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• We should be careful not to go too far in 
assigning programs to regions
(neutrino masses have the same magnitude 
on either side of the Pond!)

• When planning things we should be careful 
that the existence of some lab or program
in a specific Country or Continent does not
prevent its scientists from working on the 
project they like
(no program or lab knows what is the 
best way to measure quantities in physics!)
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• Will review mass measurements centered in North 
America but this is not a clear cut statements as 
many of these programs have substantial 
non-North American components (vice versa lots of
American groups working outside of North America!)

• Will only cover “lab” style measurements
[i.e. exclude cosmological (CMB) and astrophysical (Supernovae)
measurements that provide important constraints as 
by-products of other observations]

Two methods:
• Kinematic tests (measure the kinematics of some 

nuclear decay) note that this does not 
necessarily need an undeground location

• Double-beta decay (tests Majorana neutrino masses 
and lepton number non-conservation)
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Need new ideas to progress beyond spectrometers
and calorimeters (ie beyond 200meV):

Project 8
Measure the electron momentum by detecting the 
frequency of the cyclotron radiation electrons emit 
in a magnetic field 
[Frequency only depends on boost (and B), not on pitch angle]
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May incorporate the good features of other techniques, 
minimizing the drawbacks

- Information comes directly out of the source as RF photons
Easy to make the medium transparent

- Source and detector are the same thing
- Easy to make good quality frequency measurements

“If you need to make a precision measurement always
measure a frequency!” Art Schawlow

- Industry-standard RF technology available

But, of course, only at R&D stage
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The Fourier spectrum of the RF coming our of the 
decay region contains many hi-freq/low-energy lines
and a few low-freq/hi-energy ones
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- Measure each electron for ~30μs
- Source density ~1011 atoms/cm3 (to get collision time >30μs)
- At 1T B-field electrons emit 10-15W at 27GHz
- With 50kHz bandwidth, 60K noise temp gives 5·10-17W noise
- ∆f/f0 = ∆E/Etot ~ 50kHz/27GHz ~ 10-6 1eV
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R&D status
(MIT Physics, MIT Haystack Observ., 
NRAO, PNNL, UC Santa Barbara, 
U.Washington collaboration)
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Nearly ideal source of 
17.8keV conversion 
electrons provided 
by 83mKr

Gaseous (realistic)
Stored as 83Rb 

with convenient 
lifetime (86 d)

Made at U Wash by p-n reaction on 83Kr in natlKr
Have ~1 mCi in hand
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Stripline antenna

…and microwave receiver
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But in the last 10 years there has been a transition

1) From a few kg detectors to 100s or 1000s kg detectors
Think big: qualitative transition from cottage industry 

to large experiments

2) From “random shooting” to the knowledge that at least the
inverted hierarchy will be tested

Discovering 0Discovering 0νββνββ decay:decay:
Discovery of the neutrino mass scaleDiscovery of the neutrino mass scale
Discovery of Discovery of MajoranaMajorana particlesparticles
Discovery of lepton number violationDiscovery of lepton number violation

Neutrino-less Double-Beta decay
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- High Q value reduces backgrounds and 
increases the phase space & decay rate,

- Large abundance makes the experiment cheaper
- A number of isotopes have similar matrix element performance

Better
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How to How to ““organizeorganize”” an experiment: the sourcean experiment: the source
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MAJORANA Demonstrator

• Technical goal: Demonstrate background low enough 
to justify building a tonne scale Ge experiment. 

• Science goal: build a prototype module to test the 
recent claim of an observation of 0νββ. 
This goal is a litmus test of any proposed technology.

• Work cooperatively with GERDA Collaboration to 
prepare for a single international tonne-scale 
Ge experiment combining the best technical features 
of MAJORANA and GERDA

See Andrea Giuliani’s talk
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• 40-kg of Ge detectors
– Up to 30-kg of 86% enriched 76Ge crystals required

for science and background goals
– Examine detector technology options

focus on point-contact detectors for DEMONSTRATOR

• Low-background Cryostats & Shield
– ultra-clean, electroformed Cu
– naturally scalable
– Compact low-background passive Cu and Pb

shield with active muon veto

• Agreement to locate at 4850’ level at Sanford Lab
• Background Goal in the 0νββ peak ROI(4 keV at 2039 keV) 
~ 4 count/ROI/t-y (after analysis cuts) (scales to 1 count/ROI/t-y for tonne expt.) 

The MAJORANA DEMONSTRATOR Module
76Ge offers an excellent combination of capabilities & sensitivities.

(Excellent energy resolution, intrinsically clean detectors, 
commercial technologies, best 0νββ sensitivity to date)
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MJD Implementation
Three Phases:

– Prototype cryostat (3 strings, natGe) (Oct. 2012)
– Cryostat 1 (3 strings enrGe & 4 strings natGe)

(Mar. 2013)
– Cryostat 2 (up to 7 strings enrGe) (Sept. 2014)



Zaragoza - 30 June 2011 Gratta -- American Neutrino Masses 16

MJD Progress
• UG electroforming clean lab

at Sanford 4850’ level 
ready (April 2011) 

• Investigation of improved 
Cu Assay methods electrolytic
concentration, ion exchange, 
and selective precipitation

• Electroforming underway at 
PNNL shallow UG site 
with 6 MJD baths

• 1st order of enrGe being placed
• Setting up the refinement and

processing facility at ORNL
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MJD Progress
• Successful test of detector

(detector, front-end, 
full 42” parylene cable)

• First batch of 19 
natGe detectors UG

• Operation of thermosiphon
• Fabrication, cleaning, 

assembly of prototype 
string parts 

• Detailed shield and glove 
box designs

• Revised Gretina and Struck 
digitizer firmware, 
testing underway
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• The D2O has been removed 
from the SNO detector
– 12 m diameter acrylic vessel
– 18 m diameter support structure 

9500 PMTs (~60% coverage)
– H2O shielding

• Plan to fill the acrylic vessel 
with liquid scintillator.

• Physics goals:
– pep and CNO solar neutrinos
– geoneutrinos
– reactor neutrino oscillations
– supernova neutrinos
– double beta decay with 150Nd 

added to the liquid scintillator

depth: 2092 m (~70 muons/day)

1000 tons

Liquid

scintillator
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• 150Nd double beta 
decays with an endpoint 
of 3.37 MeV (above most 
backgrounds).

• Poor energy resolution 
compensated by low 
backgrounds.

• Data taking to start in 
early 20133 years of data @ <mν>=100meV
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XeXe is ideal for a large experimentis ideal for a large 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 No long lived XeXe isotopes to activateisotopes 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: Noble gas: easy(ereasy(er) to purify) 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 ~~ ΔΔm.m. For For XeXe 4.7 4.7 amuamu

••129129Xe is a Xe is a hyperpolarizablehyperpolarizable nucleus, under study for NMR nucleus, under study for NMR 
tomography… a joint enrichment program ?tomography… a joint enrichment program ?
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XeXe offers a qualitatively new tool against background: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.MoeM.Moe PRC44 (1991) 931)PRC44 (1991) 931)

BaBa++ system best studiedsystem best studied
((NeuhauserNeuhauser, , HohenstattHohenstatt,,
ToshekToshek, , DehmeltDehmelt 1980)1980)
Very specific signatureVery specific signature

“shelving”“shelving”
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

metastablemetastable 47s47s
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EXO-200

109-135 meV sensit.

Full-EXO sensitivity

2 ton, 5yr, ~15 meV

10 ton, 10yr, ~4 meV

Sensitivities assumes
Majorana neutrinos

For the first time there is a clear opportunity to make an important
discovery pushing the <m> sensitivity to the 5 – 200 meV region
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BaBa transport/tagging bytransport/tagging by
Resonant Ionization SpectroscopyResonant Ionization Spectroscopy

• Ba+ or Ba++ is electrostatically attracted
(from LXe) onto a clean substrate (Si works well)

• The substrate is 
removed into vacuum

• An 1064nm YAG laser
pulse is used to 
desorb the Ba

• ~1μs later a pair
of laser pulses of
appropriate freq
re-ionize to Ba+

• Test uses stationary
substrate and Ba
is deposited over
time using the Gd-driven source (104 to 105 ions deposited)
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RIS lasers ON

RIS lasers OFF

PRELIMINARY

Loading/retrieving efficiency is now ~2%
(preliminary figure, involving some assumptions)

Ba+ TOF
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Gas Phase Xe Prototype detector being assembled at 
Carleton [10bar, 340liter vessel;  Xe fiducial mass ~7kg]

Not a low background detector
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EXOEXO--200:200:
an intermediate detector an intermediate detector withoutwithout BaBa taggingtagging

••Need to test detector technology, particularly the Need to test detector technology, particularly the LXeLXe option:option:
A 200 kg chamber is close to the largest A 200 kg chamber is close to the largest XeXe detector ever built detector ever built 
and hence good training groundand hence good training ground

••Essential to understand backgrounds from radioactivity:Essential to understand backgrounds from radioactivity:
200 kg is the minimum size for which the self200 kg is the minimum size for which the self--shielding is shielding is 
important and there is negligible surface inefficiencyimportant and there is negligible surface inefficiency

••Using Using 136136Xe can hope to measure the “background” Xe can hope to measure the “background” 2νββ2νββ mode:mode:
200 kg is needed to have a chance (if do not see the mode the200 kg is needed to have a chance (if do not see the mode thenn
is really good news for the large experiment !!)is really good news for the large experiment !!)

••The production logistics and quality of The production logistics and quality of 136136Xe need to be tested:Xe need to be tested:
Need a reasonably large quantity to test productionNeed a reasonably large quantity to test production

••Already a respectable Already a respectable ββββ decay experiment decay experiment 
••No need for No need for BaBa tagging at this scaletagging at this scale
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EXO-200EXO-200

2150 ft (655 m)2150 ft (655 m)

• ~1600 meter water equivalent flat overburden 

• Relatively low levels 
of U and Th
(<100 ppb in 
EXO-200 drift)

• Low levels of Rn
(~20 Bq/m3)

• Rather convenient
access with large
conveyance

28

Underground location: 
Waste Isolation Pilot Plant (WIPP) Carlsbad, NM
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1 kV/cm

~570 ~570 keVkeV

EXO R&D showed the way to improved energy 
resolution in LXe: Use (anti)correlations between 

ionization and scintillation signals
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EXO-200 does not
have Ba tagging 

but
it is compatible 
with Ba tagging
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TPC Installation, Spring 2010
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EXO-200 engineering run Dec 2010 – Jan 2011

• Check stability of LXe/GXe systems
• Check Xe purity
• Check electronics
• Test detector performance
• Test Xe emergency recovery

• No from sciending
• No Rn enclosure
• No Rn trap in the Xe system
• No veto counter
• Variable run conditions

Now taking data at low
background with enrXe

The largest double-beta
decay experiment
taking data!
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Early Muon tracks in EXO-200 (Dec 2010)
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One of the two TPC modules

U and V wires
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A single-site energy 
deposition in EXO-200
Scintillation light is seen from 
both sides, more intense and 
localized on side 2, where the 
event occurred.
Small signals are diffuse on V 
wires and collected by a single 
U wire.
V signal always comes before U.

Light signals precede in time 
the charge ones
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A two-site Compton
scattering event.
All scintillation light arrives at 
the same time, indicating that 
the two energy depositions 
are simultaneous.

The scintillation light is 
Brighter and more localized 
on Side 1 where the 
scattering occurs
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Adjust 85Kr MC to match rate from 450keV to the Q value (687keV)

Consistent with Mass Spec result* of 42.6±5.7ppb (g/g) Kr/Xe,
assuming standard 85Kr/Kr concentration of ~10-11

* A.Dobi et al. arXiv:1103.2714

Low energy portion of the spectrum dominated by     
85Kr in the Kr contamination of the natlXe

Energy spectrum using  
ionization only           
(scint-ioniz correlation 

work still ongoing)   

Energy scale set        
by 60Co calibration     

χ2/ndf=46.2/39

136Xe endpoint
2458keV
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A first look at the 85Kr endpoint 

Q=(668±22stat±18syst)keV

χ2/ndf=26.5/29

Near end point other backgrounds start to emerge
(not surprisingly as the shield is not closed)

- Fit Kurie plot excluding data above 635keV
- Crude systematic error varying fit range

Measured Q value in good agreement with expectation (687keV)
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A first look at more complex events
214Bi – 214Po correlations in the EXO-200 detector

238U
4.8 Gy

238U
4.8 Gy

222Rn
3.8 d

222Rn
3.8 d…

α

218Po
3.1 m

218Po
3.1 m

214Pb
26.8 m

214Pb
26.8 m

214Bi
20 m

214Bi
20 m

214Po
164 μs

214Po
164 μs

210Pb
22.3 y

210Pb
22.3 y

β

α: strong light signal, weak charge signal
β: weak light signal, strong charge signal

β-decay
α-decay
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α and β well separated 
by ionization/scintillation ratio

• 15 Bi-Po events found in a 
commissioning run.

• 6 on/near cathode, the rest 
located in the bulk of Xe

214Bi – 214Po correlations in the EXO-200 detector

Average time between the β and α
decay:  242 μs τ = 271 μs

Good agreement 
true value ofτ=237 μs.

Accurate efficiency still under study 
but 214Bi decay rate consistent with
expectation (with no Rn trap)
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TPC
LXe/Cu

10+9Tonnes

HFE
70Tonnes

Inner Cryo
6.35mm Ti

2Tonnes

Outer Cryo
19.1mm Ti
10Tonnes

Inner Tank
0.25m HDPE
60Tonnes

Lead Shield
0.5m Pb
430Tonnes

Ba++ Tagging
10Tonnes

320m3 H2O
320Tonnes

Outer Tank
12.7mm SS
110Tonnes

Total Mass = ~711 Tonnes (not including H20)

2,200m3 H2O
2,175Tonnes

Baseline 2-10ton LXe EXO design
17 m
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Conclusions

Very vital field with well established projects
as well as new ideas

Effort is integrated with collaborators from 
all over the world

Most important: after a rather quiet last ~5 years,
lots of new data on neutrino masses will flow in the 
next few years

We are back!   This is going to be very exciting!!
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Assumptions: Assumptions: 
1)1) 200kg of 200kg of XeXe enriched to 80% in 136enriched 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 yr R.BernabeiR.Bernabei et al. measurement)et al. measurement)

EXOEXO--200kg 200kg MajoranaMajorana mass sensitivitymass sensitivity

EXO-200

Case

0.135*0.109†

Majorana mass
(eV)

QRPA    NSM
40

Radioactive
Background
(events)

6.4*10251.6*2700.2

T1/2
0ν

(yr, 
90%CL)

σE/E @ 
2.5MeV

(%)

Run 
Time
(yr)

Eff.
(%)

Mass
(ton)

What if What if Klapdor’sKlapdor’s observation is correct ? observation is correct ? 
Central value Central value TT1/21/2 ((GeGe) = 2.23) = 2.23+0.44+0.44

--0.310.31 ··10102525, (, (±±11σσ)  )  
(MPL A 21 (2006) 1547)(MPL A 21 (2006) 1547)

In 200kg EXO, 2yr: In 200kg EXO, 2yr: 
••Worst case (QRPA, 1Worst case (QRPA, 1σσ upper limit) 51 upper limit) 51 evtsevts on top of 40 on top of 40 evtsevts bkgdbkgd 5.45.4σσ

••Best case (NSM, 1Best case (NSM, 1σσ lower limit) 91 events on top of 40 lower limit) 91 events on top of 40 bkgdbkgd 8.08.0σσ
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There are two varieties of ββ decay

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

0ν mode: a hypothetical 
process can happen 
only if:   Mν ≠ 0

ν = ν
 |∆L|=2
 |∆(B-L)|=2

Sinc
e h

elic
ity

has
 to 

“flip
”
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Kinematics: Kinematics: idea dates back to Fermiidea dates back to Fermi
Study the spectral shape near Study the spectral shape near 

the endpoint of a the endpoint of a ββ decaydecay
(note that the end(note that the end--point value ispoint value is
generally generally notnot known well enoughknown well enough

to use its absolute position)to use its absolute position)

Measure the quantity:

22)(2
i

i
ie

eff mUm
e ∑=ν

Principle almost as old as neutrino itself:
E. Fermi, Z. Phys. 88 (1934) 161

If the experimental resolution is smaller than If the experimental resolution is smaller than mmii
22--mmjj

22

then one should see a separate kink in thethen one should see a separate kink in the
spectrum for each of the states spectrum for each of the states ii and and jj
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Popular case of Popular case of eeHeT ν++→ −3
2

3
1

a supera super--allowed transition with rather good combination of lowallowed transition with rather good combination of low
end point (Eend point (E00=18.6 =18.6 keVkeV) and short half life (T) and short half life (T1/21/2=12.3 yr)=12.3 yr)

T.Thümmler, Neutrino 2010


