photons
generated during the multiplication process). Although the quantum efficiency of each individual
pixel, i.e. the probability of conversion of a photon into an electron-hole pair, can be as high as 50%
to 80% in the visible wavelength region, from a practical point of view a more relevant quantity
is the photon detection efficiency (PDE), defined as ηSiPM = Q·F ·εd , where Q is the quantum
efficiency, F is the so called ‘fill factor’ (the ratio of the sensitive area to total area) and εd is the
probability for a charge carrier to trigger an avalanche. For example, Hamamatsu Photonics quotes
fill factors of 0.3–0.8 for different models [278] depending on the pixel size (generally higher for
larger pixels).

The probability to initiate an avalanche depends on the wavelength (and on the applied volt-
age, naturally) and is different for electrons and holes. For holes, εd is about half of that for
electrons [277, 279] and here is another factor affecting the sensitivity in the short wavelength re-
gion. Visible photons are absorbed predominantly in the wide absorption region of intrinsic silicon
or lowly doped p-type material, which sits beyond the multiplication region, and the avalanche is
triggered by an electron upon reaching the depletion region (traveling backwards relative to the
photon); in this instance εd approaches unity at sufficiently high voltage. On the other hand, short
wavelength photons are absorbed at short distances from the surface. The electron drifts away from
the junction and does not reach the multiplication region at all. The avalanche can still develop trig-
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gered by the hole (if it does not recombine instead of entering the multiplication region) but with a
lower probability.

For visible light, a photon detection efficiency of up to ηSiPM ∼ 0.6 can be achieved. This
should be compared with the corresponding value for a photomultiplier tube: ηPMT = Q ·ε1 , where
ε1 is the collection efficiency of photoelectrons to first dynode, typically ε1 ≈ 0.7− 0.8. Hence,
for a good PMT (Q=30%) the photon detection efficiency is ηPMT ∼0.20–0.25. This compari-
son shows that silicon photomultipliers have a great advantage over vacuum tubes (equal areas
being assumed). At present, the area of commercially available single-crystal SiPMs is at best
6×6 mm2. Arrays of 16 SiPMs and a matrix of 16 such arrays (i.e. 256 SiPMs) became available
recently [280]. The 61×61 mm2 total area is already comparable to that of a conventional PMT.
Hamamatsu offers arrays of 4×4 and 8×8 arrays of SiPMs 3×3 mm2 each (models S11064 and
S11834).

The low temperature performance of a 1×1 mm2 SiPM from SensL [280] has been studied
in [281]. It was found to perform well down to liquid nitrogen temperature at gains up to 2·106.
Similarly to an APD operated in proportional mode, the gain at fixed voltage also depends on
temperature and, therefore, a correction of the applied voltage on temperature is necessary in order
to keep the gain stable. However, in contrast with an APD, where the gain is a steeper-than-
exponential function of the voltage, in the Geiger mode the gain depends on the voltage linearly
(because the output signal is limited by the charge stored in the cell capacitance) and, therefore,
its variation with temperature is not so dramatic as for APDs. The gain was found to vary at the
rate of about 0.5%/◦C for gains of M ∼ 2 · 106. As liquefied gas detectors require temperature
stabilization with precision much better than ±1◦C anyway, the gain stability should not be a
serious issue during operation of the detector, although a gain monitoring system and, probably,
a temperature compensation circuit might be desirable. To compare, a regular APD operating at
M = 100 exhibited a gain temperature coefficient of ≈4% per ◦C, while for M = 1000 this rose to
as much as 15% per ◦C [272]. Therefore, APDs require much more tight temperature control and
a gain stabilization mechanism becomes indispensable.

The dark noise count rate of a SiPM at room temperature is very high and very sensitive to the
bias voltage. For example, values of 106 Hz and 105 Hz were measured with 1×1 mm2 devices
from SensL and Hamamatsu [281, 282]. Cooling results in a significant reduction of the dark
noise: by reducing the temperature down to −100◦C the noise counts were suppressed by a factor
of∼1000 in [281] and, for the other model, to a level of∼1 Hz [282]. The effect of further cooling
was found to be much less significant [281]: cooling down from −100◦C to −200◦C gives another
factor of ∼10 only.

Silicon photomultipliers from other manufacturers have also been tested at low temperature.
A 2×2 mm2 G-APD (Geiger APD, according to the manufacturer’s terminology) CPTA model
149-35 (Russia) was successfully operated in liquid argon [283]; a 1×1 mm2 SiPM from FBK-IRST
(Italy) was found to perform well down to approximately −150◦C [284].

The sensitivity of silicon photomultipliers in the VUV wavelength region has been questioned,
with existing results being contradictory. According to the manufacturers, there should be no sig-
nificant sensitivity below ≈400 nm or ≈300 nm depending on the structure (n+/p/π/p++ or
p+/n/ν/n++, respectively); this is largely related to the photon absorption depth argument laid
out above. Nevertheless, a number of attempts to detect xenon light have been made.
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One of the earliest versions of silicon photomultiplier from Pulsar (Russia) has been tested in
liquid xenon to detect primary scintillation light from α-particles [285]. A quantum efficiency of
22% and a photon detection efficiency of∼5.5% due to a poor fill factor has been estimated for the
xenon wavelength.

Three different models from Russian companies MEPhI/Pulsar and CPTA have been tested
with light emitted by gaseous and liquid xenon under α-particles. A photon detection efficiency of
<1% has been reported [286]. A windowless version of a 3×3 mm2 MPPC from Hamamatsu was
tested with a VUV light source and a narrow 175 nm optical filter in [282]. A total PDE of ≈2.0%
has been measured against a calibrated photomultiplier tube, which gives a quantum efficiency of
≈2.6% taking into account the fill factor of 78.5%. The PDE obtained with the VUV light source
agreed well with that measured in liquid xenon excited by α-particles. The MPPC was immersed
into the liquid in these measurements [282].

A serious issue with SiPMs is afterpulsing due to release of the charges trapped in the high
field region during avalanche development. The probability for an afterpulse to occur can be as
high as 20% and can depend on temperature. For example, for FBK-IRST SiPMs the afterpulsing
probability was observed to be constant from room temperature down to 120 K but increased by a
factor of 8 with further cooling down to 70 K [284]. An active quenching circuit, which reduces
temporarily the bias voltage shortly after the main pulse, can help mitigate this problem. At the
same time, the manufacturing process also seems to be evolving to reduce this drawback.

5.1.4 Hybrid devices

A combination of a vacuum phototube with a silicon device acting as a photoelectron detector can
bring significant advantages from the point of view of radioactive background from the photon
detector, as already mentioned in Section 5.1.1. The light sensitive part of this type of device is a
semitransparent photocathode deposited onto a quartz window, just like in a conventional photo-
multiplier tube (and hence the same variety of photocathode and window dimensions can be used).
Photoelectrons emitted from the photocathode are accelerated (in vacuum) in a strong electric field,
which focuses them onto the silicon detector. Under 10 to 20 kV accelerating voltage each pho-
toelectron creates several thousand electron-hole pairs in Si, thus providing a gain of ∼103 [287].
These devices are commonly known as Hybrid Photon Detectors (HPD).

The gain is not high and requires additional amplification, but with a good low noise external
preamplifier a very good spectrum for low intensity light pulses can be obtained and individual
photoelectrons can be clearly distinguished [288, 254]. It should be pointed out that the amplifi-
cation mechanism in HPDs is based on energy dissipation by an accelerated photoelectron in the
anode rather than on a sequential multiplication of electrons with a gain of 4–6 at each step as in
photomultiplier tubes, thus reducing significantly the statistical fluctuations. An example of such
spectrum is shown in Figure 21 d.

Obviating the need for a resistive chain required for operation of conventional PMTs is also an
advantage, but the high voltage required to bias an HPD is a clear drawback (although no signif-
icant current is consumed). Several HPD models with windows up to 72 mm diameter have been
developed commercially, e.g. by Photonis [289], including the multi-pixel model developed for the
LHCb experiment [290].
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Clearly, a higher gain would bring a significant advantage to this hybrid solution. This be-
came possible with the development of avalanche diodes. Using one of these devices instead of
a silicon diode adds another factor of ∼300 to the total gain, thus raising it to ∼105. A 13-inch
HAPD (Hybrid Avalanche Photo-Detector) based on that principle has been developed by several
Japanese institutes together with Hamamatsu for use in large Cherenkov detectors for neutrino ex-
periments [255]. It features good timing resolution, photocathode uniformity and excellent single
electron response (Figure 21 e).

A collaborative effort between UCLA and Hamamatsu has been developing a dedicated hybrid
photosensor for dark matter experiments with special requirements of low radioactivity content,
capability to operate at liquid xenon temperature, high quantum efficiency and good single electron
response. This device is known as the ‘QUPID’ — QUartz Photon Intensifying Detector [260, 291,
256]. The QUPID is made of a quartz tube of 71 mm diameter with a hemispherical photocathode
window (Figure 23). The photocathode is kept at −6 kV while the APD is at ground potential.
The sealing between the different parts is made by indium bonding. The version described in [256]
uses a special low temperature bialkali photocathode, which does not require metal strips or an
underlay to reduce the resistance, although previous versions were provided with metal fingers
under normal bialkali photocathodes. A quantum efficiency of (34±2)% has been measured for
xenon light at room temperature for several samples. The QUPID has also been tested in liquid
xenon at −100◦C and 1.6 bar being fully immersed into the liquid. The liquid xenon scintillation
signals from 122 keV γ-rays and α-particles were recorded [256]. Tests at even lower temperature
described in [291] have confirmed that the QUPID can operate down to −175◦C. An example of
an amplitude spectrum measured with weak light pulses, showing that single photoelectrons are
clearly resolved, is shown in Figure 21 f.

 

Figure 23. The Quartz Photon Intensifying Detector (QUPID) developed by a collaboration of the University
of California, Los Angeles and Hamamatsu. (Courtesy K. Arisaka.)
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5.2 Alternative techniques for light and charge signal detection

5.2.1 Electron multiplication with micro-pattern structures

The double-phase technology, with measurement of both primary scintillation in the liquid and
secondary scintillation in the gas phase with photomultiplier tubes, has proven to be reliable and
capable of providing high nuclear/electron recoil discrimination capability down to keV energies.
Nevertheless, significant effort is being put into development of alternative read-out configurations
aiming ultimately at reducing the cost of instrumenting very large underground detectors, keep-
ing low radioactive background associated with the readout system as well as providing spatial
resolution of ∼1 mm, which is important for target fiducialization and multi-vertex resolution (in
dark matter searches) or for full track reconstruction (for high energy neutrino experiments). This
effort is taking the following directions: a) attempting to measure the ionization signal in the gas
phase through electron multiplication; b) developing new, low mass photon detectors for VUV
light, other than photodiodes, capable of substituting expensive photomultiplier tubes (silicon pho-
todiodes, discussed in the previous section, cannot be considered as a cost effective alternative,
at the time of writing at least); c) combining a micro-pattern device with an array of SiPMs (or
other photon detectors) to enhance the secondary scintillation signal (in double- or single-phase
configuration); and d) search for single phase solutions whilst retaining the concept of measuring
two signals for each interaction.

Most existing and planned experiments aiming at WIMP search with liquid noble gas detectors
rely on detection of the two signals — primary scintillation and ionization charge. The ionization
signal can, in principle, be measured in several ways, with secondary scintillation in the gas phase
being one but not the only option. An alternative can be amplification of the ionization charge
extracted from the liquid through the avalanche process. In this respect, much of the attention is
turned to micro-pattern avalanche detectors of various kinds, such as GEM and GEM-like detectors
and Micromegas (GEM stands for Gaseous Electron Multiplier and Micromegas for MICROMEsh
GAseous Structure). One should note that efficient detection of a single electron extracted from a
nuclear recoil track is very desirable for sensitivity to a light WIMP scenario and is probably indis-
pensable for detection of coherent neutrino scattering. Existing double-phase xenon DM detectors
have already proven the capability to measure single electrons emitted from the liquid [64, 37],
with very good signal-to-noise ratio (see Figure 6), and this sets the bar to judge any alternatives.

Two main problems are associated with operation of an avalanche device in a pure double-
phase medium: strong VUV photon emission results in positive feedback and thus leads to early
onset of discharging; and high gas density, which affects the maximum achievable multiplication
gain. In the gaseous avalanche detectors the first problem is usually mitigated by adding a small
concentration of quenching molecules (at percent level), which suppress VUV emission through
excitation relaxation (also through the Penning effect in some cases). However, this does not appear
viable in the double-phase detectors (at least from our present understanding) due to the strong
purity concern and constraints on the quencher choice imposed by low temperature. As for the
second concern, the lowest saturated gas density achievable in a liquid/gas system (at the triple
point) is higher than that at NTP conditions by a factor of 1.5 for xenon and 2.5 for argon. At
more convenient vapor pressures, say 1.5 bar, the equivalent gas densities correspond to 2.7 bar
and 5.1 bar for Xe and Ar at room temperature, respectively [225]. Solid/gas detectors would allow
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operation at much lower equilibrium pressures, but more significant challenges arise in growing
crystals with the required quality in very large detectors.

The GEM structure and details on its design and operation are thoroughly described in the
literature, e.g. [292]. Essentially, it is a two-electrode system formed by two copper layers on
either side of a thin (∼50 µm) dielectric foil with thousands of fine through-holes across the whole
structure (∼50 µm diameter, at ∼150 µm pitch). A significant advantage of this approach is the
possibility of stacking several devices to achieve higher gains.

The maximum attainable gain in pure noble gases is, in general, lower than in gases with
quenchers [293] and decreases rapidly with the gas pressure [294, 295] (see Figure 24). At several
bar the advantage of using a triple-GEM structure against a single GEM becomes less important
as the difference between the maximum attainable gains becomes smaller. For xenon above 4 bar
the single GEM configuration is even better than the cascade of three GEMs (although gains are
very low). The effect was explained by the authors in terms of a more significant contribution from
the positive ion backflow to the secondary electron emission in a cascaded structure [296]. Better
performance at high pressures was found by combining a GEM with microstrip electrodes etched
on its back surface, so that the electron multiplication occurs in two steps — first in the GEM holes
and then near the anode strips [297].

 

Figure 24. Maximum effective gain (i.e. measured at an external collector) as a function of gas pres-
sure for a single GEM (S-GEM) [295], a cascade of 3 GEMs (3-GEM) [294] and a micro-hole strip plate
(MHSP) [297]. (Adapted from [295]; with permission from Elsevier.)

Operation of a triple-GEM combination in the gas phase of a double-phase detector was stud-
ied in [300, 301, 302] (see also references therein and a recent review article [303]). It was found
that significantly higher maximum gain can be achieved in argon than in xenon: Gmax ≈3000 as
opposed to Gmax ≈200, respectively [300]. Subsequently, the same authors achieved gains of up
to 104 in argon with an improved setup [302]. Figure 25 shows data for both media. A similar
maximum gain, Gmax ≈150, was measured with a single GEM in high purity xenon [299] at the
same gas density as in [300] (at room temperature, the same density would occur at Peq ≈1.87 bar).
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Figure 25. Gain as a function of voltage for triple-GEM and several configurations of THGEM. Left: in
double-phase Ar (from [298]; with permission from IOP Publishing). Right: in double-phase Xe (T = 164 K,
P = 1 bar); data for single GEM (S-GEM) from [299]; for triple-GEM (3GEM) from [300] and for a double-
THGEM system (2THGEM) from [283] (with permission from IOP Publishing).

It was also observed that the liquid temperature had a significant effect on gain — higher gains
could be achieved at lower temperature [304, 299], which is consistent with the vapor density con-
siderations. An increase from 165 K to 171 K (from Peq ≈ 1.87 bar to Peq ≈ 2.6 bar) resulted in
the decrease of Gmax from 150 to about 25. This highlights the importance of good temperature
stabilization both for avoiding discharges and for gain stability. It is worth noting that the temper-
ature stability requirement for an avalanche device is more severe than in the case of secondary
scintillation given that secondary photon production is linear with E/n (n is the number density)
while the avalanche process depends on it exponentially.

The maximum gain achieved to date with these structures operating in double-phase xenon is
far from sufficient for detection of single electrons extracted from the liquid. On the other hand,
one would expect this to be possible in argon, where gains of ∼104 have been realized. Indeed,
single electron signals have been observed with a triple-GEM structure [301], although with an
exponential spectrum as expected from the statistics of the avalanche process, as illustrated in
Figure 26. The authors estimate the probability to detect a single electron as ∼50%.

More robust ‘macroscopic’ versions of GEM, proposed more recently [305, 306, 307], are
similar to GEM with all dimensions scaled up by a factor of 5 to 20. This device, known as LEM
(Large Electron Multiplier) or THGEM (THick GEM), can be produced both by etching techniques
and by purely mechanical means using precise CNC machining. Other technologies are also being
explored. These devices operate at higher voltages than GEMs but are more resistant to discharges.
The LEM/THGEM structures can benefit from a better confinement of the electron avalanche if
channels with a smaller aspect ratio are used. This reduces photon feedback and, therefore, the
probability of photon-induced discharges to occur. The extent of the multiplication region is larger
than in GEMs, which is also an advantage because the same gain can be obtained at a lower field.
We refer to review articles [308, 309, 310] and references therein for more detailed information on
the operation and present status of these devices.
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Figure 26. Pulse height spectra measured with triple-GEM in double-phase Ar in the few electron regime.
The liquid under a reversed field (ELAr = 0.4 kV/cm) was irradiated with low intensity X-rays so that elec-
trons at the input of the multiplication system are produced by photoelectric effect on the copper electrode
of the lower GEM by the LAr scintillation. The authors estimate that, for each X-ray absorbed in LAr, ∼0.1
photoelectrons are produced on average. By adjusting the intensity of the X-ray tube they were able to vary
the mean number of primary electrons at the entrance of the triple-GEM system (〈Ne〉 in the plot). The gain
is 4·104 in these measurements. (From [301]; with permission from Elsevier.)

LEM/THGEM structures have been extensively tested in various gas mixtures achieving gains
of up to 105 and even 106 at low pressure [307]. They were also proven to operate in pure noble
gases at room temperature and pressures of a few bar [311]. In normal conditions, maximum gains
of ∼4·104 were achieved with a double-THGEM system in purified Ar, Xe and Ar-Xe (95%+5%)
mixtures. In xenon, the amplification gain was also measured as a function of pressure: as the
pressure increased the maximum gain dropped gradually down to a few hundred for P = 2.9 bar.
For a single THGEM, the respective gain was generally a factor of 2 to 4 lower than for a chain
of two devices. Much weaker dependence on pressure was found for the Ar+Xe Penning mixture:
similar maximum gains of ∼2·104 are reported both for 1 bar and for 2 bar.

Several types of THGEM were tested in double-phase argon at 84 K and P = 0.7 bar and
compared with a triple-GEM system [298]: THGEM with G10 as insulator, Kevlar-based THGEM
and RETGEM (see next paragraph). It was observed that only the G10-based THGEM showed
stable operation with a maximum gain of 200 for a single device and∼3·103 for a double-THGEM
system (compare with 104 for triple-GEM). About 18% r.m.s. energy resolution was measured
for 60 keV γ-rays (∼1000 primary electrons in LAr) with the triple-GEM and the double G10-
based THGEM assemblies. The two systems were shown to operate at low detection threshold
of 4 and 20 primary electrons for the triple-GEM and double-THGEM, respectively, the spectra
being exponential. A strong charging effect was observed for the Kevlar-based THGEM both at
room temperature and in double-phase argon. The noise rates of GEM and THGEM multipliers
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have also been measured in double-phase argon [298]: for a threshold corresponding to 4 primary
electrons the noise rate was found to be ∼0.2 counts/s per cm2 of detector active area; a value of
0.007 counts/(s·cm2) was reported for a 20-electron threshold.

In a larger scale system, operation of a 10×10 cm2 double-LEM structure in pure Ar gas and
in the double-phase regime has been reported [312]. The LEMs, placed 3 mm apart, were 1.6 mm
thick with 0.5 mm diameter holes at 0.8 mm pitch. They were operated with an electric field
inside the holes of ∼25 kV/cm. A gain of ∼103 in the gas at normal temperature and pressure
was reached, while in the double-phase system the LEMs were operated at a gain of 10 [313]. It
was found that segmentation of the LEM upper electrode to obtain avalanche position significantly
distorted the electric field thus leading to premature discharges. More recently, the same group
reported on operation of a single unsegmented LEM in double-phase argon at an effective gain of
30 (measured at a separate electrode placed behind the LEM to which electrons are collected) [314].
The collector (termed a ‘projective readout anode’) had two sets of orthogonal strips, which allowed
determination of the avalanche position. The LEM and the 2D readout system were placed above
a 30 cm thick LAr layer. At the time of writing, no record of higher gains in a medium- or large-
scale double-phase argon system, in which electron drift across long distances is required, could
be found in the literature.

In order to increase the resilience of micro-hole structures to discharges and thus increase
the maximum achievable gain, the use of resistive electrodes instead of metallic ones has been pro-
posed [315]. Thanks to the low conductivity of the resistive electrodes, a spark leads to a rapid drop
of local voltage. The discharge current is thus limited and the ability to produce damage is signif-
icantly reduced. Thick GEMs with resistive electrodes received the abbreviated name RETGEM
(Resistive Electrode Thick GEM). Several versions have been developed and shown to operate in
pure argon and neon at gains of ∼6·103 (single plate) or ∼105 in a cascade of two in Ar, and up
to ∼7·105 with a double RETGEM in Ne [315]. The performance of 1 mm thick RETGEM with
very thin copper electrodes coated with a CuO resistive layer has also been studied in argon at
low temperature. The gain was observed to decrease gradually from ∼6·103 at room temperature
to ∼103 at 100 K (P = 1 bar in both cases) and to ∼400 in saturated gas at 89 K (∼2·103 in a
cascade of two). On the other hand, the authors of [298] could not observe any multiplication with
a RETGEM in a double-phase argon chamber, and suggested argon condensation in the holes and
increased resistance of the resistive layers at low temperature as possible reasons. In neon, a gain
of ∼3·104 was achieved at room temperature with a single RETGEM with metal strips for position
readout; the gain decreased only slightly when the temperature was lowered to 78 K [316].

Charge multiplication has been observed also using Micromegas with 50 µm gap in the gas
phase of a double-phase xenon chamber filled with a Xe+2%CH4 mixture [317]. Micromegas
stands for MICROMEsh GAseous Structure [318] and consists of two parallel electrodes — a
micromesh cathode and an anode plate placed at a short distance from each other — so that the
electron multiplication takes place in a very strong quasi-uniform field between the electrodes. A
gain of about 500 was reported for the double-phase Xe+2%CH4 system [317] albeit only for short
periods of time — the amplification disappeared after 10 to 30 min of operation, a fact attributed
by the authors to condensation of xenon in the amplification gap. Xenon condensation in the region
of strong electric field (some 140 kV/cm in that experiment) is favored by the high polarizability
of xenon atoms.
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Gas condensation in the holes of avalanche devices has been reported as a likely reason for
temporary failure of GEMs [304], LEMs [312] and RETGEMs [298], for double-phase argon as
well as xenon. In some instances this could be reversed with thermal cycling. Contrary to what
was observed with Micromegas, this seemed to occur mostly at the initial stage of the chamber
filling and could disappear after a couple of hours of temperature stabilization. A carefully chosen
temperature gradient in the chamber may help, but a reliable recipe to avert this effect has not been
developed yet.

Generally, one can conclude that the avalanche micro-pattern devices considered here work
better in argon than in xenon and better still in neon than in argon. This is not surprising given
that the Townsend coefficient in xenon is the lowest among the three gases due to the higher ratio
of the number of excitations to the number of ionizations per collision [319]. Another aspect to
mention is the much larger field required for electron extraction from liquid xenon than from liquid
argon [320, 207]. High electric field in front of a GEM or similar structure placed above the liquid
surface reduces the efficiency of electron collection into the holes and therefore the observable
amplification gain is also lower.

More information can be found in a recently published comprehensive review on operation of
micro-pattern avalanche detectors at cryogenic temperatures [303].

5.2.2 Photon detection with micro-pattern structures

To find a feasible alternative to existing WIMP detector designs, which use photomultiplier tubes
to detect primary scintillation along with the ionization signal via secondary scintillation in gas,
one must find a reliable way to detect the prompt VUV light emitted from the liquid. Considerable
effort has been put into trying to couple a photocathode to an electron multiplication system, which
can be operated in gas (ideally, in the liquid too). This concept is usually referred to in the literature
as the ‘gaseous photomultiplier’ (see, for example, review papers [321, 322]).

The idea of such coupling is intrinsically a contradictory one since a high photoelectric con-
version coefficient, required for efficient detection of incoming photons, would also mean high
probability of positive feedback due to photons emitted in the avalanche. One can imagine several
solutions to this problem. One is to suppress photon emission during the avalanche development
by a suitable choice of gas composition and/or by shifting the wavelength of the unwanted photons
to the wavelength region where the sensitivity of the photocathode is low (CsI, for example, has
a sensitivity cutoff for λ > 200 nm). In the case of double-phase detectors this, however, would
mean separation of the avalanche region from the principal volume of the detector with a sealed
VUV-transparent window [323, 324]. Although not impossible technically, it remains to be estab-
lished that this approach can outperform traditional photomultiplier tubes. We shall discuss recent
efforts in this direction at the end of this section.

On the other hand, windowless solutions with both the avalanche device and the photocathode
operated in pure noble gas would suffer from strong photon emission during the avalanche process,
occurring at the same wavelength to which the photocathode is supposed to be most sensitive. In
this situation, feedback might be reduced by preventing illumination of the photocathode by the
avalanche photons by way of a careful geometrical arrangement. In other words, one requires
the photocathode to be ‘visible’ for photons coming from the detector volume but not for those
generated in the avalanche. Some micro-hole structures seem well suited for this purpose: the
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avalanches are mostly confined within the holes while the photocathode can be deposited on the
surface of the structure turned down to the detector volume, thus being geometrically shielded from
the direct avalanche photons. However, there is still the matter of reflected photons, which becomes
more problematic as one tries to enhance the VUV reflectivity of all inner surfaces of the detector
to improve the light collection efficiency in the chamber.

Concerning the choice of photocathode material, work has focused mostly on cesium iodide
due to its sensitivity in the VUV wavelength region but also for technological reasons: the relative
easiness of deposition of CsI on metallic and glass surfaces and its capability to recover after
exposure to air. Much work has been done since the first successful experiments [325, 326] and
the literature on CsI is quite extensive [327]. The most immediate application of these devices is
in Cherenkov imaging detectors [328]. Cesium iodide has been proven to operate in several gas
mixtures with quenchers as well as in pure noble gases and liquids [325, 327, 293, 329]. Practically
all of the above mentioned microstructures have been experimented in combination with a CsI
photocathode (see, for example, [321] and references therein).

The quantum efficiency of reflective CsI photocathodes in vacuum has been measured to be
up to 30% for xenon light and up to 60% for VUV from argon, depending on the sample prepa-
ration [330] (see Figure 27). The photocurrent in a uniform electric field, measured with an elec-
trometer, was found to saturate at a field of about 1.7 kV/cm. A lower quantum efficiency of 15%
has also been reported for 175 nm [331].

LXe 

LAr 

Figure 27. Quantum efficiency of reflective CsI photocathodes in vacuum as a function of the photon
wavelength for four different samples. The arrows indicate the emission wavelengths for liquid argon and
xenon. (Adapted from [330]; with permission from Elsevier.)

When the photocathode is operated in gas, photoelectrons can suffer backscattering off the
gas atoms and return to the photocathode [332, 333, 334]. Frequent collisions with gas atoms can
also result in insufficient energy gained from the electric field between collisions to overcome the
image potential of the photocathode. Both factors lead to reduction of the photoelectron extraction
efficiency. Backscattering is more significant in noble gases than in molecular gases. Its probability
increases with the gas density and the energy of incident photons. The latter is because the elastic
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scattering cross section increases with electron energy in the eV region [335, 336, 337]. At atmo-
spheric pressure, the photoelectron collection efficiency in xenon was found to be about half of that
in argon and neon at fields of a few kV/cm. For example, for E = 1 kV/cm it is about 0.47 in Ar,
0.4 in Ne and Kr, 0.25 in Xe and 0.22 in He [333] (measured as gas/vacuum photocurrent ratio for
a given illumination intensity and, therefore, includes possible difference in quantum efficiency).
Measurements of quantum efficiency of semi-transparent CsI photocathodes in vacuum have also
shown some dependence on the temperature. For 165 nm VUV light it changed from 33% at room
temperature to 29% at 130 K and to 26% at 77 K [338].

In [306], several micro-hole systems, including LEMs, were experimented within pure argon,
krypton and xenon with CsI photocathodes. A gain of 104 was obtained with LEM without a pho-
tocathode (apparently in pure Xe, but the authors are not explicit on this point), but with a CsI
coating the maximum gain decreased by an order of magnitude, which can be explained by ion
feedback. VUV photons from xenon scintillation were detected with ∼1% efficiency (including
quantum efficiency of the photocathode, the probability for a photoelectron to escape and to pro-
duce an avalanche in the LEM hole). A better efficiency between 2.5% and 8% (for 130 K and
293 K, respectively) was measured for 165 nm with CsI deposited on top of a GEM and operated
in pure Ar [338]. An even higher value of 15% was reported by the same authors for a photocathode
deposited on a GEM operated in Ar+10%CH4 gas mixture at 1 bar and at room temperature [339].
At 170 K the efficiency decreased to 11%, the effect being attributed to back-diffusion of the photo-
electrons. The maximum achievable gain was found to be practically independent on temperature,
being about 500 for a double GEM with CsI (when CsI was deposited on the surface of a capillary
plate, a gain of ∼103 was measured).

A triple-GEM structure with a CsI photocathode deposited on the bottom surface of the first
GEM was tested in double-phase argon at 84 K and P = 0.7 bar [340, 302]. Primary scintillation
from 60 keV γ-rays was detected at a gain of 1.4·103, however with surprisingly low efficiency
(about 2 photoelectrons at the entrance of the first GEM).

RETGEMs also were tested with CsI [315], including a version with segmented electrodes
S-RETGEM (standing for strip-RETGEM) [341]. In argon at room temperature and P = 1 bar,
the S-RETGEM was operated with gains up to 3·103. By reversing the drift field, to avoid the
ionization charge to drift to the multiplication structure and observe only scintillation signals, a
higher gain of up to 104 could be reached with a single plate. Much higher gains were obtained
with neon: ∼2·104 with a single GEM, ∼105 with single GEM and reversed drift field, ∼3·105

with double GEM and reversed field (obviously, the reversed field option cannot be used if one
intends to detect the ionization signal). A detection efficiency for 185 nm photons of ∼13% was
reported for Ar, Ne and Ar+CO2 mixture.

We refer to the review article [303] for more information on these devices.

The development of sealed gaseous photomultipliers has also progressed, using reflective or
semi-transparent CsI (for VUV) or bialkali photocathodes (for VUV or visible light) — see [342]
and references therein. Recently, a 500 day run with stable operation of a sealed device with bial-
kali photocathode and a Pirex glass GEM was reported [343] (the authors also refer to this glass
GEM as a ‘micro blasting glass plate’ — MB-GP). A Kapton-based GEM was found incompatible
with bialkali photocathodes due to the high absorption of alkali vapors by Kapton during the pho-
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tocathode activation. Gains∼105 have been reached with a double MB GP multiplication structure
in Ne/isobutane (10%) and Ne/CF4 (10%) mixtures without significant ion or photon feedback.
A quantum efficiency of 14% was reported for Ne, versus 20% in vacuum at 350 nm. On the
other hand, for a semi-transparent CsI photocathode deposited onto a quartz window, and the same
multiplication structure and gas mixtures, the same group reported similar gains but only ∼0.5%
quantum efficiency at 170 nm light [344]. All the above results were obtained at room temperature.

Detection of liquid xenon scintillation due to α-particles with a gaseous photomultiplier was
reported in [324]. The photomultiplier was coupled to a liquid xenon chamber through a MgF2

window and operated at 173 K under continuous flow of He or Ne based gas mixtures at 1.1 bar;
CH4 and CF4 were used as admixtures to avoid condensation at low temperature. A reflective CsI
photocathode was deposited on one side of a THGEM. Two multiplication structures were experi-
mented with: double THGEM and THGEM followed by a Parallel Ionization Multiplier (PIM) and
a Micromegas. Gains up to ∼104 were attained. For both structures, instabilities were observed at
low temperature, rather significant in the case of the second configuration. The authors do not pro-
vide enough information to allow the number of photoelectrons extracted from the photocathode
to be estimated, but refer that it was significantly lower than expected assuming 22% extraction
efficiency. As a possible reason, photocathode degradation due to condensation of impurities is
mentioned.

5.2.3 Optical readout from micro-pattern structures

Given the difficulties involved in operating micro-pattern detectors in the avalanche mode, attention
has been recently turned to their operation at lower voltages, insufficient for developing significant
avalanche but high enough to produce secondary scintillation in the detector holes. The general
idea is to obtain a higher light gain (defined usually as the total number of photons per primary
electron extracted from the liquid) than in a uniform field as presently done in the current double-
phase DM detectors and to use highly segmented solid-state photon detectors to enable efficient
multi-vertex resolution (especially important for future CNS experiments).

Production of the secondary light within the THGEM holes in double-phase argon system was
studied in [345]. A 1 mm2 SiPM was positioned directly above the center of a 65 mm diameter
THGEM, aligned with one of the holes, 5 mm above it. In order to render it sensitive to the argon
VUV light, a special gel containing TPB wavelength shifter, re-emitting the absorbed VUV light
at 460 nm, was used. The light yield per primary electron increased exponentially with the voltage
across the THGEM up to charge gain of ∼100, above which a steeper-than-exponential rise was
observed (although the charge gain continued on an exponential trend) accompanied by degradation
of the energy resolution. According to authors’ estimates,∼600 photons per primary electron were
generated in the THGEM holes at a gain of ∼100. Given the low γ-ray energy used to ionize the
liquid (5.9 keV from 55Fe), charge gain determination at low gain values was difficult. We cannot,
therefore, estimate the light yield in the absence of charge multiplication.

The authors of [346] studied avalanche scintillation12 in double-phase argon using a double
THGEM multiplication structure and a 4.4 mm2 SiPM (termed by the manufacturer G-APD —

12The term ‘avalanche scintillation’ is employed by the authors in order to distinguish the light emitted in the avalanche
from that produced at lower fields below the charge multiplication threshold, commonly called secondary or proportional
scintillation.
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‘Geiger APD’) placed behind a glass window at a distance of 4 mm from the top THGEM. The
G-APD was sensitive only in the visible and near infrared regions up to 950 nm with an average
quantum efficiency of 15%. The chamber was irradiated with 60 keV γ-rays from 241Am. For a
charge multiplication gain of 400 (total gain for the two THGEMs), about 0.7 photoelectrons per
primary electron was measured. For a gain of 60 this value was 0.14, indicating that the charge
gain increased faster with voltage than the light gain. From these data, one can estimate that each
electron extracted from the liquid resulted in∼1800 photons emitted in 4π if the system is operated
at gain of 400 and ∼350 photons for a gain of 60. Unfortunately, the authors are not explicit on
the charge calibration procedure that may result in by a factor of about 3 lower yields per primary
electron taking into account the known W -value for liquid argon. Even so, the avalanche light yield
is very high, comparable to that observed in [345] with a wavelength shifter.

Using the same setup, avalanche scintillation in xenon was also studied [347]. The THGEMs
were operated in gaseous Xe at T =200 K (−73◦C) and P =0.73 bar (i.e. not in saturated vapor)
at charge gains of up to 600. The light yield in the NIR region was found to be significantly lower
than in argon. Thus, for a charge gain of 350, each primary electron resulted in 0.071 photoelec-
trons in the SiPM (compare with 0.7 for Ar). Taking into account all inefficiencies, a value of
∼250 NIR photons/primary electron emitted in 4π can be estimated.

Secondary light from a GEM in double-phase xenon has been observed with a LAAPD sensi-
tive to xenon light [348]. The GEM foil was placed 3 mm above the liquid surface and operated at
vapor pressure of 1.4 bar. The voltage across the GEM (400 V) was well below the multiplication
threshold (see Figure 25, right panel [299]). Normalized to 4π , the number of secondary photons
produced in the GEM channels was a factor of ∼2 higher than in the uniform field between the
liquid surface and the GEM. The authors estimate that number to be about 200 VUV photons per
primary electron [349].

An array of 19 G-APDs, 2×2 mm2 each, was used to detect secondary light from a single
THGEM and also from a stack of 2 THGEMS in double-phase Xe [350]. As the G-APDs are not
sensitive in the VUV region a 140 nm layer of p-terphenyl wavelength shifter was deposited on a
sapphire window placed in front of them. To avoid contamination of xenon, the p-terphenyl layer
was either enclosed in a vacuum tight cell between two sapphire windows and filled with Ar or a
1 µm poly-para-xylylene protective layer was deposited on top of it. An electron lifetime in liquid
xenon of ∼10 µs was reported. The measured PDE agreed rather well with that expected from the
device specification (∼15% for 370 nm) assuming 100% re-emission efficiency for p-terphenyl. At
the voltages used in this work, a comparable (within a factor of 1.5) number of secondary photons
were produced in the THGEM channels at 1.6 kV and in the uniform field between the liquid sur-
face and the first THGEM (5 mm drift distance; 4.9 kV/cm). For a more compact G-APD packing
the authors anticipate a total response of ∼10 photoelectrons per primary electron. Instabilities on
THGEMs were also reported.

The authors of [351] are exploring new techniques for rendering wavelength shifters harmless
to the purity of the xenon: besides the protective layer over the p-terphenyl, as described above, a
new p-terphenyl-based nanostructured organosilicon luminophore is also being examined: besides
conversion of the xenon emission to longer wavelengths (≈370 nm instead of ≈330 nm for pure
p-terphenyl), this would also be less volatile and could perhaps be used in a clean environment
without a protective layer.
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5.2.4 Back to single phase?

The double-phase technology has already been amply demonstrated for detection of low energy
signals. However, design constraints due to the need to keep the liquid surface quiet and level,
pressure and temperature stable and uniform, and other technical challenges, inspire some thinking
about single-phase alternatives [352, 353], which may be cheaper to operate in the case of very
large detectors. The solution must evidently pass through realization of an amplification process
in the condensed medium. Charge multiplication and secondary scintillation have been observed
in liquid xenon and argon long ago, but the achievable gains are far from sufficient and the fields
required are extremely high, ∼105 to 106 V/cm.

The first observation of electron multiplication in condensed noble gases belongs to Hutchin-
son in 1948 [1]. He observed multiplication in solid argon with a gain of >12 but it was tran-
sient and disappeared in a short time — the effect was attributed to polarization of the solid. No
multiplication was found in the liquid with anode wires as thin as 15 µm. Later, using much
thinner wires of a few µm diameter, multiplication in liquid xenon was observed with gains
of ∼10 to ∼100 [354, 355, 356, 357, 358]. An attempt to build a multiwire proportional chamber
for medical γ-ray imaging has been undertaken [359, 360]. However, it was found impractical be-
cause of low gain but also due to wire fragility, being unable to withstand the electrostatic repulsion
between individual wires in the multiwire anode arrangement.

Attempts to obtain stable electron multiplication in liquid argon were unsuccessful [361]. Al-
though the avalanche did develop in LAr, it was unstable and not reproducible. In addition, corre-
lation between the signal amplitude and the deposited energy was not obvious — an observation
later confirmed by other authors [362]. This group used a single sharp needle as an anode to study
electron avalanches in LAr. In pure argon, the avalanche behavior was erratic, in part due to strong
optical feedback owing to the short wavelength of avalanche photons. This is consistent with the
fact that the avalanche could be stabilized by adding a small amount of xenon; a gain of ∼100 was
reported for this mixture. In tension with these results, a gain in excess of 100 was reported for
pure argon in [363], using an array of microtips with bending radius of ∼ 0.25 µm.

Several micro-pattern detectors have also been tested in pursuit of electron multiplication. A
gain of ≈15 was reported for microstrips immersed in liquid xenon [364, 365]. Attempts to obtain
multiplication with field emission arrays (Spindt cathodes) were unsuccessful in argon [366], and
this was also confirmed in xenon by one of us (VC).

Secondary scintillation was first observed in high-pressure liquid xenon in a uniform electric
field [367]. With increasing field strength, the scintillation yield induced by α-particles was found
to decrease by about 15% up to E ∼ 70 kV/cm, as expected from the suppression of recombination.
At higher fields, a steady increase of luminescence was observed, reaching the zero-field value at
E ∼ 120 kV/cm. The measurements were conducted at two temperatures of the liquid, −5◦C and
+10◦C, corresponding to liquid densities of about 2.0 and 1.7 g/cm3, respectively.

Later, proportional scintillation was observed in the non-uniform field in the vicinity of very
thin wires [368, 358, 369, 370]. For example, with a wire of 4 µm diameter a light yield of ∼10–
100 photons per primary electron was obtained [369]. The highest yield was measured at a charge
gain of ∼50. It has also been shown that it is possible to obtain secondary scintillation with thicker
wires: a yield of ∼5 photons/electron has been estimated for a wire of 20 µm diameter [371] at an
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anode voltage of 5 kV; for a 50 µm wire, ∼30 photons/electron was estimated to be achievable at
12 kV [372].

The ratio of secondary to primary scintillation in single-phase liquid xenon was originally
proposed to discriminate between nuclear and electron recoils in a dark matter detector some two
decades ago [48].

Much less information is available on secondary light in liquid argon. To our knowledge this
was observed only recently, in the channels of a THGEM immersed into this liquid [345]. At
a THGEM voltage of about 10 kV, signals of ∼100 photoelectrons were recorded from 5.9 keV
X-rays with a 1 mm2 SiPM placed behind a THGEM hole, at a distance of 5 mm. The VUV
photons were converted to the visible range with a wavelength shifter deposited onto the SiPM. A
light yield of ∼300 VUV photons per primary electron has been estimated (this value is similar
to that used in double-phase xenon systems). The amount of detected light increased linearly
with applied voltage indicating the absence of charge multiplication up to at least 10.2 kV. Poor
amplitude spectra, much worse than for the double-phase regime with the THGEM operated in the
gas phase, tarnish these otherwise encouraging results. The reason for that is not quite clear yet.
Optimization of the THGEM geometry can probably bring about some improvement.

In spite of several rather significant efforts, for now the only viable alternative to double-phase
systems seems to be to explore scintillation pulse shape discrimination in liquid systems, at zero
electric field, as described in Section 3. However, losing the ionization response has consequences
for the achievable energy threshold for nuclear recoil detection and for event localization in three
dimensions.

We refer to [6, 7] and references therein for a more complete survey on electron multiplication
and secondary scintillation in the liquid phase.
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6. Direct dark matter search experiments

In this section we review briefly some dark matter search projects, aiming to illustrate how noble
liquid technologies are implemented in real experiments. We focus on those which have published
WIMP search results recently or have operated detectors underground, but some large systems
which we consider significant and are close to deployment are also described. Other technologies,
namely cryogenic bolometers, room temperature scintillators and bubble/droplet chambers will not
be covered here.

With tonne-scale target masses required to probe the whole range of scattering cross sections
favored by theory, a critical consideration is how these designs can be scaled up whilst maintaining
very low energy threshold for nuclear recoils. As the system size increases, self-shielding of an
inner, fiducial volume from external backgrounds becomes increasingly effective, and this is one
of the key advantages of the noble liquids. On the other hand, particle discrimination can be
impaired, for example due to increasing difficulty in applying strong electric fields, which is another
important consideration.

We note that noble liquid detectors, some much larger than those discussed here, have been ap-
plied to other physics measurements — for example, the MEG experiment features a 2.2 tonne liq-
uid xenon scintillation calorimeter to search for the lepton-flavor violating decay µ+→e+γ [373];
and ICARUS is a 760-tonne liquid argon time projection chamber (TPC) to study cosmic rays, neu-
trino oscillations and search for proton decay [374]. The energy scale of these processes is in the
MeV region or higher. On the other hand, our goals are the detection of nuclear recoils with energy
up to 100 keV at most and hopefully achieve their discrimination from electron recoil backgrounds.
These are, therefore, very distinct requirements.

6.1 Liquid xenon detectors

At the time of writing, five collaborations have operated liquid xenon detectors built for dark matter
searches. We begin by overviewing these programs, referencing published instrument descriptions
and main WIMP scattering results where appropriate, before describing the latest experiments in
more detail. Other surveys of application of this technology to WIMP searches have been pub-
lished [8].

The DAMA team built and operated the first liquid xenon WIMP detector, DAMA/LXe, at the
Gran Sasso Underground Laboratory (LNGS) in Italy, from the mid 1990s. This was a scintillation
chamber with 6.5 kg of xenon enriched in 129Xe, read out by three 3.5-inch photomultipliers [42].
WIMP elastic scattering results using pulse shape discrimination were published in 1998 [375].
The collaboration then opted to pursue room temperature sodium iodide detectors (DAMA/NaI).

The ZEPLIN program at the Boulby mine (UK) followed from the late 1990s, with ZEPLIN-I
publishing final results in 2005 [44]; it featured at its core a PTFE-lined 5-kg chamber with three
8-cm diameter photomultipliers viewing the liquid xenon scintillation. ZEPLIN-II and ZEPLIN-III
were the first double-phase systems to be conceived for dark matter searches, and were essen-
tially developed in parallel and exploiting different technological solutions. ZEPLIN-II became
the first liquid/gas system to operate in the world, completing in 2007 [49]; it utilized a deep,
high-reflectance PTFE chamber containing 31 kg of liquid xenon with readout from seven 13-cm
diameter PMTs in the gas phase. ZEPLIN-III concluded the liquid xenon program at Boulby, with

– 70 –



science runs in 2008 [376] and, following an upgrade phase, in 2010/11 [56]; its design featured 31
2-inch PMTs immersed in the liquid, viewing a thin disc geometry of 12 kg of liquid xenon under
high electric field [50].

The XENON Collaboration deployed XENON10 at LNGS in 2006. This double-phase detec-
tor contained 14 kg of active xenon in a deep PTFE-walled chamber, viewed by two arrays of 1-inch
PMTs located in the liquid and gas phases (41 and 48 units, respectively) [201]. Main WIMP re-
sults were published in 2008 [377]. This design was essentially scaled up for XENON100, in which
62 kg of active mass are viewed by 178 PMTs [197]. A first run of 100 live days of acquisition in
2010 yielded a world leading result on WIMP-nucleon elastic scattering [57]. This sensitivity lead
has been extended with data from a further 225 live days reported recently [215]. The XENON
team is working on the next generation tonne-scale experiment XENON1T, which will be built at
LNGS starting in 2013.

The LUX350 team has just completed construction of a double-phase detector with 300 kg
active mass, featuring 122 2-inch PMTs equally divided in bottom and top arrays. The system has
been tested in a surface facility, in preparation for underground deployment in the Davis complex
of the Sanford Underground Laboratory at the Homestake mine (US) [170, 378]. In collaboration
with the ZEPLIN-III groups, the multi-tonne LZ program is being developed to occupy the same
infrastructure after LUX [379].

The latest XMASS detector has the largest liquid xenon WIMP target running at present:
800 kg. The spherical scintillation chamber is 80 cm in diameter and is instrumented with 642
2-inch PMTs. The rationale behind this program is to compensate for the poorer nuclear recoil dis-
crimination achievable in a scintillation-only system with the significant self-shielding for external
backgrounds enabled by the large target mass; the expected fiducial mass of 100 kg is, however,
comparable to that anticipated in LUX350. XMASS-800 has been fully operational at the Kamioka
Observatory (Japan) since 2011 [380]. The Collaboration plans a 26 tonne future detector aimed
also at detecting solar neutrinos and ββ -decay.

The PANDA-X (Particle AND Astrophysical Xenon TPC) is an emerging effort aiming to
deploy a three-stage experiment at the new JinPing Laboratory (China), the deepest underground
facility in the world (2,513 m depth, 7,500 m water equivalent) [353]. Initially, the experiment will
feature a 25 kg fiducial LXe mass in a planar geometry with 5 kV/cm drift field. The next stage,
with 500 kg fiducial, will reuse the outer infrastructure, but some internal components will be
replaced. A tonne-scale target would require a larger inner vessel. To reduce background and cost,
the team may also replace the double-phase system by direct readout of proportional scintillation
around thin wires in a liquid-only detector. The light readout for PANDA-1T might feature gaseous
photomultipliers instead of conventional PMTs.

Finally, we mention briefly DARWIN (DARk matter WImp search with Noble liquids), a de-
sign study for a next-generation, multi-tonne detector in Europe [381]. The project focuses on
double-phase LAr and/or LXe targets and is investigating, among other issues, alternative ioniza-
tion readouts with LEMs and CMOS pixel detectors (GridPix [382]) coupled to electron multipli-
ers, or via proportional scintillation in the gas phase using gaseous photomultipliers [383].

We now describe in more detail the most competitive systems already operated or at an ad-
vanced stage of construction, highlighting various design features and how the main technological
challenges were addressed in each detector.
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Figure 28. Schematic drawings of the ZEPLIN-III experiment. The WIMP target is shown left, with liquid
xenon in blue; the double-phase chamber is detailed on the right, with an approximate fiducial volume indi-
cated by the dashed red rectangle. Also shown on the right is the fully-shielded configuration at Boulby (in-
cluding a veto instrument surrounding the WIMP target). (Adapted from [50] and [40]; courtesy ZEPLIN-III
Collaboration; with permission from Elsevier.)

The ZEPLIN Collaboration operated its third liquid xenon detector, shown in Figure 28, at
the Boulby Underground Laboratory in the UK (ZEPLIN stands for ZonEd Proportional scintil-
lation in LIquid Noble gases). The instrument construction is described in detail in [50]. Most
elements were built from high purity copper to minimize background. The outer cryostat ves-
sel enclosed two chambers; the lower one contained the LN2 coolant, which boiled off through
a heat-exchanger attached to the xenon vessel above it. The latter housed a 12 kg liquid xenon
WIMP target, with immersed photomultipliers (viewing upward) to maximize detection efficiency
for faint primary scintillation signals. The working volume was formed by an anode disc 39 cm
in diameter and a multi-wire cathode located 4 cm below it, a few mm above the hexagonal array
of 31 PMTs. This volume was mostly filled with liquid xenon — leaving a gap of 4 mm above it
where secondary scintillation took place in the cold vapor.

Contrary to ZEPLIN-II, where a wire-grid just below the liquid surface helped with cross-
phase emission, in ZEPLIN-III the planar geometry allowed application of a strong field to the
whole liquid phase with only two electrodes, thus enhancing the efficiency for charge extraction
from the particle tracks. Typical operation fields were 3–4 kV/cm in the liquid and approximately
twice as strong in the gas [376, 56]. A second wire-grid, just above the photomultiplier windows,
shielded the photon detectors from the external field and also provided a reverse field region to sup-
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press secondary scintillation signals from low-energy background photons from the PMTs. Only
xenon-friendly, low-outgassing materials were used within this chamber, in particular avoiding
large amounts of PTFE, in order to maintain sufficient electron lifetime in the liquid without the
need for continuous re-purification. This was achieved, with that parameter actually improving
over one year of operation in the closed system: from 14 µs to 45 µs by the end of the run [193].

In the first science run custom-made photomultipliers D730Q/9829QA from ETEL were used;
these had bialkali photocathodes with metal fingers deposited on quartz windows under the pho-
tocathode for low temperature operation. The average (cold) quantum efficiency for xenon light
was 30% [239]. For the second dark matter run, those tubes were replaced with another pin-by-pin
compatible model with 40 times lower radioactivity per unit, lowering the overall electromagnetic
background of the experiment to 750 mdru at low energy (1 dru = 1 kg−1day−1keV−1) [202]. Un-
fortunately, their optical performance was poorer, with only 26% mean quantum efficiency and
large gain dispersion [193]. In ZEPLIN-III the PMT array was biased from a common external
voltage ladder, connected to a stack of copper disks powering each set of PMT dynodes (these
can be seen in Figure 28 just below the photomultipliers). Although this reduces the number of
feedthroughs required (lower background), and the need for internal electronics (better xenon pu-
rity and reliability), it does not allow for gain equalization at the PMT anodes.

Between the two science runs a veto instrument was retrofitted around the WIMP target, as
also shown in Figure 28, replacing some of the hydrocarbon shielding. This veto included 52
plastic scintillator modules surrounding a Gd-loaded polypropylene structure tailored for neutron
moderation and efficient radiative capture [40, 41]. The use of anti-coincidence systems around
WIMP targets is increasingly recognized as important: besides lowering the effective background
of the experiment they provide an independent measurement of the neutron (and other) background,
which can reduce the systematic error associated with a potential discovery.

As in other double-phase systems, accurate position reconstruction of particle interactions in
three dimensions allows for a very precise fiducial volume to be defined, well away from any
surfaces and avoiding outer regions with non-uniform electric field and light collection. The depth
coordinate is obtained with precision of a few tens of µm from the drift time of the ionization
(measured by the time separation between the primary and the secondary scintillation signals —
see Figure 3). The horizontal coordinates are reconstructed from S2 signals from all PMTs; a
spatial resolution of 1.6 mm (FWHM) was achieved for 122 keV γ-rays [199]. A fiducial volume
containing 6.5 kg of liquid xenon was defined for the 83-day long first run of ZEPLIN-III [376],
decreasing to 5.1 kg for the 319-day second run owing to the poorer PMT performance.

The scintillation threshold for WIMP searches was ≈7 keV in both runs [56] — using recent
data for the relative scintillation efficiency of nuclear recoils [67]. An ionization threshold corre-
sponding to the electroluminescence of 5 electrons was defined by the trigger hardware; although
ZEPLIN-III could detect the signature from a single ionization electron — as shown in Figure 6
— in practice these signals could not be used due to a large single electron background which gen-
erated too high a trigger rate [37]. An electron recoil rejection efficiency of 99.99% was achieved
at WIMP-search energies in the first run, which remains the best reported for double-phase xenon.
In both datasets a handful of events were observed within the signal acceptance region, consistent
with background expectations in both cases. The combined result excluded a WIMP-nucleon scalar
cross section above 3.9·10−8 pb (3.9·10−44 cm2) at 90% CL for 50 GeV WIMP mass [56, 376].
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Figure 29. Schematic diagrams of the XENON100 experiment. The main instrument is shown left; it
contains 62 kg of liquid xenon in the active TPC region and an additional 99 kg in a surrounding ‘veto’
region. The VUV readout uses two arrays of 1-inch square PMTs with ∼30% quantum efficiency; the QE
distribution and PMT layout are shown top right. The shielding configuration around the instrument is also
shown on the right. (Adapted from [197]; courtesy E. Aprile; with permission from Elsevier.)

The XENON Collaboration has chosen a bulk detector concept for XENON10 and its suc-
cessor XENON100, the latter shown schematically in Figure 29. The two detectors, very similar
in design, are described in [201] and [197], respectively. They were deployed at LNGS (Italy) in
sequence, with XENON100 designed to fit the existing shielding enclosure. Results from a first
run of 100 live days in 2010 have been published [57] and the Collaboration has just reported from
a second run with 225 live-days of science data [215], following additional purification to lower
further the 85Kr background.

In XENON100, the 62 kg WIMP target is 31 cm in diameter by 31 cm in height and is con-
tained within a PTFE cylinder with field shaping rings enclosed within its walls. Five meshes
provide the necessary electric fields. The cathode at the bottom of the chamber and another (the
‘gate’) just below the liquid surface define a drift field of 0.53 kV/cm. At this field the ionization
drift time for events near the cathode is 176 µs, demanding very high purity of the liquid. A strong
extraction field of ∼12 kV/cm is formed between the gate electrode and the anode mesh a few
mm above the liquid surface. Secondary scintillation develops in the gas gap between these two
electrodes. Two additional meshes close to each PMT array are used to close the electric field lines
and thus shield the photomultiplier tubes. The thickness of the gas phase is defined with the help

– 74 –



of a diving bell, indicated in red in Figure 29, which is pressurized by the gas recirculation line.
This also allows liquid to be filled to above the bell for shielding purposes (see below). The active
volume is viewed by two arrays of photomultipliers Hamamatsu R8520-06-Al, one below the cath-
ode mesh viewing upward and detecting mostly primary scintillation signals, and the other placed
in the gas phase and viewing downward. The layout of the two arrays is also shown in Figure 29.
The 178 PMTs were selected for low U/Th radioactivity content; they have 1-inch square window
and bialkali photocathodes with aluminum fingers underneath.

Approximately 4 cm of liquid surrounding the time projection chamber from all sides (totaling
99 kg of xenon) establishes an active scintillation ‘veto’ detector for external γ-rays; this volume is
optically isolated from the main chamber and is viewed by an additional set of 64 PMTs operated in
anti-coincidence with the WIMP target. The average energy threshold of this volume is ∼100 keV
for electron recoils.

Cooling is provided by a pulsed tube refrigerator [384] and delivered from outside the shield
to minimize background. Very good thermal stability is achieved over several months of operation.
The liquid xenon purity is maintained with active recirculation through a hot getter.

Very low rates of electron recoil background were achieved at the core of XENON100 in a pre-
liminary run, with <5 mdru reported at low energy whilst retaining a fiducial mass of 40 kg [385].
If maintained, this rate would lead to only a few background events per year of operation with a
discrimination efficiency at the level of 99.5%.

Initial WIMP results were derived from 100.9 live days with a 48 kg fiducial volume, above
an 8 keV nuclear recoil threshold. Three candidate events were observed in the signal region with
an expected background of 1.8±0.6 events, thus excluding a spin-independent elastic interaction
above 7.0·10−9 pb (7.0·10−45 cm2) for a 50 GeV WIMP with 90% confidence [57].

The sensitivity of this dataset was limited by a higher concentration of 85Kr than had been
achieved in the preliminary run, which was attributed to an air leak [57, 386]. After further cryo-
genic distillation a second long run was started in 2011 and accumulated 225 live days [215]. An
electron recoil background rate of ∼5 mdru was recovered in a 34 kg fiducial mass. Two events
were observed in the 6.6–30.5 keV recoil energy range in this exposure, which is consistent with
a background expectation of 1.0±0.2 events. This excludes at 90% CL a scalar interaction above
2.0·10−9 pb (2.0·10−45 cm2) for a 55 GeV WIMP, which constitutes the strongest experimental
constraint on spin-independent WIMP-nucleon scattering to date.

A larger system, XENON1T, is being developed by the Collaboration; this features a 1-m long
TPC containing 2.2 tonnes of xenon. The original design featured 3-inch QUPID photon detectors
(Section 5.1.4), but the new 3-inch Hamamatsu R11410 PMTs are also being considered. The
system will be housed in a 10-m diameter water tank at LNGS, with construction beginning soon.

The LUX Collaboration (LUX stands for Large Underground Xenon experiment) has built
a 350 kg liquid xenon detector to operate at the Sanford Underground Laboratory (SURF) at the
Homestake mine in South Dakota [170, 244]. The detector, shown in Figure 30, exploits the same
double-phase principle with measurement of primary scintillation in the liquid and secondary scin-
tillation in the gas; the chamber configuration is in general similar to the ZEPLIN-II and XENON
TPCs. The active volume is a cylinder of 49 cm diameter and 59 cm height equipped with 122
Hamamatsu R8778 PMTs (2-inch diameter), equally distributed in top and bottom arrays.
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Figure 30. Illustration of the LUX detector and its deployment in the water tank shield in the Davis complex
of the Sanford Underground Laboratory. The 300-kg time projection chamber, installed within a double-
vessel titanium cryostat, is viewed by two arrays of 61 photomultipliers each. (Adapted from [244]; courtesy
LUX Collaboration.)

LUX350 is expected to reach < 0.8 mdru of electron recoil background (before discrimina-
tion) in an inner 100 kg fiducial mass. Besides self-shielding, this very low background level is
afforded by a thin-walled titanium cryostat design and operation within an 8-m diameter water
tank. Containing 300 tonnes of ultrapure water instrumented with 20 ten-inch PMTs (Hamamatsu
R7081), this will provide passive shielding for external γ-rays and neutrons as well as an active
muon veto.

Cooling and temperature regulation are achieved primarily by closed-loop N2 thermosyphons
connected to a liquid nitrogen reservoir located above the water tank [387]. The cryogenic system
has been designed with the cooling power requirements of next-generation detectors in mind. The
xenon is purified by continuous circulation and a heat-exchanger system is employed to allow
higher recirculation rates, with the outgoing gas cooling the incoming xenon.

The detector has been tested in a dedicated surface facility at SURF, within a 3-m diameter
water tank, which provided useful shielding for detector characterization and allowed full system
verification in realistic underground conditions [170]. In these tests the center of the chamber
yielded a very impressive 8 photoelectrons per keV in scintillation for electron recoils at zero
electric field. At the time of writing the experiment is being commissioned underground in the
redeveloped Davis complex at SURF; initial WIMP results are expected early in 2013.

For the next phase the LUX and ZEPLIN-III teams are planning the LZ program at Homes-
take, where a detector with active mass of several tonnes can be deployed within the infrastructure
developed for LUX350 [379]. A TPC similar in design to LUX is envisaged, viewed by Hama-
matsu R11410 3-inch photomultipliers, and containing up to 7 tonnes of active xenon. A liquid
scintillator veto is being designed to fit around a thin-walled titanium cryostat to further decrease
internal backgrounds. Construction is expected to start around 2014.
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http://www‐sk.icrr.u‐tokyo.ac.jp/library/index‐e.html
Figure 31. The XMASS scintillation detector is shown left; 800 kg of liquid xenon are viewed by 642 pho-
tomultipliers arranged in a pentakis dodecahedron geometry. The chamber is located within a 10-m diameter
water shield at Kamioka. (Credits: Kamioka Observatory, ICRR (Institute for Cosmic Ray Research), The
University of Tokyo.)

The XMASS Collaboration based in Japan has chosen a different approach, which relies
on efficient measurement of primary scintillation in a single-phase liquid xenon detector (Fig-
ure 31). Without the need to apply strong electric fields internally, the design of the target chamber
is less constrained and a spherical geometry, optimal to exploit self-shielding, becomes possible.
XMASS is a multipurpose experimental program which aims to study solar neutrinos, ββ -decay
and WIMPs [39]. Following several years of R&D work with an 80-kg prototype [164], an 800 kg
detector has been built and installed at the Kamioka Observatory; engineering data-taking started
in 2011.

The detector is a sphere of 80 cm internal diameter made from OFHC copper with 642 Hama-
matsu R10789 photomultipliers closely packed into a honeycombed structure. These have hexag-
onal windows (65 mm diagonal) and were expressly optimized for low background for this experi-
ment. They have bialkali photocathodes with metal fingers under the quartz windows, and quantum
efficiencies for xenon light of up to 39% at liquid xenon temperature. The photocathode coverage
fraction in the chamber is 64% [380]. A preliminary signal yield of 15.9 photoelectrons per keV
has been reported for 57Co at the center of the detector [388] — 3 times higher than had been as-
sumed by the XMASS team [380]. This will improve the previously stated threshold of 5 keV for
electron recoils.

The only possibility for electron recoil background rejection is pulse shape discrimination,
as only the scintillation signal is measured. Therefore, the requirements for both external γ-ray
shielding and intrinsic contamination are even more stringent than in double-phase detectors. The
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planned fiducial volume includes only the central ∼100 kg, with a 20-cm thick outer shell being
sacrificed for shielding from external γ-rays and neutrons, as well as from β - and α-particles emit-
ted from the detector walls. Intrinsic backgrounds, notably 85Kr and 222Rn, then become a critical
consideration, and the XMASS Collaboration has devoted much effort to mitigate these [27, 380].
In order to shield the detector from external radiation, XMASS is immersed into a 10-m diame-
ter tank filled with 800 tonnes of ultrapure water instrumented with 72 20-inch PMTs. The water
shield absorbs γ-rays and thermalizes fast neutrons from the rock, besides providing a Cherenkov
muon veto. Overall, an electronic background rate below 0.1 mdru is expected in the inner 100 kg
fiducial volume and neutron backgrounds are negligible there [380].

The possibility of using pulse shape discrimination, as in early xenon dark matter detectors,
has been carefully investigated [389]. The difference in scintillation decay times for electrons and
nuclear recoils is small, as discussed in Section 4.2.1, but useful nonetheless. That study, conducted
with a small prototype chamber with a high light yield of 20.9 photoelectrons per keV, reports
an electron rejection efficiency of 92% near 5 keV, improving to 99.9% for 15 keV electrons —
both retaining 50% nuclear recoil acceptance. A second measurement was performed with some
scintillation light deliberately masked to provide a lower photoelectron yield, in line with what
had been expected for XMASS, and this confirmed significantly poorer discrimination. However,
the actual performance achieved by XMASS warrants, in our view, a comparison with the above
(unmasked) result. This suggests that only a few undiscriminated electron recoil events would
remain per year of operation if the claimed nominal background rate can be confirmed.

The 800 kg system is primarily a WIMP detector. As the next step, the Collaboration plans to
scale up the detector to a 2.5 m sphere containing 20 tonnes of liquid xenon (10 tonnes fiducial).
This mass will allow also detection of solar neutrinos and study ββ -decay of 136Xe as originally
planned [39].

6.2 Liquid argon detectors

Dark matter searches with liquid argon have not progressed as quickly as with liquid xenon, but
there has been renewed interest in this medium in recent years. Experience from large projects,
namely ICARUS, propelled ambitious efforts over a decade ago, but these lost ground to liquid
xenon programs, which adopted a more incremental approach. Yet, the field is a vibrant area of
research once again, involving double-phase systems as well as scintillation-only detectors (pulse
shape discrimination is very effective in liquid argon, as discussed in Sections 3 and 4.2.1). Two
collaborations have built dark matter systems, two other detectors are at an advanced stage of
construction, and a new effort is emerging. As in the previous section, we begin by outlining the
main experiments before describing the most competitive systems in more detail.

The WARP Collaboration started their program at LNGS in the late 1990s, building on R&D
experience from ICARUS, and published in 2008 the only set of dark matter results from liquid
argon to date [55]; their 2.3-liter prototype chamber featured photomultiplier readout and exploited
both ionization/scintillation ratio as well as pulse shape discrimination. A detector with 140 kg ac-
tive mass was subsequently built and commissioned at Gran Sasso in 2009 [390], but no published
information on the present status of the project could be found.

The ArDM Collaboration started development of a tonne-scale double-phase chamber in 2004
[391]; this is presently being deployed at the Canfranc Underground Laboratory (Spain) [392] fol-
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lowing construction and extensive testing at CERN. The original design features photomultiplier
readout of scintillation in the liquid and detection of emitted ionization using Large Electron Mul-
tipliers in the gas.

Two single-phase detectors are being built by the DEAP/CLEAN Collaboration to operate at
SNOLab (Canada). MiniCLEAN is a 500 kg scintillation detector using cold PMTs over 4π solid
angle [393]. It has a multiple-target mission: after an initial 2-year run with natural argon, the
Collaboration proposes to replace the working medium with liquid neon to explore how the rate
of a hypothetical signal varies with atomic mass under similar backgrounds. The second system,
DEAP-3600, features 3.6 tonnes of liquid argon in a transparent acrylic vessel viewed by warm
photomultipliers [394]. It proposes to operate with natural argon for the first three years followed
by use of underground argon depleted in 39Ar. MiniCLEAN is due to start data-taking in late 2012,
followed by DEAP-3600 one year later.

Finally, the DarkSide team have returned to double-phase argon but starting on a smaller scale.
A 10 kg prototype has been operated at LNGS [395] and a low-background 50-kg device (33 kg
fiducial) is under construction [396].
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Figure 32. The WARP140 dark matter experiment. The 100-liter WIMP target is represented left, viewed
by 37 PMTs (only two are shown). The target is surrounded by an active scintillator shield sharing the same
ultra-pure LAr; a stainless steel cryostat (not shown) filled with LAr coolant contains the nested vessels; this
is lined with a polyethylene layer to shield against cryostat neutrons. (Adapted from [397].)

The WIMP Argon Programme (WARP) was proposed in 2004, emerging from R&D activ-
ities with liquid xenon and liquid argon for the ICARUS experiment. It consisted initially of two
stages: an existing double-phase test chamber with 2.3-liter capacity was modified and deployed at
LNGS; this would prototype a 100-liter detector built from low background components and using
140 kg of isotopically purified argon [397]. A future 1.4 tonne detector was envisaged, occupy-
ing some of the infrastructure developed for WARP140, the 100-liter chamber. WIMP search data
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from the 2.3-liter prototype were acquired in 2005. With the help of dual parameter discrimination
(S2/S1 ratio and S1 pulse shape, as shown in Figure 5, right), a WIMP-nucleon cross-section limit
of 1·10−6 pb (1·10−42 cm2) was published in 2008 [55].

The WARP140 target, shown schematically in Figure 32, has a 60 cm long drift region de-
signed to operate at 0.5–1 kV/cm; the electric field is conditioned by field-shaping rings embedded
in the chamber walls. The electroluminescence region is defined by two grids either side of the
liquid surface, with the liquid height determined by a diving bell. The target is viewed by an array
of 37 PMTs with 2- and 3-inch diameter looking down from the gas phase into the active volume;
these models (ETL D750UKFLA and D757UKFLA) have low-temperature bialkali photocathodes
developed by Electron Tubes to operate at LAr temperature. The voltage divider chains are made
from Kapton printed circuit boards with discrete components selected for operation at LAr temper-
ature. To wavelength-shift the VUV photons emitted by the prompt and proportional scintillations
of LAr, TPB was evaporated onto highly reflective plastic foil coating all internal surfaces. A light
yield of 1.6 photoelectrons per keV was reported at zero electric field with this configuration [390].

This chamber is immersed in a much larger LAr volume of 8 tonnes, totally surrounding the
inner detector and working as an active veto; this is viewed by 2- and 3-inch photomultiplier tubes
of the above models, 300 in total. Liquid argon circulates through the WIMP target and the active
shield, driven by an external purification system. The cryogen is contained within a double-walled
stainless steel cryostat, 2.9 m in diameter and 4.45 m in height, lined internally with an additional
10 cm of polyethylene to shield against neutrons from stainless steel. External hydrocarbon and
lead enclosures complete the shield.

Construction of the 100-liter detector started in 2005 and by 2009 the detector had been com-
missioned at LNGS [390]. However, problems with high voltage delivery and with the stability of
the wavelength shifting layers halted the first technical run; a second test was conducted in 2010,
but high voltage problems persisted. No update on WARP140 has been reported recently.

The ArDM (Argon Dark Matter) experiment aims to search for WIMPs with a tonne-scale
double-phase liquid argon detector deployed at the Canfranc underground facility (Spain) [391].
Its conceptual design is shown in Figure 33. The detector contains 850 kg of active mass of LAr
shaped as a cylinder of 80 cm diameter and 120 cm height; the estimated fiducial mass is not known.
The active volume is viewed by 14 hemispherical 8-inch photomultipliers placed at the bottom
(Hamamatsu R5912-02MOD bialkali tubes with platinum underlay to operate at LAr temperature).
TPB is used to wavelength-shift the argon light; a thin transparent layer is deposited over the PMT
windows, while all other surfaces are covered with a PTFE fabric (Tetratex) coated with an opaque
TPB layer, which works also as a reflector [234]. A light yield of 1 photoelectron per keV at zero
electric field was predicted for the completed chamber based on tests with 7 out of 14 PMTs [398],
which would enable a nuclear recoil energy threshold of 30 keV as originally planned.

The ionization charge is drifted away from the interaction site under a strong electric field
(>3 kV/cm) and emitted into the vapor phase with the help of two electrodes located either side
of the liquid surface. A distinguishing feature of this experiment is the aim to measure directly
the charge extracted from the liquid with Large Electron Multipliers (LEM) placed in the gas
phase [391]. A gain of 27 has been achieved in a dedicated prototype with a 1-mm thick LEM
operating in double-phase argon, with the amplified charge collected by a two-dimensional projec-
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Figure 33. The ArDM inner cryostat containing the 850-kg LAr WIMP target connected to the liquid argon
purification column to the left. These elements are located within a LAr bath held in an outer vessel (not
shown). 14 PMTs at the bottom of the WIMP chamber view the wavelength-shifted scintillation light; the
ionization charge is amplified by LEMs in the vapor phase. The HV multiplier can be seen in dark blue at
the back of the chamber. The inner cryostat is surrounded by a neutron shield. (From [399]; with permission
from IOP Publishing.)

tive readout anode providing orthogonal views with 3 mm position resolution [314]. A cascaded
two-stage LEM is expected to provide readout sensitivity to a few ionization electrons.

Another innovative feature in ArDM is the use of a high voltage (HV) Greinacher multiplier
(also known as Cockcroft-Walton) working in the LAr to bias the electrode grids as well as the
field shaping rings located along the internal walls [400]. If stable HV operation is successful this
may obviate the need for low-background, cryogenic HV feedthroughs in future large experiments,
which are a common technical challenge in double-phase detectors. The ArDM multiplier has been
successfully operated at 70 kV, corresponding to a drift field of 0.5 kV/cm; the stated goal is nearly
400 kV [399].

The double-phase detector is contained in a 1-m diameter, 2-m tall cryostat shown in Figure 33.
This is surrounded by an internal neutron shield. A cryogenic pump drives a LAr purification col-
umn containing CuO, shown to the left of the cryostat. Electrons have to travel up to 120 cm
in the ArDM TPC, which will take ∼1 ms even at high electric field; liquid purity is therefore
a critical issue. The vessel and purification system are fully immersed in a separate LAr cool-
ing bath, contained within a stainless steel cryostat (not shown). The temperature of the cooling
bath is maintained with the aid of cryocoolers installed in a recondenser unit sitting on top of the
recirculation/purification section [399].
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Figure 34. Schematic views of the MiniCLEAN experiment. Left: Cut-out of outer and inner vessels to
reveal the arrangement of optical cassettes which view the 500 kg LAr (or LNe) WIMP target in 4π . Center:
detail of optical cassette (here termed ‘module’), including a photomultiplier attached to a stainless steel
light guide with an acrylic plug covered in TPB at the front. Right: integrated experiment immersed in water
tank. (From [393], courtesy A. Hime.)

The dominant background in ArDM will be the β decay of 39Ar present in atmospheric argon,
which eventually will limit the sensitivity of the experiment. The rate of these electron recoils
(∼1 kBq) demands extremely high discrimination factors, but this may be compromised by event
confusion within the ∼1 ms drift time. Operation with underground argon is envisaged by the
collaboration [399].

The ArDM detector operated with liquid argon on a surface laboratory at CERN. A number
of tests have been carried out and most sub-systems have been demonstrated. Commissioning
underground at Canfranc is under way [392].

The DEAP/CLEAN Collaboration is pursuing a single-phase LAr program at SNOLab, ex-
ploiting pulse shape discrimination to overcome the dominant background of electron recoils from
39Ar [401]. This requires discrimination of at least a few parts in 109 for low energy electrons.
This program emerged from the proposal to use LNe and LHe for low energy neutrino detec-
tion [38, 402]. Several R&D chambers, including MicroCLEAN and DEAP-1, have been built
specifically to address the discrimination and other key issues, such as the scintillation efficiency
for nuclear recoils in LAr [54, 102, 117].

Two experiments, MiniCLEAN and DEAP-3600, are presently being installed at SNOLab,
with first data expected by the end of 2012 [403] and 2013 [394], respectively. Both have spher-
ical targets containing natural argon — in the first instance — with the wavelength-shifted LAr
scintillation viewed by photomultipliers over 4π solid angle. There are similarities between the
two designs, for which reason we describe the two systems in parallel, but there are also important
differences, with technological solutions being explored for the design of the much larger instru-
ment: a future CLEAN experiment (standing for Cryogenic Low Energy Astrophysics with Noble
liquids) may contain 40–120 tonnes of active target [402, 393].
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MiniCLEAN features a 45 cm diameter target containing 500 kg of liquid argon, with an ex-
pected fiducial mass of 100 kg defined by reconstruction of the scintillation vertex [393]. The
Collaboration consider replacing the working medium with liquid neon for a subsequent run in or-
der to exploit the different scaling of event rates from a possible WIMP signal (A2 dependence) and
from backgrounds. This would also enable sensitivity to solar p-p neutrinos, which is another stated
scientific goal. The optical readout employs 92 individual ‘cassettes’, each containing an 8-inch
Hamamatsu R5912-02MOD photomultiplier viewing an acrylic plug coated with TPB wavelength
shifter, as shown schematically in Figure 34. These are mounted onto a stainless steel inner ves-
sel. The cryostat is completed by an outer vessel with 2.6 m diameter for thermal insulation and
containment. The photomultipliers operate cold within the cryogen [246]. Shielding against PMT
neutrons, one of the dominant backgrounds, is provided by the cryogen and acrylic layers in front
of the PMTs. A second important background comes from the plating of radon daughters on the
wavelength shifter, with emitters ejecting nuclear recoils into the active volume. This is mitigated
by a strict cleaning procedure performed on the PMT cassettes ex situ and transfer to the detector
under vacuum.

DEAP-3600 (Dark matter experiment with Argon and Pulse shape discrimination) has been
under development since 2005 and is also at an advanced stage of construction [394]. Its 3,600 kg
target (1,000 kg fiducial) of natural LAr is expected to be the first tonne-scale WIMP detector to
operate. The geometry is depicted in Figure 35. The spherical volume is 85 cm in diameter, defined
by a transparent acrylic vessel coated internally with TPB wavelength shifter. 255 PMTs (8-inch
Hamamatsu R5912) view the target behind 50-cm long acrylic light guides, which keep the PMTs
relatively warm and shield the target against their radioactivity. Plate-out of radon progeny on the
inner surface of the acrylic vessel will be eliminated before first cool-down by use of a purpose-
developed resurfacer device to remove the top few µm of acrylic prior to deposition of the TPB in
situ. An outer containment vessel made from stainless steel completes the cryostat.

The two instruments will be installed within individual water tanks side by side at SNOLab’s
Cube Hall. MiniCLEAN is cooled with a pulse-tube refrigerator with heat exchanger, whereas
DEAP-3600 employs a liquid nitrogen thermosyphon to liquefy the argon. Both water tanks are
instrumented with photomultipliers to provide a muon veto.

The success of these experiments is predicated on the achievement of sufficient discrimination
power for the efficient rejection of the very high rate of electron recoils expected from the decay
of 39Ar — a total activity of 3.6 kBq is expected in DEAP-3600, for example. Work with the
MicroCLEAN and DEAP-1 prototypes has established useful levels of discrimination (∼10−6) but
the baseline levels required for the full scale WIMP experiments have so far only been inferred
through model-based extrapolations of statistically-limited datasets [404, 102]. Work with DEAP-
1 underground is still ongoing, exploring more sophisticated pulse shape analyses than the fraction
of prompt light used initially.

Pulse shape discrimination depends critically on the number of detected photoelectrons and so
the light yield of these chambers is extremely important. From the performance achieved in the pro-
totype chambers, along with Monte Carlo simulations of their experimental set-up, MiniCLEAN
expect ∼6 photoelectrons per keV for electron recoils [403] and aim for a 50 keV WIMP-search
threshold for 10−9 discrimination. For DEAP-3600 the baseline is 8 photoelectrons per keV, along
with a 60 keV threshold for nuclear recoils required to achieve 10−10 discrimination [394].

– 83 –



http://arxiv.org/abs/1203.0604v1

Figure 35. Schematic view of the DEAP-3600 single-phase liquid argon experiment. The acrylic vessel
holds 3,600 kg of LAr, which is viewed by 255 8-inch photomultipliers through 50-cm light guides. These
provide neutron shielding and thermal insulation between the cryogenic acrylic vessel and the ‘warm’ PMTs.
The inner detector is housed in a large stainless steel spherical vessel, which itself is immersed in an 8-meter
diameter water shielding tank. (From [394], courtesy M. Boulay; image credit K. Dering.)

After a 3-year run of DEAP-3600, expected to be free of background, the project may operate
the detector with underground-sourced argon, affording some gain in WIMP-search threshold due
to the lower requirements on discrimination, and so confirm any signal hints observed in the first
run. MiniCLEAN have adopted a different strategy: a first 2-year long run with natural argon might
be followed by operation with liquid neon, from which a lower WIMP signal rate is expected
in the canonical elastic scattering model. This will provide a distinct signature from dominant
background sources, which are expected to increase in rate (e.g. neutrons) or to remain constant
(surface contamination).
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7. Detecting coherent neutrino scattering with the noble liquids

Some progress towards a first measurement of coherent neutrino-nucleus elastic scattering using
liquefied noble gases has also taken place in recent years. Efforts have focused on two types of very
intense source of low and intermediate energy neutrinos: nuclear reactors and accelerator-driven
neutron spallation sources.

Nuclear power reactors produce an average of 6 antineutrinos per 235U fission, with a total of
5·1020 ν̄ /s emitted from a facility with 3 GW thermal output — of which several dozen operate
presently around the world [405]. At standoff distances of 30 m down to 10 m the antineutrino
flux is ∼5–50·1012 ν̄ /cm2/s. Antineutrinos offer interesting prospects for nuclear non-proliferation
activities since no amount of line-of-sight shielding can mask the count rates observed by a nearby
detector; direct monitoring of the rate of production of fissile material or the degree of fuel burn-up
becomes possible [406].

A few suitable spallation sources exist around the world and, to our knowledge, CNS has
been considered only at two, namely the new Spallation Neutron Source (SNS) at Oak Ridge
National Laboratory (US) and the ISIS facility at the Rutherford Appleton Laboratory (UK). The
potential for neutrino physics at such facilities — including CNS — has long been recognized
(e.g. [407, 408, 23, 409]). The SNS yields ∼1015 ν /s (a factor of ∼10 higher than at ISIS). These
neutrinos (equal fluxes of νe,νµ ,ν̄µ ) come from the decay-at-rest of pions and muons produced
by the interaction of high-energy protons on a spallation target. Although reactors provide much
higher fluxes, the pulsed nature of the proton beam (typically ∼0.1–1 µs pulse width at 40–60 Hz
repetition) and higher neutrino energies (e.g. 30 MeV for νµ versus a few MeV for reactor ν̄) are
clear advantages in this instance. Similar distances to the spallation target are viable, but shielding
against the very penetrating spallation neutrons must be a prime consideration, influencing the
distance as well as angle to the incident proton beam.

In nature, core-collapse supernovae radiate the overwhelming majority of their energy as neu-
trinos and, were one to occur in our galaxy, a multi-second burst containing multiple events would
be observed by the next generation of DM detectors operating underground [410]. In general, 8B
solar neutrinos will pose a nuclear recoil background for low-threshold DM searches (≤3 keV)
already at WIMP-nucleon cross sections of ∼10−10 pb (10−46 cm2) [411]. For higher thresholds,
atmospheric neutrinos and diffuse supernova neutrino background (DSNB) — the past history of
all supernova explosions — will dominate below ∼10−12 pb (10−48 cm2) [412].

The experimental challenge is manifest in Figure 1, which depicts expected CNS event rates at
ISIS and at a nuclear reactor. Extremely low thresholds are required to achieve sensible event rates
at either location. The trade-off mentioned in Section 3 between scattering rate (∝ E2

ν N2/A) and
the recoil spectrum (Emax

r ∝ E2
ν/A), with N and A the neutron and atomic numbers of the target,

respectively, is patent in the figure. Xenon works best with the harder neutrino spectrum of the
spallation source (Eν < 53 MeV), whereas argon (or, better still, neon) would be better suited for
reactor antineutrinos (Eν . 10 MeV).

Naturally, both types of facility are extremely powerful neutron sources too. Extensive shield-
ing is required, and an anti-coincidence neutron detector is probably essential. Difficulties asso-
ciated with a surface deployment compound the problem. Atmospheric muons may be disruptive,
especially for double-phase detectors: a relatively small detector with 60 cm diameter would expe-
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Figure 36. Diagram of the CLEAR experiment proposed for SNS at Oak Ridge. Left: the LAr/LNe scintil-
lation target is defined by a TPB-coated chamber viewed by 38 PMTs immersed in the liquid, contained in
a vacuum cryostat (image credit J. Nikkel). Right: the detector would be located in an instrumented water
tank for shielding and muon veto (image credit J. Fowler). (From [413], courtesy K. Scholberg.)

rience∼50 µ/s depositing tens of MeV per event, whilst conducting a search for rare events at keV
energies. In addition, cosmic-ray neutrons as well as those arising in muon-initiated cascades are
serious backgrounds too.

The prospect of deploying noble liquid detectors specifically for measuring CNS has been
studied by a few groups around the world. We mention briefly the most advanced below — whilst
noting that other measurement technologies, notably cryogenic germanium, are also contenders for
a first observation.

The CLEAR Experiment (Coherent Low Energy A (Nuclear) Recoils) was conceived for
deployment at SNS, at a distance of 46 m to the spallation target and in the backward direction
with respect to the proton beam. A single-phase, scintillation-only design was adopted, allowing
interchangeable liquid argon and liquid neon targets (456 kg and 391 kg, respectively), within an
active volume 60 cm in diameter and 44 cm in height [413]. Significant recoil energies can result
in these targets, especially in LNe where the recoil spectrum extends to >100 keV, allowing use
of pulse shape discrimination from the scintillation signal. The VUV light is wavelength-shifted
by TPB evaporated onto the PTFE chamber walls as well as two fused silica or acrylic plates, and
detected by 38 Hamamatsu R5912-02MOD photomultipliers (Figure 36). The detector would be
located inside an instrumented water tank for shielding and cosmic-ray veto.

A significant event rate is expected in this configuration. Assuming SNS operation at a power
of 1.4 MW, a live running time of 2.4·107 s/yr for each target material, and a beam timing cut
of 6·10−4 efficiency, CLEAR should register ∼600 events/year with LAr above a 20 keV nuclear
recoil threshold, and ∼250 events/year for a LNe run with 30 keV threshold (including 50% recoil
acceptance after pulse shape discrimination). The dominant background is from 39Ar, PMT γ-rays,
radon daughters and neutrons produced from beam loss in the transport line (which were found to
be higher than those from the spallation target itself). Although there has been no progress recently
due to lack of funding, the Collaboration still deem the project to be technically viable.
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A very different and innovative approach was proposed in 2004 [24]: if measurement of
single ionization electrons could be achieved through proportional scintillation in double-phase
argon, this would open the way to utilizing these detectors in electron counting mode (i.e. sub-
threshold in S1). This started a LAr-based programme at Lawrence Livermore National Labora-
tory (US) aimed specifically at nuclear reactor monitoring. Deployment in the ‘tendon gallery’
of a 3.4 GWth reactor, 25 m away from the core, is being considered. A schematic of a possible
prototype detector is shown in Figure 37. This might achieve ∼80 counts/day above a threshold
of 2 ionization electrons measured by proportional scintillation. 39Ar is again a problematic back-
ground also in this regime, which would require use of underground argon. Preliminary work with
a smaller chamber is underway, in order to characterize the response to single electrons and to
measure the ionization yield in LAr at very low energies [414, 415].

Figure 37. Possible design of a 10-kg double-phase Ar detector for deployment at a nuclear power reactor.
Measurement of CNS will be attempted in the 1–10 ionization electron regime. (Courtesy A. Bernstein.)

With this type of measurement in mind, the ZEPLIN program characterized the single
electron signature and its production mechanisms in double–phase xenon: first using ZEPLIN-II
data [64], then with ZEPLIN-III [37] (see also Figure 6). Similar work with a surface prototype
was conducted at ITEP (Russia) [416]. The excellent signal-to-noise ratio achieved on the single
electron signature and the low background measured at two electrons and above led the ZEPLIN-III
Collaboration to explore further a deployment of this detector at a nuclear reactor and at the ISIS
facility (UK) [37]. The predicted CNS signal and dominant internal backgrounds, as measured
through proportional scintillation with a yield of 30 photoelectrons per electron, are reproduced
in Figure 38. These assume ionization yields as measured down to 4 keV recoil energy [67] and
extrapolated to zero in an ad hoc way below that.

It was found that the reactor signal was salient over background above a 3-electron threshold,
with&2,000 events expected in 10 kg·yr live exposure (at 10 m from a 3 GWth reactor core). These
signals are below the scintillation threshold, so no discrimination can be relied upon.
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Figure 38. Neutrino-induced ionization spectra expected in the liquid target of ZEPLIN-III at a nuclear
reactor and at the ISIS stopped pion source. CNS from solar 8B is also shown for reference. The peak
structure reflects discrete numbers of ionization electrons measured by electroluminescence. Single electron
background and internal electron recoil backgrounds (1 dru) are also shown; the latter is reduced by ∼1000
times at ISIS due to the beam-coincident measurement [37]. (Courtesy ZEPLIN-III Collaboration; with
permission from Springer Science and Business Media.)

The prospects for detecting this signature with a beam-coincident measurement at the stopped
pion source seemed also encouraging (at 10 m from the spallation target, with a neutrino flux
of ∼3.6·106 cm−2s−1 per flavor). Owing to the much harder energy spectrum, approximately
half of the detected events should produce measurable S1 and S2 signals, thus allowing three-
dimensional position reconstruction and electron/nuclear recoil discrimination; this would provide
an important cross-check for the part of the spectrum detected through ionization only. At ISIS,
non-beam related backgrounds could be significantly reduced with a beam coincidence cut with
10−3 efficiency — corresponding to a measurement window of 20 µs every 20 ms: ∼700 signal
events were expected above 3 emitted electrons in a 10 kg·yr exposure.

The possibility of an ISIS deployment was subsequently studied in more detail by one of us
(HA), after a possible location for the experiment was identified near the spallation target, at 90o

to the proton beam. The target-target distance would be 8.66 m, with the line-of-sight shielding
including an existing ≈5 m of iron and ≈1 m of concrete; additional neutron shielding would be
added to the full shield used underground at Boulby (including the neutron veto). With realis-
tic parameters considered for the accelerator, the spallation target and the experiment, the signal
rate expected in a 6 kg fiducial LXe volume was only 52 events/year. Cosmogenic and internal
neutrons were studied by Monte Carlo simulation; they were found to contribute ∼30 unvetoed
events/year in the recoil energy range 0.1–10 keV within the beam coincidence window, but these
could be further subtracted with an off-beam measurement. Electron recoils backgrounds would
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add a further ∼10 events/year before discrimination. However, beam-coincident spallation neu-
trons above 20 MeV were found to overwhelm a measurement at that location, irrespective of any
additional shielding. A 1-µs delayed measurement targeting follow-on muon-decay neutrinos only
(pion decay neutrinos are essentially prompt) was proposed to solve this problem for SNS neutrino
studies [417]. This would eliminate high-energy beam-induced backgrounds, as delayed neutrons
can be shielded effectively. However, this is only possible for events containing both S1 and S2
pulses (since S1 carries the event timing information). The overall timing cut would retain ∼25%
signal acceptance, leaving 13 events per year. This rate was deemed too low to justify pursuing the
experiment further at that particular location — at least with that target mass, which was the main
limiting factor in this instance.

Finally, the RED Collaboration (Russia) is pursuing a promising effort for a first detection
of CNS. They propose a LXe/LAr experiment named RED-100 (Russian Emission Detector). The
baseline design features 200 kg of liquid xenon, with approximately 100 kg of fiducial mass; liquid
argon is also a possible target, with 100 kg of total mass for a 50 kg fiducial.

The detector design is illustrated in Figure 39. The sensitive volume is 45 cm in diameter
and 45 cm in height, defined by optically transparent mesh electrodes and lateral field-shaping
rings. The envisaged drift field is 0.5–1 kV/cm in the liquid and 7–10 kV/cm in the 1-cm thick
gas phase. The team plan to use two arrays of low-background Hamamatsu R11410-10 photomul-
tipliers (19 phototubes each). The mean expected number of photoelectrons per electron in the
secondary scintillation region is 80 [418].

To study the response of LXe and LAr to sub-keV nuclear recoils, the teams are prepar-
ing a setup at the MEPhI research reactor. This will include a neutron filter to prepare a quasi-
monochromatic 24 keV neutron beam, irradiating a smaller double-phase chamber (this was one of
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Top PMT  

array 
 

Electrodes 
 

Sensitive  
volume 

LXe (LAr) 
 

Bottom  
PMT array 

1 – double-phase emission detector; 2,3 – detector lead and 
borated polyethylene shield; 4 – lead layers; 5 – polyethylene 
blocks, 6 – paraffin, 7,8 – iron and aluminium filter parts, 9 –
reactor concrete shield. 

Figure 39. The RED-100 double-phase detector is shown left; it will contain 200(100) kg of LXe(LAr). The
right panel shows the smaller prototype chamber exposed to 24 keV neutrons at the MEPhI nuclear reactor,
to study the response to very low energy nuclear recoils. (Courtesy RED Collaboration.)
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the prototypes for ZEPLIN-III, with 7 photomultipliers). This experiment will allow the measure-
ment of the ionization and scintillation yields with maximum recoil energies of ∼0.7 keV for Xe
and ∼2.3 keV for Ar.

Two deployments of RED-100 are envisaged. Firstly, at 19 m from the core of the Kalinin-
skaya nuclear power station, where the antineutrino flux is 1.35·1013 cm−2s−1; ∼20 events/day are
expected in 100 kg of LXe above a 2 ionization electron threshold, and ∼200 events/day in 100 kg
of LAr. An experiment at SNS is also being considered, 40 m from the spallation target and 10 m
underground; the neutrino flux there would be 5·106 cm−2s−1 (per flavor). The expected count
rates are ∼1,400 and ∼400 events/100 kg/year for LXe and LAr, respectively.

8. Conclusion

Liquefied noble gas technology has been developed into well established radiation and particle
detection techniques, having found a wide range of application. Technical challenges have been
overcome over the last decade to demonstrate that these media can provide low energy thresh-
old, low background, target mass scalability and stable operation over long periods. In particular,
double-phase liquid/gas detectors are now at the forefront of low energy particle physics. They are
top contenders for a first direct detection of WIMP dark matter as well as of coherent neutrino-
nucleus elastic scattering.

In dark matter searches, xenon detectors have made the most progress so far, but liquid argon
experiments are also close to data-taking underground; liquid neon setups are being considered.
We present in Figure 40 WIMP-nucleon exclusion limits reported by liquid noble gas experiments.
These have covered over three orders of magnitude in scalar cross-section sensitivity in just over a
decade, and there are signs that this rate is accelerating as self-shielding begins to pay off with the
larger target masses now being deployed. XENON100 offers presently the tightest experimental
constraint from any technology.

Prospects for a first detection of CNS have also improved due to the excellent sensitivity af-
forded by the ionization response in double-phase detectors. This quest goes hand in hand with the
search for light WIMPs, both involving sub-keV detection thresholds in scalable target technolo-
gies. A first measurement of CNS may be close, although some challenges remain in controlling
neutron backgrounds at the neutrino sources.

Practically all current dark matter experiments using the double-phase technique rely on mea-
surement of the ionization signal via secondary scintillation in a uniform electric field detected
by a large number of photomultiplier tubes. The quest for sensitivity stimulated development of
new PMTs capable of operating at cryogenic temperatures and having high quantum efficiency for
xenon VUV light. In the last two decades, the quantum efficiency at these wavelengths has dou-
bled. Progress in reducing the radioactivity background has been even more remarkable — a factor
of ∼1,000 has been achieved over this period.

Alternative readout techniques, such as solid state photon detectors and micro-pattern detectors
for charge amplification, have continued to be developed. The case for these approaches over
the traditional PMT readout has not been made so far — at least at low energies. However, at
higher energies and especially for very large detectors new solutions may be advantageous or even
necessary (e.g. LAr TPCs for neutrino detection).
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Figure 40. Spin-independent WIMP-nucleon scattering cross-section limits (90% CL) published from
liquid xenon (black) and liquid argon experiments (red); in order of publication: DAMA/LXe [375],
ZEPLIN-I [44], ZEPLIN-II [49], WARP 2.3-l [55], XENON10 [377, 126] (low energy analysis [210]),
ZEPLIN-III [56] and XENON100 [215]. The parameter space favored by Constrained MSSM after 1 fb−1 of
LHC data is shown in green [419]. The DAMA/NaI annual modulation result [420] interpreted as a nuclear
recoil WIMP signal in [421] is also shown (in blue) for reference.

The success of experiments that rely on the double-phase technique depends on a good under-
standing of the physics involved in the detection process. In our view most processes are now well
understood; nevertheless, some knowledge gaps remain in the keV and sub-keV energy regions,
in particular regarding the response to nuclear recoils. Exploration of this energy regime will be
essential to enable a first measurement of CNS, and these experiments are now contributing to this
effort.

In the year 2012 we celebrated the silver jubilee of direct dark matter searches [422]. The
noble liquids have now taken a clear lead in trying to answer this most important of scientific
questions. The authors conclude by reaffirming their belief that the double-phase technique will
maintain a strong position in low energy particle physics in the future.
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