%,

" for double beta decay

Progress in Barium Tagging for
NEXO

Bill Fairbank
For the nEXO and EXO-200 Collaborations

Supported by NSF and DOE in the US,
NSERC in Canada and SNF in Switzerland
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Barium Tagging

] nEXO
Neutrinoless Double Beta Decay (OvpB) of Xel3¢:
Rt R T .
136 —> ( 136pAa++ - L
Xe (\ Ba ,’+ ze Insert
T= = probe to

Barium Tagging: identify barium daughter at OvpBf l grab Ba*
decay site for complete background elimination

> 1

< |

/\8 R <

10'1j 5

* Barium tagging allows for a probe
~_ further into the normal hierarchy
region
* requires grabbing and detecting a
j single Ba* daughter ion out of a
e e R large volume of LXe!

10* 107° 102 10" 10* 10° 10% 10"
Mmin eV m,,.;,,/e\/
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Ba tagging gives up to 5x improvement in nEXO Ov[3{3
lifetime sensitivity with same isotopic mass

> Incremental enriched 136Xe cost from 5 ton to 25 ton is ~S200M
» Substantial cost of a larger detector ...

10”

10% =
- &
o B 10 2
o — -~
g -
§< 107 g
- -
e
o
1=
10 &
E ..................... Pl S ensi1ivity (gm CL} - no Ba Taming
- EX0200, Ultimate e Sensifivily (90% CL) - With Ba Tagging 50% 02
B e Sensitivity {30% CL} - With Ba Tagging 65% 1
B —————  Sensitivity {30% CL} - With Ba Tagging 85%
[ I I N U U U N N A A A A A Sensitivity {30% CL} - With Ba Tagging 100%
0 1 2 3 4 5 6 7 8 9 10

Exposure (yrs)
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Concept of Ba tagging in liquid Xe for
NEXO

° e 0% %% %000 0.9 v v > .
* Candidate event observed: 355058,  Conductingor
o ARXKXKXXKXKXXXXX XXX KX XX
(SREEEEREREEEKEAKRKEKEEK) .
K050 R LK KKK AR KKK cryogenic probe
REBE L LKL KLLKRLXX
SR RXXXAIXRX A

— Send probe into TPC near %

reconstructed position, ees A
it Ba* b il
deposit Ba* onto probe
R RS ‘
GRRRRIIIIIIE)

&S &S
K RRRHRRARRIRRARRIRRARRIES
SRR ES

— Remove probe to
identification chamber

* Ba* moves slowly in LXe

o +
Backgrqu nd Ba* from => 2vpBpB half-life first measured by
2-neutrino double beta EXO-200 is the longest known at

« . 2.16510.016+0.059 x 102!
decay negligible e
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Ba tagging on a conducting probe

Challenge: Recover and identify single Ba, ignoring everything else

Bellows to allow

. To LN2
probe motion || Cryopump  cryopump
I{||  valve bottle and
lon extraction probe 1] \ xenon
N[ recovery
______ I L
Y
lon mass spec at UHV v Turbopump
Gate Valve 3
Nover open Gate Valve 1
when gate
#2 is open Gate Valve 2

Ba source —¥%
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Desorption, lonization and Detection

 Thermally desorb with IR laser

* lonize resonantly just Ba

— Resonant lonization Spectroscopy (RIS) is
selective, efficient, and sensitive to single
atoms

 Detect and identify Ba* by mass
using TOF spectrometer

1064 n
553.5 nm

389.7 nm

c\ .
Ba* : io
. To Time of Flight NN
Spectrometer A
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Ba in the TOF

 Canresolve Ba* from RIS, Ba* from ablation,
and BaF* from ablation

Mass (amu), RIS
120 130 140 150 160 170 180

130 140 150 160 170 180 190

200 :— i Mass (amu), IR

Counts

Time of flight (us)
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RIS Results

- Ba signal goes away when either
Repeatably and verifiably do laser blocked or detuned.

RIS of Ba _ l x

. £ 70 W
Signal depends on both RIS I I L ]
= gy B
lasers 2 % = j
m 40
Signal goes away when lasers 0F
20
are detuned ok
4 5d8d 62— ato" J;[l)o' _'Ztlm' 1000
——————————————— lonization threshold R — 389.7 nm
2 — 553.7nm
g
6s6p P, g
i 05
0200 400 600 800 1000
652 150 Laser Shot
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Barium Loading in Vacuum
. » Before liquid, test in vacuum

» 148Gd-driven Ba ion source

developed for testing

* Deposit ~10-100k Ba* initially

*~10k Ba/hr

200

150

100

50

:D

~__ Evaporated
o tag \ BaF, 15nm
Ba source time-of-flight Ba*
Other ions \ﬁP‘?\\l y. s
<<,\,\N\ / \_ Electroplated
o Surface \ 18G4
Ba* barrier source
BaF* detector ~10 layers
| Rev. Sci. Inst. 81, 113301 (2010) 27

15 20 25 30 35 40 45 50
Time of flight (us)
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Ba Loading results to date

* RIS Ba not seen as a result of
loading from Ba source — due

. w 10 .
to Ba molecule formation? [ /5' i, — Before Ba source
8 C — After Ba source
* Baloaded from source forms 10° , NoBag,p @?«“
: \
molecules: N l/ Q?&»\“\
102 , iVl
see BaF (source byproduct) : '“ ] |
but not atomic Ba from source  10- k \ y "'Hﬁ kh - W
; I |
* Can reduce Ba molecule | rww |
formation with better A R AL
50 100 150 200 Mass (amu)

vacuum, CVD graphene
surface
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Results with different substrates

Small numbers of Ba atoms have been found on surfaces of all ultrapure
substrates tested to date (Si, SiC, metals).

Cleaning in situ is probably only way to get Ba-free surface — cleaning by
rastered laser ablation not yet completely successful.

Heating surfaces removes oxygen from Si, but led to more background Ba.
Ar ion gun should remove surface Ba and oxides.

New Ar gun chamber also is load lock to reduce air exposure when replacing
substrates.

Better vacuum should help reduce Ba molecule formation

UHV Leak Valve —_ Argon ion gun
= /' _—

To Differential Pumping —

with Turbo-Pump
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Ba tagging in solid xenon on a cryogenic probe

Cold probe

— ||
S e

liquid Xe
TPC

]
1
1
\

solid Xe

\

]

: 1
Ba*ion>1- ‘
ovpp
decay

laser Recent image

/
/

.

828(0 12

Yp el
'O/‘\'e/ M

Ba/Ba+ SOIid Xe
<3 Ba atoms
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Obtaining many photons from single
Ba atoms:

Wavelengths are for Ba in
vacuum but same principles
apply for Ba in SXe e’

4

4

/
4

6s7p 'PS

A

472.6 nm

1
6s6p P,
Weak IR transitions lead to optical

pumping (bleaching of emission)
after ~300 emission cycles

553.5 nm

Strong Excitation/Emission
Transition: can detect many \

photons from single Ba atoms \

= 6s7p °Pg , ,

Repumping
459 - 467 nm  With IR lasers
or blue lasers
may be needed

6s5d D,

o

== 6s5d °D; , ,

Decay from metastable states could
occur in SXe if matrix site has odd

parity

6s° 'S,
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Single barium imaging apparatus

To spectrometer/CCD 2.5 X107

(o)
2o Ba fluorescence
‘ | spectrum
g 15 619nm peak
2 does not bleach
] 10} .
ﬁ|ter | |
0.5
Xe gas 00 =

1 0 580 590 600 610 620 630
Wavelength (nm)

B. Mong, et al., Phys. Rev. A 91, 022505 (2015).

Tunable
Dye
Laser

Pulsed Ba* lon Beam

Faraday cup is calibrated to

| - calculate lons/Area
t B

Pulse

<€
i CPAD Instrumentation Frontier Meeting Arlington, Texas October 6, 2015 14



100

Procedure for making images of Ba atoms

Procedure for each deposit:
* SXe deposited on window at 50K for ~6 seconds

* N pulses of Ba* ions incident half way through SXe deposit
* (typically ~20 pulses-> 1 Ba* in laser beam)
* Cool to 10K for imaging with better fluorescence

* Evaporate each deposit after imaging by heating to 100K

0 Atom Deposit <3 Atom Deposit

100 100

y pixel
3

80 80 80

8 10 12 14 16 18 20 22 24 26 28 8 10 12 14 16 18 20 22 24 26 28 8
X pixel X pixel X pixel

Heat to 100K to evaporate deposit
Heat to 100K to evaporate deposit

10 12 14 16 18 20 22 24 26 28

Signal higher for Ba deposit (center) than Xe-only deposit (left and right)
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Key result:
No residual Ba signal even after a large deposit

0 Atom Deposit < 1000 Atom Deposit 0 Atom Deposit

Heat to 100K to evaporate deposit
Heat to 100K to evaporate deposit

No “history” effect
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Counts

800

700

600

500

400

300

200

100

Check

Fluorescence of deposits from three
different sources:

— Ba’
— Ba getter

IIIIIIlIIlIIII|IIII|IIII|IIII|IIIIIIIII

I|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II

610 620 630 640 650 660 670 680

Wavelength (nm)

Important Observations

(a) 619 and 670 nm peaks
SIMILAR with neutral Ba
getter deposits as with Ba*
beam

(b) NO emission with Art beam:
NOT color centers from ion
damage of lattice

Signal is from Barium
atoms!
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CCD Counts

10004

50

J/(m’v

Images of few Ba atoms in the laser beam

< 27 atoms

25 5 25

% (um)
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400;
300

2007
1007

0_
50

50 25 0

Images of the
blue points are
shown..

< 9 atoms

25

Y (um)  x (um)

x10°
1201 o
o
100{— N\\$ °
= N o
E
80—
~
= ®
C ol
5 60
o 0
8 401 .
O T 8 ¢
T e
O % ¢ lon beam less
(&" o stable on this day
:IlllllIlllllllllllllllllllllll
0 10 20 30 40 50 60
lons in Laser Region
< 3 atoms O atoms

Y (um)

25
X (um)
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Apparatus for capture of Ba* on a cryogenic probe

Use Joule-Thompson cooled probe to
freeze xenon on tip in LXe cell

SXe ice ball formed is clear

—

Sample Plate

Xe gas

Ba Metal
Accelerator Plate

—

Probe

é_ Ice Ball

Signal Plate

—

Laser ablation

LXe Ba* lon Cloud

-
B )

Ba : ”-?

mei,l, |_

[y

| ’r’/ Cryoprobe

Li
o' !

g

First tests underway with laser ablation source of Ba*
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Probe extraction apparatus in construction

LHe

(1) Capture Ba in SXe
on end of probe

Laser

(2) Extract probe

(3) Close valve

(4) Reduce Xe pressure while cooling
probe tip to 10K in vapor pressure
equil.

(5) Detect Ba in SXe by laser imaging

—Xe

]
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On-line experiments in Ba tagging: clean
Ba source may be crucial to success

CARIBU beam at Argonne National Lab
provides radioactive beams of Cs-139

Rate [cts/s]

Ge Det.

or Ba-139

Catcher

Electrodes Test appa ratus

S o B
ol

Cold Electrode
(Det. Pos.)

SXe evaporation,
Ion transfer

139Cs* beam

Cold Electrode
(Beam Pos.)
SXe formation,

(@)

Ion deposition

=iz

30% transport of Ba ion from Ta surface at 1250 K:

3.5¢ ~1050 K | Tantalum sample |
' u © N
il ] 3 3 p?\
l g £ g \)
: $ £ o
25 3 T RS
ke} ] 8
2+ 8 g %
s S g £
5 3]
5 £ <
xx
1 L
05 NWIWLJ e
00 2000 4000 6000 8000 10000 12000 14000

Time [s]

~ =

9 min B decay

v 1283 keV (7%) v 165.9 keV (24%

)

83 min B decay Stable

* Study neutralization of Ba in Xenon Ice.

* Study of desorption of Ba from surfaces.

Electrode
Actuator

lon Plate
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Tests of probe insertion and daughter ion
extraction in a LXe TPC

Appbroach . TPC photo: cathode
pp Probebman_lrppuclator has 10 mm dia. holes
« Detect decay of 222Rn within the above for Ba tagging probe
TPC volume

» Extract *!8Po daughter to the gas
phase with probe
* Monitor ?8Po decay with alpha

detector
Tyt ™ 3.8 day ~ 3.1 min.
100.% 99.98% 214
*?Rn —— a; + ®Po—— «, + *“Pb
(5.5 MeV) (6.0 MeV)

TPC events recorded

X-Z projection: collection plane for event 111 Charge [fC X-Z projection: collection plane for event 145 Charge Itcl
nc
L] T R g LT R v."._"7".=.|"!. I 12 lairiad ol P sy e In

3 s RN

. Multisite event

-3~
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Ba tagging in LXe: What is the Ba charge?

— oy

136p — ¢ 13683++l+ Je-

\

—_— e =

Then Ba™ + Xe — Ba” +Xe+ in LXe

Charge exchange should occur to Ba* in

LXe because IP(Ba*) > bandgap (LXe). s — U
% '0’0:0:0:0: : X ’0:0: RRHRRS :0’0’0‘ +
’0’0{0:0:0’0’ :0, X :0: ’0’0’0‘0:0‘0’0’0’0’93 . Ba
& 0:0,0,0‘0.0 ‘:::2 XXX
But could further neutralization of Ba+
Ba e

occur due to electron cloud at decay site?

10.00 eV ~9.3eV

Ba"+e — Ba?

521V TEST: measure daughter ion fractions in

alpha and beta decay in EXO-200.
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222Rn chain alpha and beta decays

In EXO-200 we detect three alpha decays and one beta decay

2 2
214Pb <6 002 MeV 18P0 <5 490 MeV ZZRn
. e : e
. ; : ,

26.8 min 99.98% 3.098 min 99 999% 3.824 day
100%
2141 o
. D
19.9 min
\\9l9.9 Yo
1

Zlopb 7.687 MeV L\M.EO \ B
22.20yr | "o 99cyf 163.8 s
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218pg jon fraction (o decay) |22Po s 2R

99.92%

Measure positions of 2’Rn and ?18Po alpha decays — determine v
(Apply cut to remove bias due to ions moving out of volume)

300 . . . 0.60

neutrals | | 1 T 0.55
200\ 4 Pl ) O O } ----- 0.50 ¢
(@]
0 g
Q O
= e 0.45 ©
(e - - L
w c
100 || b 0.40 2

T 0.35

2 1 0 1 2 5 25 0 o0 W 0-30

- A2 A2 50 o0 W
Velocity (mm/s) NEE NN

Electron lifetime (ms)

RESULT: lon fraction of 2'8Po daughter from a-decay is 50.3+3.0%.

lon fraction does not depend on purity.
J. B. Albert et al., accepted for publication in Physical Review C (2015) [arXiv:1506.00317]

CPAD Instrumentation Frontier Meeting Arlington, Texas October 6, 2015 25



At (s)

222Rn and %!¥Po coincidences: velocity

Average %8Po jon drift speed appears to change with drift time!

180

160

140

120

100

80

60

40

20

. TPC1
TPC2

RS R
| LS

5 00 05 10 15 2.
Velocity (mm/s)

Interpretation
218Po jon undergoes reaction along
its path:

218P0+ +X :218 POX+

218P0++ + X :218 P0+ +X+

1t species has some velocity v,
second species has velocity v,
v,~1.5 mm/s
v,~0.8 mm/s
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At

MC fit model and results: v vs. At

MC Model Parameters:
v, =1.48 £ 0.01 mm/s

180 ; | T )
5 - (0.0,2.5) ms
Leol 2 (255,4.5) ms|| v, =0.83 £0.01 mm/s
i 420 C = 12600 £ 660
140} 5 : N=6%9_,%10°
3 D =0.61 % 0.04 mm?/s
120 {g 2 1
100 E Mobility of 218Po
5 W, = 0.390+0.006 cm?/(keVes)
80F., ,. W, = 0.2194+0.004 cm?/(keVes)
60? - other ions are 0.13-0.28 cm?/(keVes)
2ol : C is ratio of reaction lifetime to
- 3% electron lifetime:
20¢ : (te ~3 ms, Lreaction” 405)
N TAREERGER T D is ratio or neutralization time to
0.3 Lo 1s 2025 electron lifetime (D=50 * C):

Velocity (mmy/s)

An important result for Ba tagging: (t, ~3 ms, t, . ,>1000s)
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214Bj ion fraction (B decay)

Measure ratio of alpha eventsin LXe —
(Assume 50.3(3.0)% of 14Pb are ions) Hn

Neutrals Decay in flight

A2l4 . : :
Ang = (1— f. + flepn)(1 — fs + fsemi) fpis daughterion fraction of 3 decay
Po
Measure 2 alpha decays in LXe fid. vol.
Deduce beta decay ion fraction fB: 764 + 57 %
(21‘@} v mpﬁ%m *2Rn
\26.8@ 99& 3.098mL 99005 | 3:824day _@ GOOd neWS for
214Bi) o 2 : .
20/ 99.98% barlum tagglng!
20pp __|2upg | g
22.20yr 7'22_793',/‘:\/ 163.8 s

J. B. Albert et al., accepted for publication in Physical Review C (2015) [arXiv:1506.00317]
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Summary

Progress on Ba tagging in a number of nEXO groups

Progress on Ba tagging for nEXO

* RIS probe work sensitive to small #s of Ba atoms;
working on Ba-free surfaces, need cleaner Ba source

* Single-atom sensitivity level has been reached in
imaging Ba atoms in solid xenon; no history effect

e Setup for dipping and moving a probe in a LXe TPC

* Preliminary work with radioactive beams

EXO-200 results indicate a high fraction of Ba daughters should
be charged in LXe — favorable for grabbing and tagging
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Rough plan for Ba tagging implementation in nEXO

* R&D next 3 years 2016-2019 is critical
— demonstrate Ba tagging concept in lab

— need some R&D on probe dipping in TPC

* Ba tagging system test with clean Ba source 2018-2021
— online at ANL or TRIUMF? 2v33? In a TPC?

— need some R&D to be prepared
* Ba tagging system engineering 2021-2023
 TPC with Ba tagging construction 2023-2026

* [nstall in nEXO detector after 5 years of nEXO
operation 2027
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