nheap,.

PN Y

'l\

Measuring the mass of
the neutrino...
one atom at the time..
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To reach <m,> ~ 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 bkgnd (m, ) oc 1/ T oc1/4/Nt

goes like ANt ' 2

In addition want a multi-parameter experiment,
so that possible discovery can be backed-up by cross
checks with more than one single variable

G.Gratta - EXO INFOOQ7, SantaFe, Jul 2007 2



BB decay experiments are at the leading
edge of “low background” techniques

* Final state ID: 1) "Geochemical”: search for an abnormal abundance
of (A,Z+2) in a material containing (A,Z)
2) “"Radiochemical”: store in a mine some material (A,Z)

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

+ Very specific signature

+ Large live times (particularly for 1)

+ Large masses

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

- No distinction between Ov, 2v or other modes

* "Real time"“: ionization or scintillation is detected in the decay

a) "Homogeneous": source=detector
b) "Heterogeneous”: source#detector
+ Energy/some tracking available (can distinguish modes)
+ In principle universal (b)
- Many y backgrounds can fake signature
- Exposure is limited by human patience

Real time is needed to discover v masses,
final state ID would substantially reduce backgrounds !
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Xe is ideal for a large experiment

‘No need to grow crystals

Can be re-purified during the experiment

‘No long lived Xe isotopes to activate

*Can be easily transferred from one detector to
another if new technologies become available

‘Noble gas: easy(er) to purify

+136Xe enrichment easier and safer:

- noble gas (no chemistry involved)
- centrifuge feed rate in gram/s, all mass useful

- centrifuge efficiency ~ Am. For Xe 4.7 amu
-129Xe is a hyperpolarizable nucleus, under study for NMR

tomography... a joint enrichment program ?
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Xe offers a qualitatively new tool against background:
136Xe — 136Bg™ e e final state can be identified
using optical spectroscopy (MMoe PRC44 (1991) 931)

Ba* system best studied
(Neuhauser, Hohenstatt,
Toshek, Dehmelt 1980)

Very specific signature
“shelving"
Single ions can be detected
from a photon rate of 107/s

‘Important additional
constraint

‘Drastic background
reduction

G.Gratta - EXO

Y \\ 650nm

1 \\ metastable 47s
/ 4D
3/2
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The Ba-tagging, added to a high resolution Xe imaging
detector provides the tools to develop a background-free
next-generation B experiment

Assume an “asymptotic” fiducial mass of
10 tons of 13¢Xe at 80%

A §omewha1' .natur'al scale: [ mainly going in
* World production of Xe is ~30 ton/yr | light bulbs and
* Detector size satellite propulsion

+ 2+103 size increase: good match to the
10-2 eV mass region
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from S.R. Elliott and P. Vogel, Ann.Rev.Nucl.Part.Sci. 52 (2002) 115.

Background due to the Standard Model 2vpp decay

2vpp spectrum Ovp peak (5% FWHM)
(normalized to 1) (normalized to 10-¢)
\
1.5 J ’
0.90 1.00 1.10
K /Q
1.0 -
0.5 —
- Ovpp peak (5% FWHM)

0.0 | ; . e /1\ M (normalized to 10-2)

0.0 0.2 0.4 0.6 0.8 1.0

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

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




Conceptual scheme of a LXe detector with Ba extraction
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EXO neutrino effective mass sensitivity

Assumptions:

1) 80% enrichment in 136

2) Intrinsic low background + Ba tagging eliminate all radioactive background
3) Energy res only used to separate the Ov from 2v modes:

Select Ov events in a +20 interval centered around the 2.481MeV endpoint
4) Use for 2vpp T,,,>1-10%?yr (Bernabei et al. measurement)

Case | Mass | Eff. | Run | ¢./E @ 2vpp T,,,% | Majorana mass
(ton) | (%) | Time | 2.5MeV | Background (yr, (meV)
(yr) (%) (events) | 90%CL) | QRPA* NSM#

Conserva 1 70 5 1.6 0.5 (use 1) | 2*10?7 50 68

tive

sl Ll 7@ Ll 1t 0.7 (use 1)|4.1*1028| 11 15

ve

" o(E)/E = 1.4% obtained in EXO R&D, Conti et al Phys Rev B 68 (2003) 054201

T o(E)/E = 1.0% considered as an aggressive but realistic guess with large light
collection area

¥ Rodin et al Phys Rev C 68 (2003) 044302

# Courier et al. Nucl Phys A 654 (1999) 973c
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The roadmap to the background free discovery
of Majorana neutrinos and the neutrino mass scale

Improve the energy
resolution in LXe

y

Gain practice

with Ba Gain practice
trapping and with Ba
spectroscopy grabbing and
in Xe and release
other gases

\

Build a fully functional
ion grab, transfer,
trap, spectroscopy cell

i

N\

Design & build a
large size, low
background prototype
LXe Ovpp detector

Investigate
direct tagging
in LXe

P

Done
In progress
To do

G.Gratta - EXO

I
>

~_

T~

Learn about physics
and economics of
Xe enrichment

on a grand scale

A 4

Enrich a large amount
of Xe (200 kg)

e

Measure 2vfpp in
136Xe, gain operational
experience, reach the
best Ovpp sensitivity

Design and build a large, ton scale
experiment with Ba tagging

INFOOQ7, SantaFe, Jul 2007
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an Infermediate detecior witriout Ba, fagging

‘Need to test detector technology, particularly the LXe option:
A 200 kg chamber is close to the largest Xe detector ever built
and hence good training ground

‘Essential to understand backgrounds from radioactivity:

200 kg is the minimum size for which the self-shielding is
important and there is negligible surface inefficiency

‘Using 136Xe can hope to measure the "background” 2vBp mode:

200 kg is needed to have a chance (if do not see the mode then
is really good news for the large experiment /)

*The production logistics and quality of !36Xe need to be tested:

Need a reasonably large quantity to test production
-Already a respectable (20x) BB decay experiment
‘No need for Ba tagging at this scale
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EXO-200kg Majorana mass sensitivity

Assumptions:
1) 200kg of Xe enriched to 80% in 136
2) o(E)/E = 1.4% obtained in EXO R&D, Conti et al Phys Rev B 68 (2003) 054201
3) Low but finite radioactive background:
20 events/year in the +20 interval centered around the 2.481MeV endpoint
4) Negligible background from 2vpp (T,,,>1-10%?yr R.Bernabei et al. measurement)

Case |Mass Eff.| Run | oc/E @ | Radioactive | T,,,%* | Majorana mass
(ton) | (%) | Time | 2.5MeV | Background |  (yr, (eV)

(yr) (%) (events) | 90%CL) | QRPA NSM

EXO-200( 0.2 | 70 2 1.6 40 6.4*102%5 | 0.27t | 0.38¢

What if Klapdor's observation is correct ?

Central value T,,, (Ge) = 1.2*3 ,; -10%5, (+30)
(Phys. Lett. B 586 (2004) T98-212
consistently use Rodin's matrix elements for both Ge and Xe)

In 200kg EXO, 2yr:
‘Worst case (QRPA, upper limit) 15 events on top of 40 events bkgd = 2¢

‘Best case (NSM, lower limit) 162 events on top of 40 bkgd 2> 116
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Status of 2v mode in 13¢Xe

2vpp decay has never been observed in 136Xe.
Some of the lower limits on its half life are close to (and in
one case below) the theoretical expectation.

evts/year in the
Ti/2 (yr) 200kg prototype
(no efficiency applied)

Experimental limit
Leuscher et al s 0 <1.3 M
Gavriljuk et al >8.1-10%0 <0.6 M
Bernabei et al >1.0-10% <48 k
Theoretical prediction
QRPA (Staudt et al) [T,,,m¥] | =2.1-10%2 23 Kk
QRPA (Vogel et al) =8.4-1020 =0.58 M
NSM (Caurier et al) (=2.1-1021) (=0.23 M)

EXO-200 should definitely resolve this issue
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200 kg 136Xe test production completed in spring ‘03 (80% enrichment)

‘Largest highly enriched stockpile
not related to nuclear industry

‘Largest sample of separated pf
isotope (by ~factor of 10)
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EXO R&D showed the way to improved energy
resolution in LXe: Use (anti)correlations between
jonization and scintillation signals

G.Gratta - EXO INFOOQ7, SantaFe, Jul 2007
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Anti-correlated ionization and scintillation
improves the energy resolution in LXe

12 Compilation Tonization alone:
° of Xe resolution o(E)/E = 3.8% @ 570 keV
101~ results or 1.8% @ QBB
T 8,
2o Ionization & Scintillation:
S 6 . 6(E)/E = 3.0% @ 570 keV
2 Lo, EXO ioniz only or 1.4% @ Q
L g / (a factor of 2 better than the
L T SEnie g, e Gotthard TPC)
2:— \ E.Conti et al. Phys. Rev. B: 68 054201
- EXO ioniz + scint
| | | | | | | | | | | | | | | | | | | | |
% 2 4 6 8 10 EXO-200 will collect 3-4 times

Drift Field [kVv/cm] as much scintillation...

further improvement possible
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EXO-200 TPC basics
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EXO-200 TPC basics

The detector measures both the ionization electrons and the
scintillation light to get best enerqgy resolution.

- In addition, the position of the decay is measured to get spatial
distributions and (for later) the position of the Ba ion.

- Info on event topology also important for background separation.
The detector is a cylinder of ~40cm ID by ~40cm inner length.

The cylinder is split by a cathode plane at the center so there are two
symmetric drift regions. The cathode runs at negative HV.
- Max HV is ~ 70kV (~3.5 kV/cm drift). Energy resolution improves
with drift field, but there are arguments that separation of
1 vs 2 primary electrons might be better at lower fields.
- field optimization is an important mission of EXO-200

Readout “style”:

- Crossed wires, 100um wires, 3mm pitch, ganged in groups of 3
48ch x, 48ch y, total 96 ch per 1/2 detector
(Pad readout rejected because of high channel count)
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TPC vessel technology

All-teflon vessel was developed (with a DoE SBIR), however the baseline
technology under construction uses a (slightly) more conventional copper vessel

Teflon main advantage: - ultra-low activity (the teflon variety used is
possibly the lowest activity solid ever measured)
Teflon has disadvantages: - engineering quite tricky (but this is understood by now)
- emanations from field welds damage APDs
(Solved by now but because of scheduling we have
decided to proceed with copper in the mean time)

The copper acquired for the vessel is extremely clean. However both for copper
and for teflon sensitive material qualification uses indirect measurements that
assume secular equilibrium in the decay chains.

- Cu is measured using ultra-high sensitivity ICPMS (Canadian INMS)

- Teflon is measured by NAA (MIT reactor and U of Alabama)

Both pass our criteria assuming secular equilibrium in the U and Th chains.
For a number of reasons we feel like this assumption is more likely to be
ok for the case of teflon, but this is not a science...

The teflon vessel technology, once perfected, may be very valuable for other
low background, cryogenic detectors.
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Several "all teflon” vessels built
all He-leak tested OK

* Body made out of
parts sintered and
fused in the oven

- Recirculation pipes
preformed and welded
with hot clamp

* Large seal welded

with hot clamp

INFOOQ7, SantaFe, Jul 2007 20



Fully functional all-teflon ionization
detector built and operated in our lab

| ionization amplitude | lonization
Entries 31868
- 42 I ndf 8.534 113
- Constant 2954 + 6.5
500 — H:Ean 0.2742 + 0.0006
C ~ome 001078 00007 First observation of ionization
4001 E 4pif=1-5 kv/cm and scinﬁllg‘rion signals in a
woF- all plastic” construction LXe
- Detector
200
N F.Leport et al. arXiv:0611183v1
100 to appear on Nucl. Inst. Meth. A
0005 T o 02 0 03 035 04 045 2007 21

ionization signal (V)



EXO chamber “hugs” the fiducial volume very closely!

Mechanical supports and cable/Xe conduits

228.6mm

N
\\2x300 large area

(1.6cm active diameter)
unmounted APDs

Inductive and charge
collecting wire planes

| T~ cathode grid

22



Low activity copper traveled from
Germany fto...

/

..California in a shielded container
\
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Ultra-low activity Cu vessel

- Very light (~1.5mm thin, ~15kg)

to minimize materials

G.Gratta - EXO

‘Different parts e-beam welded
together

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

- All machining done by in the
CR-shielded HEPL building)

INFOOQ7, SantaFe, Jul 2007 24



EXO-200 LXe TPC field cage & readout planes

Central HV plane APD plane (copper) and
(photo-etched acrylic supports grid plane (photo-etched

phosphor br\onze) / phosphor bronze)

?
-~ r
/ -

flex cables on back of APD plane l field shaping
teflon light rings (copper)

eflecto
G.Gratta - EXO INFOO7, SantaFe, Jul 20%71: ctors 25




One readout pancake
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~500 “"Bare” LAAPD

Gain set at 100-150

V~1500V

AV < +0.5V

AT < £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

QE > 1 at 175nm



APD testing rig to measure
16 APDs at the time in vacuum
At -100C.

For each APD gain, leakage
current, QE will be measured

Readout using production
EXO-200 electronics (one card)

~200 APDs ready to go
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Recirculation essential

EXO-200 goal
| > 400 cm
t~4ms

0.1 ppb O, equivalent

Conclusion: common impurities (O,, H,0, CO,)
efficiently removed by purifier, recirculation.
G.Gratta - EXO INFOOQ7, SantaFe, Jul 2007 29



Cryogenics/fluidics

Must maintain AP = +0.3 bar across the thin copper vessel

V-xas vxas

Natural Xenon

Xenon Compressor Vent Valve. This ventis
€19 £18 used during the intial pumpdow t vent purge gas

’ from the compressors.
E-¢U / E7
10 Storage Bottles

Cryo Pumped Bottle

Enriched Xenon Gas
Bottle Farm

Compressor 1

v—xw%:' vt

| Circulation Pump

vz mX
E-loy

Flow

vaxs7 oy
- > Compressor Purge Valve & w5, V-X65.
N Initial Vessel Pumpdown Port
vaxit
VT vx1e
%

V-xe3

Condenser_,

[~~]Meter

188

oy Purifiers « e
2 CC Guage

V-X66

Notes:

1. All initialization or emergency ports to
atmosphere will be pumped through Cu
pinchoffs and sealed.
2. Color Codes:
Black Pumpout & Instrumentation
Blue Xenon Circulation
Red Xenon Feed
Green Xenon Bleed

G.Gratta - EXO

£ 1C Guage

E-16 .. Scroll Pump

INFOOQ7, SantaFe, Jul 2007

Xenon
Heater
<
vixea
s A E4 Vacuum
Jacket for
Xenon Vessel
XPM

Pumpout Port

Xenon Emergency Recovery

EX0200 )
Xenon System l 1/30/2006 J

30
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Cryostat was fabricated at SDMS (Grenoble)

Outer vessel

Extensive use of e-beam
welding to reduce
radioactive contamination
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First cryostat

cooldown

Sept 10-17, 2006

290~
Za80-
270
a0 -
£50-
240 -
£30-
220-
Z10-
200~
190~
150 -
170-

160-| ,
12:00:00,00 PM
9/10/2006

1
12:00:00,00 PM
9/11/2006

12:00:00.00 &l 2007
9/13/2006

32



Commissioning LXe cryogenics and pressure control at Stanford:

April 2007, ~30kg natural Xe
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EXO-200 installation in HEPL
ESIII (Stanford campus)

7ft thick concrete roof

Shielded EXO-200 clearooms

machine shop /
Pre-assembly

/ soft clean room

N

HFE handling system
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Massive effort on material radioactive qualification using:

- NAA (MIT-Alabama)

- Low background y-spectroscopy (Neuchatel, Alabama)

+ a-counting (Alabama, Stanford, SLAC, Carleton)

- Radon counting (Laurentian)

- High performance GD-MS and ICP-MS (Canadian Inst. Standards)

At present the database of characterized materials
includes >300 entries

MC simulation of backgrounds at
Alabama and Stanford/SLAC

The impact of every screw within the Pb shielding is evaluated
before acceptance
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Cleanrooms now dismounted and
ready to ship to WIPP
underground
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muon flux at WIPP
(~ 1700 m.w.e.):

4.77%10° m22311 )
(3. 10><1O mossr,

~15m°h )

[E.-l.LEsch et al.,
Nucl. Instr. Meth. A 538(2005)516]

underground at WIPP

G.Gratta - EXO
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Now geﬂ'inr‘eady to
ship EXO200 toWIPP

underground

\“ -J
af



EXO-200

~20 EXO people have
already completed the
full WIPP miner training
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Underground
transportation

at WIPP has
been rehearsed

\ both in terms of load
(~35 tons)

and size (our clean
rooms clear the
conveyance by ~1linch)



Because of salt creep over

the years a system of

adjustable foundations

maintains the EXO-200

cleanrooms level without

the need for mining Mod 1
(~70tons)

G.Gratta - EXO INFOOQ7, SantaFe, Jul 2007

Mod 2

40



G.Gratta - EXO

Ba tagging R&D

INFOO7, SantaFe, Jul 2007
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Ba* Linear Ion Trap

v

Ba oven
\ Scope Spectroscopy
lasers /

: 0 Volts
e gun

e Ba
o Buffer gas

Vcos(Qt) + U

i -5 Volts
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Grabber insertion port
Gas purifier system

Linear trap
Lasers RF/DC feed
—
Refer'ence/
trap Laser injection

- optics

Microscope

& readout
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Electrode structure being prepared

\

Tip loading access Main turbo

port
Loading region in /
the vacuum tank
/Ba oven

Differentially
/umped aperture

6.6ratta - EXO INFOO7, SantaFe, Jul 2007
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950

FITPR. L First single ion detection
WL EN: . .
0T e | in high pressure
Tesoo it § | gas (He, Ar)
o L : 3
2 800 ;
8 - "I-,'.'I!l-.'l"- R
3 750:_ Red detuning [MHz]
E L 2ions : '|
E 700:_ b ".'l'l-" I & l"‘.:. il iy A drhde <
- tion—"" } ~90 discimination
65;} Background level Y T -'-’lll"""’.l-'.' — in 25s inTegr‘a'I'ion
05500 400 600 500 1000 1200 1400 1600 1800
Time [s]
~ o p=10“torr
M.Green et al. arXiv:0702122, v l
to appear in Phys Rev A £
B.Flatt et al. arXiv:0704. 1646 o | %
to appear in Nucl Inst and Meth A g
402
Single ion spectroscopy & identification Z:,
possible in some Xe atmosphere =T %
provided He is added to the trap T
0° ({'Illllfl)lIII1|(]IIII1|5II||2(>]<-":]8
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Remaining challenge is the efficient transfer
of single Ba ions from LXe to the ion trap

Cryogemc dlps'nck
* Capture ion on SXe coating
* LHe cooling (~20K) to
maintain stable SXe coating
in 10-8 forr vacuum
* Microcapacitor used to
measure and stabilize
SXe with accuracy of
a few monolayers
in LXe and
vacuum



LHe cryostat

Actuator

N

SXe-coated

tip N

Complete setup

LXe cell——

"i’H

G.Gratta - EXO

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

hamber
/ i

from LXe

Growing and maintaining /

SXe layers in a LXe bath
with active feedback

P.Fierlinger et al, arXiv:0706.0540
submitted to Rev. Sci. Inst.
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. UV multimod
s == s
R (~200um core)

1. Pulsed desorption laser: Nd:YAG Semitrans "
2. ~10ns delay to allow Ba neutral eT Ill;a Pagﬁ
atom to leave the surface Ba atom :\tfs:r-bg coating
> -Resonan;r Sc;relp: @ 413 on tip ~ desorption
pulsed laser nm .
-Autoionizing step: - \q-,é |7» transmits RIS
pulsed laser @ 481nm ~200um = asers
v
~200
Ba* ion in }‘ um
vacuum/gas

In this case each step can be documented to work
with high efficiency in the literature |

Start investigating desorption from a vacuum window
with a borrowed YAG laser.
Will soon order the RIS (dye) lasers
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transfer Ba-ions from LXe cell to ion trap

Tip transfer
robot

Ion trap

G.Gratta - EXO

Next step:

INFOO7, SantaFe, Jul 2007
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Conclusions

Over its glorious history neutrino physics has provided
plenty of surprises and has reguired forays in many
different areas of science and technology

EXO really belongs to this tradition!

Isotope enrichment at an unprecedented scale (for
science) is a reality

EXO-200 is going underground!

Ba tagging for EXO is using bag of tricks borrowed from
nuclear and particle physics, AMO and surface science

Stay tuned for results!
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