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WIMP direct detection

Nucleus recoil energy < 100 keV
β ≈ 10-3

mχ
 ≈ 100 GeV

Spin Independent:
χ scatters coherently off of the 
entire nucleus A: σ~  A2

r =
4m!mN

m! +mN( )
2

Spin Dependent: 
only unpaired nucleons contribute to 
scattering amplitude: σ~  J(J+1)

ER = E0r
1! cos!( )
2

E0 =
1
2
m!c

2" 2

χ
WIMP

χN ➙χN
elastic scattering off nuclei

M. Goodman, E. Witten, PRD 1985
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Measurement

Laura Baudis, University of Zurich, ENTApP DM Workshop, February 3, 2009

Strategy for WIMP Direct Detection

• Elastic collisions with atomic nuclei

• The recoil energy is:

• and the expected rate:
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Particle physics

Astrophysics

Detector
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Sun’s velocity around the galaxy 
<v>≈ 230 km/s
WIMP energy density
ρχ≈ 0.3 GeV/cm3

Expected rate
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Sensitivity comparison 
between LAr and LXe

the relative sensitivity depends highly on the energy threshold

! "! #! $! %! &! '! (! )!
"!�&

"!�%

"!�$

"!�#

*+,-./0+1+2340562+76-/809:+;<
*
=5
+0
9,
->
15
7?
:3
�8
=4
<

0

0

@2
A+

argon

xenon

Integrated rate in Xe and Ar Scaling factor between Xe and Ar

from F2(Q)< 1

from σ~A2

4

dR
dER Ideal

=
R0
E0r

exp !
ER

E0r
"

#
$

%

&
'

dR
dER True

=
dR
dER Ideal

! S(ER )F
2 (q2 )I"# $%

Form factor

Integral rate (as a function of ER) <1 ev/kg/yr



Current experimental limits
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16 G. Angloher et al.: Results from 730 kg days of the CRESST-II Dark Matter Search
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Fig. 12. (Color online) Light yield distribution of the accepted
events, together with the expected contributions of the back-
grounds and the possible signal. The solid and dashed lines
correspond to the parameter values in M1 and M2, respec-
tively.

6.2 Significance of a Signal

As described in Section 5.1, the likelihood function can be
used to infer whether our observation can be statistically
explained by the assumed backgrounds alone. To this end,
we employ the likelihood ratio test. The result of this test
naturally depends on the best fit point in parameter space,
and we thus perform the test for both likelihood maxima
discussed above. The resulting statistical significances, at
which we can reject the background-only hypothesis, are

for M1: 4.7⇥
for M2: 4.2⇥.

In the light of this result it seems unlikely that the
backgrounds which have been considered can explain the
data, and an additional source of events is indicated.
Dark Matter particles, in the form of coherently scatter-
ing WIMPs, would be a source with suitable properties.
We note, however, that the background contributions are
still relatively large. A reduction of the overall background
level will reduce remaining uncertainties in modeling these
backgrounds and is planned for the next run of CRESST
(see Section 7).

6.3 WIMP Parameter Space

In spite of this uncertainty, it is interesting to study the
WIMP parameter space which would be compatible with
our observations. Fig. 13 shows the location of the two
likelihood maxima in the (m�,⇥WN)-plane, together with
the 1⇥ and 2⇥ confidence regions derived as described in
Section 5.1. The contours have been calculated with re-
spect to the global likelihood maximum M1. We note that
the parameters compatible with our observation are con-
sistent with the CRESST exclusion limit obtained in an
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Fig. 13. The WIMP parameter space compatible with the
CRESST results discussed here, using the background model
described in the text, together with the exclusion limits from
CDMS-II [12], XENON100 [13], and EDELWEISS-II [14], as
well as the CRESST limit obtained in an earlier run [1]. Ad-
ditionally, we show the 90% confidence regions favored by Co-
GeNT [15] and DAMA/LIBRA [16] (without and with ion
channeling). The CRESST contours have been calculated with
respect to the global likelihood maximum M1.

earlier run [1], but in considerable tension with the limits
published by the CDMS-II [12] and XENON100 [13] ex-
periments. The parameter regions compatible with the ob-
servation of DAMA/LIBRA (regions taken from [16]) and
CoGeNT [15] are located somewhat outside the CRESST
region.

7 Future Developments

Several detector improvements aimed at a reduction of the
overall background level are currently being implemented.
The most important one addresses the reduction of the al-
pha and lead recoil backgrounds. The bronze clamps hold-
ing the target crystal were identified as the source of these
two types of backgrounds. They will be replaced by clamps
with a substantially lower level of contamination. A sig-
nificant reduction of this background would evidently re-
duce the overall uncertainties of our background models
and allow for a much more reliable identification of the
properties of a possible signal.

Another modification addresses the neutron back-
ground. An additional layer of polyethylene shielding
(PE), installed inside the vacuum can of the cryostat, will
complement the present neutron PE shielding which is
located outside the lead and copper shieldings.

The last background discussed in this work is the leak-
age from the e/�-band. Most of these background events
are due to internal contaminations of the target crystals
so that the search for alternative, cleaner materials and/or
production procedures is of high importance. The mate-
rial ZnWO4, already tested in this run, is a promising
candidate in this respect.

2011 CRESST-II (Angloher et al. 1109.0702, Eur. Phys. J. C (2012) 72:1971)

A low mass signal?



Local dark matter
Galaxy embedded 
in a dark matter 

“halo”

Local density ≈ 
0.3 GeV/cm3

Motion of the sun 
around the galaxy 
induces a WIMP 

“wind”

Rotation of the earth about the sun produces a seasonal 
modulation in the velocity of the wind



Signal + 
background

Energy deposition in 
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DM wind

30 km/s

60°

Expected variation of WIMP count rate ± 3%

Annual flux modulation

Sun

D. Akimov



Laura Baudis, University of Zurich, GGI Dark Matter Conference, February 9, 2009

DAMA/LIBRA 2008

• modulation of event rate confirmed in 2008

• 25 NaI detectors a 9.7 kg; each viewed by 2 PMTs (5.5-7.5 p.e./keVee) 

• 4 years of data taking: 192 x 103 kg days

dR

dE
E,t( ) ! S0 (E) + Sm (E)cos" (t # t0 )

Sm = (0.0215 ± 0.0026) counts/(day kg keV)

t0 = 152.5 d 

T = 1 year

residuals from average rate
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FIG. 1. (color online) The rate of CDMS II nuclear-recoil
band events is shown for the 5.0–11.9 keVnr interval (dark
blue), after subtracting the best-fit unmodulated rate, �d,
for each detector. The horizontal bars represent the time
bin extents, the vertical bars show ±1� statistical uncertain-
ties (note that one CDMS II time bin is of extremely short
duration). The CoGeNT rates (assuming a nuclear-recoil en-
ergy scale) and maximum-likelihood modulation model in this
energy range (light orange) are shown for comparison. The
CDMS exposure starts in late 2007, while the CoGeNT expo-
sure starts in late 2009.

rates in this energy range with amplitudes greater than
0.06 [keVnr kg day]�1 are excluded at the 99% C.L.

For comparison, a similar analysis was carried out us-
ing the publicly available CoGeNT data [19]. Our analy-
sis of CoGeNT data is consistent with previously pub-
lished analyses [6, 7, 14]. Figure 3 shows the modu-
lated spectrum of both CDMS II and CoGeNT, assum-
ing the phase (106 days) which best fits the CoGeNT
data over the full CoGeNT energy range. Compatibil-
ity between the annual modulation signal of CoGeNT
and the absence of a significant signal in CDMS is de-
termined by a likelihood-ratio test, which involves cal-
culating � ⇤ L0/L1, where L0 is the combined max-
imum likelihood of the CoGeNT and CDMS data as-
suming both arise from the same simultaneous best-fit
values of M and ⇥, while L1 is the product of the maxi-
mum likelihoods when the best-fit values are determined
for each dataset individually. The probability distribu-
tion function of �2 ln� was mapped using simulation,
and agreed with the ⇤2 distribution with two degrees
of freedom, as expected in the asymptotic limit of large
statistics and away from physical boundaries. The simu-
lation found only 82 of the 5⇥103 trials had a likelihood
ratio more extreme than was observed for the two ex-
periments, confirming the asymptotic limit computation
which indicated 98.3% C.L. incompatibility between the
annual-modulation signals of CoGeNT and CDMS for the
5.0–11.9 keVnr interval.

We extend this analysis by applying the same method
to CDMS II single-scatter and multiple-scatter events
without applying the ionization-based nuclear-recoil cut.
These samples are both dominated by electron recoils.
Figure 4 shows the confidence intervals for the allowed
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FIG. 2. (color online) Allowed regions for annual modulation
of CoGeNT (light orange) and the CDMS II nuclear-recoil
sample (dark blue), for the 5.0–11.9 keVnr interval. In this
and the following polar plot, a phase of 0 corresponds to Jan-
uary 1st, the phase of a modulation signal predicted by generic
halo models (152.5 days) is highlighted by a dashed line, and
68% (thickest), 95%, and 99% (thinnest) C.L. contours are
shown.
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FIG. 3. (color online) Amplitude of modulation vs. energy,
showing maximum-likelihood fits for both CoGeNT (light or-
ange circles, 68% confidence interval shown with vertical line)
and CDMS nuclear-recoil singles (dark blue rectangles, 68%
confidence interval given by rectangle height). The phase that
best fits CoGeNT over all energies (106 days) was chosen for
this representation. The upper horizontal scale shows the
electron-recoil-equivalent energy scale for CoGeNT events.
The 5–11.9 keVnr energy range over which this analysis over-
laps with the low-energy channel of CoGeNT has been divided
into 3 (CDMS) and 6 (CoGeNT) equal-sized bins.

2012 CDMS vs COGENT
(Ahmed et al. 1203.1309)

2010 DAMA/LIBRA (Bernabei et al. 1002.1028)

25 NaI (Tl) crystals of 9.5 kg each, operated at Gran Sasso 

Underground Lab 

6y in LIBRA (13 years total), 1.17 ton × year, 8.9 σ 

modulation signal

P-type Point Contact (PPC) HPGe Detector, 440g/
detector operated in Soudan Underground Lab, 15 
months of data
~2.8σ modulation in the low energy range (0.5~3.0 keV)



]2WIMP Mass [GeV/c
6 7 8 10 20 30 40 100 200 300 1000 2000 10000

]2
W

IM
P-

N
uc

le
on

 C
ro

ss
 S

ec
tio

n 
[c

m

-4710

-4610

-4510

-4410

-4310

-4210

-4110

-4010

-3910

Buchmueller et al.
 2011 - LHC 1fb-1

DAMA/Na

DAMA/I
CoGeNT

CDMS

ZEPLIN III

EDELWEISS

CRESST

WARP

XENON100 DarkSide-50

DarkSide-5000

The current status

~ 1 ev/kg/yr

~ 1 ev/ton/yr

Discovery 
region??



La ricerca mondiale delle WIMP



WIMP direct detection

Low energy nuclear recoils (< 100 keV)
Low rate (~1 event/ton/yr for σ=10-47 cm2)

β ≈ 10-3

mχ
 ≈ 100 GeV

χ
WIMP

χN ➙χN
elastic scattering off nuclei

M. Goodman, E. Witten, PRD 1985

‣Large mass, long exposure
‣Low threshold

Ideal WIMP Detector

‣Low radioactive bg
‣Good bg discrimination
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Background
from natural radioactivity:
γ e- ➙ γ e- 
nN ➙ nN 
N ➙	
N’ + α, e-

electron recoils

nuclear recoils

γ, e- 

α, n 

106

105

107

108
DUSEL

• Gamma ray interactions:

mis-identified electrons mimic nuclear recoil signals

• Neutrons:

(α,n), U, Th fission, cosmogenic spallation

• Contamination:

238U and 232Th decays, recoiling progeny mimic 
nuclear recoils

reduction 
of muon 
flux by:Underground labs

Gran Sasso



I Laboratori Nazionali del Gran Sasso
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Charge
Ge: COGENT, TEXONO
C,F,I,Br: PICASSO, COUPP
CS2,CF4,3He: DRIFT, DMTPC, MIMAC

Single channel techniques

Heat
Al2O3: CRESST-I

ionization

phononsscintillation

Improve resolution 
Improve threshold 
Improve noise 
Decrease T

Improve surface effects 
Improve volume effects 
Improve scaleability

Light 
NaI: DAMA/LIBRA
CsI: KIMS
LXe: XMASS, 
LAr, LNe: CLEAN/DEAP



Double channel techniques

ionization

phononsscintillation

Improve resolution 
Improve threshold 
Improve noise 
Decrease T

Improve surface effects 
Improve volume effects 
Improve scaleability

Light & Ionisation Detectors 
PMTs for both channel readout 
LXe: ZEPLIN, XENON, 
LAr: WARP, ArDM, DarkSide
mildly cryogenic (-100 C) 

Light & Heat Bolometers 
TES/NTD for L & H channels 
CaWO4, Al2O3: CRESST
even more cryogenic (~10 mK) 

Heat & Ionisation Bolometers 
ZIP/NTD for Q & H channels 
Ge,Si: CDMS
Ge: EDELWEISS 
cryogenic (<50 mK) 



Path to Discovery
• current experiments: O(100 kg) detector mass

zero background paradigm ➞ any excess of events 
is candidate signal

• future goal: multi-ton experiments to measure dark 
matter properties with 100-1000 events 

paradigm shift ➞ search for signal above measured 
background, in a low background observatory

➡ need multiple targets and techniques to verify signals
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Hybrid techniques: nuclear recoil discrimination

• WIMPs and neutrons 
scatter off nuclei

• Photons and electrons 
scatter off electrons

M.Attisha
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Bolometers

L.Baudis

NTD= Neutron Transmutation Doped (thermal phonons) crystals
TES= Transition Edge Sensors (athermal phonons)
SPT= Superconducting Phase Transition thermometers



Phonons: discriminating backgrounds

*

electron recoils

nuclear recoils

Ratio of 
charge 
(or light) 
to 
phonon

Background region

Expected signal region

• Advantages: high sensitivity to nuclear recoils (measure the full 
energy in the phonon channel); good energy resolution, low 
energy threshold (keV to sub-keV)

• Ratio of light/phonon or charge/phonon:
• nuclear versus electronic recoils discrimination 
→ separation of S and B
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CRESST at LNGS: light and phonons
- Phonons and scintillation in CaWO4 

targets at ~ 10 mK
- Phonon detector: W-SPT 

(Superconducting Phase Transition) 
thermometers (Tc at 15 mK)

- Light detector: Si wafer read out by 
W-SPT(Ethr → few optical γ, ~ 20eV)

- No dead layer effects

- Nuclear recoils have much smaller light yield than 
electron recoils 

- Photon and electron interactions can be be 
distinguished from nuclear recoils (WIMPs, neutrons)

67 events observed (730 kg-day)
~ 37 expected from backgrounds
room for a signal?
focus on reducing backgrounds
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EDELWEISS at LSM: charge and phonons
• EDELWEISS-I: Ge NTD heat and ionization detectors (3 x 320 g at 17 mK)
- Data taking 2000-2003
- Backgrounds from neutrons, alpha and surface electron recoils

• EDELWEISS-II: 10 kg (30 modules) of NTD and NbSi Ge detectors in new 
cryostat, new charge electrodes
- 113 kg d low threshold analysis E < 20 keV)

arXiv:1207.1815v2 [astro-ph.CO]
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CDMS

ZIP: Z-dependent ionization and phonon detectors

Superconducting films that detect minute amounts of heat
Transition Edge Sensor sensitive to fast 

athermal phonons



CDMS: a negative result?

• Expected background: 0.8 ± 0.1 (stat) ± 0.2 (syst) events

• Probability to observe two or more events is 23%
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Phonons: The CDMS Experiment

Final WIMP search runs - 191 kg-d: 2 events passing all cuts 

Event 1:            
Tower 1, ZIP 5 (T1Z5)           
Sat. Oct. 27, 2007
2:41pm CDT

Event 2:            
Tower 3, ZIP 4 (T3Z4)           
Sun. Aug. 5, 2007
8:48 pm CDT

Gamma-Background Science, 1186112 (2010)

Expected background: 0.8 ± 0.1 (stat) ± 0.2 (syst) events
Probability to observe two or more events is 23%

Expected signal region

25

30 Ge/Si detectors operated at 40 mK in a low-background shield at the Soudan mine 
in northern Minnesota
Final WIMP search runs (Ge detectors) - 612 kg-d: 2 events passing all cuts

Science, 1186112 (2010)



CDMS: latest results

• Three events were seen in the signal region with a total expected background of 
<0.7 events

• A profile likelihood analysis favors a WIMP +background hypothesis over the known 
background estimate as the source of signal at the 99.81% confidence level (~3σ)

Analysis of a 140.23 kg-day exposure of the CDMS-II Si detectors

Enectali Figueroa-Feliciano / U.Mich. Light Dark Matter 2013 arXiv, 1304.4279v2 [hep-ex] 
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CDMS profile likelihood analysis
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Recoil!

ionization!

Electrons! Ar+!

Ar2+!

Ar**!

excitation!

Ar*!

Ar2*!

Singlet!

luminescence!

Triplet!

Light: the noble liquids strategy
• Large mass detectors ➞ scalability

• Multiple targets available: Xe, Ar

• Bright scintillators: Light Yield ~ 40 γ/keV ➞ low threshold

Two detection channels:
ionization charge
scintillation light

different dE/dx from nuclear and 
electron recoils 
➞ background discrimination

time	  constant depend on gas 
e.g. Xe 3/27 ns Ar 10/1500 ns



Ionization and scintillation

XENON100 ~99.5% rejection @ 50% acceptance

Ratio of charge to light 
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Intrinsic contaminations

LXe – U/Th <10-13, technogenic 85Kr (beta) removed (<10-13) by distillation or 
chromatography 
LAr – cosmogenic 39Ar (beta) depleted (<10-2) Ar from underground reservoirs

Use low-radioactive materials ONLY !

Teflon – U <10-8, Th <10-9, K<10-6

Copper – U<10-11, Th<10-11, K<10-9

Titanium – U <10-9, Th <10-9, K<10-6

Rn – should be removed from the vicinity of setup

A low background technique

In-situ measurement of backgrounds: 
Active veto shield 
➞ identification of neutron recoils

WIMP single 
scatter

n/γ double 
scatter

χ

FV

Actve Veto



Figure 1: Description of apparatus....

argon gas is also used for the fill. This gas is further pu-
rified by a single pass through a SAES MonoTorr PS4-
MT3-R1 getter[? ] which is sized and configured to
reduce O2, N2, and H2O impurities to sub-ppb levels,
on its way to the Dewar. During operation, high ar-
gon purity is maintained by continuous gas recirculation
which forces the boil o� argon from the Dewar through
the MonoTorr getter before it is re-introduced into the
Dewar through the cold-head.

The DS-10 detector is shown in Fig. 1. The inner ves-
sel consists of an open-ended acrylic cylinder, 23.5 cm
height, 24.1 cm inner diameter, 1.9 cm wall thickness,
sealed by Creavey O-rings at the top and bottom to fused
silica windows, 1.3 cm thick. The cylinder and win-
dows are clamped together by a cage of spring-loaded,
0.95-cm-diameter stainless steel rods. The resulting seal
is su⇥ciently “bubble tight” to contain the argon gas
pocket required for two-phase operation.

The gas for the pocket is produced in a tube alongside
the acrylic cylinder. LAr purified in the recirculation
loop enters the tube and is boiled by a resistor operat-
ing at a fraction of a watt. A connecting pipe delivers

the gas to the top of the inner vessel. The gas-liquid in-
terface level is passively maintained 2.0 cm below the
top fused silica window by a bubbler tube that vents gas
from the pocket and ends in the LAr bath at the desired
height. The liquid level is continuously measured by
a set of discrete Pt-1000 thermistors and a capacitive
level sensor in the boiling tube. Under normal operat-
ing conditions, including gas recirculation to the inner
and outer vessels, the fluctuations in inner vessel liquid
level are < 1 mm.

The active volume of the detector, 21 cm in diameter,
is defined by a reflector lining the acrylic cylinder. The
reflector is made overlapping sheets of 3M Vikuity[? ],
a multilayer plastic foil, mounted inside a PTFE frame.

Scintillation light is collected by two arrays of
seven Hamamatsu high-quantum-e⇥ciency R11065 3”
PMT’s [? ], viewing the inner vessel through the top and
bottom fused silica windows. These quartz-window,
metal-bulb tubes are operated at negative HV and are in-
sulated from the surrounding materials with PTFE spac-
ers. The PMT’s used had Hamamatsu-reported room-
temperature quantum e⇥ciencies at 420 nm ranging
from 30.4 to 35.7%, with an average of 33.9%.

To detect the 128 nm argon scintillation light,
we used the wavelength shifter tetraphenyl butadiene
(TPB), with a peak emission wavelength of 420 nm[?
]. The TPB fluorescence decay time is ⇤1.8 ns [? ],
short compared to the 7 ns fast component of the LAr
scintillation. TPB was deposited by vacuum evapora-
tion onto the reflector lining the acrylic cylinder and the
inner surfaces of the fused silica windows. The stainless
steel mesh separating the electron drift and extraction
regions of the TPC (described below), and a few cm2

of the reflector covered by alpha sources were the only
non-TPB-coated surfaces seen by the UV scintillation
light from the active argon volume.

Measurements in a vacuum-UV spectrophotometer
suggested an optimum TPB thickness of about 200
µg/cm2, a tradeo� between high UV-to-visible conver-
sion e⇥ciency and low absorption of the visible light.
The reflector and windows were coated with XXX and
YYY µg/cm2 of TPB, respectively, with ZZZ% varia-
tion from center to edge. The evaporations were per-
formed in a large high-vacuum chamber using a Knud-
sen e�usion cell. The typical vacuum level reached
prior to the evaporation was (2-7)⇥10�8 torr. After the
evaporation the parts were kept in sealed bags filled with
dry argon. During the detector assembly care was taken
to minimize exposure of TPB-coated surfaces to air,
since degradation was noted during optical-bench test-
ing. This was accomplished by flushing the inner vessel
with argon gas throughout the assembly procedure. The

3

Noble liquid TPC principle

χ

χ

Sensitive 
volume

Extraction/
multiplication 

grid Anode

Cathode

Gas pocket

Liquid Argon
S1

S2

e-
electron drift

Primary scintilation

Secondary scintilation



Dual phase TPC: signals
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drift time → z ≈26 cm



Xenon100

• 62 kg LXe target 
• 99 kg active LXe veto 
• Dual phase TPC 30 cm drift
• 242 PMTs
• running @ LNGS (IT)

Last science run:	
 PRL 109, 181301 (2012)
 224.6 live days  x 34 kg exposure 
two candidate events observed in the nuclear 
recoil energy range of 6.6-30.5 keVnr → fully 
compatible with background → best WIMP 
limit over large mass range



Argon: Pulse Shape Discrimination

Nuclear Recoil

fast

S1 S2

S1

Beta/Gamma

S1 S2

slow

S1

75μs



Scintillation and ionization in LAr
τsinglet = 7ns

τriplet = 1.8 µs

Pulse shape S1

In LAr:
Is/It = 0.3 (e), 1.3 (α), 3.0 (ff)

Pulse shape 
ratio S2/S1

PSD



a seminal work: WARP 3.2 kg

•  Operational since 2005 at LNGS

• First LAr detector to publish DM search 
results (3 months WIMP search)

•  Testing ground for larger scale detectors
GAr
LAr

(7.5 cm drift) 

Grids

Race
Tracks

Cathode (20 cm diam.) 

Taking into account the conical shape of the chamber
walls (Fig. 1) the resulting fiducial volume is 1.32 l corre-
sponding to 1.83 kg. The pulses surviving cuts with (S2)/
(S1) < 30 and primary pulse fast component F > 0.60 have
been visually scanned.4 This allows to check the overall
pulse shape of the primary and secondary pulses and to
reject mis-reconstructed or noise events. A total of 1051
events with reconstructed energy > 40 keVion, required
visual inspection with about 1/5 of them falling in the
‘‘1-hit’’ selection band of Fig. 5. For 778 events S1 or S2
or both were not properly calculated by the automatic
algorithm due to the presence of electronic noise; the values
of the S1 and S2 parameters have therefore been re-com-
puted. Hundred and forty-six events were characterised

by one of the seven photo-multipliers with a primary signal
with short rise time and amplitude significantly larger than
the one detected by the others that, on the contrary, show a
typical c-like behaviour5; these events have been rejected.
Ninety-seven events have the characteristics of recoils
induced by Radon daughters decaying on the chamber
walls.

The overall analysis procedure, including visual scan-
ning, was applied and tuned on the neutron calibration
sample before applying it to the WIMP search data sets.
A total selection efficiency of 90% has been estimated for
an energy threshold of 40 keVion.

The resulting distribution of the Log(S2/S1) vs. the
Pulse discrimination parameter F is shown in Figs. 6 and

Lo
g 

(S
2/

S1
)

Pulse Shape Discrimination Parameter (F)

-1

-0.5

0

0.5

1

1.5

2

2.5

3

0.50.40.30.20.1 0.6 0.7 0.8 0.9

Lo
g 

(S
2/

S1
)

Pulse Shape Discrimination Parameter (F)

-1

-0.5

0

0.5

1

1.5

2

2.5

3

0.50.40.30.20.1 0.6 0.7 0.8 0.9

40-60 keV
>2.8x10 7 Triggers

40-60 keV

(a) Neutron induced ion recoils (b)WIMP Exposure of 96.5 kg • day  

Fig. 6. (a) Distribution in the plane (S2)/(S1) vs. pulse shape discrimination parameter of the events obtained with an Am–Be source calibration of the
WARP detector in the recoil energy range 40–60 keV; (b) distribution in the same energy range obtained from the WIMP exposure of 96.5 kg day. The box
shown is indicative: out of the eight events which are observed, only five belong to the ‘‘1-hit’’ selection band of Fig. 5.
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Fig. 7. Same distributions as in Fig. 6 but in the energy interval 60–130 keV.

4 The region adopted for visual scanning is much wider than the
selection window for argon recoils described in Section 3.3.

5 These events are interpreted as double gamma scatterings with one
interaction in the liquid and the other in the PMT window.

504 P. Benetti et al. / Astroparticle Physics 28 (2008) 495–507

P. Benetti et al., Astrop. Phys. 28 (2008) 6



WIMP search results from WARP 3.2 kg
• Very good test of the detection principle

• Excellent results from study of discrimination power 
between nuclear and electron recoils:

10-8 pulse shape discrimination

5x10-3 ionization/scintillation
P. Benetti et al., Astrop. Phys. 28 (2008) 6

Monte Carlo simulated neutron flux induced in the argon
of the chamber, taking into account the source intensity
and spectrum and the propagation of neutrons in the sur-
rounding materials.

3.3.2. Underground neutrons without the shield
During the early running, when the large shield around

the detector was not yet installed, one could observe a sig-
nificant rate of neutron events generated by the rocks
nearby, amounting to about 8 eV/day above 30 keV in
the 2.3 l chamber. In spite of the significantly smaller statis-
tics, the (S1) distribution is in good agreement with the
Monte Carlo simulation of neutron flux from the rock
[45] for YAr ! 1.55 ± 0.4 phe/keV.

3.4. Ionisation driven signal (S2)/(S1)

The signals from neutron-induced Ar-recoils exhibit a
rather non-trivial pulse shape dependence of the (S2)/(S1)
ratio of the extracted electrons to the primary scintillation
as a function of the kinetic energy of the recoils.

In the case of electrons of ! 100 keV, working with the
electric field configuration described before, the average
ratio is (S2)/(S1) ! 150. The ratio (S2)/(S1) is only very
slowly changing with the energy of the electron-like events
in the interval of interest, indicating a very good propor-
tionality between the scintillation luminescence and the
direct emission of the electrons.

In the case of heavily ionising tracks (i.e. a large LET), a
strong columnar recombination takes place and the num-
ber of liberated electrons is correspondingly reduced. For
instance in the case of a-particles from 222Rn, the ratio
(S2)/(S1) is about 50 times smaller than that for minimum
ionising particles, providing a very efficient identification of
the energy density of excited species along the particle
track, i.e. of the linear energy transfer (LET).

Naı̈ve considerations would suggest that in the case of
argon recoils from the liquid, the ratio (S2)/(S1) might be
even smaller than with a-particles from 222Rn because of
the even higher LET. On the contrary, the experimental
observation of neutron-induced argon recoils (25–
200 keV) shows that: (1) the (S2)/(S1) ratio is much larger
than in the case of a-particles and (2) it is inversely propor-
tional to the recoil energy, for instance going from h(S2)/
(S1)i " 30 at 25 keV to h(S2)/(S1)i " 7 at 150 keV, as
shown in Fig. 5a and b. The separation of these events
from the electron signal remains however very large since,
as already pointed out, it is (S2)/(S1) ! 150 for electron-
like events.

In Fig. 5b, the ratio (S2)/(S1) is plotted as a function of
the inverse of the recoil energy. For very high energies, the
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Fig. 3. Distribution of the pulse shape discrimination parameter (F) with an Am–Be neutron source in the recoil energy range from 40 keV to 60 keV (a)
and from 60 keV to 130 keV (b). The blue dots represent all events, while the red points refer to a population having 10 < (S2)/(S1) < 30 and 8 < (S2)/
(S1) < 22 respectively for (a) and (b), corresponding to the window appropriate for neutron-induced argon recoils. The (S2)/(S1) cut, while strongly
depleting the population of electron-like events, leaves the population of argon ion recoils essentially unaffected.
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(red dots) are compared with the Monte Carlo prediction. The energy fit
gives a conversion factor of 1.26 ± 0.15 phe/keV.

502 P. Benetti et al. / Astroparticle Physics 28 (2008) 495–507

exposure 96.5 kg·day



• New technologies for large background-free exposure
• depleted argon
• liquid-scintillator based neutron veto
• ultra-low bkgd PMTs

• DarkSide-50 sensitivity 10-45 cm2

• Demonstrate potential of the technology for 
multi ton-year background-free sensitivity

• DarkSide-5k sensitivity 10-47 cm2



Artist 
Rendition of 
DarkSide-50, 

its 30-ton 
Neutron Veto, 
and its 1,000 

ton muon 
veto (CTF)



DarkSide-50 Status
• Construction/Assembly near completion

➡ TPC: assembly completed (first deployment configuration)

➡ LSV: assembly completed

➡ WT: assembly partially completed (PMTs still missing)

• Commissioning started end of May 2013

➡ TPC: first test run with atmospheric argon ongoing

➡ LSV: PMTs and electronic tested

• Physics run Fall 2013

• Towards G2 detector: 1,000 tons water Cerenkov muon veto 
and 30 tons liquid scintillator neutron veto built to house 5-
ton DarkSide-G2 dark matter search



Cryostat containing the Time Projection Chamber hanging inside the 
neutron veto. The neutron veto sphere will be filled with boron-loaded liquid 
scintillator.



Neutron Veto sphere inside the 
Water tank.



@Napoli: tests of DS-50 cryogenic PMTs
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tenfold by a LeCroy 612A fast amplifier with two par-
allel outputs. One output goes directly into the digi-
tizer channel which runs continuously, filling a circular
memory bu�er. In the digitizer, one sample at one count
represents 0.0078 pC from the PMT. The other output is
used to form a majority trigger. This requires a coinci-
dence, within 100 ns, of at least 5 PMTs with signals
above a threshold that corresponds to roughly two in-
time photoelectrons. When an event satisfies the major-
ity trigger condition, data in the 14 circular bu�ers rep-
resenting a 35 µs time window (5 µs before the trigger
and 30 µs after), is downloaded to a PC and stored on a
local hard disk. The acquired window length for the null
field configuration has been selected to fully contain the
slow component of the scintillation light, while also in-
cluding relatively large pre- and post-trigger regions to
allow for baseline evaluation.

5. Single-Photoelectron Calibration

The charge response of each PMT to a single photo-
electron is evaluated using a laser calibration procedure,
which was repeated frequently among the data runs an-
alyzed here. Light pulses of ⌃ 70 ps duration at 440
nm wavelength from a diode laser are injected into the
detector through an optical fiber that terminates on the
bottom window of the inner vessel. Di�use reflection
from the TPB leads to a roughly uniform illumination
of the 14 PMTs. The controller pulses the laser at a
rate of 1000 Hz and simultaneously triggers the data ac-
quisition system. Optical filters are placed between the
laser and the fiber to adjust the intensity until the aver-
age number of photoelectrons generated on each tube in
any given trigger, referred to as the average occupancy,
is roughly 0.1. Unlike regular data runs, the digitiza-
tion window for laser runs is only 1.5 µs long. Within
this record, a 0.8 µs period before the pulse arrival time
is used to define the baseline. After subtraction of this
baseline, the integral of the recorded waveform is eval-
uated within a fixed 92-ns window around the arrival
time of the laser pulse. The resulting charge spectrum
for each PMT is then fitted to a model function, allowing
the mean of the single-photoelectron charge response to
be determined.

The fitting function used is

F(x) =
7X

n=0

P(n; �) fn(x) (1)

where P(n; �) is a Poisson distribution with mean �,
representing the average occupancy, and fn(x) the n-
photoelectron charge (x) response of the system. We
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Single photoelectron spectrum

Figure 2: Example of the charge response spectrum of a single PMT
exposed to low-occupancy laser flashes. The horizontal axis mea-
sures charge in integrated digitizer counts (counts · samples), where
1 count · sample corresponds to a PMT output charge of 0.0078 pC.
The colored curves represent components in the fit function used in the
calibration. Green: pedestal. Dashed Magenta: Gaussian and expo-
nential terms of the single-p.e. model convolved with pedestal. Solid
Magenta: full single-p.e. response convolved with pedestal. Solid
Blue: 2-p.e response. Dotted Blue: ⇧ 3-p.e. response. Solid Red:
Sum of all components.

have modeled the n-photoelectron response of the sys-
tem as

fn(x) = ⇤(x) ⇤ ⇧n⇤
1 (x) (2)

where ⇤ denotes the zero photoelectron response
(pedestal), ⇤ is a convolution, and ⇧n⇤

1 is the n-fold
convolution of the PMT single-photoelectron response
function, ⇧1, with itself. The function representing the
pedestal, ⇤, the integral in the absence of any photo-
electrons and thus the entire n = 0 term, is described
by a Gaussian, while the PMT single-photoelectron re-
sponse, ⇧1, is modeled by the weighted sum of a decay-
ing exponential and a Gaussian truncated at zero,

⇧1(x) =

8>><
>>:

pE
⇣

1
x0

e�x/x0
⌘
+ (1 � pE)G(x; xm,⌅) x > 0;

0 x ⌅ 0.
(3)

The Gaussian term G(x; xm,⌅) represents the single-
photoelectron response from the full dynode chain,
while the exponential term accounts for incomplete
dynode multiplication [22, 23].

The fit is performed with seven free parameters: the
average occupancy �, the mean and standard deviation
of the pedestal Gaussian, the mean xm and standard de-
viation ⌅ of the single-photoelectron Gaussian, the de-

5

Single Photoelectron
charge spectrum

Characterization at LN temperatureOptimization of the voltage divider
Pulse linearity measurements 
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dark matter search with noble liquids

R&D and design study for a multi-ton scale LXe/LAr facility in Europe

A total of 25 groups from ArDM, DarkSide, WARP, XENON
Europe: UZH, INFN, ETHZ, Subatech, Mainz, MPIK, Münster, Nikhef, KIT, TU Dresden, 
Israel: WIS, USA: Columbia, Princeton, UCLA, Arizona SU

funded by FP7-ASPERA in 2010 

DARk matter WImp search with Noble liquids

LA LX

Preliminary

Sketch of possible layout for LAr and LXe cryostats in 
large water Cherenkov shields

R&D and design study for next-generation noble liquid detector

Physics goal: build the “ultimate WIMP detector”, before the possibly irreducible neutrino 
background takes over

arXiv:1012.4764v1darwin.physik.uzh.ch 100 GeV WIMP

pp neutrinos

7Be neutrinos

bb-decay

2νbb: EXO measurement of 136Xe TT1/2
Assumptions: 50% NR acceptance, 99.5%  ER discrimination
Contribution of 2νbb background can be reduced by depletion

arXiv:1201.2402v1

45
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Expected sensitivity
However, goal is not exclusion limits, but WIMP detection

~ 1 event kg-1 year-1

~ 1 event ton-1 year-1

~ 1 event (100 kg)-1 year-1

~ 1 event (10 kg)-1 year-1

“ultimate” sensitivity

DS-5k/
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Neutrino backgrounds
Neutrinos may be the ‘ultimate’ background source 

(will eventually deliver a new physics channel)
85Kr (natKr < 0.1 ppt) and 222Rn  < 0.1 µBq/kg required

2"bb: EXO measurement of 136Xe T1/2
Assumptions: 50% NR acceptance, 99.5%  ER discrimination, 80% flat cut acceptance
Contribution of 2"bb background can be reduced by using depleted xenon

Neutrino-electron scattering

7Be

pp

2"bb

100 GeV 
10-47 cm2

Nuclear recoil background: XENON                       

No energy resolution effects applied XENON100 energy resolution applied
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Nuclear recoil acceptance of 50%.
Due to the limited energy resolution the threshold for the DARWIN facility will be 

  limited to a lower value of ~10 keV. 
Below the signal is swamped by irreducible background (only statistical subtraction).  

neutrino background or 
further physics reach?

Neutrino spectra: L. Strigari, New J. Phys. 11 (2009) 
2νββ: EXO measurement of 136Xe T1/2
Assumptions: 50% NR acceptance, 99.5% ER discrimination, 80% flat cut acceptance 
Contribution of 2νββ background can be reduced by using depleted xenon

natKr < 0.1 ppt
 222Rn < 0.1 μBq/kg

Neutrino-electron scatteringNeutrino-nucleus scattering

8B

ATM



DARWIN: dark matter WIMP search with noble liquids Laura Baudis

To study the physics reach of the facility, we assume as benchmark scenarios fiducial masses of
10 t and 5 t for the LAr and LXe components, respectively, corresponding to roughly 20 t and 8 t of
total argon and xenon mass. Figure 4 shows the sensitivity to the spin-independent WIMP-nucleon
cross section as a function of exposure for a WIMP mass of 100 GeV/c2 and an energy window
of 30-100 keVr and 10-100 keVr in LAr and LXe, respectively. It also displays the number of
events that would be detected for a WIMP-nucleon cross section of 10�44cm2 (10�8pb) in the same
energy windows. The assumptions for LXe are the following: a raw background of 0.1 mdru (hence
a factor of 100 below the current XENON100 background of about 10 mdru), a 99.9% rejection
of electronic recoils based on the ratio of the charge and light signals, and a 50% acceptance for
nuclear recoils. For LAr, the made assumptions are: a raw background of 0.45 dru, with a factor
of 108 rejection of electronic recoils based on pulse shape analysis and the charge-to-light ratio,
a reduction of the 39Ar rate by a factor of 25 relative to atmospheric argon (corresponding to an
activity of 40 mBq/kg for 39Ar) and a 80% acceptance for nuclear recoils.

Figure 4: The sensitivity to the spin-independent WIMP-nucleon cross section as a function of exposure for
10 t LAr (blue) and 5 t LXe (red), for a WIMP mass of 100 GeV/c2, an energy window of 30-100 keVr and
10-100 keVr in LAr and LXe, respectively and zero background events for a given exposure (left y-axis).
The dashed lines show the number of events that would be detected for a WIMP-nucleon cross section of
10�44cm2 (10�8pb) in LAr (blue) and LXe (red) (right y-axis).

The DARWIN study has officially started in April 2010, and the Technical Design Study is
expected to be delivered by early 2013. If successful, the letter of intent and the proposal for the
construction of the facility will be ready by mid and late 2013, respectively, with the construction
and commission phases scheduled for 2014-2015. The period of operation and physics data taking
is foreseen for 2016-2020.

In summary, DARWIN is a R&D and design study for a facility to detect dark matter induced
signals by observing the charge and light produced in multi-ton scale liquid noble gas targets, using
techniques which have already been successfully proven in 10 kg-100 kg prototypes, and which will
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A WIMP observatory

for σ=10−44cm2 

σ(
cm

2 )

Mχ=100 GeV σ(
pb )

Mχ(GeV)

WIMP mass measurement for 
σ=10-45 cm2 and two targets

hundreds of events observed
σ=10-44 cm2
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“Looking beyond the 
scale of one ton, we 
strongly recommend that 
DARWIN, a program 
aiming to extend the 
target mass of noble 
liquids to several tons, is 
pursued and supported.”

ACHIEVEMENTS, STATUS AND OUTLOOK:

PA RT I C L E  P H Y S I C S  I N  S W I T Z E R L A N D

“The construction and operation of the 
DARWIN multi-ton Dark Matter search 
facility should receive an appropriate Swiss 
contribution.”

US Particle Physics: 
Scientific Opportunities
A Strategic Plan  
for the Next Ten Years

Report of the Particle 
Physics Project 
Prioritization Panel

29 May 2008

“The panel further recommends joint NSF 
and DOE support for direct dark matter 
search experiments.”

CHIPP

ASPERA

DOE/NSF HEPAP









Light on WIMPs



Light collection: PMT Principle

The light signal is converted into a charge signal and amplified: G~106

Even a single photon can be detected in this way: Ne=QE•CE•G•Nγ



was filled with liquid nitrogen before the measurements at
77K, leaving the upper part of the apparatus at room
temperature. The light from an external pulsed source was
brought to the photocathode by means of a 3m long, 1mm
core-diameter optical fibre through a vacuum feed-through
mounted in the higher part of the apparatus at room
temperature. The fibre length (1m) inside the vacuum
chamber and its position far from the cathode (20mm)
were chosen in order to guarantee the projection of the
light spot on the PMT sensitive area, even in the case of
thermal contractions of the system during the cooling
down. In this situation any thermal shock on the light
source and on the feed-through was prevented and,
considering the light source intensity stable, a constant
light intensity on the cathode was assured during the full
time of the measurement.

The chamber was filled with nitrogen gas during the
cooling phase in order to enhance the heat exchange
between the thermal bath and the PMT. The temperature
was continuously monitored during the tests by means of
two PT1000 platinum sensors connected to a PC acquisi-
tion board. The vacuum condition was restored at the end
of the cooling phase before starting any measurement.

The PMTs were operated as photodiodes. To this
purpose all the dynodes and the anode were tied together
as a single electrode, kept at a positive voltage of about
100V, enough to collect all the photoelectrons emitted by
the cathode. Signals from the cathode were amplified by
means of a CANBERRA 2005 charge preamplifier, then
they were shaped at 2ms by means of an ORTEC 570
amplifier and finally they were fed to a digital oscilloscope;
the average pulse peak was recorded by a personal
computer by means of a GPIB board.

We used different laser diodes and LEDs as light sources
in order to cover the whole photocathode spectral range
(Table 2). They were operated in pulse mode by means of a
LeCroy 9210/9214 fast pulser. The pulse width (in all cases
less than 500 ns) and the amplitude were selected in order
to get from the cathode (at room temperature) a charge per
pulse ranging from 10 fC to 10 pC. The pulse repetition rate
varied from about 10!3 Hz to 100 kHz.

3.2. Measurement and results

As a first step we measured the cathode signal amplitude
SK ðT ¼ 300K; l; f Þ at room temperature as a function of
the light repetition rate f. To this purpose, once defined the
working wavelength l, we adjusted the light pulse duration
and its intensity in order to get from the cathode 1 pC per
pulse. Tests carried out with different light intensities did
not lead to different results. The light intensity was then
monitored for a few hours in order to verify its stability;
the variations observed in 1 day were within 1%.
The chamber was then cooled down by pouring liquid

nitrogen inside the dewar. The temperature on the
photomultiplier surface was continuously monitored. We
experimentally verified that at least 6 hours must be waited
before starting any measurement in order to let the cathode
surface thermalize.
Afterwords we measured the cathode signal SK ðT ¼

77K; l; f Þ at cryogenic temperature using the same light
stimulation set at room temperature.
The relative sensitivity Rðl; f Þ of the photocathode,

defined as

Rðl; f Þ ¼
SK ðT ¼ 77K; l; f Þ
SK ðT ¼ 300K; l; f Þ

(1)

was used to describe the behaviour of the photocathode at
T ¼ 77K with respect to the room temperature.
The relative sensitivity studied as a function of the light

pulse rate f is presented in Fig. 3 for the two photo-
cathodes. The measurements were carried out using a LED
with central emission wavelength of l ¼ 470 nm. It is
evident that the ratio R of the standard bialkali ðK2CsSbÞ
photocathode rapidly decreases as the pulse rate increases;
at 1Hz, the electrostatic field distortions near the cathode
surface are already so high as to reduce the photoelectron
yield of a factor 10, making this device useless at cryo-
genic temperature. On the contrary the K2CsSbþ Pt
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Table 2
Light source characteristics

Source type Emission
wavelength
(nominal) (nm)

Emission
wavelength
(measured)
(nm)

FWHM
(measured)
(nm)

LED 430 444 75
LED 470 474 34
LED 525 515 40
LED 571 568 28
LED 590 591 17
Laser diode 635 629 16

The measurements were carried out using an Ocean Optics Inc. spectro-
meter.
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Fig. 3. Relative sensitivity vs. the light pulse rate for K2CsSb and
K2CsSbþ Pt photocathodes and l ¼ 470nm light source. The vertical
bars indicate the statistical spread (sigma) of each measurement.
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Abstract

We carried out a careful evaluation of the performance of the large cathode area ETL 9357FLA photomultiplier tube operating at
cryogenic temperature. The measurements were focused on evaluating the parameters which mainly characterize the operating
performances of the device down to 77K and the spread of the distinctive features over 54 samples assembled in the ICARUS apparatus.
The results that we obtained demonstrate that the photomultiplier is suited for light detection in such unconventional operating
conditions, certifying this device for the direct measurement of scintillation light coming from noble-gas liquids in detectors dedicated to
neutrino physics and dark matter research.
r 2005 Elsevier B.V. All rights reserved.

PACS: 85.60.H; 29.40.M; 07.02.M

Keywords: Photomultiplier tubes; Scintillation detectors; Cryogenics

1. Introduction

The detection of scintillation light coming from noble-
gas liquids has been proposed in some experiments
dedicated to neutrino physics and dark matter research.
In these experiments photomultiplier tubes (PMTs) directly
immersed in liquid phase and operating at cryogenic
temperatures are often adopted as photon detectors. In
case of glass-window PMTs, the sensitivity to ultraviolet
light is achieved by the use of a wavelength shifter
deposited on the PMT surface. This is the case of the
ICARUS T600 apparatus that employs 74 PMTs to detect
the scintillation light at 128 nm wavelength of 600 tons of
liquid argon [1].

In this paper we report the results of the test of about 50
large cathode area Electron Tubes Ltd (ETL) 9357FLA
photomultipliers specifically manufactured for the
ICARUS T600 liquid argon detector. Our measurements
were focused on evaluating the parameters which mainly
characterize the operating performances of the devices at
cryogenic temperature and the spread of the distinctive
features over different samples. In the present work we do
not take into consideration the presence of any wavelength
shifter on the PMTs’ surface, which will be the subject of
coming papers. In order to minimize the costs of the test
activity, all the cryogenic measurements were carried out in
liquid nitrogen, the temperature of which (77K) is very
close to that of the liquid argon (87K).

In particular we inquired into the following character-
istics:

(1) photocathode behaviour;
(2) shape of the anode pulse;
(3) single-electron response of the anode pulse;
(4) gain;

(5) single-electron transit time features (spread, pre and
late pulse presence);

(6) after-pulses;
(7) dark count rate and spectrum.

The present paper is organized as follows: in Section 2
we present the general characteristics of the ETL PMT
model; Section 3 is dedicated to the behaviour at cryogenic
temperature of the photocathode type adopted in this
device; Section 4 is dedicated to the characterization at
cryogenic temperature of 54 PMT samples; conclusions are
reported in Section 5.

2. The ETL 9357FLA photomultiplier

The ETL 9357FLA is a 12-stage LF-dynode PMT with
an hemispherical glass window of 200mm (8-in.) diameter
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Fig. 1. The ETL 9357FLA photomultiplier with blasted glass window.
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An ICARUS spin-off: 
Photocathode sensitivity at LN temperature

• Increase of photocathode resistivity at low temperature ➞ non-
linear response

• The drawbacks due to the photocathode resistivity can be avoided at 
manufacture by the use of conductive underlayers
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