AXEL

high pressure xenon gas TPC
for neutrinoless double beta decay search

Kiseki Nakamura | Kyot'o Univ.

For the AXEL group "
e J . -
. AXEL project
. Fundamental studies [ |
| / ‘ :
. Prototype detector \ d -

. Future prospect

. Summary

2016/5/11 LowBG



1. AXEL project




AXEL experiment

* High pressure xenon gas TPC for Ov3[3 search
* High energy resolution : 0.5% (FWHM) @2.5MeV

* gaseous xenon + electroluminescence

* Large mass : 1ton ($p3X2.5m, 10atm)
e BG discrimination . pixel readout (15mm pitch)
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* We introduce a new idea for signal readout (ELCC)



EL readout idea: ELCC

Electro'Luminescence Collection Cell

* ELCC

* in the cell hole, electrons are collected and accelerated,
then electroluminescence photons are generated

* photons are detected by MPPC(SiPM) in each cell
* Merit of ELCC

* uniform response in wide area line of electric field

* rigid structure (--> large size)
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What we want to/observe /.

* OV[3p3 signal
* energy: integrated FADC
 track: waveforms (pixel readout TPC)

10atm

Xe100%

15mm pitch

1us sampling (¥1mm)




Tracking strategy

* energy resolution 0.5% --> reject non-2.5MeV
* tracking --> reject o, Y (98%: compton)

o-ray (2.5MeV) y-ray (2.5MeV)
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2. Fundamental studies




Electric field simulation (FEMM)

* Line of electric field are collected
* Uniformity of EL yield is 0.47% (sigma)

dNpp /dx = T0(E/p —1.0)p

E map & line of e-field
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MPPC linearity

* Check large and long pulse photon response (~10°/5us)
 Saturation was observed

* “simultaneous hit” and “decrease of bias voltage”

 After correction, expected residual fluctuation is 0.11%
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3. Prototype detector




Overall view

e Kyoto Univ. 3F (welcome!)

| Chamber
10L, <10atm

Name filter class | filter num | filter flow | overall flow
CLL25 [Matsusada] 10000 4 7 m3/min 64 times/h

\ /




Prototype detector
F e : gas : 4atm Xe100%

e Detection volume

* 6*6*6Ccm?3

e 5.7g (4atm Xe)

* Sensor | N
« WLS coated MPPC x64 '
e VUV-PMT x2

e Electric field
e EL: 2.4kV/cm/atm
e drift: 50V/cm/atm



Event sample

e waveforms of MPPC and PMT

* EL light & scintillation light are observed
MPPC: 65MHz 12bit 2Vpp

A:. ] |5 i i
- E 13 { |
- 3 1 3k 1 2% i
. -
o ] a—— — Lk 1
oo | Smemmms i { 13wk i arasat |
. I 3 i 13 . 3 Y H
:.' ‘AV "L = ,: : !
42', 1 t:. R |
s ! i i ! e |
ks ] 2 " — ] = - . r———
. b {2
b -—V._—-— 3
" v H .
br— i
mp |
~

e : . - ¥ak - —— - ¢ - .

- T —\ : i - 8380
: : : i _ ; = : : : : _ 8360 ZB5049
L S ] s, S s o | S i S S b e w——m—— YT
B ] e ] mof - - N v 8320
: " :—w—-!—' \A ‘ L 2 ; 8300
] i s, | s b S £ e I — m— | 8280
| o ne B — ,“’ b . . , b 4 i 8260
8240

]

[ADC cow

‘:mE T

=== e e —t af = i e : . BE00 o e o

g 4 T a0y

8560

[ADC cou

8540

8520
P70 1 e —— IOV SO, Ol ¢ (2]




y-ray measurement (57Co122keV)

* Fiducial cut
* veto region: outer 28 MPPCs
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y-ray measurement (57Co 122keV

* Time dependence correction

* Impurities decrease EL gain
* Gas circulation system is now under construction
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y-ray measurement (57Co 122keV)

* EL-gain correction

I”

* photon num of 30keV y-ray for “each cel
* One MPPC(red) selection is too strict, so blue MPPCs are allowed

* EL crosstalk suppression structure is under designing IR R
line of electric field
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y-ray measurement (57Co122keV)

* Hit volume correction

* strong correlation was obtained
* (recombination is seen ?)
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Energy resolution

* Four peaks are observed

* FWHMs are evaluated by Gaussian fitting

count
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Energy resolution estimation at Q

* Estimated resolution is 1~¥3.6%(FWHM) @2.5MeV

e Several factor for the target

* We plan to improve energy resolution by

100 —
* VUV-MPPC F1'T
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Upgrades

VUV-MPPCs
are installed

Long field cage
* For 511keV y-ray

New VUV-sensitive MPPCs
* instead of WLS-painted MPPC
* operation test with >’Co seems OK
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Gas circulation

operation test with >’Co

* pump (last component) is now
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4. Future prospect




Our goal is ....

* OvP discovery !!! - orentbond L

e or exclude inverted hierarchy

[mgs|  [eV]

* Expected event rate

7" 1w [eaibojowsoyy

* 0.5 count/year/ton (mg;=10meV)

107 107 107 10 1

* We need ton scale detector on 18V
* BG rate requirement in ROl < ~1 count/year

e [ e e

current 0.216L ~10g ELCC test (122keV, 511keV)

next (2016~2017) _ N N 2.5MeV demonstration
next2 (2018~) 200L g | =0 enriched 13%Xe

future (202X~) ~18000L ~1ton ~31000 Ovf[ search
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Next prototype detector

* Purpose
* energy resolution @ 2.5MeV(Q value)
 establish large size technique
* tracking ability

 BG observation

e Status

* readout board --> Tanaka’s poster : : : AFTER

* structure : designing with Geant4 //”"ﬁ‘i.“.“”iﬁm ”’j\CH:ER

* clean room : constructed large size /f\4++=%%+) \k e
* gas system : considering safety devices |- ” W



Most serious BG for AXEL /|

NEXT collaboration

3\
I Xiv:1106.3630v1) & N
e y-ray from 214Bi is our enemy 2™ ) & e
3‘6000;— v — Signal
70000F
60000 0.5% (FWHM)
* chamber mass : 25 ton s assumed
. 400002
» expected BG is 1000 cts/year
2ooon§
moooi ‘
°2:' TS 23 22 55 26 27 25 20
Energy (MeV)
Mass Contamination Avogadro # solid angle branching ratio | | photoab. ratio

~25%106 g 2.9%1012 g/g 6.02%1023 ~0.1 0.0157 0.02

N, In2
R =M x C X 2 x —— xQxBxR= ~1000

Mossy T3V

atomic weight /2 half life
228 4.468*10° 24

counts/year



Tracking simulation

electron (5.0mm pitch) electron (5.0mm pitch) h_along_2
T.F 2
E 1200 =
= L
L 6000
11501
r 4000
1100[-
2000
10501~
L 1 1 D
-750 -700 -850
x [mm]
electron (5.0mm pitch) particle.root ( entry=0)
T /home/axel/AXEL_anal/Geant4/HP5000L/03.2/
£ 6000 Onbb_gas_30atmXe100_1e3
> axel@haruna 2015/10/08 11:42:01
Gdevt=0, seed1=9876, seed2=54321
nhit=23080, nparticle=2, ele_num_total=102536
4000 E=474.9 x=(-690.6,174.2,1123.3) v=(0.110,0.628,0.771)
E=2004.1 x=(-690.6,174.2,1123.3) v=(-0.304,-0.931,0.203)
W=22.1eV, fano=0.13
2000 [ diffusion: L=0.0195302, T=0.0654811 cm/cm*0.5
100 attachment=0.00
0 q050 4100 4160 4200 ©
z [mm]

. . signal efficiency [%] (with BG 10%
« Geant4 + diffusion 2 y el )

30atm Xe25%+He75% | 84.6 75.8 73.0 71.0 ._::
* Two blobs detected s
] . 30atm Xe50%+He50% 80.5 77.4 73.9 67.1 50
* 1/10 reduction will be =
30atm Xe75%+He25% 77.6 73.2 69.2 59.5 o
expected »
. . 30atm Xe100% | 64.7 60.5 51.4 36.7 o
e (still remain 100 cts) atm e s

2.5 5 7.5 10 [mm]



Pressurized water shield /|

* Concept
 Similar structure to KamLAND-Zen
e Thickness : 37.3mm --> 3mm (ex. EXO achieved 1.37mm)

e or thinner thickness like balloon

* BG will be 10 counts/year

* Plan / :
, , pressurized
* pressure test for various materials \
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Summary

* AXEL project

* Ov[3P3 search using high pressure xenon gas TPC with
high energy resolution, large mass and tracking ability

 New readout idea : ELCC (electric field simulation is OK)

* Linearity for 1e5/5us : correction fluctuation is 0.12% (OK)

* Prototype detector

* Energy resolution : 1~3.6%(FWHM) at Q
(many improvements are ongoing)

* Long size + VUV-MPPC result will come soon (511keV)
* Future prospects

* We started making large size detector --> Tanaka’s poster

* v-ray BG from 2!4Bi in the chamber (heaviest component) will
be reduced by tracking and water shield: 1000->100->10

27
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Linearity measurement

We measured MPPC’s linearity by using PMT as a
reference
* Irradiated LED light up to ~10°/5us

* Observed saturation is slightly larger than expected from the
number of pixels and recovery time. Under investigation

» After correction, expected residual fluctuation is 0.12% (< 0.5% :

target energy resolution)
- goal (10°photons)
3 o
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ELCC demonstratlon by UV-PMT
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Setup

* latm Xe
 UV-PMT (H3178-51Q)
* all cells are merged

--.Esr!ieniy

LIS T T ]

e detection size: 28x28x55mm

Eqriee=73V/cm

rift—
Eanode=8KkV/cm J

energy resolution (FWHM) : | f SEme)
* 13.8% @30keV (fit right edge) o ! ‘
* 1.5% @2.5MeV (converted) | ‘ 241A}<m
' 59.5keV

TN [T T Bl . 7=V SIS



Voltage for 1atm

* Drift e ;
e driftV change small at >30 V/cm .| e e
E :gﬁﬂ 3:n::$
0.08:— IEI —;.Ealm
s —eoam
* Anode oof | R
« 8kV is enough T T T Tevr oy

20 40 60 B8O 100 120 140 160 180 200 220
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correction efficiency (P=1.0atm} fluctuation (P=1.0atm)
= = 2r
DE-IGU DE.IBE - annde_zlkvmmfat ] ....................................
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Linearity measurement

Result

 Slowly saturated (25mm pitch is better)

- 1
sl levoalivvalosailey Lils Loy bty
IIIIIIIIIIII o ctl 1 H 300 4 500 i} T B0 0 1000

Npmt Npmt Npmt

MPPC pixel pitch VUV 50um

photon# to keep linearity 1.5 x 10* 2.5x10% 1.5 x 10*
N 3600 14400 3600

pixel

e After correction, fluctuation is 0.12% (< 0.5% : aim of Eres)
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Linearity measurement.

Ntrue
ixel * At

* photon rate per pixel : k[1/(pixel - s)] =

Np

o0
: — g0
e average gain: g = kektgg(l —e t/"’)dt =
0 — Y ) 1 —|— kT
probability to gain after t sec
hit after t sec T : recovery time
Ntrue

* Observed photon#: N, =

e Fluctuation of correction

AN Nrue o o S 20
_ M b  _0.0012
N Nirue Npixel - At/ 3600 - 5us




Prototype detector: gas system

vacuum
pump Ar Xe

[API] API-GETTER-I-Re AG-100 (Xe.He)

[saes] MC1-902F
@ micro @
1MPa ) ® (@

etter ‘
X

Chamber -
circular | flow rupture | | / ‘\
pump meter disk
[Bronkhorst] EL-FLOW F-111CM-40K-AAD-88-K
[CHUOGIKEN KOGYO] NKCV1S1P3208-90
reuse
Xe
circulation X valve LN,
— filling new Xe X regulator

filling reuse Xe @ pressure gauge
returning Xe {1MPa| pressure relief valve (10atm)
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High voltage optimization

e Electric field

°E

° Edrift

anode

= 2.4kV/cm/atm
= 50V/cm/atm

e correction efficiency (by FEMM) is 100%

through-rate [%]

&0

40

20

through rate (P=4.0atm)

Eancan=2400(Vicmiatm] (0.5em]

[ B 11 I 11
l[J{fl 200 40 60 8O0 100 120 140 160

E,q[VWicmiatm]

width({rms) [9:]

sigma (P=4.0atm)

ha
]
T T T 1

E”E“=24{ID|W{:m-'a1mj 1:{|_5C,|T| ..... -L.- ........... . ........

GD_II

20 40 80 B0 100 120 140 160
E,u[Vicmiatm]
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Data acquisition

MPPC FADC
[hamamatsu] $12572-025C [CAEN] DT-5740

* record waveform (64ch) 95 g%
* 65MHz 12bit 2Vpp =

esmmmmmndl ClOCk generator

2000 E.... waveform sample (Och):

2000
1800 f----{-----

1600 |

1400 [
0 200 400 600 BOO 1000120014001600180020|

LowPassFilter g

==



electronics

* low pass filter (64ch)
* large time constant : 50msec
* |arge capacitance : 1uF
 for large and long pulse

r—
TG

0 Vout
(50Q)
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E. .4 dependence

* Linear dependence --> OK
* We can supply higher E

anode

SIN (Td)
0 3 8 ] 12 15 18
=l ¥ T T O

¥/p [photon/electron/cmyTorr]
e o e
tn o ~
T | TIrrT | TTrrIrT ] T

e
B
T

o
L]
I']II'I

¥ip  (pholena elechon! em™! Torrt)

yitd (1017 eleclron™! ein® atom™")

L 0.2 41
02—
0.1
0_ 1 |
0 1 0.00 0

E_anode/p [Viem/Torr] 0 41




Yield calculation Wt

] 1
o= P.on xY %O % Piraps % > x PDE

measured calculated

* o : detected EL photon# per electron (measured)

* P, : collection efficiency of electric field line (100%)
* Y :Yield of EL (calcutated)

e () : solid angle of EL photon to MPPC (12.9%)

P : WLS translation efficiency 50%

* 1/2 : translated photon direction (up/down)

 PDE : PDE of MPPC (35%)

trans
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cell pitch

Garfield++

* finer pitch is better (but ch# increase)

h_waku_cover h_waku_sigma

? = 100 - - -
£ 100 f‘;ﬁ- F| & 7.5mm pitch
[ E 9H = 15mm pitch
E] £ gH & 30mm pitch
2 80 E L ; - :
= L -
Fre] — ____________ ____________ ____________ ____________
40f VPO P — o TR —
2oH @« 7.5mm pitch ............ ............ ............
i 15mm pitch : : : '
|| & 30mm pitch : - E - - : : :
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII _IIII|IIII|IIII|II |III
l[)D 500 1000 1500 2000 2500 3000 3500 4000 l[){Yl 500 1000 1500 EGEHZI ESEH:I SQEH:I SSEH:I 4:}EH:|
E. el Viemiatm] E. ol Viiemiatm]
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Tracking demonstration (a-ray)

* Detect EL light
e OK !
* Track width is too large ?

* large Diff,,, --> High Pressure
* blurred at WLS --> UV-MPPC

gas : Xe latm
E. ode=1.6kV/0.5cm .
E4ir=0.4kV/6cm o ‘) (Toritan)
Diff, ,=0.34cm/vcm i Sy :

z[em]

Nase

(((((((( o

£ B
ok




Readout electronics

* For 1ton detector, MPPC # will be 50000
* AFTER chip (ASIC) 72ch 511sampling

* developing board for AFTER

Power Supply

Reference Voltage

Reference Current

! 1 [
1
AFTER
/? \ CHIP
120 fC < Cf < 600 C I channel \ yiox
e sea [ o BUFFER
CSA e l\
ALl |l N
o >/ \HTTTTTT ~
\ 100ms<T,  <2ps | )
Confliguration |eFPower-On e S5CA
Test [*] Registers & Reset Asic Spy Controller
Serial Inierface »| Mode W/ R CK
]
U QO 0
Test d-wire CSACR; Mode CK
inputs link SC Ain

ADC

Parameter Value
Number of channels 72
Samples per channel 511
Dynamic Range 2V /10 MIPs on 12 bits
MIF charge 12 fC to 60 fC
MIP™Mose ratio 100
(Gain 4 values from 4 mV / fC to
18 mV / fC
“Detector™ capacitor range 20 plF -30 pF

Peaking Time
INL
Sampling frequency
Readout frequency
Polarity of detector signal

Test

100 ns to 2 ps (16 values)
1% 0-3 MIPs ; 5% 3-10MIPs
1 MHz to 50 MHz
20 MHz to 25 MHz
Negative (T2ZK) or Positive

1 among 72 channels or all
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Comparison of OVBpB, e and «

* Event topology by tracking

* o BGis well rejected

* v BG with 2.5MeV photoelectric absorption is difficult to reject
perfectly.

* (multi site events such as Compton scattering can be rejected)

. Digi o . Digi 10* . Digi s . Digi . . Digi . . Digi
€ % E ook E 2 E o E & E &
£ 60 ° £ i £ 60 - E 6ol H £ 6 E60[

N oo N ' N N 1600 N N

40 a0f 1600 40 a0f- o 4 o a0f -
20f 1“0 20f 20F 1200 20
1500 1200 oo - l - l o
o 1000 o or
(601 1800
1000 200 lsoo 20f 20 40 [+
600 401 600
“of “of aof
500 <00 400 oo o0
201
60 oo 60 o 200
L 1 Il L 1 1 1 Il L Il 1 L L ly 1 Il L Il L L L L 1 Il L 1 .
40_ 6l 60 40 20 0 20 40 0 40_ 60 60 40 20 0 20 40_ 60
X(mm) Y(mm) X(mm) Y(mm) X(mm) Y(mm)
. Digi 10° . Digi 10° . Digi 10°
3 =2 £ - 3 g
Ew : Es o £ o
> P00 > > {8000
40 40F 1800 40
Ov electron alpha
20f 20F
1400 {6000
2000
o 1200 o . 15000
1500 1000 o
C 800
1000 600 oo
0 <00 2
C 200
o | P P T | o 4 6
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Comparison of OvBB, e and o

* Event topology by tracking
* o BGis well rejected

* v BG with 2.5MeV photoelectric absorption is difficult to reject
perfectly.

* (multi site events such as Compton scattering can be rejected)
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View scales are different. Cell size is same.



Rate of 214Bi y-ray

e Attenuation length of 2.5MeV y-ray
* 140cm in 30atm Xe -> self shielding is not effective
e 20cm in water -> external BG stop by water shield

* Materials of detector must be checked
* Vessel is the most heavy component (10ton : copper)
* EXO uses clean copper for vessel : U < 5ppt 95% U.L.

Mass Contamination Avogadro # solid angle branching ratio | | photoab. ratio
~10*10%g 5*¥1012 g/g 6.02*10%3 ~0.1 0.0157 0.02
N A In?2
R =M x C X X —g— X QX B X R=643
M238U T U counts/year
atomic weight 1/2 half life

228 4.468*10° 48



How to deal with/224Bj ?

* Improve energy resolution
* Energy difference between OvBB and y from 2'“Bi is 0.44%
* Intrinsic energy resolution is 0.25%

e Put some shield “in” the vessel

e pressure vessel become huge
* Make clean vessel

 purifying copper
* Make light vessel

e titanium is strong and light (NEXT group’s approach)
* need 2 ton --> still need purification

* --> we noticed rejection of high energy y is not so easy:



Stopping power

e Attenuation length of 2.5MeV y-ray
* 140cm in 30atm Xe
e 20cm in water

* Shielding

10' T
— Total Attenuation with Coherent Scattering
. . . . = = Total Attenuation without Coherent Scattering
» Xe self shielding is not effective
nnnnnnnnnnnnnnnnnn
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Electric Field and electron drift
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Drift velocity 0.96m/ms

. Possibly add H,, N, or He to increase the drift

velocity.
. It will also reduce diffusion.
. It will also reduce light yield

diffusion after 1m drift
* transverse : 6mm
* longitudinal : 2.7mm

MAGBOLTZ calculation
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Directional dark matter Search

Approaches to directionality detection (3):
Columnar recombination and
Inferring direction without track image

E

-

A
E

Case 1:
More Recombination

I

Case 2:
Less Recombination

Concept by Dave Nygren, [BNL

» Measure
recombination rate
from scintillation
yield and ionization
yield

»We are planning to
apply magnetic
field to enhance
the recombination
yield for one
direction
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Recombination measurement

* Purpose
* measure recombination and
.. . magnet
ionized signal (5.4MeV o)
* test putting magnetic field :
drift top
e
..drifthottom_ ... | E
induced charge electrode
| T fa
APDguard . ... - 777
amp 7;;'
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Recombination measurement

* Status

e construction just started




