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Why (Liquid) noble gases ?
• Liquid noble gases for Direct Dark Matter Searches (≡DDMS)

• Well-known “noble” elements with extensive experience as detector 
medium, in particular in case of Argon & Xenon

• Response to radiation understood (although some experimental puzzles 
remain at very small energies)

• Scintillation via atomic excimer states → nuclear recoil discrimination 
achieved (S2/S1 and/or PSD)

• High yields → keV thresholds achievable

• Provide self-shielding → reduce external backgrounds

• Very high levels of purity achieved → long drift of ionization

• Operate as TPC → position resolution → fiducial volume

• Imaging TPC → background topology (Compton, n-scatter)

• Scalable detectors → “ton”-scale to reach cross-section at few 10-45 cm2

• Not covered in this talk: 

• High-pressure gaseous chambers → SIGN, HPGS
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The signal: WIMP elastic scatters
•Consider coherent elastic scatter from a nucleus in a terrestrial experiment

σWIMP-proton = 10–42 cm2 = 10–6 pb
MWIMP = 100 GeV
“Canonical” halo model

Galactic
Halo

WIMP
β≈0.001

Elastic 
Scattering

WIMP

Argon 
nucleus

Enr~0÷100keV

Event rate above recoil energy threshold per day 
and per 1000 kg target of Xe/Kr/Ar/Ne

• Enr = nuclear recoil kinetic 
energy

• S = spectral function, depends 
on halo model, masses, 
velocities, ...

• F = nuclear form factor
• I = non-relativistic scalar (SI) & 

axial (SD) interaction

dR
dEnr

∝ S Enr( ) × F2 q2 = 2MWIMPEnr( )⎡⎣ ⎤⎦ × I ≈ e
−Enr /E0F2I
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Estimated event rates
With recoil energy 
threshold ≈ 30 keVr

≈ 100 events/ton/day

≈ 1 event/ton/day

≈ 0.01 events/ton/day

E.g. LAr

Rare event...
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External gamma background
• Photons in ROI for WIMP rapidly absorbed by photo-electric process

• Compton process source of low energy deposits within fiducial volume

• However, often results in multiple scatters within active volume

Compton

photo-
electric

ROI for WIMP 
search
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Irreducible neutron background

ENDF/B-VII AR-40

Principal cross sections
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• Irreducible genuine nuclear recoils (NR) are produced by fast neutrons 
elastically scattering off target nuclei

• Reverse argument: assume WIMP elastic interaction looks exactly like 
neutron elastic scattering → calibration of NR. However, neutron is 
strongly interacting ➠ high probability for multiple-scatters within target 
volume.
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Basic liquid medium properties

Medium/
Property

BP 
@ 1atm

Density 
liquid
g/cm3

W (eV)
Q0=E/W

electron 
mobility 
(cm2/Vs)

Wγ (eV)
Scintillation 
wavelength

(nm)

Lifetime of 
scintillation 

slow 
component

Long-lived 
metastable 

isotope

He 4.2K 0.13 25.6 low 45.5 80 >>ms no

Ne
≈$60/kg

27.1K 1.21 21.7 low 33.3 85
need WLS

15µs no

Ar
≈$1/kg

87.3K 1.40 23.8 400 25.0
128

need WLS 
or MgF2

1.6µs
39Ar
42Ar

Kr 119.8K 2.41 20.4 1200 40.0 150 0.09µs
81Kr
85Kr

Xe
≈$800/kg

165.0K 3.06 15.6 2200 21.7
175

quartz 
window

0.03µs 136Xe

ionization scintillation
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Two basic detector concepts
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Electron extraction in double phase
• Based on the extraction of the quasi-

free electrons from liquid into vapor 
phase (B.A. Dolgoshein et al., Sov. J. 
Part. Nucl. 4 (1973) 70. )

• Classical potential barrier at interface 
of two media with different dielectric 
constants >> kT

• Time to traverse the barrier given by 
Shottky model of electric-field-
enhanced thermionic emission

2. We achieve higher signal rates with new electronics in double 

     stage conditions because it has higher sensitivity then the fast

     electronics. Co60 r/a source was used.

     New electronics

3. We have advanced with the developing of a VME DAQ system

     with the CAEN digitizer V550. 

Liquid level-3mm

Vlem=5233V

Old fast electronics
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FIG. 21: Illustration of the potential felt by quasi-free elec-
trons as a function of the position x in Å across the liquid-
vapor interface in the presence of an external drift field. The
potential is given in units of kT where T = 87 K is the tem-
perature of the liquid Argon at normal pressure.
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FIG. 22: Same as Figure 21 but for positive ions.

vapor) [107]. The external drift field and the repulsive
potential at the interface generate a minimum potential
in the liquid phase at a distance dl

m = (Al/eEl)1/2 from
the interface with a value V l

m = 2(AleEl)1/2 and similarly
in the gas phase. The barrier height as seen from the min-
imum in the liquid at x = −dm is therefore ∆V (E) =

V0 − V l
m − V v

m = V0 − 2e1/2
(

A1/2

l E1/2

l + A1/2
v E1/2

v

)

.

The mean life time to traverse the interface (or trapping
time) can be analyzed with the aid of the Smoluchowski
equation [104], predicting τe ∝ exp(∆V/kT ). Experi-
mental data however indicate that the above-calculated
thermionic current is increased by a rate ∝ µE/λ1 where

λ1 is the momentum-transfer mean free path, as pre-
dicted by the Shottky model of electric field enhanced
thermionic emission [106], giving τe ∝ exp (∆V/kT ) /E,
with a stronger influence of the drift field.

In the case of the ions, the potential for a positive
charge is illustrated in Figure 22. The ion is attracted
very near the interface and must tunnel through the re-
pulsive potential existing on the liquid side of the in-
terface in order to enter the liquid. A semi-classical
approach is not justified. The transport of T l positive
ions from xenon vapor to liquid was successfully reported
with a # 10% efficiency in Ref. [108]. There appears
to be a difference in the behavior of positive ions be-
tween the liquid-to-gas and gas-to-liquid transition [103].
While electrons could traverse the liquid-vapor interface
the positive ions could not. This is consistent with the
fact that the ion mobility in the liquid is too small to al-
low for the external field to enhance the thermionic emis-
sion. However, the transmission of negative ions through
the liquid-vapor interface of neon has been observed with
trapping time of the order of 10–100 s at fields of 0.1–
1 kV/cm [105]. This is explained by the type of clustering
around the different species of particles. If a sort of bub-
ble surrounds negative charges then the breaking of the
bubble at the surface could let them escape. In conclu-
sion, the phenomenon of transfer of the ions through the
interface is expected to be rather complicated, not well
understood and has not been measured. In the case rel-
evant to this paper, it is likely that some fraction of the
Argon ions will cross into the liquid, although possibly
with long trapping times, and experimental studies are
needed to assess how much. For safety, we will conserva-
tively assume full transmission of Argon ions across the
interface.

We note that competing with the process of transfer
from the gas to liquid is the radial drifting of ions at the
surface of the liquid-gas interface towards the edges of
the volume, until they reach the field shaping electrodes.
There they are neutralized by the external power supply.

We now compute the free electron lifetime due to the
recombination with the accumulating ions. In the worst

case considered in this paper corresponding to the “un-
der the hill location” (see Table III), we contemplate
# 1000 muons crossing the detector per second. We con-
servatively assume that each of these muons will verti-
cally cross the entire drift region, hence x # h = 20 m,
that the average charge gain is G # 150 (see Ref. [63]),
very conservatively that εfeedback # 0.5, ηv−l # 1 al-
though we expect this to be a pessimistic assumption,
εgrid # 0.3 and that the ion mobility in the range
(0.2 ÷ 1) × 10−3 cm2/V/s [71]. These assumptions yield
ρi # (0.7 ÷ 3.7)× 105 ions/cm3. Assuming a recombina-
tion rate kr = 1 × 10−4 cm3/s, consistent with measure-
ments at the relevant electric drift fields [109], implies
that the electron lifetime due to ion accumulation in the
medium is τe > 30÷140 ms, to be compared with a max-
imum electron drift time ∼ 10 ms. We stress that actual
values of εfeedback and ηv−l are expected to increase these

Classical potential as a function of distance from interface 

Measured extraction rate plateau from 
LAr as a function of electric field
➟ ≈3kV/cm for fast (µs) extraction

Similar situation in LXe

Rate Fe55

ArDM
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Vapor

Liquid 

E-field

e-

ion+ Scintillation

Electroluminence

Proportional light: S1 & S2 signals
• The proportional light produced in the gas (vapor) phase is a measure of the 

charge drifted to the interface and extracted from the liquid.
• S1 & S2 signals are detected by the same set of photodetectors

Scintillation SC is 
a result of:
1.Direct excitation 
2.Recombination

Electroluminescence EL 
(proportional scintillation) is a 
result of electron acceleration in 
the gas

S1

S2

Gγ ≈ α E / p − εthresh( ) ⋅ x ⋅ p

S2

x

E=field, εthresh=threshold field, p=equiv. pressure, 
x=path, α=constant

α LXe = 70 γ / kV     εthresh
LXe = 1.3kV / cm / atm

S1

10
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Basic microscopic processes in medium
• Interaction of slow ions with matter given by Lindhard theory (1963)

• When ionizing particle enters medium, electronic and nuclear stopping 
take place. For slow ions, nuclear stopping starts to dominate.

• Stopping power calculation take into account charge state of slow ion 
(dressing up of ion with electrons determined by Z and velocity)

T. Shutt   8/16/05 6

Recombination: basis of discrimination
• No discrimination based on

“Lindhard” effect
– Contrast cryodetectors

• Recombination: track density
and geometry.

– Qualitatively follows electronic
stopping power.

• Stopping power not full story:

– Quantitative disagreement.

– Field dependence.

• Electron recoils:

– folding of tracks

– fluctuations

• Nuclear recoils:

– Secondaries dominant

– Diffuse track ends?

decrease at lo
w recoil energy

dominates

increase at low e energies
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Basic microscopic processes in medium
• Electronic stopping of ionizing particles (mip, e, α, fast ions, FF, ...) 

leading to scintillation and electron-ion pair production has been 
experimentally and theoretically studied for LAr & LXe for several decades. 

Two components

M. Suzuki et al., NIM 192 (1982) 565

Recombination

•Columnar recombination 
decreases the secondary 
electron yield at the favor of 
scintillation photons. It is 
affected by an external drift field 
Edrift.

•For slow moving ions, nuclear 
stopping becomes important. 
This energy does not lead to 
scintillation or ionization 
→“nuclear quenching factor” qnc

•Scintillation quenching (e.g. by 
biexcitonic collisions) also 
occurs in the high ionization 
density “core” →“electronic 
quenching factor” qel

12
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Xenon response to ER & NR

PMT) is estimated from Monte Carlo calculations to be
more than 50%, and uniform to within 5%. An internal blue
light-emitting diode (LED) is used to calibrate and monitor
the gain of the two PMTs. The Case detector uses a single
PMT in the gas, with an S1 light collection efficiency of
!16%. The PMT gain is monitored using the S1 light from
5.3 MeV alphas from a source described below. The PMT
signals were digitized with multiple analog-to-digital con-
verters sampling at 5 MHz–1 GHz. The trigger threshold
for the Case detector was 4.5 electrons for the S2 signal,
and the single photoelectron (pe) acceptance for S1 was
50%. For the Columbia detector the trigger was either the
coincidence of the S1 signals from the two PMTs (at the
level of a few photoelectron) or the S1 signal from the PMT
in the liquid (at the level of 6 spe).

Both detectors are housed in temperature-controlled
liquid nitrogen-cooled cold-finger cryostats. The detectors
were operated with Xe vapor pressures between 2.0 and
2.8 atm, stabilized to better than 1% during data taking.
The Case detector also uses a triple parallel-plate capacitor
system [10] to align the liquid surface with the grids and
monitor the level and stability of the liquid surface, which
was stable to within 20 !m over two months. The xenon
was purified with a high temperature commercial getter to
minimize trapping of the drifting electrons by electroneg-
ative impurities. The Columbia detector accomplished this
with a continuous gas circulation system developed for the
first XENON prototype [11,12], while the Case detector
used a similar recirculation system only at the start of its
two-month run.

The detectors were calibrated with external gamma ray
sources, including 57Co, 133Ba, and 137Cs. The Case detec-
tor also had an internal 210Po source deposited on the center
of the cathode plate, providing 5.3 MeValpha particles. For
neutron data, external 5 Ci AmBe (Columbia) and 25 !Ci
252Cf (Case) sources were used.

Figures 1 and 2 show the detectors’ responses to neutron
and low energy Compton scattering events. The logarithm
of the ratio S2=S1 is plotted as a function of nuclear recoil
energy. In both detectors, the elastic nuclear recoil band is
clearly separated from the band of electron recoil events. In

the neutron data there are distributions of events from
neutron inelastic scattering on 129Xe, giving 40 keV gam-
mas, and from inelastic scattering on 131Xe and 19F con-
tained in Teflon, giving higher energy gammas. By
contrast, only the electron recoil band is seen when the
detectors are exposed to gammas. At low energies, the
difference in shape of the elastic nuclear recoil bands for
the two data sets is due to the different thresholds and light
sensitivities of the two detectors.

Both detectors used the same method to calibrate the
drift-field-dependent S1 and S2 signals. The energy of
electron recoils, Ee, is based on S1 assuming a linear
scaling from the signals of 122 keV gammas from 57Co.
The energy of nuclear recoils, Er, is then given by Er "
EeLeffSe=Sr, where Leff is the effective Lindhard factor
[13] that relates the scintillation yields of nuclear and
electron recoils at zero field. Sr and Se are the fractions
of scintillation light at a given electric field, E, relative to
the scintillation light at zero field for nuclear and electron
recoils, respectively, and are equal to S#E$=S0 for the
respective particles in Fig. 3. Recent measurements at
Columbia University give Leff for nuclear recoils with
energy as low as 10.4 keV and Sr for 56.5 keV recoils
[14]. Other experiments [15–18] have measured Leff at
higher and lower energies. The Columbia and other data,
except [17], were parameterized by Leff " 0:0984Er

0:169.
Because the Columbia-measured value of Sr is close to
unity, as seen in Fig. 3, we assume for simplicity that it has
no energy dependence. Following convention, nuclear re-
coil energies calculated in this way are denoted ‘‘keVr’’,
and electron recoil energies based on the linear S1 scale are
denoted ‘‘keVee’’. In the Case and Columbia detectors, the
S1 calibration gives, respectively, 1:5 pe=keVee and
5 pe=keVee at zero electric field, which correspond to
0:28 pe=keVr and 1 pe=keVr for 56 keVr nuclear recoils.

Calibration of the S2 ionization signal is also based on
57Co 122 keV gammas, but, as there is no published data of
charge yield at these low energies, separate direct charge
calibrations in the liquid phase were made in both detec-
tors. The amount of S2 light per electron is a function of
gas pressure and electric field in the gas phase [4], with the

FIG. 1 (color). Columbia detector response to AmBe neutron and 137Cs gamma sources, at 2:0 kV=cm drift field.

PRL 97, 081302 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
25 AUGUST 2006

081302-2

Text

PRL 97, 081302 (2006)

Text

The first unambiguous demonstration of the capability of dual-phase xenon detectors to discriminate 
between electron and nuclear recoils down to 20 keVr

• Microscopic behavior leads to different ratio of scintillation to ionization 
for faster electron and slow ion tracks ➙ S2/S1 discrimination

Measurements on S2/S1 discrimination between α and γ were already reported in 
P. Benetti et al.,  Nucl. Instr. and Meth. A 327 (1993) 203.  
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Nuclear recoil scintillation efficiency
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S1 = signal in #pe
Ly = Light yield of ER for calibration γ (eg. 122keV)
Leff = relative scintillation efficiency relative of NR 
relative to ER at zero electric field
Ser = quenching of ER due to electric field
Snr = quenching of NR due to electric field

Phys.Rev.Lett.97:081302,2006

≈19%

Measured with n-beam scattered at defined angle: Enr ≈ En
2mnMAr /Xe

mn + MAr /Xe( )2
1− cosθ( )
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Nuclear recoil scintillation efficiency
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Phys.Rev.Lett.97:081302,2006
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Noble Liquids / Dark Matter Rick Gaitskell, Brown University, DOE

CLEAN Ar PSD
Data taken with Micro-CLEAN 
(McKinsey, Yale)

Profile of light 
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≈27%

Measured with n-beam scattered at defined angle: Enr ≈ En
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Nuclear recoil scintillation efficiency
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Quenching due to electric field

added complication of possible electron multiplication
near the anode wires. Typical values were 19 pe=e! at
4:6 kV=cm drift field (Case) and 8:4 pe=e! at
2:0 kV=cm (Columbia).

The relative light and charge yields as a function of drift
field for different particles in LXe are summarized in
Fig. 3: 122 keV gamma rays from this work, 56.5 keV
Xe nuclear recoils from [14] and this Letter, and 5.5 and
5.3 MeV alphas from [19] and the Case detector. The
relative charge yield, Q"E#=Q0, is the ratio of charge
collected at a given field, E, to that at infinite field (i.e.,
with no recombination). For gammas and alpha particles,
Q0 $ Ee=We, where Ee is the energy, and We $ 15:6 eV
[20] is the average energy required to produce an electron-
ion pair in LXe. For nuclear recoils, we modify this to
account for the suppression of ionization predicted by
Lindhard [13], so that Q0 $ ErL=We, where L is the
Lindhard factor and Er is the recoil energy.

The energy dependence of the ionization yield (number
of electrons escaping recombination per unit recoil energy)
for nuclear recoils is shown in Fig. 4 for several drift fields.
The uncertainty on the yield is dominated by the systematic
error from the S2 calibration based on 57Co. Uncertainty in
the S1-based nuclear recoil energy scale from previous
measurements [14–18] is not shown.

The important characteristics of the nuclear recoil ion-
ization yield are its field-dependent value relative to other
particles (Fig. 3), and its energy dependence (Fig. 4).
Lindhard theory, which describes the suppression of ion-
ization production relative to electron recoils during the
initial interaction of the recoil nuclei with other atoms, is
independent of field. Lindhard does predict a slight de-
crease in charge yield with decreasing energy, but this is
the opposite of what is observed. The electric field and
energy dependencies of nuclear recoils must therefore be
due to recombination.

Recombination depends on the electric field and the
track’s ionization density and geometry, with stronger
recombination at low fields and in denser tracks. A rough
measure of the ionization density is the electronic stopping
power, plotted in Fig. 5 for alphas, electrons, and Xe
nuclei, as given by ASTAR, ESTAR, and SRIM [21],
respectively. Also shown is a recent calculation by
Hitachi [22] of the total energy lost to electronic excitation
per path length for Xe nuclei, which differs from the
electronic stopping power in that it includes energy lost
via electronic stopping of secondary recoils.

The drop in electronic stopping power at low energy for
nuclear recoils in Fig. 5 should result in a decrease in
recombination, providing an explanation for the prominent

FIG. 4. Energy dependence of nuclear recoil ionization yield in
LXe at different drift fields.
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FIG. 3 (color online). Field dependence of scintillation and
ionization yield in LXe for 122 keV electron recoils (ER),
56.5 keVr nuclear recoils (NR) and alphas.

FIG. 2 (color). Case detector response to 252Cf neutron and 133Ba gamma sources at 1:0 kV=cm drift field.

PRL 97, 081302 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
25 AUGUST 2006

081302-3

PRL 97, 081302 (2006)
Xenon

Enr =
S1

Lyℑeff

Ser
Snr

Ser

Snr

e.g. E=1 kV/cm
Ser ≈ 0.5
Snr ≈ 0.93

Leff ≈ Lindhard 
theory

Results indicate that stopping power is not only determining quenching.  The a 
priori surprising differing behavior between α and NR is explained in terms of 

“track geometry”; small E-dependence for NR is not fully understood.
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Time dependence of scintillation
• Observed quenching of triplet (slow) component in high density ionization 

core (Hitachi et al., Phys. Rev. B 27, 5279 (1983))

Hitachi et al., Phys. Rev. B 27, 5279 (1983)

6/30/2006 McKinsey, Hime, Kearns: Mini-CLEAN Presentation to DMSAG 16
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DEAP - Dark matter Experiment with Argon and Pulse-shape-discrimination
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Theoretical rejection 
1:108 for 60 phe

Boulay & Hime, Astrop. Phys. 25, 179 (2006) 

Medium/
Property

Wavelength
(nm)

Lifetime of slow 
component

Ne 85 15µs

Ar 128 1.6µs

Xe 175 0.03µs

e

α

FF
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Several on-going projects

Medium/Technique
Single phase 
(Liquid only)

Detect scintillation

Double phase 
(Liquid + Vapor)

Detect scintillation
+ionization

Neon CLEAN

Argon DEAP / CLEAN
WARP

ArDM(*)

Xenon
ZEPLIN-I
XMASS

ZEPLIN-II/III
XENON-10/50

LUX

All detectors use PMTs
(*) ArDM detects primary scintillation with PMTs & ionization with LEM

No detector is using photocathode (e.g. CsI) method

See talks in parallel session (McKinsey, Kaufmann, Smith)
18
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Single phase Ar: DEAP & CLEAN

• 100 kg miniCLEAN proposed
• WIMP goal ≈ 5x10-45 cm2

• Results reported with pico-
CLEAN (0.2kg) & micro-
CLEAN (4kg)

• Exchange target for “beam 
off/on” measurement: SAr ≈ 
5×SNe for MWIMP=100 GeV 
and BAr ≈ BNe

• DEAP (Dark matter Experiment 
with Argon and Pulse-shape-
discrimination)
• 7kg DEAP-1 being deployed 

at SNOLAB

6/30/2006 McKinsey, Hime, Kearns: Mini-CLEAN Presentation to DMSAG 55

!"#"$%&'()

Mini-CLEAN

Mark Boulay Nov 2006

ET 9390 PMT 5”

6” acrylic guide

11” x 6” (8” CF) tee

Acrylic vacuum chamber

Quartz windows

poly PMT supports

inner surface 97% diffuse reflector,
Covered with TPB wavelength shifter

Neck connects to vacuum and
Gas/liquid lines

DEAP-1 design

19
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Two phase Ar: WARP and ArDM

• PSD and S2/S1

• WARP
• 2.3 lt prototype @ LNGS
• Preliminary results reported
• 140-kg detector with 800-kg LAr 

active veto under installation 
@ LNGS

• ArDM
• LEMs for ionization readout
• PMTs for primary scintillation
• “Ton-scale” prototype in 

construction (surface test)

ArDM

WARP 100-liter (140-kg) detector

• The WARP 100-liter 
detector will be installed 
and commissioned at 
LNGS in 2006

• 4 pi active neutron veto 
(8 tons Liquid Argon, 
400 PMTs)

• 3D Event localization 
and definition of fiducial 
volume for surface 
background rejection

• Complete neutron shield
Passive neutron and gamma shield

Active Veto

100 liters 
Chamber

WARP

850kg

20
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Spectrum Fe55

Gain ≈ 104

FWHM ≈ 45%

ArDM: striped LEM readout

β 
event

Neutron multiple scattering

Strip coordinate (1 strip/2 mm)

T
im

e 
co

or
di

na
te

PRELIMINARY

Results on R&D setupImaging TPC properties

5.9 keV signal
on strip
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Pulse shape discrimination (PSD)
• Exploit quenching of triplet (slow) component 

in high density ionization core

• Effective in LAr(τslow=1.6µs) & Ne (τslow=15µs)

• Define Fprompt ≡ fraction of “prompt” light

Mark Boulay SNOLab Aug 16/05

Discrimination in liquid argon from DEAP-0

O(1in 105) 

consistent

with random 

coincidence

with room 

neutrons

(preliminary)

<pe> = 60 corresponds to 10 keV with 75% coverage

<pe> = 60

•Final analysis and systematics evaluation being done

preliminaryDEAP-0
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(a)

Fig. 8. Average signal from α-decays for various residual
air pressures: 10−2 mbar (a), 10−3 mbar (b), 2.3 × 10−4

mbar (c) and 10−5 mbar (d).

contained slightly more photoelectrons. This sug-
gests in the first case outgassing of water molecules
and, in the second case, freezing water on the walls
of the vessel. Hence the partial pressure of water
might be responsible for the non-radiative destruc-
tion of the triplet states.

4. Triplet to singlet production ratio

Since τ1 and A do not depend on gas purity, we
can determine the ratio of triplet to singlet po-
pulations by measuring the light yield as a function
of τ2 and extrapolating to pure argon gas. Indeed,
the light yields being proportional to A and B, the
population B1 of the triplet state is given by B =
B1Γγτ2, where Γγ is the radiative width, while the
population of the singlet state is proportional to A.
The ratio of triplet to singlet populations is then
equal to the ratio R = B/A for Γγ = 1/τ2, i.e. for
pure argon gas. Figure 9 shows the total number of
photoelectrons as a function of τ2 for the various
gas purities given in Table 1. Extrapolating τ2 to
τm
2 = 3.2 µs [5] we find R = 5.5± 0.6 for 5.3 MeV

α-particles in clean argon gas at 1100 mbar and
room temperature.

We have also performed measurements of the
light yield for a series of WLS configurations. These
data provide a cross-check for the measurements
presented above. The PMT photocathode was
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Fig. 9. Total number of photoelectrons as a function of
τ2. The upper dashed line gives the fitted total light yield
(A + B) from both components, the bottom dashed line the
singlet contribution (A). The labels a – d refer to the data
shown in fig. 8.

either coated with TBP/polystyrene or sprayed
with TPB, and the reflecting foil (3M or Tetratex)
sprayed with TPB of various thicknesses. Figure
10 shows the various measurements. As in fig. 9 we
extrapolate the data points to the expected decay
time of τm

2 = 3.2 µs for the second component in
pure argon. However, we now require the straight
lines to intersect the τ2-axis at the common fitted
point τ0

2 = –485+100
−150 ns, where A + B = 0. The

simple proportionality R = B1/A = τm
2 /τ0

2 leads
to the population ratio R = 6.6+2.1

−1.5. This num-
ber agrees with our determination above, but is
much less precise due to the large lever arms in
the extrapolation to τ0

2 .
Summarizing, we have measured the light yield

in gaseous argon for various residual air pressures.
For the slow component of the luminescence at 128
nm we observe a strong dependence on residual
air pressure. This effect is attributed to contami-
nating water vapour. The longest mean life is
obtained from purest argon (3’140 ± 67 ns). The
population ratio between the slow (spin-triplet)
and the fast (spin-singlet) excimer states is mea-
sured for α-particles to be R = 5.5 ± 0.6 in pure
argon gas at 1100 mbar and room temperature.

6

ArDM

10-2 mbar

10-5 mbar

2x10-4 mbar

 quenching by air traces in gas

10-3 mbar

arXiv:0708.2621v1

1:105 rejection

Noble Liquids / Dark Matter Rick Gaitskell, Brown University, DOE

CLEAN Ar PSD
Data taken with Micro-CLEAN 
(McKinsey, Yale)

Profile of light 
pulse for 
electrons and 
neutrons

Singlet
Triplet

CLEAN
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WARP: combined S2/S1 & PSD
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Figure 2. 
 

 

 
 

Figure 3. 
 
 

 
 

Figure 4. 

•Assume both effects 
uncorrelated and 
combine S2/S1 with 
PSD
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Single phase Xenon: ZEPLIN-I

Dan Akerib Case Western Reserve UniversitySSI 2007

UK Collaboration: Zeplin I

•Single-phase detector
! Measure primary scintillation

! Pulse shape discrimination

!"#$%&'$()*#'($+,-."#$!/0

,$1234

56$7894(*67(:89

18;<78;/$7*<8#'9$788;:9#

.$(899'$58=>(89$?'(8

Pulse shape 

e.r.

n.r.

e.r.

gamma+neutron calib.

gammas only
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D. P. Xenon: ZEPLIN-II & XENON-10

Noble Liquids / Dark Matter                                                                                                                             Gaitskell / Brown University

XENON10 Detector

89 PMTs: Hamamatsu R8520-AL 2.5 cm square 

R =10cm

z =15cm

N.J.T.Smith ILIAS/ASPERA Paris Workshop January ‘07

ZEPLIN-II Detector

5 months continuous operation

1.0t*day of raw DM data

1
4
0
 m

m

~
7
5
 µ

s

S1

S2

E

LXe

GXe

•XENON-10: taking 
data @ LNGS
•15-kg target mass; 
5.4kg fiducial
•89 low-bkg PMT

•ZEPLIN-II: taking data @ Boulby
•30-kg target mass; 7 kg fiducial
•7 PMT in gas phase
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APS_2007 Elena Aprile

Typical XENON10 Low-Energy Event

S1

S2

Hit pattern of top PMTs

!"#$%$ &'"#$%$

4 keVee event; S1: 8 p.e => 2 p.e./keV

S1 S2
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WIMP search results
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WIMP data collected
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2800 m.w.e. LNGS
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ZEPLIN-I: First limit in noble liquids

Dan Akerib Case Western Reserve UniversitySSI 2007
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Zeplin I: DM limit on Xenon target

• 230 kg-days in 3.1-kg fiducial mass
! Gamma calibration data from 

contemporaneous veto events

! Systematics dominated — no in situ 
neutron calibration

• Trouble recondensing target

• Reliance on surface-lab calibrations

• Some controversy... 
! Published critique of systematics (A. Benoit 

et al., Phys. Lett. B637 (2006) 156-160)

• challenges assumptions of event 

populations used to limit excess nuclear 

recoils

! Formal response in preparation

• Program evolved to 2-channel technique...

Pulse shape 

CDMS-II

ZEPLIN I

DAMA 3!

Astroparticle Physics 23 (2005) 444–462

EDELWEISS

29



A. Rubbia TeV Particle Astrophysics 2007 30th August 2007

WARP initial result
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Figure 7 

Not blind analysis (a posteriori cut at 55 keV)
8 events in 40-60 keV
No events in 60-130 keV
➮Solve nuclear quenching issue...
➮New data run with improved electronics...
➮New data with isotopically 39Ar-depleted argon...

astro-ph/0701286
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In-situ: Xenon-10 vs ZEPLIN-II

N.J.T.Smith ILIAS/ASPERA Paris Workshop January ‘07

Discrimination Power

AmBe calibration (upper)

Co-60 Calibration (lower)
Used to define acceptance window

50% n.r. acceptance shown

lower S2/S1=40 bound fixed

Box defined 5-20keVee

Uniform population across plots
high rate calibrations (esp Co-60)

coincidences between events and 
‘dead-region’ events

98.5% ! discrimination at 50% 
n.r. acceptance
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Discrimination Power

AmBe calibration (upper)

Co-60 Calibration (lower)
Used to define acceptance window

50% n.r. acceptance shown

lower S2/S1=40 bound fixed

Box defined 5-20keVee

Uniform population across plots
high rate calibrations (esp Co-60)

coincidences between events and 
‘dead-region’ events

98.5% ! discrimination at 50% 
n.r. acceptance
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98.5% rejection for 50% NR acc.

APS_2007 Elena Aprile

XENON10  Background Rejection Power
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XENON-10: fit centroids
• In order to define NR acceptance and ER rejection, XENON analysis fits 

centroids and define band width around centroid based directly on 
calibration data ⇒ rely on actual data

Gamma Calibration

! Gamma calibration

performed with a
137Cs source

! 2400 events (78 live

days equivalent)

between 2 to 12

keVee in FV

! Procedure to define

the ER band:

" Fit ER band

centroid

E [keVee, 2.2 pe/keVee]
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Guillaume Plante - XENON - APS - April 14, 2007

Gamma Calibration

! Gamma calibration

performed with a
137Cs source

! 2400 events (78 live

days equivalent)

between 2 to 12

keVee in FV

! Procedure to define

the ER band:

" Fit ER band

centroid

" Straighten the

band

" Fit energy slices
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Guillaume Plante - XENON - APS - April 14, 2007

1) Straighten band + Gaussian-fit energy slice
2) similarly use AmBe NR data

3) define NR acceptance vs ER rejection band

Cs-137
Rejection Power

! Region of interest

defined as 2 to 12

keVee in energy with

50% nuclear recoil

acceptance

! Compute the ER

rejection from the

gamma and neutron

calibration results

! ∼99.5% ER

rejection at 50% NR

acceptance

! More about nuclear

recoil discrimination

in A. Manalaysay’s

and E. Dahl’s talks.
E [keVee, 2.2 pe/keVee]

0 2 4 6 8 10 12 14 16 18 20

(S
2
/S

1
)

1
0

lo
g

!
E

R
 

1

1.5

2

2.5

3

3.5

Guillaume Plante - XENON - APS - April 14, 2007

32



A. Rubbia TeV Particle Astrophysics 2007 30th August 2007

!""#$%&'()*+(,-..-/0(12)3()4(0567689(:-)-

!0567689(;#%&<(!&-#$3%3(= >?@A(<-$3

! BCDE(F;4GH(<+I%&+<(-)(

• J>9K(-LL+")-&L+(4I(62L#+-M(N+L4%#3(OP#2+(

#%&+3QR

log ( S2 / S1) vs S1
“Straightened Y Scale”  – ER Band Centroid => 2.5

S1+&)M4%< /T!U

• V/8VW+X++

OV@V"*+YW+X++ 3L-#+Q

! VT(5Z+&)3(%&()*+(62L#+-M(N+L4%#(

!LL+")-&L+(B%&<4[

O(
\

V(
Y(\

8(
Q

!LL+")-&L+(B%&<4[

! 8T(+Z+&)3(-M+(M+.4Z+<(IM4.(P4G(P$(

EM%.-M$(,-..-/0(12)3(O]Q

! 89(+Z+&)3(%&()*+(FP4GH(-I)+M(-##("M%.-M$(

L2)3(O4Q

#4
'

O Q

! >(4I()*+3+(-M+(not consistent [%)*(

,-233%-&(<%3)M%P2)%4&(4I(5N(;-LW'M42&<

F^+-W-'+H(5Z+&)3

N+.4Z+<(P$(EM%.-M$

,-..-/0(L2)3

:+(X%Z+%M43(/ ;M4[&(_&%Z+M3%)$ !"M%#(V99`((Z98(a8Tb!E\(!"M%#(D++)%&'

\8

XENON-10: WIMP data
•Blind analysis WIMP “box”: 

•signal region 2-12 keVee 
(4.5-27 keVr @ QF=19%)

• 50% acceptance for NR
•Additional “Gamma-X” cuts to 

remove 13 events (instrumental)

A. Manalaysay;  April 14, 2007

Given the calculated rejection,

the WS 3+4 livetime (58.6

days), and background rate in

the fiducial region, we can find

a value for the predicted

statistical leakage for each

energy bin.

After all cuts ➠ 10 observed events:
★5 consistent with “leakage” assuming 
Gaussian tails (expected 7.0+2.1-1.0)
★5 not consistent as such ➠ 4 can be 
removed with additional cuts
★Finally 1 event survives all cuts

arXiv:0706.0039 [astro-ph]
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XENON-10: WIMP data
•Blind analysis WIMP “box”: 

•signal region 2-12 keVee 
(4.5-27 keVr @ QF=19%)

• 50% acceptance for NR
•Additional “Gamma-X” cuts to 

remove 13 events (instrumental)

A. Manalaysay;  April 14, 2007

Given the calculated rejection,

the WS 3+4 livetime (58.6

days), and background rate in

the fiducial region, we can find

a value for the predicted

statistical leakage for each

energy bin.

After all cuts ➠ 10 observed events:
★5 consistent with “leakage” assuming 
Gaussian tails (expected 7.0+2.1-1.0)
★5 not consistent as such ➠ 4 can be 
removed with additional cuts
★Finally 1 event survives all cuts

Non-gaussian tails? 1 event below 3σ band in ROI; more 
above 12 KeVee

arXiv:0706.0039 [astro-ph]
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Spatial Distribution of Events from Blind Analysis
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In total 13 events are removed from box by Primary Analysis QC2 Cuts (^^)

XENON-10: WIMP data
• Self-shielding in action: Spatial distribution of candidate events suggest 

“lower background” region?
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ZEPLIN-II: WIMP data

N.J.T.Smith ILIAS/ASPERA Paris Workshop January ‘07

Cross-section result, first run

29 events seen in box

28.6±4.3 expected (total)

10.4 upper limit to n.r

Translates to limit shown
‘canonical’ halo model

astro-ph/0701858

070131041701

Baltz and Gondolo, 2004, Markov Chain Monte Carlos
Baltz and Gondolo 2003

x  x  x Ellis et. al Theory region post-LEP benchmark points
Ruiz de Austri/Trotta/Roszkowski 2006, CMSSM Markov Chain Monte Carlos: 95% contour
Baer et. al 2003
Ruiz de Austri/Trotta/Roszkowski 2006, CMSSM Markov Chain Monte Carlos: 68% contour
CDMS (Soudan) 2004 + 2005 Ge (7 keV threshold)
ZEPLIN II (Jan 2006) result
WARP 2.3L, 96.5 kg-days 55 keV threshold
Edelweiss I final limit, 62 kg-days Ge 2000+2002+2003 limit
CRESST 2004 10.7 kg-day CaWO4
DAMA 2000 58k kg-days NaI Ann.Mod. 3sigma,w/o DAMA 1996 limit
CDMS (Soudan) 2005 Si (7 keV threshold)
DATA listed top to bottom on plot

In review: Submitted to Astropart. Phys.

070131041701

  http://dmtools.brown.edu/ 
  Gaitskell,Mandic,Filippini
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Courtesy of N.J.T. Smith
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Future Xenon in US
• DMSAG: 

➡ The show must go on...
➡ Xenon is priority among noble liquids

Dan Akerib Case Western Reserve UniversitySSI 2007

Future US Xenon

• XENON-50 and 100-kg to continue 
at Gran Sasso (Columbia et al)

• LUX 100-kg proposed for 
Homestake (Case/Brown/LLNL et al)
! early implementation in old “Davis” 

cavern

! site of possible future Deep 
Underground Science and Engineering 
Lab (Dusel)

! !

"
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Future DDMS in Europe
• ASPERA/ApPEC roadmap

• Xenon: 

• ZEPLIN-III (8kg) being 
deployed

• ZEPLIN ➟ELIXIR “ton-scale”

• Synergy with US proposal(s)

• Argon: 

• WARP-140kg: under 
construction @ LNGS

• ArDM 1 ton: proof of concept on 
surface (CERN)

• Challenge: cost of Ar39-depleted 
Argon ?

• Synergy with CLEAN/DEAP ?

• Synergies between Xe & Ar ?

N.J.T.Smith ILIAS/ASPERA Paris Workshop January ‘07

ZEPLIN II

ZEPLIN IV/MAX <-> LUX 500kg

ZEPLIN III

30kg

8kg

ZEPLIN long term strategy
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Conclusion
• Liquid noble gases 

experiments have shown 
dramatic progress during 
the last year.

• Pioneering WIMP results 
from WARP /ZEPLIN-II / 
XENON-10 show great 
potentials for these 
technologies.

• Ready to reach the 10-44 
cm2 sensitivity.

• Extended detectors under 
consideration with realistic 
chances to reach a few 
10-45 cm2 in the next 
years... Window of 
opportunity?

070827104001

  http://dmtools.brown.edu/ 
  Gaitskell,Mandic,Filippini
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Baltz and Gondolo, 2004, Markov Chain Monte Carlos
Baltz and Gondolo 2003

x  x  x Ellis et. al Theory region post-LEP benchmark points
Ruiz de Austri/Trotta/Roszkowski 2007, CMSSM Markov Chain Monte Carlos (mu>0): 95% contour
Ruiz de Austri/Trotta/Roszkowski 2007, CMSSM Markov Chain Monte Carlos (mu>0): 68% contour
XENON10 2007 (Net 136 kg-d)
CDMS (Soudan) 2004 + 2005 Ge (7 keV threshold)
ZEPLIN II (Jan 2007) result
WARP 2.3L, 96.5 kg-days 55 keV threshold
Edelweiss I final limit, 62 kg-days Ge 2000+2002+2003 limit
CRESST 2004 10.7 kg-day CaWO4
DAMA 2000 58k kg-days NaI Ann.Mod. 3sigma,w/o DAMA 1996 limit
CDMS (Soudan) 2005 Si (7 keV threshold)
DATA listed top to bottom on plot

XENON10CDMSZEPLIN-II
WARP
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