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ie. need a ~10-200 meV sensitivity 
~1e27-1e28 yr in 136Xe
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ßß-decay
• Second-order process, only observable 

when ß-decay is energetically forbidden
(or strongly suppressed by angular momentum 
differences)
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ßß-decay in Xenon
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• 3 candidates to look at:
•  136Xe, with E0 = 2.48 MeV, 8.9% natural abundance
•  134Xe, with E0 = 0.85 MeV, 10.4% natural abundance
•  124Xe, with E0 = 0.82 MeV, 0.1% natural abundance 

(ßß++ decay !!)

• neutrinoless-ßß rate, is going with E05 

• World yearly production of enriched 124Xe is … 5 liters!

• -> 134Xe and mainly 136Xe
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Why Xenon?

• Low background - once 85Kr removed
(and can be cleaned without ‘re-crystallising’) 

• ‘easy’ enrichment 
(Noble gas = no chemistry needed, centrifuging rate ~ g/s).

• Scintillation properties enables Pulse-Shape Discrimination
(PSD) between background (electron recoil) and nuclear 
recoil events.

• Ionisation properties …

• Scale up possibilities - up to 1 or 10 tons
(World yearly production: 36t)
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Typical Problems with Xe

• Energy Resolution - not a solid state 
detector

• Gas-Xe allows tracking, but large mass takes 
large volume

• Liquid-Xe is very dense but looses tracking 
capability
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Gas Xenon

Advantage:
Tracking background discrimination

Disadvantage:
Large detector for small source mass
Limited energy resolution

(σ(E)/E = 2.8% at 2480keV)

The Gotthard TPC
Volume: 180l
3.3 kg of 136Xe (62.5% enrichment)
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Liquid Xenon 

Advantage:
Higher density -> smaller detector
Potentially Improved energy resolution

(Zeplin1: σ(E)/E = 2.3% at 2480keV
Dama: σ(E)/E = 8.8%)

Disadvantage:
‘Only’ pulse shape discrimination
Detector response non-uniformity?

The Dama LXe chamber
Volume: 1.5l
4.5 kg of 136Xe (68.8% enrichment)

Gotthard: 
DAMA:

8



ßß-decay in XeR Lüscher - CCLRC/RAL 061021  - BUS Workshop

Current status

• Gotthard GXe TPC 
T1/2 > 4.4 x 1023 yr,
 <m> < 1.8-5.2 eV
Luscher, PLB, 434 (1998) 407

• DAMA LXe scintillation detector 
T1/2 > 1.2 x 1024 yr,
 <m> < 1.1-3.1 eV
Bernabei, PLB, 546 (2002) 23

• ...
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Dissolved Xenon 
• The third solution: dissolve Xenon in a large 

scintillation detector (Raghavan, PRL 72 1411 (1994))

• BOREXINO: 300t scintillator
1.565t of Xe (enriched to 80%)
sensitivity: 1.14e27 yr
backgnd: 0.003 /kev/kg/yr
(Caccianiga, Giammarchi,  

Astopart Phys 14 15 (2000))

• Also evoked for SNO and KAMLAND ...

... but unlikely to happen in either 3!
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XMASS

2

1. Introduction

Dark matter

Double beta

Solar neutrino

! What’s XMASS

" Xenon MASSive detector for solar neutrino (pp/7Be)
" Xenon neutrino MASS detector (!!!!!!!! decay)
" Xenon detector for Weakly Interacting MASSive Particles (DM search)

Multi purpose low-background experiment with liq. Xe
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5

100kg Prototype 
800kg detector

10 ton detector

!30cm

!80cm

!2.5m
R&D

Dark matter search

Multipurpose detector

(solar neutrino, !! …)

! Strategy of the scale-up

With light guide

We are here !

" Vertex & energy 
reconstruction

" Self shielding power
" BG level 
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! Total 812 hex PMTs
(10PMTs/triangle!60 + 
212 @gap) 

immersed into liq. Xe
! ~70% photo-coverage 
! Radius to inner face ~44cm

Each rim of a PMT overlaps 
to maximize coverage 
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Y.Takeuchi @ICHEP04 in BeijingAugust 18, 2004

Alpha Alpha vsvs Gamma separationGamma separation
Aug.04 run

Preliminary

Alpha-gamma separation by using FADC wave form 

would be possible (under further investigation)

Pulse width (ns)
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Alpha-like Gamma-like

FADC data

Y.Takeuchi @ICHEP04 in BeijingAugust 18, 2004
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Data

MC

Data

MC

!

Z= +15Z= -15

Remove events (PMT saturation)

60Co (1173 & 1333keV)137Cs (662keV)

Self shielding performanceSelf shielding performance

Reconstructed vertex position of 

collimated source runs 

Dec.03 run

! MC reproduces data very well 

! We have demonstrated the self-shield actually works

Y.Takeuchi @ICHEP04 in BeijingAugust 18, 2004

Measured background levelMeasured background level

! Self shielding works 

! Good agreement with expectation (< factor 2)

Measurements

All volume
20cm FV

10cm FV

Simulation

All volume
20cm FV

10cm FV

Aug.04 run

Preliminary
Geometrical effect only for prototype detector

100kg Prototype 
measurements

•Good position reconstruction
•background 11 c/kev/kg/yr !!!!
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XMASS prospects
100kg prototype: 11 c/kev/kg/yr background
By comparison : 
Zeplin1 had 0.05 c/kev/kg/yr at 2.5MeV
Zeplin2 has <0.06 c/kev/kg/yr at 2.5MeV 
(limit extracted from 2 days realtime of monitoring runs)

800kg detector:
100kg fiducial mass for ßß-search

Extrapolating ∆E from prototype and photocathode 
coverage: ∆E/E ~ 0.05

To be competitive: reduction by a factor 10e5 
to ~1e-4 c/kev/kg/yr
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Background estimate for DM search !!
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EXO
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EXO
• Main problems to address:

• Energy resolution - not least to disentangle 
2-neutrinos from 0-neutrino mode

• Background rejection - ßß signature
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EXO- energy resolution

All data scaled toAll data scaled to
1064 keV1064 keV

Highly non-Poisson statistics limit 
calorimetric resolution in LXe
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a T. Doke, et. al, Nucl. 
Instrum. Methods Phys. 
Res. 134, 353 (1976)

b E. Conti et. al, Phys. Rev. 
B 68, 054201 (2003)
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EXO- energy resolution
Using anti-correlation: 
∆E/E ~ 0.014 @ 2.48MeV
(0.018 with ionisation only)

Small test chamber results
(EXO-200 will collect 3 times more light

- ie further improvement possible)

207Bi

~570 keV

~1064 keV

Resolution at 570keV
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EXO ßß signature

GXe: laser brought to event

LXe: ion extracted, moved to 
quadripole and analysed
Important additional constraint

Xe offers a qualitatively 
new tool against 
background:
136Xe → 136Ba++ e- e-  final 
state can be identified 
using optical 
spectroscopy (M. Moe, Phys. Rev. 
C 44 (1991) 931)

22



ßß-decay in XeR Lüscher - CCLRC/RAL 061021  - BUS Workshop

Laser tagging - how it works
1. grabbing of 136Ba+ ion Tested with 230U ions:

 similar chemistry, but easier signature
using alpha counting
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2. release of 136Ba+ in quadripole
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3. evidence of 
136Ba+ ion

been tested in 
He and Argon

25



ßß-decay in XeR Lüscher - CCLRC/RAL 061021  - BUS Workshop

Laser tagging - R&D
• Choice of grabbing tip

• QCM tip; FE tip (field emission); RIS tip (resonant ionisation spectroscopy)

• Proof of grabbing/releasing/measure all-in-one in a ‘real’ detector

• build of an R&D 100kg LXE TPC
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EXO-200 - LXe TPC
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EXO-200 commissioning at HEPL, Stanford
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Installation ancillaries started
Installation of detector March 07
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EXO - sensitivity

EXO-200

CaseCase

 0.380.27†

Majorana massMajorana mass
(eV)(eV)

QRPA    NSMQRPA    NSM

40

RadioactiveRadioactive
BackgroundBackground

(events)(events)
6.4×10251.6*2700.2

TT1/21/2
00νββνββ

(yr, 90%CL)(yr, 90%CL)
EE/E @/E @

2.5MeV2.5MeV
(%)(%)

RunRun
TimeTime
(yr)(yr)

Eff.Eff.
(%)(%)

MassMass
(ton)(ton)

Future - with laser tagging
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Combining DM & ßß?
... as both fields seek ton-scale experiment?
• Bargain? Buy one get, one free?!?
• No really: cost for enriched Xe, essential for ßß 

=  cost for rest of DM experiment

• WIMP spin independent/dependent cross section studies 
would anyway require some isotopic separation!

128Xe 129Xe 130Xe 131Xe   132Xe 134Xe 136Xe
1.9     26.4  4.1    21.2     26.9  10.4   8.9

• ‘No waste’ enrichment, ie cheaper

Mainly odd: spin dependant
no ßß candidate

Mainly even: spin dependant
two ßß candidate
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