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Observations on all fronts strongly support the view of a universe com-
posed of > 96% invisible matter and energy. The invisible mater is non-
baryonic, cold and likely in the form of new particles genercally referred
to as Weakly Interacting Massive Particles (WIMPs), relics from the early
universe. One way to detect WIMPs is to measure the nuclear reoils pro-
duced in their rare elastic collisions with ordinary matter. The predicted
interaction rate ranges from the best sensitivity of existing experiments of

1 evts/kglyr to 1 evts/1000 kg/yr. E orts are underway worldwide to
realize sensitive direct detection experiments, with larg target mass and
improved background rejection capabilities. In this talk | will review ex-
periments headed in this direction with the use of cryogenimoble liquids,
focusing on those experiments which use the common techniguof a dual-
phase (liquid/gas) time projection chamber to measure simitaneously the
ionization and the scintillation signals produced by radiation in a large vol-
ume of liquid xenon or liquid argon. The four experiments | wil review are
XENON, ZEPLIN, WARP and ArDM.

PACS numbers: 95.35.+d, 14.80.Ly, 29.40.Mc, 95.55.Vj

1. Introduction

The nature of dark matter and dark energy, which compose >96%of
the universe (see [1], and references therein), is one of theost fundamental
guestions in physics. The leading candidate for the invisite dark matter is
relics from the early universe known as Weakly Interacting Missive Particles
(WIMPs). Such particles are also predicted by extensions ofthe standard
model of particle physics, such as Supersymmetry (SUSY) [2]If WIMPs
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exist, they are also the dominant mass in our own Milky Way, am, though
they only very rarely interact with conventional matter, sh ould nonetheless
be detectable by su ciently sensitive detectors on Earth.

In direct detection, one measures the energy, typically a f& tens of keV [3],
of the nuclear recoil which results from a WIMP-nucleon elasc scattering.
A variety of target nuclei and detectors are used in direct deection experi-
ments worldwide.

For a recent review of the eld we refer to the report by the DUSEL
S1 Dark Matter Working Group ([4], and references therein). Covering the
bulk of the SUSY parameter space for WIMPs will require a sizhle increase
in sensitivity from the current best experimental limits [5,6]. An increase in
detector mass and exposure, in addition to a reduction in antbr improved
rejection of radioactive and cosmogenic backgrounds is nessary.

The predicted event rates for a WIMP mass of 100 GeV& and a spin-
independent WIMP-nucleon cross-section of 10* cm? are shown in Fig. 1
for Ge, Xe and Ar targets. The fast fall of the event rate with increasing
recoil energy demands a very low energy threshold, around K&V. At this
energy, the event rate for a Xe target is about 30% higher tharfor a Ge
target, due to the Xe larger atomic number. Cryogenic solid &te detec-
tors, based on Ge and Si crystals, have for a long time dominat the eld
of dark matter direct detection, showing the best backgrouwd discrimina-
tion and reporting stringent spin-independent WIMP-nucleon cross-section
(46 10 # cm? at a WIMP mass of 60 GeV/c? [6]).
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Fig. 1. Event rates for a 100 GeV/c> WIMP with spin-independent WIMP-nucleon
cross-section ofL0 ** cm? for di erent target materials.
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In recent years, however, the application of cryogenic nobl liquids in
dark matter searches, has gained new momentum due to their pmise for
large target mass detectors with possibly as powerful backgund discrimina-
tion as cryogenic crystals. LXe and LAr are especially attrative as they are
known to be good scintillators and ionizers, as establisheth many works.
The scintillation mechanism in these liquids is well known T]. Both excita-
tion and electron ion pairs recombination produce exciteddimmers, which
lead to scintillation light (Xe , ! 2Xe+ h inthe case of Xe). In pure liquids,
the light pulse has two decay components due to de-excitatioof singlet and
triplet states of the excited dimers. These components haveecay times
which depend strongly on the ionization density of the parttle. For alpha-
particles in LXe the shorter decay time produced from the deexcitation of
singlet states and the longer one from the de-excitation ofriplet states, are
4.2 and 22 ns. However, the scintillation for relativistic éectrons has only
one decay component whose e ective decay time is 45 ns. This due to
the slow recombination between electrons and ions producdaly relativistic
electrons, since this component disappears if some electrield is applied.
The decay shape of scintillation light from energetic elegbns in LXe, under
an electric eld of 4 kv/cm, has the usual two decay componens, with the
short one being 2.2 ns and the longer one being 27 ns. In LAr, &se compo-
nents have decay times which are much more separated, allavg for an easier
pulse shape discrimination (PSD) of the scintillation sigral as background
rejection tool. The ionization electrons which escape recobination can be
collected with an applied electric eld. The recombination process strongly
depends on the ionization density of the radiation and its tack structure,
so that the ratio of ionization to scintillation in noble lig uids is di erent
for electron recoils from gamma and beta background and foruclear re-
coils from WIMPs and neutron background. The simultaneous dtection of
charge and light therefore provides background discrimin@gon in LXe and
LAr, in a similar way as the simultaneous detection of chargeand phonon
signals provides discrimination in cryogenic Ge and Si. In @dition to being
available in large quantities for cost e ective large volunme detectors, another
advantage of LAr and LXe over cryogenic solid state detectar is their high
boiling point, 87 K and 165 K respectively, which require mub less complex
cryogenic systems.

| will brie y review four experimental e orts for dark matte r direct de-
tection all based on the simultaneous measurement of chargend light in
either Xe or Ar dual-phase time projection chambers (TPCs). In these de-
tectors, the ionization electrons which survive recombindon and trapping
by impurities are drifted towards the liquid surface where they are extracted
into the gas and detected either with a charge readout or a phon read-
out, in the case of induced proportional scintillation in the gas. The energy
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threshold, the x y spatial resolution, the background rejection power, the
radio-purity of the materials, the gamma and neutron shieldng, the under-
ground environment and depth, all contribute to the di erent sensitivity

projected for these experiments.

2. The XENON Dark Matter experiment

The goal of the XENON Dark Matter phased program is to realize
a very sensitive, low background, dual-phase TPC containig 1000 kg of Xe
as ducial target, to search for both spin-independent and pin-dependent
coupling of WIMPs with matter. With an energy threshold of 5 keV,
nuclear recoil equivalent, and a total background event ra¢ lower than
10 4 evts/kg/keV/yr before any rejection, the sensitivity goal of XENON1T
is at the 10 4’ cm? level, or about almost four orders of magnitude lower
than the current best sensitivity.

In the XENON Dark Matter experiment, the simultaneous detection of
ionization and scintillation in a liquid xenon 3D position sensitive time pro-
jection chamber is used to identify nuclear recoils, produed by WIMPs (and
neutrons), from electron recoils produced by gamma and bethackground,
with a rejection power better than 99.5%.

The XENON10 detector was deployed at the Gran Sasso Undergood
Laboratory (LNGS) [8] in spring of 2006 and the rst results from a WIMP
search were obtained in spring of 2007, making XENON10 the nsb sensi-
tive dark matter experiment worldwide. Fig. 2 shows the 90% CL. upper
limit on the spin-independent cross-section of a WIMP with rucleons of
88 10 * cm? for a WIMP mass of 100 GeV/c? [5]. The result is based
on 58.6 live days, acquired between October 2006 and FebryaP007. The
same data were also analyzed for spin dependent coupling of WPs to mat-
ter [9]. The result for pure neutron couplings are the worlds most stringent
to date, reaching a minimum cross-section of 510 39 cm? at a WIMP mass
of 30 GeV/c? (Fig. 3). We also exclude a heavy Majorana neutrino with
a mass in the range of 10 GeV/c? 2 TeV/ ¢ (Fig. 4) as a dark matter
candidate under standard assumption for its density and digibution in the
galactic halo.

The excellent performance of this rst generation TPC has emabled the
LXe technology to be at the forefront of dark matter direct detection and the
renewed XENON Collaboration is currently pursuing an aggrssive second
phase of the program with the XENONZ100 experiment.

At the time of this writing, XENON100 had just began operation un-
derground, in the modi ed shield previously used for XENOND. Following
several months of calibration runs, the rst WIMP search run will start by
the end of 2008. We expect to achieve the XENON100 sensitivitgoal of

2 10 “° cm? within 2009 (see Fig. 5).
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Fig. 2. Spin-independent WIMP-nucleon cross-section uppelimits (90% C.L.) ver-
susWIMP mass. Shown curves are for the previously best publishe limit (upper,

blue) and the current work (lower, red). The shaded area is fo parameters in the
MSSM models (light-grey, yellow), the Constrained MSSM mogkls (grey, marron)
and CMSSM with the recent improved Standard Model prediction for the branching
ratio of B) Xg (dark-grey, brown).
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Fig. 3. Combined 90% C.L. exclusion Limits for *?°Xe and **'Xe for pure neutron
(left) and pure proton (right) couplings (solid curves). Th e dashed curves show
the combined Xe limits using the alternate form factor. Also shown are the results
from the CDMS experiment (diamonds), ZEPLIN-II (circles), KIMS (triangles),
NAIAD (squares), PICASSO (stars), COUPP (pluses) and SupekK (crosses). The
theoretical regions (constrained minimal supersymmetricmodel) are also shown.

The XENON100 detector is a dual phase TPC, in which ionizatim elec-
trons produced by an event in the liquid xenon are e ciently extracted
from the liquid to the gas, with subsequent ampli cation via proportional
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Fig.4. Left: Predicted number of events in XENON10 for a heay Majorana
neutrino with standard weak interaction as a function of the neutrino mass, using
the main (upper, black) and alternate (lower, red) form factors. The light shaded
area shows the excluded mass region at 20 C.L. Right: Regions allowed at the
90%C.L. in a, a, parameter space for a WIMP mass of 50 GeV#&. The combined
limit from 2°Xe and **1Xe is shown as a dark solid curve (using the main form
factor). The exteriors of the corresponding ellipses are edtuded, the common space
inside the ellipses being allowed by the data. We also show thresults obtained by
KIMS (dot-dashed), COUPP (horizontal ellipses) and CDMS (dotted), ZEPLIN-II
(dashed) and the DAMA evidence region(vertical ellipses).
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scintillation. The ratio of the amplitude of the charge and light signals,
being quite distinct for nuclear and electron recoils, proides the basis for
event-by-event discrimination in the XENON concept. A schenatic of the

XENON100 TPC is shown in Fig. 6. The XENON100 detector consits of
an inner target surrounded by an active LXe veto. Both target and veto
are contained in a single double-walled vacuum cryostat masl of low activ-
ity stainless steel (SS). The total mass of Xe required to llthe detector
is 170 kg, of which approximately 70 are in the ducial volume (target).

The light readout is based on the same type of 1 inch square phamulti-

plier tubes (PMTs) as used in XENON10 (Hamamatsu R8520-06-A), but

with selected low radioactivity materials. Seventy of the 50 tubes used
for the target and veto readout are of the higher QE type. The arget will

be again seen by a top and bottom array of PMTs, as in XENON10. A

important background rejection feature of the XENON100 deector is the
ability to localize events in 3D with a spatial resolution a few mm in x y
and <1 mm in z.

The target is enclosed by a te on structure, made with interlocking pan-
els. Teon is used as an e ective UV light re ector and as an ekctrical
insulator. The TPC is equipped with four wire meshes, two in he liquid
and two in the gas. The bottom mesh serves as cathode and the xteone,
positioned just below the liquid level, together with a seres of eld shaping
rings, form the 30 cm drift region. The top two meshes, togethr with the
one below the liquid level, serve to de ne the gas proportioal scintillation
region. The wire meshes and top PMT array are mounted in an SSytinder
closed on top, but open at the bottom. The cylinder works likea diving
bell , keeping the liquid level at a precise height. A positie pressure in the
bell is provided by the gas returning from the continuous rewculation sys-
tem. The diving bell system was developed and used to contd the liquid
level in the XENON10 detector.

A Pulse Tube Refrigerator (PTR) with 170 W cooling power will be
used to liquefy and keep the liquid temperature. As demonstted with
XENON10, the PTR provides excellent long time stability of operation,
with temperature deviations not exceeding 0.1C and pressure changes less
than 1%. The key di erence is that the cryogenic system whichwas previ-
ously mounted on top of the XENON10 cryostat, inside the Pb/Poly shield
enclosure, is now moved outside the shield, to minimize bagkound.

An un-vetoed event in the XENON100 TPC will be of interest if it fea-
tures only two pulses: one from the direct scintillation light in the liquid (S1,
with a characteristic width >100 ns) and one from the ionization charge, am-
pli ed via scintillation in the gas (S2, with characteristi ¢ a width of a few s).
The two pulses occur within the maximum drift time of 150 s, for a satu-
rated drift velocity of 2 mm/ s in LXe.
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Fig. 6. Schematic of the XENON100 TPC (left) and the cryostat inside the shield
(right).

The greatest challenge for the readout electronics is the fge dynamic
range required: the system must be able to handle signals rging from
single photoelectrons (scintillation signals in the keV rage) up to large S2
pulses from gamma ionization signals (up to thousands of phoelectrons).
Moreover, the time di erence between S1 and S2 pulses must bmeasured
with sub- s resolution in a 300 s range, to provide 3D position reconstruc-
tion throughout the drift volume (we require twice the maximum drift time,
to enable triggering either on the S1 or S2 pulse). We have agted a DAQ
design based on CAEN 1724 Flash ADCs, with a sampling rate ofdD MHz.
To reduce the large data rate, zero-suppression is implemtrd with the
FPGA (eld programmable gate array) available on each board

High purity liquid xenon is an essential requirement for a TRC like
XENON2100, with a drift gap of 30 cm. The purity must be presened at all
time during the detector operation in order to ensure stableperformance.
With XENON210 we have ful lled this requirement by continuou s gas circu-
lation through a high temperature getter, reaching an eleaton lifetime of
(1:8 0:4) ms. While more challenging, we expect to achieve similar pity
level in XENON100. Similarly demanding, is the requirementfor very low
level contamination of radioactive 8Kr in Xe. By using a dedicated cryo-
genic distillation column, we will reduce the 8°Kr concentration well below
the 50 ppt (part per trillion) required by the XENON100 sensitivity goal.

The commissioning of the XENON100 experiment is well underay at
LNGS. We have started to calibrate the new TPC and expect to beeady for
science data taking by the end of 2008. This new phase in the X¥ON Dark
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Matter Program promises to yield a major advancement in the sarch for
WIMP, with an order of magnitude sensitivity improvement over the best
limit reported to-date for spin-independent interactions. XENONZ100 will
also be able to advance the search for spin-dependent WIMP teractions
with matter. Finally, XENON100 starts to be competitive als o for a dedi-
cated search of an annual modulation signature of WIMPs, wit a sizeable
target mass, similar energy threshold and lower backgrounthan that of in-
organic scintillator-based experiments. Within the phaseXENON program,
the next step is the realization of the XENONLT TPC, to be opertional
by 2013 with the projected sensitivity shown in Fig. 5. We hae started
a design study for the tonne scale experiment, with which we W probe the
lowest spin independent WIMP-Nucleon cross-section predied by SUSY.

3. The ZEPLIN experiment

The ZEPLIN Il and ZEPLIN Il detectors are also dual-phase (lig-
uid/gas) xenon TPCs where background discrimination is acomplished by
means of measuring both the VUV scintillation photons and the ionization
produced by incident particle interactions. The detectorswere built and
developed by the ZEPLIN collaboration and are operating at he Boulby
Underground Laboratory in the UK at a depth of 2805 m w.e.

A schematic of the ZEPLIN Il detector is shown in Fig. 7. The target
vessel is made of copper and is surrounded by a stainless $tescuum vessel.
The active volume is de ned by a thick PTFE tapered annulus of top and
bottom inner radii of 16.2 and 14.2 cm, respectively, for a teget mass of
31 kg of liquid xenon. This structure acts both as a VUV scintllation light
re ector and as a support for the eld shaping rings of the drift volume.
A cathode mesh at the bottom and another grid below the liquidsurface
along with the eld shaping rings serve to maintain a 1 kV/cm electric eld
throughout the volume. To extract the drifted electrons from the liquid
and to provide the electroluminescence region in the gas pba, a third grid
is placed above the liquid surface. The strong electric eldof 8.4 kv/cm
in the gas can extract electrons from the liquid with an e ciency of 90%.
The target volume is viewed from above by an hexagonal arrargmnent of
7 quartz-window 13 cm diameter ETL low background D742QKFLB photo-
multipliers. The phomultiplier signals are digitized using an Acqiris DC265
8 bit 500 Msamples/s with 150 MHz bandwith. The data acquisiion sys-
tem is designed to trigger on the secondary electroluminesace signal for
low energy events with a trigger condition of vefold coincidences above
a threshold of 0.4 photoelectron. The digitizers acquire d@ 100 s before
and after the trigger (maximum drift time is 73 s) to allow a loop-back
for higher energy events that triggered on the primary sciniilation signal.
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Fig. 7. Schematic of the ZEPLIN Il detector (left). The ZEPLI N Il detector (A)
withinits (25 cm Pb (D)) and neutron shielding (30 cm Gd-loaded polyprgylene
(C) and 1 tonne liquid scintillator active veto (B)) (right) .

The results from the rst underground science run of the ZEPLUN Il
detector are detailed in [10]. The run had a live time of 31.2 dys and
a total exposure of 225 kg days. A total of 29 events were observed in
a 5 20 keVee window with 50% nuclear recoil acceptance whereaz8.6 4:3
were expected from -ray and radon progeny background events. Using the
Feldman Cousins approach, this gives a 90% C.L. upper limitof 10.4 nuclear
recoils, corresponding to a WIMP-nucleon spin-independédrcross-section of
6:6 10 ’ pbata WIMP mass of 65 GeV (Fig. 8 (left)). The results were al®
converted into limits on WIMP-proton and WIMP-neutron spin -dependent
cross-sections [11] (Fig. 8 (right)).

The ZEPLIN Ill detector was designed to operate at a much higler eld
than ZEPLIN Il and achieve a lower energy threshold [12]. Ths is accom-
plished by immersing its photodetectors in the liquid phaseand by using
a at planar geometry (Fig. 9). The cylindrical target volum e of 19.3 cm
radius and 3.5 cm depth is viewed from below by an array of 31 2ETL
D730/9829Q photomultipliers. The drift eld and the electr oluminescence
region are de ned by means of a cathode, placed above the PMTsand
a solid 8 mm copper plate (anode mirror ), 5 mm above the liqid level. In
the maximum voltage con guration the cathode will be held at 35kV and
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Fig.9. ZEPLIN Il detector.
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the anode plate at+5 kV. At these operating voltages the eld in the liquid
is 8.9 kv/cm and provides a 100% electron extraction e cieng/ to the gas
phase. The pattern of the proportional signals on the PMTs ca provide 2D
spatial resolution <1 cm while the time interval between the primary and
secondary signals can provide a resolution at the 50 m level. The bulk
of the detector parts are made of OFHC copper. Cooling is achived using
liquid nitrogen in a 36 L reservoir located below the target essel and in
contact via two thermal links.

The commissioning of ZEPLIN Ill was completed in February 2@8 and
a science run began later that month and ended in May 2008. A al result
on the 800 kg days of data accumulated is expected shortly and near the
predicted sensitivity of 10 7 pb [13]. Preparations are on the way for
a second science run with low background PMTs and a neutron ve.

4. The WArP experiment

The same principle of a dual-phase TPC, but lled with liquid argon
(LAr), is used for the WArP experiment. Background discrimination is ac-
complished by the simultaneous detection of scintillationphotons and ion-
ization and by pulse shape discrimination of the primary saitillation signal,
which has a wide separation in rise time between the fast (5 nand the slow
( 14 s) components. In addition, and like in the previous experinents,
WATrP relies on the power of a 3D position sensitive TPC for addtional
background rejection. The experiment, located at the Gran &sso Labora-
tory, is a phased program with four phases fully approved andunded. For
Phase 1, the collaboration built and operated underground asmall (2.3 L)
dual phase chamber, rstly without and later with a passive neutron shield.
In this phase, ordinary argon was used with a high backgroundate, which
has permitted to explore the very high rejection rates in a réatively short
time.

The results from this experiment have been published [14] ahare shown
in Fig. 10.

For Phase 2, the collaboration has focused on reducing (=100 the
main background due to the 3°Ar natural contamination, by using 3°Ar
depleted argon. A new 2.3 L chamber made with selected low-déoactive
materials is going to be lled with a depleted Ar sample prodwced by iso-
topic separation by a commercial manufacturer. Data takingwith this new
chamber, planned to start in spring of 2008, should improve e sensitiv-
ity by about an order of magnitude compared to the previous reult. The
main e ort of the WArP collaboration is however a new 100 L (140 kg) dual
phase chamber (Phase 3). The detector is under assembly at I®E and
experimental operation is expected by summer of 2008.
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Fig.10. 90% C.L. spin-independent limits obtained for a total ducial exposure of
96.5 kgd and a threshold of 55 keV (solid blue curve), and alswith a threshold of
40 keV (dashed blue curve).

The WArP 100 L detector layout is schematically shown in Fig.11 (left).
It consists of an external passive shield (a polyethylene 76m thick layer as
n-shield and a lead 10 cm thick gamma-shield), a 15 ton LAr crystat
(a double wall cryogenic vessel insulated with vacuum and ger-insulation
and made of stainless steel selected for low radioactive damination) con-
taining (1) the inner detector (100 L of active LAr target), ( 2) the active
Veto formed by about 8 ton of LAr around the inner detector and (3) ex-
ternally to the active veto, also immersed in LAr, a 10 cm thik shield of
polyethylene.

Fig.11. Warp detector layout.
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The inner detector, equipped with eld-shaping electrodesfor the drift
eld, grids for extraction of ionization electrons from liquid to the gas phase
and proportional light production, and PMTs for the readout of the primary
and secondary light signals, is suspended at the center of aAt volume.
This volume works as active shield (veto) against gamma andeutron back-
grounds. Minimum thickness of the active LAr shield is 60 cm.It consists
of a set of photomultipliers that are held in place by PEEK suports that
are connected to a thin copper structure that delimits the exernal surface
of the active shield volume. On the Cu structure are also moured the
basic elements of the waveshifting/re ecting layer (TetraPhenylButadiene
waveshifter, deposited on a highly re ective plastic substate). A total of
436 3 phototubes are installed on the active shield for 10% photoathode
coverage of the inner surface and a nominal threshold of 10 Weor argon
recoils (10 photoelectrons). The inner detector and the acte shield are op-
tically separated (to avoid vetoing of events occurring in he central volume).

The drift eld region of the inner detector is delimited by th e cathode
(a copper disk, 2 mm thick), a set of eld shaping rings (coppestrips printed
on a Kapton foil) and a grid (stainless steel wires stretchecon an annular
stainless steel frame) placed just below the liquid argon stace. Additional
grids, placed in the gas phase, provide the eld shaping forxd@raction from
the liquid, acceleration for secondary light production ard nal collection of
ionization electrons. A set of 37 PMTs, placed in the gas phasjust above the
upper grid, readout the primary and secondary light signals The gas pocket
is enclosed into a copper, vacuum isolated, cup placed upsgidilown. A set of
small heating resistors placed just below the liquid surfag, together with the
heat produced by the PMTs dividers, provide a continuous evporation of
the liquid. The excess gas is evacuated through small hole& (hm diameter)
in the copper cup placed in correspondence of the requiredvel of the liquid
to gas interface. This technique ensures both the correct ®itioning of the
liquid level and a continuous recirculation of the LAr in the drift volume.
The internal surfaces of the inner detector are also coveredith the high
re ectivity waveshifting layer to enhance at maximum the scintillation light
collection e ciency at the PMT sensitive photo-cathodic area. A foil of
copper deposited on Kapton support surrounds the body of thanternal
detector. This external layer is put to ground and ensures tlat no residual
eld is present in the active veto region. Fig. 11 (right) shows the inner
detector inside the active veto structure during assembly ést at LNGS.

Both the inner detector and the active shield are designed inugch a way
to reduce as much possible the amount of material request faheir assembly
and that all materials (mainly copper, PEEK, Kapton and PMTs glass)
are selected for a low radioactive contamination. The presee of a wide
anticoincidence shield is of primary importance in order tareduce the general
background produced externally and internally.
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The possibility to Il the inner detector with 3°Ar depleted argon ob-
tained from underground reservoirs is presently under comderation.

The sensitivity of WArP (or any argon-based detector) to WIMP dark
matter is limited by background from the decay of *°Ar (Emax = 565 keV,
t1— = 260 yr), a radioactive contaminant of argon in the atmosphere po-
duced by cosmic rays. Its speci c activity is 1.01 Bg/kg of argon. The use
of 3%Ar-depleted argon would eventually allow the constructionof multi-ton
argon-based WIMP dark matter detectors and the reduction ofthe main
background source intrinsic to the target. Isotopic separtion by centrifu-
gation or di erential thermal di usion are established tec hniques for sepa-
ration of 3°Ar from “4CAr, but on a multi-ton scale could become extremely
expensive and require a long production time. Argon from nairal gas wells
is of potential interest because3Ar production induced by cosmic rays is
strongly suppressed underground. Also, the large quantityof argon stored
in underground natural gas reservoirs would be su cient to provide material
for the construction of a multi-ton WIMP detector. A rst mea surement of
39Ar in argon from underground natural gas reservoirs has beeperformed
during 2007, within the WArP R&D program [15].

Finally, for Phase 4, the sensitive volume of the detector mabe extended
to 1 ton with minor modi cations which will keep the main setu p unchanged,
including the outer active anticoincidence, depending on e background
level attained during Phase 3.

5. The ArDM experiment

The ArDM (Argon Dark Matter) experiment, initiated in 2004, is a di-
rect dark matter search experiment using liquid argon as taget medium in
a dual-phase TPC. The detector contains 850 kg of liquid argoand provides
independent ionization and scintillation light readout. Unlike the previous
three experiments, in which the proportional scintillation is detected by
PMTs, ArDM uses a charge readout provided by two LEM (Large Ekctron
Multiplier) plates for charge ampli cation in the gas by means of a high eld
generated in small (cylindrical shaped) holes.

The ionization electrons are drifted to the liquid-gas intaface and are
extracted into the gas phase and multiplied by the LEM. The LEM is com-
posed by a 1.5 mm thick plate of isolating material, usually etronite, which
is covered by a copper layer on top and bottom. Holes of about@® m
in diameter are homogeneously distributed on the LEM, at a ditance of
800 m among them. By placing an electric eld between both sides othe
plate of 2 kV/mm it is possible to generate an avalanche of electrons ah
to obtain charge ampli cation factors  10° 10*.

The conceptual design of the detector is shown in Fig. 12.
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Fig.12. Schematic of the ArDM detector. Charge and light produced in interac-
tions are readout with a LEM and 14 PMTs. An electric eld, uni formized by eld
shaping rings is used to drift the charge up to the LEM.

The high voltage needed for the electric eld over the drift length of
1.2 meters is provided by a Greinacher high-voltage circujt designed to
reach up to 4 KV/cm. A series of electrodes are installed andihsed along
the full drift path to keep the eld uniform at a level of few %. To detect the
primary scintillation light an array of 14 PMTSs, sensitive t o visible light, are
used at the bottom of the drift volume, immersed in LAr. Like in WARP,
the 128 nm Ar wavelength is shifted into the visible with TPB.

The inside of the eld shaping rings is covered with 3M re ecting foils
coated with TPB to shift to visible and re ect the scintillat ion light of liquid
argon. Fig. 13 shows pictures of the vessel and the actual dsttor with the
light collection system already mounted.

ArDM expects to be able to reject the dominant background fran the
internal 3°Ar signal using both the simultaneous charge and light, and plse
shape discrimination. The3°Ar isotope is present in natural argon lique ed
from the atmosphere, and produces a background rate due to bee decay
of approximately 1 kHz in one ton of liquid argon. The ArDM group, like
others, is also studying the alternative possibility of ushg 3°Ar-depleted ar-
gon extracted from underground natural gas wells. The 1-torprototype is
currently under construction at CERN. It is expected that th e experiment
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Fig.13. Left: Inner ArDM detector. In the image the installe d PMTs, eld shaping
rings and the external part of the wavelength shifter sheetscan be seen. Right:
ArDM vessel. The empty ange on top connects the vessel with he puri cation
and recirculation systems.

will be operated at the Canfranc underground laboratory. With a recoil en-
ergy threshold of 30 keV, the sensitivity of the ArDM 1-ton prototype would
access the WIMP-nucleon cross-section region of 1% cm?. By improving
the background rejection power and further limiting the badkground sources,
a two orders of magnitude better sensitivity is projected.

My work on the XENON Dark Matter Project is supported by the Na -
tional Science Foundation with Award No. PHY-0705337 to theColumbia
Astrophysics Laboratory.
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