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Kamioka Underground Laboratory

e Cosmic ray u is 10™ times less than on the ground.

 Cosmogenic radioactive nuclei & Neutrons originating from
nuclear spallation due to cosmic ray u are suppressed.
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Cooperation overview
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*HPGe: High-Purity Germanium

Material screening with
HPGe* detectors



Measurement using HPGe detectors
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Two HPGe detectors in Lab-C
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Two HPGe detectors

GeOl: Developed in XMASS col laboration

\

Ge02: Developed in this project (UGAP)
Delivered in 202|

in Lab-C

Delivered in 2016  P-type Coaxial HPGe detectors

Relative efficiency*: >80%

Low background Aluminum endcap
Developed in collaboration with
Mirion Technologies (T2FA series)
Transported from France to Japan
by sea to prevent cosmogenic
activation

* Relative efficiency to a NaI(TI) detector with a diometer & length of 3 inches for 1332.5 keV gamma total
absorption peak from a ®Co point source placed 25 cm on the detector. 10



Ge02: Photos at the time

Performance

« Relative efficiency: 82.5%

« Energy resolution (FWHM)
e« 0.8 keV for 122 keV gammas (57Co)
e |.74 keV for 1332 keV gammas (¢9Co)

of delivery
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shield

Sample space with Rn free air:
capable of measuring 0 (10 kg)
of gadolinium sulfate

a: | cm 6N grade CU
(surface etching with HNO5*)
b: 5 cm OFHC Cu
c: 2.5 cm Pb (2'%Pb: 543 Bqg/kg)
(surface etching with HNOs*)
d: 10 cm Pb (?'0Ph: ~35 Bq/kg)
except for the top lid
e: 10 cm Pb (?'0Ph: ~180 Bqg/kg)

* Surface etching with HNO5:

Soak in 4% HNO; solution for 20 min.
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Ge02: Background spectrum
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Ge02: Background spectrum
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Nucleus with relatively short half-lives are steadily decreasing.
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Counts/day/kg/keV

Background spectrum comparison
between GOl and GO2
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Count rate in 40-2700 keV:
GeOl: 140.3+2. | cpd/kge, — Ge02: 84.340.8 cpd/kgg, (30% improvement)

« 137Cs and 2'Ph peaks have been dramatically improved.
« Continuous components below 600 keV have also been improved. 15




GeOl & Ge02: Background spectrum

https://doi.org/10.1093/ptep/ptadl36

Detector Ge01 Ge02
Date Dec. 2019 | Dec. 2021 Jul. 2022 Apr. 2023 Nov. 2023
Measurement time (d) 23.0 19.0 A7.2 86.2 19.9
Count rate (kgg, day~—1!)

Integral 40 — 2700 keV 112.6 140.2 100.0 84.3 80.0
2081 2614 keV 0.084+0.04 | 0.254+0.09 0.164+0.05 0.13+0.03 0.03+0.03
214Bi 609 keV 0.3940.10 | 0.254+0.09 0.38+0.07 0.23+0.04 0.2440.08
60Co, 1333 keV 0.4140.10 | 0.664+0.14 0.4840.08 0.68+0.07 0.48+0.12
40K, 1461 keV 0.4440.11 | 0.314+0.10 0.44+0.07 0.42+0.05 0.1840.07
137Cs, 662 keV 1.29+40.18 | 0.53+0.13 0.38+0.07 0.32+0.05 0.42+0.11
210PY. 46.5 keV 3.2440.29 | 0.69+0.14 0.64+0.09 0.594+0.06 0.27+0.09

Nuclei have relatively short half-lives are steadily decreasing.
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GO02:Comparison with HPGe detectors
around the world

https://doi.org/10.1093/ptep/ptadl36

Site Detector Crystal Relative FWHM at BG rate
mass efficiency 1333 keV 60 — 2700 keV
[ke] [¥] [keV] [kgg, 7]
Japan Kamioka Ge02 (This work) 1.68 80 1.82 81.3+0.7
Ge01 [2] 1.68 80 2.39 04,
Italy LNGS Gator [16] 2.2 100.5 1.98 89.0+0.7
GeMPI [16] 2.2 98.7 2.20
UK BUGS Belmont [2] 3.2 160 1.92 90.0
Merrybent [2] 2.0 100 1.87 145.0
Spain LSC GeOroel [2] 2.31 109 222 128.7
Asterix [2] 2.13 95.1 1.92 171.3
GeAnayet [2] 2.26 109 1.99 461.2
UsS BHUC Maeve [17] 2.0 85 3.19 956.1
Swiss LVdA GeMSE [16,18] 2.0 107.7 1.96 88+1

We have developed an ultra-low BG HPGe detector with
the world’s highest level of sensitivity.



GO0Z2:Comparison with HPGe detectors
around the world

*STELLA ot LNGS, TAUP2023

41+1.0

1.4 +0.5 6.1+0.8

498 + 5 26+0.7 1.8+04 3.2+04
442 + 5 20+0.5 0.76 £ 0.35 42+ 0.5
222 %2 1.1+0.3 0.31+0.16 1.8+0.2

0.29 + 0.22 <0.13 0.88 + 0.22

Ge02 84+ | 0.44+40.05 0.254+0.04 0.4240.05

We have developed an ultra-low BG HPGe detector with
the world’s highest level of sensitivity.


https://indico.cern.ch/event/1199289/contributions/5445811/attachments/2703449/4693364/TAUP_2023_STELLA_Laubenstein.pdf

Gd,(S0,), screening for SK-Gd

* Gd,(S0,); dissolved in Super—Kamiokande
* I3 tons in 2020
« 26 tons in 2022

* Requirements for RI in Gd,(S0,); for SK-Gd

Chain Isotope Criterion [mBq/kg] Physics target

sy ey, <5 SRN
226Ra, < 0.5 Solar
oy 22Th <0.05 Solar
228Ra, < 0.05 Solar

« Select an appropriate method for each nucleus
. 238)), 232Th: ICP-MS

e Other nuclei: HPGe detector

19



Gd,(S0,); screening with HPGe

« In 2022, 26 tons of Gd,(S0,); dissolved in SK-Gd was

delivered in 37 lots.

« HPGe detector measurements were performed on 34 lots using GeOl
& GO2. The other lots were measured by European collaborators.

20 days required to measure each lot

eeeeeeeee

Typical spectrum of Gd ,(S0,); screening

1 1
1600 170¢
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Rn assay in Gd,(S0,),
water



Continuous measurement of %22Rn in
Gd,(S0,); water

e Motivation

« SK-Gd: B -decay of 2!“Bi in the 222Rn daughter nucleus becomes d
background in solar neutrino observation.

« XENONnt: 222Rn affects the dead time of neutron veto water
Cerenkov detector.

* Required sensitivity
e The background is <| mBg/m3.

* Development policy
e Improve the existing water radon detector®,

* C. Mitsuda et al., NIMA 497 (2003) 414,



Continuous measurement of 222Rn in
Gd,(S0,), water

« The membrane degassing module is
the main background source.

 Housing changed from resin to
stainless steel.

PIN Photo Diodo Low background

(-2000 V) Rn detector (80 L)

| Membrane degassing |
modul e
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Continuous measurement of %22Rn in
Gd,(S0,), water

e We achieved the required background level of <| mBq/m3.
e |[Ox improvement from the past design.

-'g 30 -""l'"'|""!""|""! """"""""""""""""" 4
: 25{ * w/ the improved membrane degassing module
S 1’] | w/0 the membrane degassing module
o = 2 T — . 5 A , . 5
S
Sl }L o
~ f . 'LI f
o @ = 3 -T_-:I‘ el ol e iy Pl i - — 222 +
: e i T L@%&@ﬁfﬁw 1 222Rn rate (2.65%0.41 counts/day)

= Popect B, g I Lo gtugs B b o ~ 3
0 5 10 15 20 25 30 3 40 45 50 s — 0-4~0.8 mBg/m

elapsed days

e Four detectors are started operation in SK-Gd & XENONNT.
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Automation of high-sensitivity 2%¢Rn
measurement in Gd,(S0,); water

* High-sensitivity measurement method

« After adsorbing 222Rn onto activated carbon cooled to -75°C, the
activated carbon is heated to 150°C to release 222Rn.

e Then, 222Rn is measured using a low-background radon detector.

e Problems with the conventional method
e Complex valve operations had to be performed manually.
e I+ was necessary to attach and detach the refrigerator and
heater when cooling and heating the activated carbon.
 Goal

e« Automation of work with remote valves, temperature controller,
and operation panel.



Automation of high-sensitivity 22?Rn
measurement in Gd,(SO,); water

e Newly introduced equipment
Remote valves Temp. controller Operation panel

for pure air

=75°C to 150°C

s -\\\
i

«««««««




Automation of high-sensitivity 2%¢Rn
measurement in Gd,(S0,); water

v *10 [ l

Wv2

Dew Point

Meter

b\,Q"{ \22* * o ';7
0 oV19' [1v20 viz,
v [N G Xoho
L_ Temp. ‘4,1J water
control | w»
vzs
\'32
Jf X

Mass Flow2

# L ]
v2§

,Nm

Rn Free Air

Pure air

Pure Air
Bottle

Mass Flowl

N_‘

il B

v2 Vl

Rn concentration measurement

Preparation Unistat = -60C Concentration

\'28
V3
V4
V6

Wwv2

V41
V18
V19
V20
V24
V26
V39
Mass Flow1
Mass Flow2
AP
WP1
WP2
WP delayedtimer1
WP delayedtimer2

Unistat

Delay timer1
Delay timer2

10 sec delayed open

2.00L(Default)
2.00L(Default)

10 sec delayed open
30 sec delayed open

When WP delayedtimer1 finishes to count
Counting yntil the set delayed time is reached
Cooling to -80°C -60°C to -80C

Counting

-80°C

Delay timer4

Remarks

Insert delayed time
into

“Drain WP delayed

timer at Step 1"

Insert delayed time into
“Delayed timer of
starting Step 2"

in Timer Monitor in Timer Monitor

: Open

: Open when conditions

We have successfully automated the work.
The system will start operation in SK-Gd.
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Environmental neutron
measurements
In the underground



The primary sources of environmental
neutrons in the underground

e (a¢,n) reaction between rock and a-rays generated by the
decay of the U and Th series contained therein.

U, Th series Neutron

e i
e
e

(a,n) reaction

o—ray
o decay

S
~
~
~
S
\\\ P
~ ”
~ 7
~
~ e
\\ '
~ 7’
\\\ //
S S e
7
e
e
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SHe proportional counter



SHe proportional counter

e3He + n > p + T+ 0.765 MeV
e High sensitivity to thermal neutrons

* Fast neutrons are measured after decelerating using
moderator (such as polyethylene).

°F ~He(n,p)

10° ¢

Cross Section (barn)

10%E

10

'EThermal neutron
RN R TR ETIT BT RTIT RN ATRT T METATRTTIT MEATEATTT MANATRTTIT M ETITT AT
102 107" 1 10 10> 10® 10* 10° 10° 10’

Energy (eV)
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Environmental
Lab-B

AOI: KamLAND-Zen
Lab-C - l

\
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Two SHe proportional counters in Lab-B

Jul. 2021~ Apr. 2023 Apr. 2023 ~
3He counters
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Environmental neutron measurement in
Lab-B with two 3He proportional counters
e Jul. 2021 ~Apr. 2023, Apr. 2023 ~

Se.l.up A | Se_l_up B : Boron sheet

L 432.1mm

Polyethylene

MHV Connector

381.0mm |

events/sec

®=50.8mm I (Active Length) 1T O
.8 X107 X |0 ]
= R,(events/sec) 6 = Rg(events/sec)
3 | 3
AmmE , ! e N A = for Fast neutrons ol
= T [ | f P = R A B B
S * | 4 E byt |
= for Thermal neutrons ' E — I —
= = | .
= Average every 5 weeks E_ Average every 5 weeks
I.O E| N T T T Y N T T NN N N M | L1111 2 = N T N T T T N A N N M N T T T T

Jul. Apr. Dec. . Apr. Dec.
2021 2023 2023 2021 2023 2023 34
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Correlation between Lab—-B neutron flux and
environmental parameters

We investigated the correlation between Lab-B neutron flux
and environmental parameters from Jul. 2021 to Apr. 2023.
|. Rainfall

2. Rn concentration in the mine—-tunnel air
3. Humidity in the mine—tunnel air




Correlation with Rainfall

e Using rainfall data observed in Kamioka Town (712 km
from the Kamioka underground laboratory.)

Rainfall in Kamioka Town Scatter plot of R, and rainfall
%C) - 'S 0018
q‘) 350 :— £ =5
E 300 f— 3 — ’
E b e E ’ ’ ’
— E S 0.014 £ ‘
— | E S E ’
o = =5 ‘
4= 0 —
s F 0.010 |
o S N T S S T S ST S
o 100 200 300 _
21007/09 21/10/27 22/02/14  22/06/04  22/09/22 23/01/10 23/:%30 Rain fall [mm/5week]
| Ry | Rg | Ru/Rg

No correlation

correlation
coefficient 0.1%7 0.12 0.08 )



Correlation with Humidity in the
mine—-tunnel air

Humidity in the mine-tunnel air Scatter plot of R, and Humidity
Summer Winter Summer Winter %zﬂzg ’
- = 1l “
: O Ea e i
;5021/ 7/ :ll. 2(|)22/| 1/1 | Z(i)22/ 7/1 l 202;‘3/ 1/1
o R - Weak positive
RN "EY." R  Weak negative
correlation o 5g  _0.27  0.28 Rp/Rg: Weak positive
coefficient
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Correlation with the Rn rate in the
mine—-tunnel air

Rn rate in the mine-tunnel air Scatter plot of R, and Rn rate
g E0.0155§_ ‘ ’
-'é 500150;’ ’ \ ’H’ ’ ’
é 0.0145:_|
. d .014(:):_ lllllll 4(|)0 lllllll 860 IIIIIII 12|06 —
2021/7/1  2022/1/1  2022/7/1  2023/1/1 Rn rate [Ba/m]
BN R Vediun positive
correlation o 019 Rg - No correlation
coefficient ' ' Ry/Rg: No correlation



Summary of long—-term environmental
neutron measurement in the underground

e Conclusion
* No correlation with rainfall
 Weak correlation with humidity in the mine-tunnel
air
* Medium correlation with Rn rate in the mine-tunnel
air

e ToDo

eWill verify the effects of humidity and Rn rate in the
mine-tunnel through simulation



Liquid scintillator
neutron detector



Liquid scintillator®

e Neutrons are detected through the

scattered protons.

« yv-rays and electrons can be removed

Slow/Total

* Saint-Gobain BC501A

Nuclear event Elect

neutron detector

ron event

(Neutron &a) (v & B)

Fast Fast
Slow

\ Slow
by pulse-shape discrimination, but a- - L >
rays are difficult to remove. Total Total
s T T %0 _ Lo "
0.4 “e . 252CF run ﬁ!soo S Background run [Fje
g ol L LT [ {700 2 e
&, ... Neutron |60 3
0.2 B 500 — ik
- a00 200K
ol 300 e
| oo C—
' ,II100 o
-0.2 0

0 1000 2000 3000 4000 5000
Total [keVee]

-0'20 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Total [keVee]
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o—ray background of liquid
scintillator detector

e Evaluate a-ray BG by delayed-
coincidence of 2!4Bi-2!4Po

ZZZRn ( \

3.824d 214p
; B M 164.3us
i 2140:
| Bi loc 2 7. TMeV

¢ B 19.9m

Since the half-life of 2!“Po is short,
214Bj-214Po can be selected by At.

o Rate[mBq]

1.2

Bi-Po a-ray rate

Stab

]

e
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-
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o—ray background of liquid
scintillator detector
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 Reduction by detector improvement
(x 1/10)

e Additional purification of liquid
scintillator

e Surface treatment of stainless—steel
containers

e 222Rn reduction by periodic N, bubbling
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o—ray background of liquid
scintillator detector

expected neutron signal &

o o-ray background (0.8mBqg)
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e Reduction through analysis (x 1/10)

e Tag the a-rays from 222Rn and 2!3Po with

delayed coincidence measurement.

226p
1600y

a
v

222Rn

3.824d

@)

llﬂpo

3.10m

o

210Pb
22.20y

Assuming 222Rn rate = 0.08 mBq

Time window 500 sec
Signal efficiency | 41.2%
a-ray reduction q4. 4%
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Laser—induced luminescence
spectroscopy for Gds3*



Laser—induced luminescence spectroscopy
for Gd3*

e Gd3* luminescence is a phenomenon in which Gd3" is excited
by a photon and emits a 312 nm photon after 0(l) msec.

e In SK-Gd, Gd3* luminescence due to a Cerenkov photon
could become a background, but there was no detailed
measurement of Gd3* luminescence in Gd,(S0,); water.

e We investigated the emission characteristics of Gd3* with
laser—induced luminescence spectroscopy.

Gd3*
N\W Q
ui 312 nm

(~2Hz) (t~ms)



Laser—induced luminescence spectroscopy
for Gd3*

266 & 245-255 nm laser is irradiated to the cell w/ Gd,(S0,); water,
and 312 nm photons emitted from the cell are observed with a PMT.

Nd:YAG laser

Nd:YAG laser, THG Laser wavelength meter A 4 : s ¥ 2
LS_2137N (LOTIS TH) (WaveMaster) v‘v«‘r"‘ = - b o e A‘ - ’ ’:,{:T:::,_;;,
Oscilloscope 15[ ns, 10 Hz at 355 nm i 3 : — - « LR - i
P — S -
V Dye laser I/_1en[;‘ = e ‘127:5:;: .
LiopStar-VN (LIOP-TEC) VLY RS & O\ T i rreyy
| Coumarin 307 (490-510 nm) £ = (+150, 75) b \ / - NG 4

(Signal) (Trigger) spectrometer [EaSGE_.

PMT g "
(R1104) N Prismm 312 nm BB
Monochromator \ 2,
(CT-10) | _ ¥-- 1 > - Ty °

L 490-510 nm XY
312 ﬁ Filter L/
Lens BBO
Power 3 < ] Second harmonic generation
meter L 245-255 nm using a BBO crystal

. Quartz cell  (~05 mJ/pulse)
with a Gd sample
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Laser—induced luminescence spectroscopy
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two orders of magnitude at
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Impact of Gd3* luminescence on SK-Gd

A simulation study was performed with SK-Gd geometry.

ATTenuaTion length of Gd3t ExpecTed count rate at SK-Gd
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10 | ‘ 2 = :
GD J 2 008 E" - _—
= | J @ o i event number: 100000000
E 10° S 0.07 s ; number of Cherenkov: 30133371 -
£ ; S =3, - number of Gd3* emission: 159151
= ; o 0.06 EE==nT e effective lifetime: 3.55(1)ms
o [ 3+ N ® e i expected Cherenkov pe:: 100000
2 [ Gd>* (0.1% Gd i s === .. . P p
.S 10 F ( V?/ate?‘ . = 0.05 == L e e
® 1 3 = IR T ‘
2 S 004 = Eys 0.1% Gd
) 101 = B o T ‘
= [} o age. ® esse ] :
Z 5 003 <= G : ‘
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Wavelength [nm] Time [ms]

The expected count rate at SK-Gd is < 0.1 counts/us;
therefore, the impact on SK-Gd is small. 49



Summary

* Material screenings with HPGe detectors
e« An ultrao-low BG HPGe detector with the world’s highest level
of sensitivity was developed.

e Rn assay in Gd,(S0,); water
« The required background level of <I mBgq/m3 is achieved.

e Environmental neutron measurements in the underground
» Weak correlations with humidity in the mine-tunnel air.
e Medium correlation with Rn rate in the mine-tunnel air.

e Laser—induced emission spectroscopy for Gd3*
* The effect on SK-Gd is small.
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Neutron flux % rainfal
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Neutron flux % Humidity
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Neutron flux % Rn rate
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Calibration of 3SHe

. %390005— Expected count rate from
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Calibration of 3He 8
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Coefficient Interval Correlation
0.00 - 0.199 Very Weak
0.20 — 0.399 Weak
0.40 — 0.599 Medium
0.60 — 0.799 Strong
0.80 — 1.000 Very Strong



