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48Ca→48Ti 4.271 0.187
76Ge→76Se 2.040 7.8
82Se→82Kr 2.995 9.2
96Zr→96Mo 3.350 2.8
100Mo→100Ru 3.034 9.6
110Pd→110Cd 2.013 11.8
116Cd→116Sn 2.802 7.5
124Sn→124Te 2.228 5.64
130Te→130Xe 2.533 34.5
136Xe→136Ba 2.479 8.9
150Nd→150Sm 3.367 5.6

Candidate       Candidate       Q  Q  Abund.Abund.
(MeV)(MeV) (%)(%)

DoubleDouble--beta decay:beta decay:
a seconda second--order processorder process
only detectable if firstonly detectable if first
order beta decay isorder beta decay is

energetically forbiddenenergetically forbidden

Candidate nuclei with Q>2 MeVCandidate nuclei with Q>2 MeV
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There are two varieties of ββ decay

2νννν mode: 
a conventional
2nd order process 
in nuclear physics

0νννν mode: a hypothetical 
process can happen 
only if:   Mνννν ≠ 0

ν = ν
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2νββ spectrum
(normalized to 1)

0νββ peak (5% FWHM)
(normalized to 10-6)

Summed electron energy in units of the kinematic endpoint (Q)

Background due to the Standard Model  2νββ decay

The two can be separated in a detector with
good energy resolution

0νββ peak (5% FWHM)
(normalized to 10-2)
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The possibility of neutrinosThe possibility of neutrinos--less decay wasless decay was
first discussed in 1937:first discussed in 1937:

E. Majorana, Nuovo Cimento 14 (1937) 171E. Majorana, Nuovo Cimento 14 (1937) 171

G. Racah, Nuovo Cimento 14 (1937) 322G. Racah, Nuovo Cimento 14 (1937) 322

Even earlier the study of nuclear Even earlier the study of nuclear 
structure led to the conclusion that structure led to the conclusion that 
the 2 neutrino mode would have the 2 neutrino mode would have 
half lives in excess of 10half lives in excess of 102020 yearsyears

M.GoeppertM.Goeppert--Mayer, Phys. Rev. 48 (1935) 512Mayer, Phys. Rev. 48 (1935) 512

The idea of doubleThe idea of double--beta decay is almost as old as beta decay is almost as old as 
neutrinos themselves:neutrinos themselves:
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Neutinoless double beta decay is not the only 
possible lepton non-conserving process:

∆∆∆∆L = 2 ββ ββ ββ ββ ββ ββ ββ ββ decaydecay

∆∆∆∆L = 0, ∆∆∆∆Lf =1 Flavor oscillationsFlavor oscillations

µµµµµµµµ →→ eeγγγγγγγγ

∆∆∆∆L = 2, ∆∆∆∆Lf =1 µµµµµµµµ-- + + ZZA  A  →→ ee+ + + + Z+2Z+2AA

Using oscillation data and the unitarity of the 
mixing matrix, one can derive estimated 

rates for these processes: 

0νββ and oscillations are most sensitive to lepton
non-conservation
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Note that along with the double Note that along with the double ββ-- decaydecay

there is also a there is also a ββ++ mode that in practice would appear mode that in practice would appear 
as a single or double electron captureas a single or double electron capture

All these processes are phaseAll these processes are phase--space suppressed respectspace suppressed respect
to the to the ββ-- casecase and isotope fractions low in natural mix:and isotope fractions low in natural mix:

usually not consideredusually not considered
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If 0νββ is due to light ν Majorana masses

νββ0

FM
νββ0

GTM
can be calculated withincan be calculated within
particular nuclear modelsparticular nuclear models

νββ0G a known phasespace factora known phasespace factor

andand

νββ0
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effective Majorana ν mass 

(εi = ±1 if CP is conserved)

Cancellations are possibleCancellations are possible……
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Candidate  Detector                   Present                <m> (eV)

nucleus      type      (kg yr)         T1/2
0νββ (yr)

48Ca                                  >1.4*1022 (90%CL)
76Ge        Ge diode    ~47.7     >1.9*1025 (90%CL)     <0.35*

82Se                                  >1*1023 (90%CL)   
100Mo                                 >4.6*1023 (90%CL)
116Cd                                 >1.7*1023 (90%CL)
128Te       TeO2 cryo               >1.1*1023 (90%CL)
130Te       TeO2 cryo   ~12        >3*1024 (90%CL)      <0.19 – 0.68
136Xe       Xe scint     ~4.5       >1.2*1024 (90%CL)    <1.1 - 2.9
150Nd                                 >1.2*1021 (90%CL)
160Gd                                 >1.3*1021 (90%CL)

Present Limits for 0Present Limits for 0νν double beta decaydouble beta decay

* But also claim of signal by part of same group (see Cattadori’s talk)
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Plot from Avignone, Elliott, Engel arXiv:0708.1033 (2007)Plot from Avignone, Elliott, Engel arXiv:0708.1033 (2007)

EXO-200
~133-186 meV sensit.

Klapdor et al. 0.24 – 0.58 eV

Assumptions:

Majorana neutrinos
No cancellations

For the first time there is a clear opportunity to make an important
discovery if one pushes the <m> sensitivity to the 0.01 - 1 eV region

Full EXO 1ton – 10ton
33 - 5 meV
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To reach <mν> ~ 10 meV very large fiducial mass  (tons)
(except for Te) need massive isotopic enrichment

Need to reduce and control backgrounds in qualitatively new ways
these are the lowest background experiment ever built

For no bkgndFor no bkgnd

Scaling with bkgdScaling with bkgd
goes like  goes like  NtNt

NtTm /1/1
0

2/1 ∝∝ νββ
ν

( ) 4/10

2/1 /1/1 NtTm ∝∝ νββ
ν

In addition a multiIn addition a multi--parameter experiment, if feasible,parameter experiment, if feasible,
would provide information for cross checks withwould provide information for cross checks with

more than one single variable, if a discovery is made.more than one single variable, if a discovery is made.
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ββββ decay experiments are at the leadingdecay experiments are at the leading
edge of edge of ““low backgroundlow background”” techniquestechniques

•• Final state ID: Final state ID: 1) 1) ““GeochemicalGeochemical””: search : search for an abnormal abundancefor an abnormal abundance

of (A,Z+2) in a material contaiof (A,Z+2) in a material containing (A,Z)ning (A,Z)

2) 2) ““RadiochemicalRadiochemical””: store in a mine some material (A,Z): store in a mine some material (A,Z)

and after some time try to findand after some time try to find (A,Z+2) in it(A,Z+2) in it

+ Very specific signature+ Very specific signature

+ Large live times (particularly for 1)+ Large live times (particularly for 1)

+ Large masses+ Large masses

-- Possible only for a few isotopes (in the case of 1)Possible only for a few isotopes (in the case of 1)

-- No distinction between 0No distinction between 0νν, , 22νν or other modesor other modes

•• ““Real timeReal time””: : ionization or scintillation is detected in the decayionization or scintillation is detected in the decay

a) a) ““HomogeneousHomogeneous””: source=detector: source=detector

b) b) ““HeterogeneousHeterogeneous””: source: source≠≠detectordetector

+ Energy/some tracking available (can distinguish modes)+ Energy/some tracking available (can distinguish modes)

+ In principle universal (b)+ In principle universal (b)

-- Many Many γγ backgrounds can fake signaturebackgrounds can fake signature

-- Exposure is limited by human patienceExposure is limited by human patience
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Large, non homogeneous
detector with 100Mo or 
82Se foils sandwiched 
between scintillators

MOON
(Osaka CTU FNAL HU ICU JINR LANL UNC TU UW VNIIEF)

H. Ejiri et al.,   PRL. 85 (2000)
H. Ejiri, J. Phys. Soc. Jap. 74 (2005)
H. Ejiri, Mod. Phys. Lett. 

A, 22, (2007)
H. Nakamura, H. Ejiri et al., J. Phys.

Soc. Jap. 76 (2007) 114201

Phase  Mass (ton) Exposure (ton year) Mn (meV)

I   0.03            0.06 134

II   0.12           0.3 70

III  0.48           1.92 31
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ELEGANT V 1990

MOON 1  prototype detector  
6 layers scint., 53x53x1 cc BC408. equ.100Mo, 142g 40mg, 3 layers

Based on ELEGANT V
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Xe is ideal for a Xe is ideal for a 
large experimentlarge experiment

••No need to grow crystalsNo need to grow crystals

••Can be reCan be re--purified during the experimentpurified during the experiment

••No long lived Xe isotopes to activateNo long lived Xe isotopes to activate

••Can be easily transferred from one detector to Can be easily transferred from one detector to 

another if new technologies become availableanother if new technologies become available

••Noble gas: easy(er) to purifyNoble gas: easy(er) to purify

••136136Xe enrichment easier and safer:Xe enrichment easier and safer:
-- noble gas (no chemistry involved)noble gas (no chemistry involved)
-- centrifuge feed rate in gram/s, all mass usefulcentrifuge feed rate in gram/s, all mass useful
-- centrifuge efficiency centrifuge efficiency ~~ ∆∆m.  For Xe 4.7 amum.  For Xe 4.7 amu

••129129Xe is a hyperpolarizable nucleus, under study for NMR Xe is a hyperpolarizable nucleus, under study for NMR 

tomographytomography…… a joint enrichment program ?a joint enrichment program ?
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Xe offers a qualitatively new tool against background:Xe offers a qualitatively new tool against background:
136136Xe       Xe       136136BaBa++++ ee-- ee-- final state can be identified final state can be identified 

using optical spectroscopyusing optical spectroscopy (M.Moe PRC44 (1991) 931)(M.Moe PRC44 (1991) 931)

BaBa++ system best studiedsystem best studied
(Neuhauser, Hohenstatt,(Neuhauser, Hohenstatt,
Toshek, Dehmelt 1980)Toshek, Dehmelt 1980)
Very specific signatureVery specific signature

““shelvingshelving””
Single ions can be detectedSingle ions can be detected
from a photon rate of 10from a photon rate of 1077/s/s

••Important additionalImportant additional
constraintconstraint

••Drastic backgroundDrastic background
reductionreduction

22PP1/21/2

44DD3/23/2

22SS1/21/2

493nm493nm

650nm650nm

metastable 47smetastable 47s
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ββββ decay experiments are at the leadingdecay experiments are at the leading
edge of edge of ““low backgroundlow background”” techniquestechniques

•• Final state ID: Final state ID: 1) 1) ““GeochemicalGeochemical””: search : search for an abnormal abundancefor an abnormal abundance

of (A,Z+2) in a material contaiof (A,Z+2) in a material containing (A,Z)ning (A,Z)

2) 2) ““RadiochemicalRadiochemical””: store in a mine some material (A,Z): store in a mine some material (A,Z)

and after some time try to findand after some time try to find (A,Z+2) in it(A,Z+2) in it

+ Very specific signature+ Very specific signature

+ Large live times (particularly for 1)+ Large live times (particularly for 1)

+ Large masses+ Large masses

-- Possible only for a few isotopes (in the case of 1)Possible only for a few isotopes (in the case of 1)

-- No distinction between 0No distinction between 0νν, , 22νν or other modesor other modes

•• ““Real timeReal time””: : ionization or scintillation is detected in the decayionization or scintillation is detected in the decay

a) a) ““HomogeneousHomogeneous””: source=detector: source=detector

b) b) ““HeterogeneousHeterogeneous””: source: source≠≠detectordetector

+ Energy/some tracking available (can distinguish modes)+ Energy/some tracking available (can distinguish modes)

+ In principle universal (b)+ In principle universal (b)

-- Many Many γγ backgrounds can fake signaturebackgrounds can fake signature

-- Exposure is limited by human patienceExposure is limited by human patience
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Parallel activities within the EXO collaboration Parallel activities within the EXO collaboration 
•• EXOEXO--200: a LXe detector 200: a LXe detector withoutwithout Ba tagging using 200 kg of Xe enrichedBa tagging using 200 kg of Xe enriched

to 80% in to 80% in 136136Xe with ~150 meV sensitivity to Majorana massesXe with ~150 meV sensitivity to Majorana masses

•• BaBa--tagging R&D: tagging R&D: -- Transfer from LXe to ion trapTransfer from LXe to ion trap
-- Directly tag in LXe volumeDirectly tag in LXe volume

•• High pressure GXe detector R&D:  High pressure GXe detector R&D:  -- Energy resolution and readout schemeEnergy resolution and readout scheme
-- Tracking: pressure and light gas mixesTracking: pressure and light gas mixes
-- Ba tagging in gasBa tagging in gas

Well matched to the different phases of the Well matched to the different phases of the 
study of 0study of 0νββνββ decay:decay:

•• Discovery requires a large (and of unknown size!) detector capaDiscovery requires a large (and of unknown size!) detector capable of ble of 
observing the new phenomena with high significance and confidencobserving the new phenomena with high significance and confidencee

•• The further study of the process will require the study of elecThe further study of the process will require the study of electron tron 
correlations, as can be done only in GXe (and, maybe, only atcorrelations, as can be done only in GXe (and, maybe, only at
low pressure)low pressure)

�������� Both phases can use the same enriched XeBoth phases can use the same enriched Xe
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200 kg 200 kg 136136Xe test production completed in spring Xe test production completed in spring ’’03 (80% enrichment)03 (80% enrichment)

••Largest highly enriched stockpileLargest highly enriched stockpile
not related to nuclear industrynot related to nuclear industry

••Largest sample of separated Largest sample of separated ββββ

isotopeisotope
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1 kV/cm

~570 keV~570 keV

Improved energy resolution in LXe: 
Use (anti)correlations between ionization and 

scintillation signals (now also used in DM detectors)
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Anti-correlated ionization and scintillation 
improves the energy resolution in LXe 

Ionization alone:
σ(E)/E = 3.8% @ 570 keV

or 1.8% @ Qββ

Ionization & Scintillation:
σ(E)/E = 3.0% @ 570 keV

or 1.4% @ Qββ

(a factor of 2 better than the 
Gotthard TPC)
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Correlated Signal

Compilation
of Xe resolution 

results

EXO ioniz + scint

E.Conti et al. 

Phys. Rev. B: 68 054201 (2003)

(by now observed by other groups too)

EXO-200 will collect 3-4 times
as much scintillation…

further improvement likely

EXO ioniz only
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EXO-200 TPC basics
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EXO low activity copper
vessel “hugs” the fiducial
volume very closely

• Very light (~1.5mm thin, ~15kg)
to minimize materials

•Different parts e-beam welded
together

• Field TIG weld(s) to seal the 
vessel after assembly 
(TIG technology tested 
for radioactivity)

• All machining done under 
(shallow) shielding
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EXO-200 LXe TPC field cage & readout planes

flex cables on back of APD plane

acrylic supports
Central HV plane 
(photo-etched 
phosphor bronze)

~3
5c

m



~500 “Bare” LAAPD

QE > 1 at 175nm

Gain set at 100-150

V~1500V
∆V < ±0.5V 
∆T < ±1K   APD is the driver

for temperature stability
Leakage current OK cold

APDs are ideal for our
application: 

- very clean & light-weight, 
- very sensitive to VUV
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~1.5m

~1.5m

HFE7000
cooling/shielding fluid
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EXO-200 cryo-commissioning, Spring Stanford ‘07
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Massive effort on material radioactive qualification using:

• NAA 
• Low background γ-spectroscopy
• α-counting 
• Radon counting 
• High sensitivity GD-MS and ICP-MS 

At present the database of characterized materialsAt present the database of characterized materials
includes >300 entriesincludes >300 entries

MC simulation of backgrounds

The impact of every screw within the Pb shielding is evaluated
before acceptance

NIM article published on the subject with entries for 225 materials
[D.Leonard et al., arXiv:0709.4524 to appear on NIM A]
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★

EXO-200
EXO-200 at WIPP
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See EXO-200 poster by Russell Neilson
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BaBa++ Tagging R&DTagging R&D

Vcos(Vcos(ΩΩΩΩΩΩΩΩt) + Ut) + U
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Electrode structure being prepared

Loading region in
the vacuum tank

e-gun

Ba oven

Tip loading access Main turbo
port

Differentially
pumped aperture

Fluorescence from 
1,    2,    3 Ba-ions
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M.Green et al. arXiv:0702122, Phys Rev A 76 (2007) 023404
B.Flatt et al. arXiv:0704.1646, NIM A 578 (2007) 409

~9σ discimination 
in 25s integration

First single ion detection in high pressure 
gas (He, Ar)



Cryogenic dipstick
• Capture ion on SXe coating
• LHe cooling (~20K) to
maintain stable SXe coating
in 10-8 torr vacuum

• Microcapacitor used to 
measure and stabilize

SXe with accuracy of
a few monolayers

in LXe and
vacuum

Remaining challenge is the efficient transfer
of single Ba ions from LXe to the ion trap
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from LXe

Growing SXe layers from metered
amounts of GXe in the vacuum 
chamber

Growing and maintaining
SXe layers in a LXe bath
with active feedback

P.Fierlinger et al, arXiv:0706.0540

Rev. Sci. Instr. 79, 045101 (2008)
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With EXO-200 closer to data taking GXe R&D
activities are picking up speed

EXO GXe concept
M.Danilov et al, 
Phys Lett 480 (2000) 12

Variable length drift cell
for resolution and gas
composition studies
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50cm diameter
micromegas

Old Gotthard TPC 
has a new life in EXO R&D
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Setup for the study of Ba tagging
directly in a high pressure GXe chamber
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See p
oster

 by J
.J. G

omez
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later

 talk
 by D

. Nygre
n
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EXO-200 will soon start taking data, 
first with NaturalXe and then by 136Xe
���� 2ν mode in Xe should be finally measured!
���� Already substantial discovery potential

Ba tagging R&D for full EXO is proceeding, using a 
bag of tricks borrowed from many different fields 
in line with the tradition of neutrino physics!
���� This may be important to reach the ultimate 

Majorana mass sensitivity

GXe R&D also very active within EXO and with new
efforts worldwide.
���� This may be a tool for discovery but will be certainly 

important to understand what causes 0νββ decay, 
once it will be discovered

Conclusions



Neutrino 2008 Giorgio Gratta 41

The EXO Collaboration
K.Barry, D.Leonard, E.Niner, A.Piepke Physics Dept, University of Alabama, Tuscaloosa AL
P.Vogel Physics Dept Caltech, Pasadena CA
A.Bellerive, M.Bowcock, M.Dixit, C.Hargrove, E.Rollin, D.Sinclair, V.Strickland

Carleton University, Ottawa, Canada
C. Benitez-Medina, S.Cook, W.Fairbank Jr., K.Hall, B.Mong Colorado State University, Fort Collins CO
M.Moe Physics Dept UC Irvine, Irvine CA
D.Akimov, I.Alexandrov, A.Burenkov, M.Danilov, A.Dolgolenko, A.Kovalenko, V.Stekhanov

ITEP Moscow, Russia
J.Farine, D.Hallman, C.Virtue, U.Wichoski Laurentian University, Canada
H.Breuer, C.Hall, L.Kaufman, S. Slutsky, Y-R. Yen

University of Maryland, College Park MD
K.Kumar U. of Massachusetts, Amherst
M.Auger, R.Gornea, D.Schenker, J-L.Vuilleumier, J-M.Vuilleumier

Physics Dept University of Neuchatel, Switzerland
N.Ackerman, M.Breidenbach, R.Conley, W.Craddock, J.Hodgson, D.McKay, A.Odian, C.Prescott, P.Rowson, 
K.Skarpaas, J.Wodin, L.Yang, S.Zalog SLAC, Menlo Park CA
J.Anthony, L.Bartoszek, R.DeVoe, P.Fierlinger, B.Flatt, G.Gratta, M.Green, S.Kolkowitz, F.LePort, 
M.Montero-Diez, R.Neilson, M. Noske, K.O’Sullivan, A.Pocar, K.Twilker Physics Dept Stanford U., Stanford CA



Neutrino 2008 Giorgio Gratta 42

Single ion spectroscopy & identification possible in some Xe 
atmosphere provided He is added to the trap

p=10-4 torr
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Assumptions: Assumptions: 
1)1) 200kg of Xe enriched to 80% in 136200kg of Xe enriched to 80% in 136
2)2) σσ(E)/E = 1.4% obtained in EXO R&D, Conti et al Phys Rev B 68 (200(E)/E = 1.4% obtained in EXO R&D, Conti et al Phys Rev B 68 (2003) 0542013) 054201
3)3) Low but finite radioactive background: Low but finite radioactive background: 

20 events/year in the 20 events/year in the ±±22σσ interval centered around the 2.481MeV endpointinterval centered around the 2.481MeV endpoint
4)4) Negligible background from 2Negligible background from 2νββνββ (T(T1/21/2>1>1··10102222yr R.Bernabei et al. measurement)yr R.Bernabei et al. measurement)

EXOEXO--200kg Majorana mass sensitivity200kg Majorana mass sensitivity

Case Mass

(ton)

Eff.

(%)

Run 
Time

(yr)

σE/E @ 
2.5MeV

(%)

Radioactive

Background

(events)

T1/2
0ν

(yr, 
90%CL)

Majorana mass

(eV)

QRPA    NSM

EXO-200 0.2 70 2 1.6* 40 6.4*1025 0.133† 0.186*

†† Rodin, et. al., Nucl. Phys. A 793 (2007) 213-215
* Caurier, et. al., arXiv:0709.2137v1What if KlapdorWhat if Klapdor’’s observation is correct ? s observation is correct ? 

Central value Central value TT1/21/2 (Ge) = 1.2(Ge) = 1.2+3+3
--0.50.5 ··10102525, (, (±±33σσ)  )  

(Phys. Lett. B 586 (2004) 198(Phys. Lett. B 586 (2004) 198--212212
consistently use Rodinconsistently use Rodin’’s matrix elements for both Ge and Xe)s matrix elements for both Ge and Xe)

In 200kg EXO, 2yr: In 200kg EXO, 2yr: 
••Worst case (QRPA, upper limit) 15 events on top of 40 events bkgWorst case (QRPA, upper limit) 15 events on top of 40 events bkgd d �������� 22σσ

••Best case (NSM, lower limit) 162 events on top of 40 bkgd Best case (NSM, lower limit) 162 events on top of 40 bkgd �������� 1111σσ
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Assumptions: Assumptions: 
1)1) 80% enrichment in 13680% enrichment in 136
2)2) Intrinsic low background + Ba tagging eliminate all radioactive Intrinsic low background + Ba tagging eliminate all radioactive backgroundbackground
3)3) Energy res only used to separate the 0Energy res only used to separate the 0νν from 2from 2νν modes: modes: 

Select 0Select 0νν events in a events in a ±±22σσ interval centered around the 2.481MeV endpointinterval centered around the 2.481MeV endpoint
4)4) Use for 2Use for 2νββνββ TT1/21/2>1>1··10102222yr (Bernabei et al. measurement)yr (Bernabei et al. measurement)

** σσσσσσσσ(E)/E = 1.4% obtained in EXO R&D, Conti et al Phys Rev B (E)/E = 1.4% obtained in EXO R&D, Conti et al Phys Rev B 68 (2003) 05420168 (2003) 054201
†† σσσσσσσσ(E)/E = 1.0% considered as an aggressive but realistic guess wit(E)/E = 1.0% considered as an aggressive but realistic guess with large lighth large light

collection areacollection area
‡‡ Rodin, et. al., Nucl. Phys. A 793 (2007) 213-215
# # Caurier, et. al., arXiv:0709.2137v1

EXO neutrino effective mass sensitivityEXO neutrino effective mass sensitivity

Case Mass

(ton)

Eff.

(%)

Run 
Time

(yr)

σE/E @ 
2.5MeV

(%)

2νββ

Background

(events)

T1/2
0ν

(yr, 
90%CL)

Majorana mass

(meV)

QRPA‡ NSM#

Conserva
tive 1 70 5 1.6* 0.5 (use 1) 2*1027 24 33

Aggressi
ve 10 70 10 1† 0.7 (use 1) 4.1*1028 5.3 7.3
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Status of 2Status of 2νν mode in mode in 136136XeXe

22νββνββ decay has never been observed in decay has never been observed in 136136Xe.   Xe.   
Some of the lower limits on its half life are close to (and inSome of the lower limits on its half life are close to (and in

one case below) the theoretical expectation.one case below) the theoretical expectation.

T1/2 (yr)
evts/year in the 
200kg prototype

(no efficiency applied)

Experimental limit

Leuscher et al >3.6·1020 <1.3 M

Gavriljuk et al >8.1·1020 <0.6 M

Bernabei et al >1.0·1022 <48 k

Theoretical prediction

QRPA (Staudt et al) [T1/2
max] =2.1·1022 =23 k

QRPA (Vogel et al) =8.4·1020 =0.58 M

NSM (Caurier et al) (=2.1·1021) (=0.23 M)

EXOEXO--200 should definitely resolve this issue200 should definitely resolve this issue


