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Residuals, cpd/kg/keV

DAMAEBDFREEEL T
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R. Bernabei et al., Nucl. Phys. At. Energy 19, 307 (2018)

D. Cintas et al, J. Phys.: Conf. Ser. 2156, 012065 (2021)
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Environmental Neutron Measurement @LNGS

No spectrum and directional

o8 data in sub-MeV g
DIJE 10_6 = 2 |
S
5 10—? g_ ......................................................................................................................................................
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H. Wulandari et al., Astropart. Phys. 22 (2004) 313.
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Neutron Detection Principle by Nano Imaging Tracker (NIT)

o 4D24/95

NIT film

Neutron

Latent Image Speck

J

Recoil Proton

J ‘) ) Development

=)

Silver Particle

Recoil Proton Track

~

/

5um

T. Shiraishi, et al., PTEP 2021 4, 043H01 (2021)

Sub-micrometric
3D tracking

T. Shiraishi, et al., Phys. Rev. C 107, 014608 (2023)
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Neutron Detection Methods for Various Energies

meV (thermal neutron) 100 keV (~ 1 pum) Sub-GeV — Neutron Energy

Neutron Capture Proton Elastic Scattering

Self-contained target

3 fragments

e &
o ¥
., . 0
. »
-4 »
o
. s
L .
.
e ¥

n+1“N->p+14C+0.62 MeV
2 barn @ 26meV

880 keV neutron
|

Additional target

'Li (2.5 um) 3H (41 pm) -
n ‘ . i
0 (4.8 pm) &

L

Boron powder

4 (7.3 um)

n+1°8 - q+Li +2.31 MeV nN+6Li > a+3H+4.78 MeV
4000barn @ 26meV 950 barn @ 26meV
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Background of Neutron Measurement

Recoil proton signal

Range cut

Topological or

Clearly distinguishable

" yray (B-ray)
Exposed 5x107 y-ray/cm?
from 24Am and ®°Co
(5 years accumulation of
environmental y-ray)

v Environmental y-rays

~

cannot become background

/

7

oL-ray
Th star (228Th - 208pp) \
: Single-a in U series

v" There is no background in sub-MeV region
(2-14 um -> 0.25 - 1 MeV in proton energy)

v' MeV region can be analyzed excluding single-a
(especially 21°Po peak around 24 um)



High-speed Readout and 3-dimensional Tracking

A - —__ 3%
HENRETHELE-HRAT—Y
W . . Tomographlc Image Acquirement (0.5s / 170frames) ~ Image Analysis (0.2s /170 frames) —\
(a) Raw image GPU image filter + (b) 3D tracking (c) 3D crop image
Contour extraction
z ' ‘ ‘
170 frames / FOV

Z direction (um)

RHERELumM (100 keVAEY) T 1E8®H7=Y 0.8 kg/yearD FZFTIEE A ZE R
BATIIaE8 AN EE P

2024/7/5 AR [HTRER ] HE TS @ ok 7




3D Convolutional Neutral Network (3D-CNN)

Training Samples

1024 256
Proton @ feature maps1 feature maps2 feature maps3 feature maps4 layers layers
inputimage size g4y p4ax128 32X32x256 16x16x512  8x8x256 e P
128 x 128 x 20 Qe
X2oox @[ ® proton
g o) ® dust
Q . .
2 AN _ = /| multi
Dy . .
_ N Dropout Dropout
Convolution &  Convolution & Convolution & Convolution & 0.5 0.2
Max-Pooling  Max-Pooling  Max-Pooling  Max-Pooling
: 107 ; :
102 3 sonal —e— 3D-CNN J
107 4 1071
o
» c -2
" 10¢ 4 o (1 LT T TaTmYE
Multl_pron é J /0TI HICICTIC
5 7 == m%
107 4 Q. o ATaM] Y/
10
[=]
=
10_2_ 10_4 [N N | BEEN DN BN BEEN BN . -
i
J : | | : | 1
0.0 0.2 0.4 0.6 0.8 1.0 1
signal probability 1075

0.86 0.88 0.90 0.92 0.94 0.96 0.98 1.00
Signal efficiency



Environmental Neutron Measurement by NIT @ LNGS

n-Run2

Expected Number of Event
=)

Surface ground

n-Runl

(Nov. 2021)

(May 202|2)

n-Run{
(Nov. 2021

|
10 :
|
: ' n-Run3
1 l '(Jan. 2023)
| l
107 : !
I |
: |
.H]—El | | IIIII| I | | | IIIII| I: | | IIIII|
107 1

2024/7/5

2

10 Analysis Scale (g mnnlﬁ}

1)cm
LTZoim

<«

Thermal

Sample2 Insulato

A

Samplel

v' Without shielding!

because of no sensitivity to muon and gamma
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Count (g'day™)

Nn-Runl Result

Proton Energy Track Range
[ | 214 _ _ — SO_ .
- o JPO —t— n-Runl o i + n-Runi 2 days
10  “°Po 4 . MC Elastic P, @ 70 :
8 ' % T :
;sub-MeV' _:+++++ H t MC "N(np) 'C % 60F- l.‘ —I— n-Run1 29 days
— O — 1
1 u:j 50— E “ l 214pq
405 ub-MeVi I'h hort life-tin
107" 30% i ‘ || ‘ ‘|‘||| Il 1 “ |r|
: Ik || L i
20° |I | " Y i ¢f|\||u i
2 - \ | e il |
10 10: iy 1r||i|ii|||||| Mlhlwl | ||I I|.l.
0 45 5 0_¢ﬁﬂﬁ Il || I 1 | L1 1 | | [ I | | | I | | L1 1 | | | “iil II!"'I-.':I;
Ep (MeV) 0 20 30 40 50 60 . 'E'o )
um

Neutron Flux [0.25 ~ 10 MeV]

PARMA model : 9.0 x 103 cm=2 st
Data : (8 4+1 8) x 103 cm2 s1 T. Shiraishi, et al., Phys. Rev. C 107, 014608 (2023)
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Reduction of “**Po Contamination at Drying

Hall F (NEWSdm facility)

Proton Energy w—
% - —— n-Runl | n--Run.Z, n-R n J
L 10 __ MC Elastic p (climatic cha %u
T / e
5 I
3 L
© n-Runl

1072

n-Run4
(Radon free room, oo
CR1 @ HallC) |y a2

E, (MeV)
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v
n-Run4 Result (100 g*month scale run)"” Pelin,

“?ar),
MC Simulation using NeuCBOT and GEANT4
1.9 g*month%> DIRHT 4 R o e\
210pg \\ = | Eo-m R m*
> F . | [ Data S
S 4y sub-Mev 4 + MC Elastic p i
2 - s MC “N(n p)**C
= : T o I *
Q : '1" T e ’
2107 _I_ h | O e
[4)] — ' i | [
E N i ‘l- EATRDU, ThRID(an)RIGEBRE BRI RETEE
— . = -+ -+ -+ H. Wulandari et al., Astropart. Phys., 22, 313-322 (ZOOZM
5102 |
- = 1
o F vV SMDETAsub-MeViglE T RIEEFE
107°
| :| 1 1 1 1 | 1 1 | 1 | | | 1 | | 1 | | 1 ¢ i‘m—F¢1‘$%;~E“E‘:‘il}\E<&%lo g*month
1 1.5 2 AT —ILONITHETNNE

2.5 3
Ep (MeV)
> MOYEBFEFETIZHKRYEZREITT ST E
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summary
- T. Shiraishi, et al., PTEP 2021 4, 043H01 (2021)

 NITEMHTAIZOSITII/OVEEDIRTAN YT T Bl ZFFH
* 1um (100 keV) B{ET1E &H71=Y 0.8 kg/year D FENTIRE 2 1ZE L
>5%E5(21.5kg/year ETFYI I L—FTBFE

« 3D-CNNIZKABEEIEZR 5B

|-

* INGSHAZEFTTO HFEFBITE
e Surface run (n-Runl, nRun2)
e Sub-MeVEDHEF AR - HFHEIEIZHIY - T. Shiraishi, et al., Phys. Rev. C 107, 014608 (2023)
* MeVRIZEWT, YU T ILEERDMPoiE AN S M o1
> HFNEMEHEDOSFVBAZINZ ST ETIHTIRL T CEITRTh

e Underground run (n-Run3, nRun4) ongoing

. lgogbg_;‘_month AT —)LTONITENTIZE DT, GLWIRIILF—EHHETOH T HREFARIMNLAIEE
B
o RERIGIAOCEBIPDKADIZLOIPTHEFARIMNLADEZEDIRE. RMNBRDIERZITD
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PHYSICAL REVIEW C 107, 014608 (2023)

Environmental sub-MeV neutron measurement at the Gran Sasso surface laboratory with a

S — _—
super-fine-grained nuclear emulsion detector /r 9 IJ ) = 7\ 7> 'U' \\J\/ E}l: 3‘% Fﬁ "(¢ 0)
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AREBWYHELMevRAoO4A 2 E—LDWHE
(BBIEEAERTED HERBFZE)

T. Ikeda, Quantum Beam Sci.4, 22 (2020).
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RAVAAF 2 E— LD

NIT  ZRSARHSR
(15pmE)  (1mm[E)

NITTHERHEL=A4A4 > D AR
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MEEFREDIERS @ESIIKZE2EHH)

BEAAEAEE IMVAL T LERL AV A4 RS
INEEE : 5~ 200 kv IEEE :0.5-1 MV

HESTEE : —196 ~ 1000 °C RS REEERSFEAREHES x2
E—LEER : 10 pA~ 100 pA TR HT : RBS-channeling, PIXE, #% B, ERDA. ...

A
£/

ANy VS R ,
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Backup
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Comparison of Nuclear Emulsion

Nano Imaging Tracker (NIT) type

OPERA type
AgBr:| crystal (SEM) \ [ AgBr:l crystal (SEM) \
y \ ) g, :

'
7 .-
w ¥
' -
T
[ ] ]
Range ~ 200nm
'
: = il
5@@M£V/n Fe ion 60keV Ciom & [ 60keV Cion 20 /




High Energy lon Track in NIT
/— Spallation of 150 GeV Lead Beam —\

C 290 MeV/n Ar 500 MeV/n Fe 500 MeV/n

Multiplicity
Emitting angle
Energy

Brightness (dE/dx)

Xe 150 GeV

\&
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For p-a discrimination Portegy,

fhats U

We tried to identify Alpha and Proton using differences in dE/dX.

e Helium e Proton

Sub-MeV neutron
350.00 region(No aBG)
F o

400.00

MeV neutron region
300.00 ! %, (a-rays are present.)

25000 *
l ‘., Do differences in dE/dX show up

20000 in the brightness of the track?

150.00
100.00

dE/dX (keV/um)

50.00 ® o o
0.00

Range in NIT(um)

>241Am-a (@Toho)and 252Cf neutron (@AIST) were exposed at different temperatures
and the brightness of the track was compared.
2024/7/5 TR TH R MER | RET S @ Bok et



RT) :

Mean Brlghtnessﬂ(

! .. i - .
p-a discrimination wof- Porteq w@&
35;_ —proton’Y
Temp vs MeanBrightness 30—
O:Am-a A:Proton A — »E
1700 sob-
1500 O Ion implantation 155
» 1300 -
Q o ‘IIJ:—
£ 1100 A £
900 Neutron Run S
5 L © £ O e hos 3860 5000 as6a 4000
= E Mean Brightness(-20°C) 30deg
U 500 A y=17.52x + 1429.5 -oF- '
= L . - —alpha
Prediction formula for Brightness —
300 s — proton
100 S
-60 -40 -20 0 20 40 -
0 : Temp(degree) 40—
RT(20°C),the brightness same for both. n
>(Can't be separated by brightness e
20—
Below -20°C, the Brightness of a is higher than that of proton. o
>There is a difference in brightness distribution. S
“Caf’be statistically separated. = R IS @ gltelndann o e e e



CNN upgrade (3D-CNN)

2D projected image
(128 x 128 x 3)

AlexNet

jl> (CNN for colored image)

3D image
(128 x 128 x 20)

128 x 128 x 20

)

)

signal
noise
multi

Custom 3D-CNN Network

O

feature maps
feature mapsil
inputimage size g4y gax128 32%X32x256 16 x16x512

Convolution &
Max-Pooling

N

&
(o ,

2 feature maps3 feature maps4 I
8 x8x256

0
e .
@ ®signal
Qz g @ ® noise
@ .
2 ® multi
@O,\\ :

1024 256
ayers layers

]
Dropout Dropout
Convolution & Convolution & Convolution & 0.5 0.2
Max-Pooling  Max-Pooling  Max-Pooling



102 4

101 4

100 4

1071

1072 4

CNN upgrade (3D-CNN)

CNN w/ 2D projected image

signal
noise

0.0 0.2 0.4 0.6
signal probability

2024/7/5

T
0.8

T
1.0

102 4

10! 4

107 4

10-1 4

1072 4

3D-CNN
signal
noise
T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

signal probability

*still optimizing parameters...

» Signal

e AIST 880keV neutron
> Noise

* n-Run4 Oday

Preo.
S/Ncurve ' €/ip,-
Minar,

4.0 1

| —— 2D proj

3.5

w
o

rJ
Ln

%]
(=]

Noise efficiency
&

=
[

1.0

> M

0.0 T T T 1

98.0 98.5 99.0 99.5 100.0
Signal efficiency
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Effect for Range Distribution by 3D-CNN Cut

Signal (neutron) lof Noise (n-Run4 Oday)
160 | A _ [ no cut ‘e 10 [ no cut
99.5% cut L 99.5% cut
1401 [ 95.0% cut s [ 95.0% cut
)
120 - e 107
)
B2/
100 ®)
P
102_
80 1
-
60 1
B 101_
40 -
201
!
0 = = ' ) ' : ' | | '
0 2 a 6 8 0 12 14 0 2 4 ® 8 10 124
Range (um)

Range (um)
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1st Surface Run (n-Runl) for Environmental
Neutron Measurement @ LNGS

MOtivation Sample 1 Sample 2

> Demonstration of spectrum measurement for Surrounding environment || Portable freezer box (outdoor)

environmental neutron and CR-DM search Altitude 1400 m

. . . . Expected angle-integrated
» There is no detailed data in the sub-MeV region even peciec ang gra

flux of atmospheric
on the surface neutron in 0.25 — 10 MeV 9.0 x 107* n/(cm? s)

(assumed water fraction
in ground as 20%) [13, 14]

Refrlgerator Box Operation temperature —20 °C
Run start date 24 Nov. 2021
Sample2 Preparation time in 9 9
underground (days)
Exposure time (days) 2 29
Installation direction Horizontal
Samplel =
Analyzed area (cm”~) 46.7 99.4
Analyzed mass (g) 0.65 1.35

2024/7/5 * Recoil protons are accumulated O(2) events /(g month) on the surface -



Sample preparation procedure for n-Runl

mm) Sensitive to tracks

26 Mar. 2021

NIT emulsion
production

the freezer

-20°C in

Y flux ~ 0.3 cm2s?
n flux ~ 10> cm2 st

Underground (HaII F)

8 Nov. 22 Nov 23 Nowv. 24 Nov.

Noodle Pouring HA Packing
washing sensitizing

Sample 1:26 Nov.

Sample 2 : 23 Dec.

Development

J

2024/7/5

PR TN SR ] ST @ oK

~ Surface Laboratory ~

24 Nowv.

v flux ~ 0.3 cm2s?

n flux~ 102 cm=2s1
\ J

28



Fvent Classification e Single-prong Event N

Neutron elastic scattering Single a-decay from 21%Po
Nano Ag Layer (Top)
0% 0, @ 0,%, 0, 0 0,%, 0,00, 0,¢ ¢
7 =1
£ opCut|l o
Multi-prong !
£ _ 5 3um
3. Single-prong (>2 um) 3um . 2
S __— . (Ep ~ 0.5MeV) - (Ea ~ 5.30MeV) -

Fiducial Volume

Y / P - |
v i BOTTOM CUL

Nano Ag Layer (Bottom)

5pm

e Multi-prong Event ~N

228Th star (5 prong o-decay) Neutron inelastic scattering

COP Base

Frégments
» External a-rays are excluded by fiducial volume cut,

then events are topologically classified to Single-
prong and Multi-prong

» Unfortunately, n-Runl samples accumulated a lot of
Radon daughters, we focused on sub-MeV region
(2~¥14pum -> 0.25~1MeV) of Single-prong event to X
analyze with background free )




Single-prong Analysis Result (n-Run1l)

Range spectrum of Single-prong signal

~J
o

| —}— sample 1 (2 days)
—— Sample 2 (29 days)

Count (g')

(53}
o

[0 ]

o
DIIII|IIII|IIII|IIII|IIII|IIII|IIII

u Bl s

.
o]

20 1 |
| T [
1 T
. '_h—;—'—H_}_ S = e aR
2 4 6 8 10 12 14
R (um)

v Observed signal increase consistent with
environmental neutron signal

Detectable neutron spectrum with 2 <R < 14 um

(0.25<Ep<1MeV)

\

%?104;_ . — Qriginal
o [ £  |Detectable
X100 2
L [ 8 )
S 42l £ 1 1%N(n p)'“C reaction
E |
E F £ 1 (Q=0.62MeV)
o [ & !
Z 10 o3 !
= |
S - 0.25<En <10 MeV
S
e g ! - 9.0x103cm?2s! @ LNGS surface
Ll ((
107"
1072 ki
10" 1 10 102
En (MeV)

Assumed neutron spectrum expected by PARMA model

T. Sato, PLOS ONE 10, e0144679 (2015)

2024/7/5 SRS TH AL GRS Skt ot T Gato,/PLOS ONE 11, e0160390 (2016) 30




Event Rate (events/(g day))

Event Rate (events/(g day))

o o o O

Data/MC Comparison (n-Run1l)

Proton Energy Plane Angle
3 —4 Data = Zenith (= Z)
B 111 MC Elastic p 1
25— MC "N(n p)'“C
2; eZenith
- M\
1 5; \ A ‘X
05~ Horizontal sample
0: 100 120 1 160 180
0 01 02 03 04 05 06 07 0.8 09 {1 ¢ (°)

Ep (MeV)

Zenith Angle

Number of Events

MC:11.92£0.5 event/g/day
Data : 11.1 = 0.6(stat.) = 2.4(sys.) event/g/day

—_

Neutron Flux [0.25 ~ 10 MeV]
PARMA model : 9.0x 103 cm™2 st
Data: (8.4%X1.8) x 103 cm2 s

- Due to low efficiency

0 01 02 03 04 05 06 07 08 09 {1
coso

2024/7/5 e TOTVEIRICAL o Shiraishic et al., Phys. Rev. C 107, 014608 (2023) 31




Simulation Normalization

* Neutrons are generated from outside the container considering spectrum and angular distribution
predicted by PARMA model
* To estimate geometrical efficiency, at first, generated geantinos and counted them entering to the NIT,
then normalized the neutron flux

Previous (@ PRC paper)

e geantinos were generated uniform distribution

Neutron spectrum by PARMA model

:I_"-~1‘{]'2 =
I
B1oeL
10°
? = Zenith arM
L
% 10+ " |~ Odegree N
S E | 30degree \
e 60 degree v
10°
g 90 degree
- 120 degree \
10° 150 degree | N
- 180 degree
10—? 1 IIIIIIIi | N N | 1 | N I I | 1 [ A A
10° 107 1 10
2024/7/5

10°
EyMeMy: 1 rRidig

Current
geantinos were generated same as neutron
angular distribution

=N
‘\1..:‘~

W AN
R
R

NN
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2nd Surface Neutron Run (n-Run2)

Exposure Time on Analyzed Mass Average Rainfall in

Condition Surface (day) (g) Assergi (mm/day)

i i 2 0.65 4 **
-Run1 Drledtc;rkw)lgeranlte
(Run start from
24 Nov. 2021) ** Estimation from
Run @ -20°C * %
@ e .2 . Nov. — Dec. 2022 data
o 0 0.95
n-Run2 Dried in chamber
(Run start from
25 May 2022) Run @ -15°C
58 1.08 1.4

2024/7/5 SR I ME R HEIT RS @ BOK 33



Nn-Runl and n-Run2 Result Sub-MeV region

— 100
[e)) -
B - 14 14
Track Range 2 o N+n = p584keV + C~42keV
100 . % sof- track range ~ 6.5um
D L : —+— n-Run1 2 days < F
B gofl Sub-MeV | 210pq y £ 70k
c ~ : - —— n-Run1 29 days C .F
) - + (Long life-time) = OOF
& 80 MN(n p)14C — n-Run2 58 days S s
© sof. Q=626keV / —— n-Run2 0 days - me
E oo ||
= 60: : |l 214pg 20
() - : || = L %
50 ! (short life-time) 10F TR o T
I.I>J — ! |“| oF .ﬁmmm.m..dﬁm{ﬁ%ﬁ
= : ||“ | 0 2 4 6 8 10 12 szlm)
= | [
30 ! |||| |. ||| | ji“l "' v As expected
= . ||'| ”|' In ||||| | v' sub-MeV signal increase
20; | ||r|| IIlj||||||| ; |! v’ 210pg-alpha increase
10— ; | ] i 1 v' Offset background in MeV decrease
00_ 30 .w. 60 70 Thermal neutron signal can be seen significantly

R (um) - Thermalized due to surrounding materials?

or attenuation by water contained in rock was
2024/7/5 AR (MR ST AL @Wressed? 34



Nn-Runl and n-Run2 Result Sub-MeV region

short life-time)

<
~

1.5

/

o
o

:% 1.6 14N P
S T +n > p 584keV + 14C 42keV

2.5 Track Range 5 E | track range ~ 6.5um
c —

+ n-Run1 29 days % 2 H} /
e 1= ik
5 210pg e il
e n-Run2 58 days = 08 | I 1
(Long life-time) y S L 1

0 06 j

ﬁ“* My

I2III4III6III8III10 12 14
R (um)

(=]
o

Event Rate (events/g/day)

v As expected

L v sub-MeV signal increase
0.5 i v/ 210pg-alpha increase
R I%l - v' Offset background in MeV decrease
g
| oo o B el il M2 y izt P T ﬁ il
0 20 30 40 50 60 70 Thermal neutron signal can be seen significantly

R (um) - Thermalized due to surrounding materials?

or attenuation by water contained in rock was
2024/7/5 T [HTMER ] EE RS @Wmssed? 35



Count (g day™)

Surface Run Result (*after reference subtraction)

Proton energy spectrum (linear scale) (log scale)
45 14N(n p)1C —} Data n-Runt > r —}- Data n-Runf
- ]
st Data n-Run2 - } Data n-Run2
3:_ 210pq MC Elastic p ‘:E" 1 + 1’ + MC Elastic p
E MC 14N(n p}14q 8 _ g MC 14N(n p)14q
250 &)
2
107
15
0.5 102
0 b L e ol oo | 1
o o5 1 15 2 25 3 35 4 45 5

: 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
E, (MeV) E, (MeV)

v" Reduced offset background makes MeV spectrum similar to the simulation

2024/7/5 TR [H I MEFER | FEIT RS @ oK 36



Neutron Flux

Angle-integrated neutron flux on LNGS surface _ water frac 5%
with water fraction in rock = 20%
water frac 10%

< 10° 10° =
:; \ — water frac 20%
E 10
@ 10’ 7
(\E 102 10 _B_I 1 _lG 1 1 1 _|4. 1 1 1 _l 1 1 1 é 1 1 1 é 1 1 1 4|. 1
@ 10 log(E_ (MeV))
© 1 .
“:3”0" Linear
=107 T :

e % ool I - v PARMA model take into

4 ? L] — water frac 5% B
10 2 account the neutron
-5 I~ f 10% .
:g 00008 waterirac reflection by surface ground
107 ~ — water frac 20%
* | . .
o Expected by PARMA model 0.0006 v Especially, epi-thermal
1‘;,0 o000t neutrons flux depends on
L1 IIIIIII‘ IIIII IIIIIHJJ IIIIIlIJJ L1 ’ L! A . .
107 10° 10° 10 10° 102 107" 1 10 10° 10° 10* water fraction in rock
En (MeV)
0.0002
thermal | epi-thermal .~ | fast, -

0
o Sy I \%‘r e i 4 i 53 L e N 0 2 y
2024/7/5 FRTAS R [HU MR R TR L2 @ B |Og(En (MeV)) *



Underground Neutron Sources

* (o n) reaction in the rock by 238U, 232Th(, 23>U)
H. Wulandari et al., Astropart. Phys., 22, 313-322 (2004)

Table 3
2381 and ***Th activities in LNGS rock
Y S f. H f 238 U Hall Activities (ppm)
pontaneous fission o
A 6.80 £ 0.67 2.167 £0.074
B 0.42+0.10 0.062 £ 0.020
C 0.66%0.14 0.066 £ 0.025
Table 2
- 3
Chemical composition of LNGS rock p= 2.71 g/cm
Element C (0] Mg Al Si K Ca
% Weight 11.88 4791 5.58 1.03 1.27 1.03 30.29

-

Estimate myself using NeuCBOT and GEANT4 simulation

* u spallation
—>Negligible in <10MeV region at LNGS underground



J.M. Carmona et al., Astropart.Phys. 21 (2004) 523-533

u spallation

102 N
- Surface
0 OROVILLE (USA)
10+ /

I IMB (USA) Underground muon rate is
et SOUDAN (USA) about 6 order less than Surface
o 402- KAMIOKA (Japan)

E BOULBY (UK)
e / GRAN SASSO (ltaly)
© il HOMESTAKE (USA)
4 / / SUDBURY (Canada) .
10 A CANFRANC (Spain) f /BAKSAN (Russia\
ST. GOTHARD (Switzerland) o
= FREJUS (France) 7 Almost negligible
MONT BLANC (France)
10°

0 1000 2000 3000 4000 5000 6000
Depth (m.w.e)

Iig. 1. Dependence of muon flux with depth, showing the

location of the Canfranc Underground Laboratory with respect

to other underground facilitics.
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neuchot CODEE

Expected Underground (Hall A) Neutron Spectrum

= 04 0.015

$0.241— o
90225 ; 20035 — (o n) of U238 chain
o C . (e n) of U238 chain 8 -
il S -

% 0:e ~ O 0.03— _
G>J‘0.1 81 . (e n) of Th232 chain _33 = (e n) of Th232 chain
~0.161F 50.025_
m : : " "
S0.14F . Spontaneous fission of U238 q},‘)\ C Spontaneous fission of U238
oV =z
= A 0.02
=0:12 2
. §

3

Q

-

0.08
0.06 0.01
0.04 0,005
0.02 ’
% 1 2 3 4 5 6 7 8 9 10 I R R S R
En (MeV) En (MeV)
(E)8AHPTORHEFIRILE—72 (B)ar/)— P TOREFIRILE—2
(an) 238U : 4.12091 neutrons /year/ g (an) %°8%U : 0.42034 neutrons /year/ g

(an) 23?Th : 0.557193 Fission : 3.45455 (an) 23?Th : 0.112956 Fission : 0.533423




78 Eve Main Window

Browser Eve |

Eve |Fi|es EventControl|

—Event Setting

||I Data Geom View

Gler|| 200 213860748

ﬂ gch'ance| Qlear|

¥ Store Events

[T ResetCamera

Draw Mode

(¢ Track

 Hit

= Hist

[¥ Draw Precise Lines
W Select Only lonizing

top
RackTmp

-
|
Crop -

— Filter Setting
¥ Setneutral tracks visible
[¥ SetEM components visible

Kinetic E cut (keV)

Momentum cut (keV)

Mass cut (keV)

Range cut (mm)

Edep cut (keV)

AlF[A kA4

ol o|lol ol o

—Bin Setting

Momentum
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Range

MBins 10

Min (keV or mm}) 15
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¥ Setbin log scale
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Hide

3D View |ﬁcﬁon5|

Hide
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Hide
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Actions
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Neutron Run Go to Underground

Experimental Analyzed
Scale Scale

214pg contamination | Exposure Time

Installed Place Proton Energy

(/g) (days) (g*month) (g*month) Threshold (keV)
T e ermnime 0(1000) 29 2 1.3 250
(Nov. 2021 - ) 8 -
n-Run2 Surface ground 0(100) 58 20 2.1 250
(May 2022 - & :
n-Run3 Underground
(Jan.2023-)  HallC&F ol 120 30 1.4 100
n-Run4 Underground o(1) 120 TG 1 100
(Nov. 2023 -) Hall C Ongoing

th T R FRIE 2T A 7%<EH10 g*month R — )L DNITEEHT DAL E

2024/7/5 SR I ME R HEIT RS @ BOK 43



n-Run3 (Underground) Result

Pra /

. Ih;
Track Range . Proton Energy in sub-MeV m/nar
% 250: o —F— n-Runt 29 days > T
L Po ~T— n-Runi 2 days F
3 200 n-Run2 58 days [ Hiel{eliiclslfsyi -
o —— n-Run2 0 days @ N
T 1ol —F— n-Run3 4 months I o
S L —J— n-Run3 0 days = [
o [ @ s0+
100— L B
- 20 _
N - |
50— - el
: - LT
! 10— 11T
o}l - ﬁﬂx
F{(um) D_IIII|IIllllli_hlﬁﬁllﬁlmllﬁlll
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 .

v" Sub-MeV neutron signal clearly decreased because of underground

v’ There are time-independent signal-like tracks below 300 keV

- Non-physical events
2024/7/5 WA (R AR R ] BT @ BRoK 44



n-Run3 (Underground) Result

210P0

C0s6z

0.8

Vertical

0.7

0.6

0.5

0.4

[IIIII|II|IIIIII|II[I|IIII|I|II|IIII|I[lIlIIII

©
+—
c
o)
N
=
®)
I

Mask cosBz < 0.05 && range < 3um

2024/7/5 SERTASEE [ RS S | AEEE AT I

22

Event Rate (events/g)

2]
=

50

40

30

20

10

Pra /

Proton Energy in sub-MeV Im/har

—+— n-Run1 29 days
—— n-Run1 2 days
n-Run2 58 days
—t— n-Run2 0 days
—f— n-Run3 4 months
—f— n-Run3 0 days

'l' 1

T“IWL;; 13
||||||Iml|IIMII%I&MII%III$IIW4 |
1 02 03 04 05 06 07 08 08 1

=

0.

E, (MeV)

v" If we avoid low energy & horizontal angle region,
there is no excess in sub-MeV region
- Neutron flux < 4.2 x 10° cm2s1(90% C.L.)

*
& @ ngsume neutron spectrum same as surfa4ge



n-Run3 (Underground) Result

210|:>o
e 22 " ~
= EE Wet condition p~1g/cm?3
8 8 0.9 —20
- = A
> 0.7 16
065— W \ lmm I SO“m
E | 12
05 v
- 10
— 0.4
S - 8
g 0.3;— i
N 020 ! ®
0} L |l m |.EI_A_LA_.A_A_I!_.L_A_A_I_A_A_ 0 ‘
0 10 70

R (um) Mis-reconstruction

Signal-like tracks found below 300 keV are all horizontal!

* Mis-reconstruction of a-track from 21#Po accumulated at wet
condition?

— Should be checked by next n-Run4 (low ?*4Po contamination)

A [ FREHR ] IS @ K 46




a-ray accumulation in drying condition

Wet condition P~ 1g/cm?

A

Dry

— ~1lmm ! soum

Afterdry p=3.1g/cm3

f.ﬁa:o ° o °o j>oo 0

Silver Grain

If a-ray create tracks at wet condition, tracks become
longer & darker & horizontal because of

* Low mass density

* Low crystal density

* Shrink less than 1/10 thickness



Event map of range < 3um in n-Run3

|‘IIII|IIII|IIII|IIII|IIII|IIII|

80 90
X (mm)

90 100
Z (umy)




n-Run3 a-ray Analysis

Range distribution

n-Run3 4 month

Event Rate (events/g)

5 ' —F— n-Runt 29 days A0 ,'
v t —— n-Run1 2 days i80L-
48] = L ]
3 200 n-Run2 58 days Q ENErey - '
o I —F— n-Run2 0 days e \
& 50l —f— n-Run3 4 months 50—
ﬂ : -,_,l_u,:“. = 2 ...-_.,. il B et | iii
o E, (MeV)
B %300:—
S0~ & F 210pg 5.3 MeV
31_}_250_—
ol I /
0 o 2001 234\ 230Th 226Rg
= B ’ ’
o r ~
2 b 4.7 MeV
100}
238 4.2 MeV
50_—
ET_. pa = | |
2024/7/5 s [TFRTR) Smia e 4 45 5 >



Intrinsic a Activity

F. Pupilli et al, Astropart. Phys. A 80, 16 (2016))

228Th star (5 prong o-decay)
y-ray
measurement by

Ge detector

o Multiplicity

(mBq/kg)
5 (25Th to 2%Pb)  6.0=-0.6 (22Th) 5.62.0 5.941.2 2.340.7
1 (238U) "0.8+0.2 (225Ra)\‘: Not measured 3.2%+0.5
1

2.4+0.2 (**°Ra) Not measured 10+1

(234U&230Th &226Ra)

- ==

1
1
1
1
1
1
1
1
1
1
1
/

_0.82£0.2 (225Ra)

_________________ <

1 (?1°Po) +222Rn 54+7 118*6 23+2
contamination

Assume radiative equilibrium

210pg seems to be increased from n-Runl
2024/7/5 PEATASEE [H RS SRS @ Bk 50
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Event Rate (events/g

100

50

2024/7/5

—+— n-Run1 29 days
—F— n-Run1 2 days
n-Run2 58 days
—F— n-Run2 0 days
—F— n-Run3 4 months
—+— n-Run3 0 days
—F— n-Run4 4 months

RS (RIS SRS @ Bk
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Boosted Dark Matter



Natural idea in WIMP model !

Cosmic Ray boosted Dark Matter (CRDM)

Energy Spectrum of CRDM Directional distribution of
» WIMPs can be accelerated by 12 e T CRDM to the galactic center
interstellar cosmic-ray T 0, =109 e
| 7 et ]
Ordinary DM S e yg-1 0 1CaV/ce ]
@ bounded by the Galactic escape velocity 3 —————
® <vp>~230 km/s %
%07 0% 105 104 100 102 10 10°

T, [GeV]

Recoil proton spectrum in NIT by CRDM

Deff=1kpc, 5,=10%°cm?, NIT 1kg month

—— m,=0.001GeV/c?
—— m,=0.010GeV/c?
— m,=0.100GeV/c*

\ —— m,=1.000GeV/c?

RDM

C
® NOT bounded by the Galactic escape velocity
® <vpy> depends on kinetic energy of CR

4

10°

dR,/dT, [kg" month™ MeV"]

—_
[=]
IIHHII‘ \IHHH‘ HIIII!Il TT

) 2
N
BILER A, RESADRSAELY
e 10.1103/PhysRevlLett.122.171801

2024/7/5 ‘ d*hy\ [N R | SHEWT i @ BOK

10.1103/thsRevLett.126.091§‘

102 0.24 < Ep < 100Me \

%
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1
1072 107 1 10 107
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D | Uurnda | Effe Ct https://doi.org/10.1103/PhysRevLett.126.091804

Directional distribution of BDM to
the galactic center
NFW

» Because BDM flux depends on
Cosmic Ray and DM density, it
comes a lot from the galactic center

> In case of large cross section,
because the rotation of the Earth
changes the distance of BDM
penetrating the Earth, its
attenuation causes diurnal
modulation.

16 0.36

Isothermal

» Directional sensitivity can

16 0.36 064 1.00 H

bbbl ' strongly claim the
FIG. 1. Relative sky maps of CRDM fluxes in the Galactic H
coordinates with amplitude in the GC direction set to unity. The e\IId e nce fo r B D M
upper and lower panels are for the NFW and Isothermal DM
density profiles, respectively.

2024/7/5 AR [HTRER ] HE TS @ ok

Diurnal modulation of BDM arrival flux

100 —T 1+ 1 - 1 1 1 1 "~ 1T "~ T "~ T "~ 17 50
» 45
=R i iy
-y L
= [
E i A5
L] L
-D - 1
E | an
— L e -~ 1.,
_g + F) EII; = »5?‘:'.""-!; 11 32 ,_m23‘-\ 2:'
L P ' U
% ’.f'r \'L
L - k'k .-"f N
200, ;
o b e
k) # i
\\“ !/’ ity = 1M hey' 15
Sl = Lattitude = 287
a e e 1

0o 2 4 6 8 10 12 14 16 18 20 22 24"
Sidereal Hour

FIG. 4. The survival probability of CRDM arriving
at an underground lab at latitude 28°N and a depth of 2 km vs
the sidereal hour relative to the number of DM particles
armiving at the Earth for two different cross sections
,p = 1(3) x 1073 cm?®. The red curves correspond to the total
CRDM arriving at the detector with 7, > T}"", and the blue
curves are those above the detector threshold (T, > 3 keV for a
liquid xenon detector).
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https://doi.org/10.1103/PhysRevLett.126.091804

Boosted Dark Matter (BDM, or CRDM)

* BDM is low mass and fast (B>10") because of the CR acceleration

mechanism
e de-Broglie wave : 0.1 ~ 10 fm

- Itisn't coherent scattering with the whole nucleus?

* Form factor is probably not followed R. Helm’s formula (assumed gR << 1)
- Dipole form : F(Q2)=1/(1+Q2%/A?2) is currently used (A~ 770MeV, Ay~ 410MeV)
* Considering recoil energy, light target (e.g. H, He) has more advantageous?

* Directionality from the galactic center is important

 Strong rejection power for the EM component is needed

=)

NIT

e Contained light target (H)
e High directional accuracy

e Background free in analysis of recoil proton more
than sub-MeV



Interstellar CR Flux (d®Y~>/dT

CR flux (GALPROP model)

https://galprop.stanford.edu/index.php

T 10°
= 10°

galprop.stanford.edu

studies of cosmic rays and galactic diffuse gammazray emission
WEBRUN 'RESOURCES | PUBLICATIONS CONTACTS " ‘BuBS?

Search ( [Search| Logout [ takuya.shiraishi ]
Enter the desired GALPROP v. 54 parameters and click 'Submit’ at the bottom of the form §
1 U— 1 click to change Common Grids Propagation Gas | Sources [ Emission [ Abundances
WebRun Help [ you can use an exampie or retrieve your old run v
Configure & Submit

Common Parameters
Name Value Description

Help: Configure & Submit

2g1gr! Ge

[cm
o o
© &

Advanced User Mode Title Untitled WebRu| Descriptive title used to identify the run

Batch Runs n_spatial_dimensions 2 v | Specifies whether 2 or 3 spatial dimensions.

Monitor Queue

Energetic and Spatial Grids

I_ Download Results Name Value Description
: Heliospheric r_min 0.0 Minimum galactocentric radius (R) for 2D case, in kpc. Ignored for 3D,
e _ - -
m 1 3 me bz i r_max 25.0 Maximum galactocentric radius (R) for 2D case, in kpc. Ignored for 3D.
A HelMod
= dr 1.0 Cell size in galactocentric radius (R) for 2D case, in kpe.
Exchange Runs
z_min 04.0 Minimum height for 2D and 3D case, in kpc.
1 U—'I ._I‘- Z_max +04.0 Maximum height for 2D and 3D case, in kpc.
ro 0 I I dz 0.2 Cell size in z for 2D and 3D case, in kpc 1
Please remember to n
cite GALPROP - -

102

—He

H and He spectrum can be obtained from
WEBRUN of GALPROP website

1072°

1072

107

1—EI| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| |
10° 107 10° 10° 10" 10 10* 10° 10" 10° 10" 10"

T [GeV]
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https://galprop.stanford.edu/index.php

BDM Spectrum

Deff=1kpc, o, =1 0%%cm?

D

= 107 =
2] = . . .
o - A little bit differ
E A
810 from the paper?
[ —
s
fad _
107 =
2"V E
|_H : _________
10°
1079 =
— = m,=0.001GeV/c:. p+He
10 T T e m,=0.001GeV/c> =P
= — m,=0. 010GeV/c®, p+He
- T T m,=0.010GeV/c> ~p
— — m,=0. 100GeV/c® . p+He
L = [ m,=0.100GeV/c ~p
= —— m,=1.000GeV/c®, p+He
T e m,=1.000GeV/c®, p
10—12 | IIIIIII| | IIIIIII| | IIIIII| |
1077 107 107 1
T, [GeV]
W (MR R | SHIE

https://doi.org/10.1103/PhysRevlett.122.171801

local
d(I)I B Py
= et =
dTI m,
d®S /dT;
X Y a6 (2m,T,) / dl i ————- (8)
5o [~ s
104 E- L TYYF ™ ’YVYH’I T r'mr T YH"]’ _—TTTTYYT Y‘BY‘ ™ 7114Y T
E s pc 3
-5 - vzfv *10 7 eff
2 3 ,’, ‘\ = I e, WL S 107%¢ 23
— b \ 100°0)(7 3
T 1078 |/ shm 1
P EVx 10"‘ 1072 1
= 107k / \g
) of T 2 1 1010 o
s 10‘ 5—/ ‘ _10' 10 10°
=y 10 F 1
'C_* E ]
= 1070 e £
10-11E 2 ]
o 3 o 1|OGeV/c 3
10— ol ul s s etinl -2 el T s s v el RN L8 e
107 10° 10° 10* 103 102 107 10°
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FIG. 1. Expected flux of CRDM for different DM masses
m, = 0.001, 0.01, 0.1, 1, 10 GeV (from top to bottom). Dotted
lines show the contribution from CR proton scattering alone. The
flux is directly proportional to the effective distance D g and the
elastic scattering cross section o,, chosen here as indicated.
(Inset) Compares the corresponding 1D velocity distributions
f(v), in units where ¢ = 1, to that of the standard halo model

%%(s@q%% (dashed line). -
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Recoil Proton Spectrum in NIT by BDM

Deff=1kpc, 6,=10"°cm?, NIT 1kg month

Nuclear recoil rate by CRDM

—— m,=0.010GeV/c?
m,=0.100GeV/c?
— m,=1.000GeV/c?

104

-1 -1 .
dR/dT, [kg" month MeV]

—
o
I IIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIII!I| IIIIIIII| IIIIIII| I

1 v' Drastically decrease from Ep> 100
. MeV (due to CR spectrum?)
10-
Analysis Region
/ . .

102 0.24 < Ep < 100MeV MeV region is reasonable
10—3 ] ] IIIIII| ] 1 IIIIII| ] ] IIIIII| ] ] IIIIII| ] ] IIIIII|

107 107 1 10 10°
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10° Iy m IT, do.
— m,=0.001GeV/c® XN _ 9,G3(2myTy) f -
dT y £ r,rz=) Ty (T3) dT,



CRDM search

10kg ‘1 year case * Higher cross section region is also
E10%f i ' ' ' ' important in CRDM
& * Scattering in the rock can disturb

directional search

* Surface exposure has higher
background, especially cosmic-
ray induced background such as
neutron, proton and muon.

1'D_HI -

CNO, Surface (AssergilLevel, Tr_len==1000nm

---------------- * In emulsion case, targeting only

H+CND, Surface (AssergijLevel, Tr_len==1000nm

{ ———— cNO, Underground Level, T en>=1000nm long CNO recoil may be a good
————H+CNO, Underground Level, Tr_len>=1000nm strategy for CRDM
11]_30 1""["["1"|"|T|'I """" I A T ]""l'"l"'l"l'f]'lI""'"l""l"]"j'j'l'[] """" I T I"'i"'l"f'l"l'ﬁi . }lum CNO 400kerum or more
108 10°° 10+ 107 102 10-" ceVt
m, * alpha Bragg peak: <300keV/um

* proton Bragg peak: <100keV/um

* Alpha insensitive emulsion is
already verified

2024/7/5 SERTAR L [HL RS S | SRS @ BROK
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CRDM search

2024/7/5

10—°4

1025

E Downs%gttering /Cosmo e

3

r

7PR68PECT “)

-

Nov-Dec 2023

First trial of CRDM
search

very low sensitivity
emulsion—> p, a free?

-
B 31— mmiiad ————

| |

Equatorial mount 106
Analysis will start soon

TR [HTHER] éﬁiﬁﬁﬂ%’x

0 419* 107 102 1077 -10°
my [GeV]

Y, ,Agafonova et al JCAP07(2023)067
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Calibration with ion implantation system



Accelerators in our laboratory

1MV Tandem Pelletron lon Accelerator

Low VeI(?C|tv lon Implantation Acceleration Voltage : 0.5 -1 MV

Acceleration Voltage : 5~ 200 kV lon:He** H Li.B.C. O.Si Ni Cu

Temperature : =196 ~ 1000°C Valénce _'1 '2 2o T

lon:H, He, B, C, N, O, F, Si, P, Ar, Ti, Fe, Co, Ge, Kr, Xe, CO, CD,, ... Detector  Si semiconductor detector x 2

Valence: 1, 2,3, (4) Beam size : ¢ 2 mm

Beam current : 10 pA ™ 100 pA Analysis : RBS-channeling, PIXE, Nuclear Reaction, ERDA

=if)

TIT4567
89101121314
151617 18192021
2232425262728
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Detecting directly exposed protons

Automated
detection

Ion implanter @ Kanagawa Univ.

Recognized tracks 4

2024/7/5 TR [H MR ] S iE @ oK



Detecting directly exposed protons

IFM

NI

ﬁ

Ion
Beam

Detection event vs location(mm)

150keV

80keV

100keV

60keV

|II|I3IIIIIIIIII|IIIIII

Ion exposure » Move the plate up = Ion exposure with different energy
>(0ne sample is exposured with protons of multiple energies.

- Beam areas and Mask areas are created.

50keV 40keV . 30keV
<-Jhl> '1ﬂ
| | | | | | | | | | | | | | | | | | | | | | | | | | |
10 20 30 40 50
X(mm)
%
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Detecting directly exposed protons

Detection event vs location(mm)

150keV 100keV
-
h Mask X(mm) =
1000 -
% son L 80keV
o 60keV
S ol
- T 600;— | 50keV 40keV . 30keV
4001 J
Ion ﬂ\ 4]
200 —
Beam -
0_ | | | | | | | | | | | | | | | | | | | | | | | | | | |
10 20 30 40 50
X(mm)
Ion exposure = Move the plate up = Ion exposure with different energy
>(0ne sample is exposured with protons of multiple energies.
- Beam areas and Mask areas are created.
2024/7/5 LRSS [T HHR ] ERBI S @ K &



Detecting directly exposed protons

150keV angle distribtion

Efficiency= 2500~ N
(#of detectioneniT)/(#of deteciotneirm) - 1o=4.5
2000 — §
x:0.7pmCut -
1 x:0.2umCut X 1500:—
O:0.7umCut(*With angle information) ' -
O:0.2umCut(*With angle information) - i
0.3 1000 .
§ 0.6 5001 |
9 B + ot , F+
O X ® o) RS LT A ol +++++++'#+.++41++T++ﬁ+++ﬂ+mw.+
= 0.4 } ! 0 20 40 60 80 100 120 140 160 180
L . !
X o
o X With angle information
02 X o - The angle distribution is Gaussian-fitted,
X % % Q ZI; and only components with angles within
0 © © 30 of it are considered as detection events.

0 50 100 150
Proton Energy (keV)

*With angle ipformation: Gaussian fit results for angle distribution b A o 45
Number of components with angles Within 3¢/ 7ts @ Bk



Detecting directly exposed protons

Detection event vs location(mm)

ooV

X(mm) vs Ep(keV)

I350

Entries 352269

e e
—~ Std Dev x 4
E . 15 okeV t[dDevy  47.96 —Lp/
= 100keV izoo S
= 8okeV
100 60okeV —1150

100

50keV g4okeV
3o0keV

50
50 200

\'"}

60keV

50keV 40keV 30keV

OO

X(mm)

Ion exposure = Move the plate up = Ion exposure with different energy -

>(0ne sample is exposured with protons of multiple energies.
- Beam areas and Mask areas are created.

- Thexeorrelation between irradiation energy: and:irradiation position is also visible. &



Detecting directly exposed protons

Efficiency=

(#of detectionenit)/(#of deteciotn@irm)

X :0.7umCut
1 x:0.2umCut

O:0.7umCut(*With angle information)
O:0.2umCut(*With angle information)

Effeciency
© ©
(@) (0]

o
>

—
o

: 0 8

*With ar}%ﬁ/i;)gormation:

%

50

® X X

@ % @ |._.X._.|

ES

100

150
Proton Energy (keV)

Gaussian fit results for angle distribution -
Number of components with '%Hglgg Within 3¢" s @ Bok

Ep (measured)

- f
1400_— 1»
: e —150keV"
1200} o +
1000 f— f f A —80keV
- AT Py
- i Moy
200: ;‘fjﬁ‘f JFH 1 ff._*
R T
Ep(keV)
4000 - Angular distribution
35002— /ﬁ _ 150keV
N e h
|rrad|atlggﬂg|rectlon + “ —80keV
20003— J(: t
1500 - ﬁ +++++++ f
1000 - R Y j{ﬂ
- J[ijﬂ( + "
500 byt 1 ﬁi 1}% o
Oi.drgl«iﬁn#rtjﬁ#ﬂ#ﬁ I = - B OO
0 20 40 60 80 100 120 440 160 180



Implementing CNNs to improve efficiency of analysis

/ Noise \
Results the signal classified using
the learning model.

I no cut
MNoise rejection 99.5%

1 Noise rejection 99.9%

80

Recoil proton tracks selected | 1
from880 keV neutron beam
samples were automatically

* Y-ray exposeured sample classified using CNN.
& n-Run2 sample

N0ise99.9% cut

~

/ Signal

: N_e;trc;n expolsured sample The selection accuracy is 20-50% at around 1 um,
\ RHne Sample / and almost 100% at 2 um and above.

2024/7/5 FHEEE [ PR BET L @ WK "



Monochromatic Neutron Calibration



Calibration with Monochromatic Sub-MeV Neutron

. . 880 keV neutron
Monochromatic 880 keV neutron exposure from T(p n)3He reaction at AIST !

I

Calibration sample 1:
with thermal insulator :
V

* 10 pm

IIIlIIIJI|III-I|IIII|IIH|'III_I|.II-I_1|IIII|IIII||lII

Range cut (1 um)
el bv b b b b bav i

0.1 02/03 04 05 06 07 08 09 1

R ) R . 5 coso
WiAsE [Hh RS SEE RS @ Bk En cos?0 71

Exposed 7.9 hours with a stable temperature at -26°C

oO

BN

2024/7/5



Calibration — Comparison with Simulation

GEANT4 simulation

*Color corresponding to neutron energy

v" Detected recoil protons are almost good
agreement with kinematical expectation

v Detection efficiency for R < 1.5 um seems to

be not.100%

A

Proton Range
+ Data

| MC (Primary)

MC (Scattered)

Enrwhm _ 0.31

05 1 15 2 25 3

oO

_ 2
i Ewm By £ €0ST 0

)

Event Rate (events/mg

for <o o
(=1 (=] {=]

B
o

20

Scattering Angle

Proton Energy of Head-on Collision

Event Rate (events/mg)

25—

20—

s COS Ogeqr > 0.98

10

51

ol il o L e e o i i

0 01 02 03 04 05 06 07 08 09 1
Ep (MeV)
72



Calibration — Angular and Range Dependency
of Detection Efficiency

Horizontal Vertical

/9< NIT

Z .

—
o O o
o O O

15<R<2um
— 1 | &2 <R<4um
- 4<R<10um

Base

T
i | T — . | F 1<R<1.5um

i

etection Efficiency (%)
~
o

:
!

S

Horizontal 150 keV proton efficiency 20
~ 50% from ion implantation

10

Almost same efficiency
1 I 1 1 | I 1 | | | | 1 1 I | l. |

0.2 0.4 0.6 0.8 1
cosh,

OO
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Calibration with Monochromatic Sub-MeV Neutron

PID control system

Monochromatic 880 keV neutron exposure at AIST Wheatstone _ §*°V
Bridge QO s SoC FPGA (DE10-nano) -------
9 FPGA
Calibration sample : | — . | anc SPito ||
ey P ot Ly iel p . [rsamar} 1| (LTca3os) 12bit data :
with thermal insulator L S S ‘ sample | aDcdata  PID control g
| Mount Men*jmry CPU :
(DDR3 1GB) (Ubuntu)
. Vref +5V } DAC data /‘
Stg'c'fﬁggg;er Veontro pAc [ 12bitdata || 7
(MCP4921) \ | tospt | /TCP/IP (Remote) .
o tizzzzzzzzaaas :'_______________”[ _______________________
PC
,.snrlmgc&oler g e Sample temperature profile
; : ‘ Cooling Start
o
@
5
©
o
Q
E
(0]
l; Stop
s :
g Neutron Exposure
n (7.88 hour)
—_— e et =
_30IIEIlIlllllllllllll!llllllllllli TTarggt
2024/7/5 %—’»/7[;]/E$ (i@?%ﬁ%%’zj /Y\E\i-ﬂﬁﬁﬂﬁ% @ B*jﬁ 0 5000 10000 15000 20000 25000 30000 (_ﬁ C)

Time (

s)



Analysis of 880keV Sample

Optical Mark (LT) B
eam center
Proton Event Map (Range > 3um) ¥ Projection
= o
E [ .F o [ avof-
> _5:_ :. 3505_
g o0
Beam center = §
Optical Mark (LT) - 25“5_
: —15:— 200
) ) L 150
\ i s E .
| “F - 3> Attenuation by NIT or glass
Scan Area ‘ \ _25:_ 5”2_
= - L E L L | L Lol
I | 0 5 i 20 =] T = o
J | Y (mm)
s/ X vs Phi (Range > 12um}
350 g 1800
= S e
300 [— r
- a0 — —
2505_ ‘2"5— [
2“‘;— 1mf—
S
v > X prOJectlon is uniform “';_ — —
F o —_— N
S0 s0b
T o e : .
2024/7/5 ‘?%}E$ HLT%%@ZH éﬁi ﬁﬂﬁg@dﬁ% T T X@m)



Neutron Scattering Model:

S| m u ‘ atlo n - G4HadronElasticPhysicsHP » Tracking step for recoil proton: 0.1um
* G4HadronPhysicsShielding

» Angular dependency of Energy and Flux

Electromagnetic Model: in T(p, n)3He reaction is considered
(" Top View . . GaEmLivermore
26 mm 1

g NIT
(S
~ 3 mﬂ
Y: Scat\?\. \&“‘ «

N

/ Neutron

Analyzed Volume

(15mm x 5mm x 20 um)l

Side View 7
Y. 26 mm 4
e NIT v
=4
3 -
< ~| Neutron

J

s i i s s Hing color corresponding to neutron energy

2024/

~



Simulation of Neutron Exposure

Considering energy and fluence for each angle = merms

o [rir, S o ey e !
o et e Vewer1 et

Eve Main Window ! Dats Geom View \ |
Browser Eve G| mozliem
Eve | Files EventControl | Viewer 1 | Multiview | ‘ Go| Advance Glear
[EventSetting | Hide Viewer 1 | ctions

I . W Store fvents
|| Data Geom View |
I Reset Camera

Gl 200 2] /999

. Draw Mode
200 & Track
| sivene] e olor corresponding to heutron energy
© Hat
[ [T 7 Oraw Precise Lines
[ ]
¥ store Events. 5
top
I Reset Camera Am
Draw Mode s
:: :’»ﬂcu ' Set newtral tracks visible
it
O Hist ' Set EM components visible
o € cut e .
' Draw Precise Lines e :ﬂ o=
Momentum cut s
[N Select Only lonizing RN 2=
55 ot e 0%
. - Range cut (mm) 0%
» B Edep cut (¥} o
Alm B
> B Setting
~Filter Setting ————————————— Scaling Mode
@
I¥ set neutral tracks visible Al
I Set EM components visible S =
Kinetic E cut (keV) 0
> Niine 03
Momentum cut (ke o N vt oy
Mass cut (keV) o Max evormm | 3000
Range cut (mm) 0
Edep cut (keV) o

[ Bin Setting

Scaling Mode
@ KineticE
C Momentum
C Mass

€ Range

NBins. 10 :I‘
Min (keV or mm) 1%
Max (keV o mm) 1000 5

I Set binlog scale Command ‘

[ I Setbinlog scale Command
fl \ Command (local

AIST 2019 Neutron Fluence

(%1
(=]
(=]
(=]

0.8

m
)
»)
B
D

Command (local): |

4500

0.7

-nergyv
| Q7

Neutron Energy (MeV)

(=]

2
=
B
g
&r

Fluence {fcm?) @ 1m

0.6

4000

0.5

0.4

0.3

3500

0.2

0.1 T

R 3000

3

—r

4 gl
)

be

g

o

oy ALt el N T I I I IS T T A T N S T T S T Y T A
N

ST T TR S e 20 3 40 07T Qe
ngle (*
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Correlation of Proton Energy and Range in NIT
(GEANT4)

—2000
=

§1 800 — ....................... ....................... ....................... ......... . ..... 1 \*"” ......................

L 1600 — ....................... ....................... ....................... 9 AT R ......................

1400 |— - ....................... ................ f ....................... S ......................

1200 ....................... ........ e § ‘“ ............ ....................... ....................... ......................

1000 — _______________________ ______________ _______________________ _______________________________________________ ______________________
800 e ....................... ....................... O NN U N .
Y E 60. 68 ¥ 553 16 \/_ 474.59 VR (keV)
6001— A ....................... ....................... e o s

400

200 =

0IIIIiIIIIiIIIIiIIIIiIIIIlIIIIiIIIIiIIIIiIIII




Angular dependency

AIST 2019 : 880keV neutron sample

0<cosbz<0.1 .1<cosBz<0.2 0.2<cosb6z<0.3 0.3<co0sbz<0.4 0.4 < cosBz< 0.5

[0

= | e |

‘.l 5_
ek Y Eos 4‘}
PO PO PRPURPORIO [ OSOREL [NPRIPUEPR NI S5 o O P - U RPN RPN BRI RPN 11 ?*EZ}EU._ ) - RN RN IR BN BPRLA "1'H| x
2 4 6 8 10 12 14 1 2 4 6

PRI T RS R BT B L PPUTR L e

8 1 14 16
Rp (um) Rp (um)

.............................

0.6 < cos6z<0.7 ~0.7<c0s62<0.8 0.8 <c0s62<0.9 ~0.9<c0sBz<1.0

' i i

PRI BRI
2 4

e + H
OE..é.l.-}-..l."{:...l..ﬂ".".'.'ﬁ JJJJJJJJJJJJ
2 4 6 8 10 12 4

1 16
Rp (um)

o :ﬁmﬁ
8 10 12 14 1 2

12 14 16
Rp (um) Rp (um)
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Neutron Exposure from “Li(p n)’Be@ AIST
25 Aug' 2022 Behind the attenuator

!
B = 1 4tmmunmmmmm }'

e action = '“""‘Hl”"'}lim'\{ll J;‘ llni.ulm|||m|umuuumllv‘ L f ,
! B

Proton-recoil =
Method -:;v

‘M!Hln IR

Following nuclear reactions occurred after attenuation
@D n+1°B > a+7Li+2.31MeV

@ n+6Li> a+T+4.78MeV

2024/7/5 SERTAREE [HL R MR | AEEIT R 2 @ BROK 80



Detected event in Boron or Lithium contained
sample

@ n+1B8 > q+7Li+2.31MeV @n+6Li > a+T+4.78MeV

“Li (~2.5um)
=

\

Boron powder

a (~4.8um)

Vertex .«
X

a (~7.3um)



Detected event in Boron or Lithium contained
sample

@ n+“N>Dp+1C+0.62MeV

There are too many events around 6.5 um...




Expectation of event rate:

3.74% 0.694 14N 99.6% 0.3 barn 0.694 0.996 0.3
event(N/B) ~ o1 5 X g = 0.17
B 0.042% 0.01 108 20% 620 barn ' '
Simulation in B contained NIT
Polyetheren of of
E —Proton C
l 1.8
B contained NIT - —Alpha -
70 1.6:—
: L -
6 ! 1.4:
- 1.2
5 -
- 1
4= -
Z 0.8_—
3 B
C O.Sj
2 0.4F
1= 0.2[-
0:III|III|III‘|III| II|‘III|III|III|III|III 0:III\|IIII|I \|IIH|III IHIIIH'IIII'IHI'IHI
0O 02 04 06 08 1 12 14 16 18 2 0 1 2 4 5 7 8 9 10
Recoil Energy (MeV) Range (um)
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Calibration of a-ray detection



a-ray accumulation in drying condition

Wet condition P~ 1g/cm?

A

Dry

— ~1lmm ! soum

Afterdry p=3.1g/cm3

f.ﬁa:o ° o °o j>oo 0

Silver Grain

If a-ray create tracks at wet condition, tracks become
longer & darker & horizontal because of

* Low mass density

* Low crystal density

* Shrink less than 1/10 thickness



Alpha-ray Counting Rate

Tested in CR1 Rn free room
(Hall C)

- 2 orders less than n-Run2

(Chamber dry)

- 3 orders less than n-Runl

Condition Analyzed mass # of internal # of top o
event (/g) (/cm?)
/Runl6ID1Aside o iipccee oom 0.24 4+-4 0.9 +- 0.2\
Run16 ID1 Bside (shielded) 0.47 4+ 3 1.1+ 0.2
Runl16 ID2 Aside Dry in Rn free room 0.50 8+-4 0.3+ 0.1
Run16 ID2 Bside (no-shielded) Not yet scanned
Run15 ID3 Aside Dry in Rn free room 0.27 4 +- 4 0.5+- 0.2
+
Runl15 ID3 Bside Hall F (35min) 0.38 3+-3 1.1 +-0.2
nils (55 e | U D Ui e 0.58 43+-9 _ 0.4+ 0.1
Rn free room =
Run13 ID11 N, purged dry 0.16 <14 (90% C.L.) 0.1 Sr-ﬂrl\
Run131D8 e
ST ER FR0G7) Chamber dry 0.08 650 +- 90 ’5’()’:&/3//
Run7 CINENMIEET [PE-El) Eme 0.44 220+-20°° 1L0%-05
dried in shield e
-
2024/ Run1 Granite table s HOlgE TR % R poDe 2 6ot 280 +- 6

86



Calibration of alpha-ray Energy (E,) by Th star

Th Decay Chain Suggested by Valeri
/ i—:mTh 228Th (6x1) mBag/kg
405%10" : (Ge DEtECtOF)

’ > 15 events/(g 28day) > Th star evgnt is useful for calib-ration of run condition,
such as brightness or E-R relation
» It should be accumulated during run, and 5 prong
event can be identified as 228Th to 2%%Pb
» 5.423,5.685, 6.288, 6.779, [8.785 or 6.051] MeV

)
4013

(ry
A A

e

A

a9/E 6.15h

& 00392
spha

iy

a5N

it 6288 ~ )
) 64%’
h 4
216
Fo
34F0 [ 01455 |
. . (6;112%6i%
gaB 6779 A05Em

2z
Fb
aPh 1064h 0335 a. =
0574
1 BT 8 1.80
8 3.053m 1.28

~36%
2002F 7 A b—T F RIS




10

E, (MeV)

o-energy calibration with Th star

P -

W

AE rwim / Eq ™ 5%

=
—
o
n
o
o
.
o
w
o
@
)

oA . 05 04 015 02
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Concerning the excess in MeV region

- Understanding for 2'°Po contamination -

228Th (6% 1) mBqg/kg
(Ge Detector)

Multiplicity of a in

levent

NN Y|

5 (228Th to 298Pb via

212PO)
D . 5 (228Th to 2%8Pb via
5 208T])
( s 4| 4 (22%Ra to 2%8Pb via
212pg or 208T])

4 (??°Ra to 214Bi)

3 (*??Rn to ?14Bi)

1 (238U, 234U, 230Th)

1 (210po)

2024/7/5 RIS A

Expected number of

event

(31day * 0.71g)

6.4 (Ge)

3.6 (Ge)

~1 (Ge)

1.5 (Ge)
~0.1 (Ge)

respectively
1.5 (Ge)

1.5 (Ge)

Respectively
<3

80?

[t MRS ST TR @ FOR

ARV 31|

% THOZFLF—
-1 [ i

0.242
0.285

0.352 -

MWy 0.0532- 1.1%

7.5%
18.5%
35. 8%

0. 60§

M

Bi | 0768
1,120 -
1.238 -

1.764
2,204

44.8%
4.8%
14. 8%
5. 9%
15. 4%
4.9%

o (994%)

1687 7l (Rak) B

118 KE3) 5.013d | L.16
1L 3% 10 %)




Count (/g)

200

180

160

140

120

100

80

60

40

20

Ea Spectrum

214po peak (7.687MeV) ???
-> 214po should be 3prong!

2024/7/5

R [T HR ] ¥

E_ =t Nagoya 31day FAN128gf /
| 1 GS28day EGS014 v No time dependence excess
- ' —> Short life time alpha decay?
C | —— GS2day EGS014
- v 219pg peak (5.304MeV) have 1
~  time dependence ' o
— = Accumulate during the Run
— \\ 1]
+ L«dﬁﬂkj
L1 '|ﬂ+!|!+|'|'!|!|' TI++|'|'I' i
2 4 6 8 10 12
E, (MeV)

A2 @ Bk

aFr

asFN

T

aaP0

2B

2Ph

a1

soHg

U decay chain

«4m  Can this seem as
internal 1prong???

20027 AV —T F ik

90



=
3
o
n-Runl 29day data
n 9000 -
g ~ [
C 4500 — 210pg (dry, -20°C
£ fa (dry, -20°C) " gl 21apg (dry, 20°)
24000 —
o8] -
— 3500 —
& —
< 3000 o
S = .
[ |
2500 - -
20003 L= avel o
= —10 =
1500 F 8
1000 [
500 -
D_IIIIiIIIIiIIIIiIIIIiIIIIiIIIIiIIIIlIIII D
0 10 20 30 40 50 60 70 80
Range (um)
218pg or 222Rn (wet)???  >**Po (wet, 20°C)

2024/7/5

100

= o W - w L] =~ o jie]
o [=) o f=] o [=] o [=] o
e \\II|IIII|IIII|III\‘\Illlllll‘\III|IIII|HII|IIII

f=]

=i [\ () - o [o2] ~l o) w
o o o o f=] o o o (=]
e IIII‘HIIlIII\‘IIII|III\‘\IIIlIIII‘HIIlIIIIl\\II

o

WA UM R ] SHEIT TS @ Bk

214

|

Po (dry)

—'— Sample1 (2 day)
+ Sample2 (28 day)




LNGS Run2021 28day sample

210pq (;dry) 2:4P0 (dry)

n 9000 -
g ~ [
C 4500 — 210pg (dry, -20°C)
£ E, ’ == 2P0 (dry, 20°C)
24000 —
m =
c 3500 —
& —_—
< 3000 —
e —
2500 " m
- 218pg or 222Rn (wet)???
2000 —— pvel N 90
— —10 T
1500 F 80
[ 70
1000 F
3 - > .
5[]'-:' :_ & ‘- 50
[ . . . . . . 40
DIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
0 10 20 30 40 50 60 70 80 30
Range (um) 20
218pg or 222Rn (wet)???  >**Po (wet, 20°C) 0

2024/7/5

80

Range (um

214po (wet)

I70

N B - X . w3 - |
NS (MRS S @ O 10 20 80 40 50 B0

80

Range (um)

Vertical

60



2prong Anomaly

Multiplicity

3 (222Rn to 21°Pb)

1 (>30um 214Po like)

2024/7/5

# of event from # of event from 28day

2day sample (/g) sample (/g)
3+-3 6+ 3
72 +- 14 83 +-11
1770 +- 70 2470 +- 60

PR TN SR ] ST @ oK

» 3prong is too few if we assume
as contamination of 222Rn

» 2prong/lprong ratio ~ 4%

» 2prong cannot be explained by
222Rn contamination

» Why 2prong detected such too
many?

93



Ea? (MeV)

2prong Analysis

b

=

i Horizontal - wet like
- (6z1 >80° &&pPz2>80° )
| _—
| 214pq i .
sl 8TV e '
i Non-Horizontal 2> d%ry like
*C (621<80° &&622<80° )
4= g v' 2prong is likely double a-
I  (6.003MeV) decay of 2'8Po and 2'*Po
o -

IIIIIIIIIIIIIIIIIIIIIIIIIIIII|||||I|IIIIIIIIIIIII
% [ z 3 4 3 3 7

14

& 9
2024/7/5 AR [ RS {} !ai&%ﬂ%}g!g) B K 94



Can these be explained by Radioactive Aerosol?

Gas Radioactive Aerosol (0.1~1um diameter)
a
3.8d
S
E v
3prong 2prong lprong

Why is 3prong too few

rom data?? | prong/Iprongratio

Rough expectation by contamination 6.6% (from life time ratio)

v’ 218pg js known to be injected of Radioactive Aerosol
up to a few um depth in
Silicon or Cupper Data (GS 2day SamDIE) 4.1%
Data (GS 28day sample) 3.3%

2024/7/5 IR T ME R HE R = @ BOK 95



n-Run3 4 month sample

Energy (MeV) Event Rate Total Activity
= (events/g/4month) | (mBqg/kg)

199 . :
Confirmed to be 2
orders less by CR1 dry

6.003, 7.687 50 +- 12

218P0 214P0
Rn short decay

5.304 1138 +- 56 10.97 +- 0.54 Contaminated
(Rn long decay) .
— from air

> Accumulated

4.775, 4.668, 4.784 103 +- 17 10.0 +-1.6 during Run

4.198 33+ 10 3.2+09

h These activities are almost 3.3 mBq/kg respectively

According to Fabio’s paper (Astropart. Phys. A 80, 16 (2016)),
226Ra activity is 2.4 mBq/(1kg high deionized gelatin) = 0.8 mBq/(1kg NIT)

Becguse of radiative equilibrium, 2341, 230‘&;*1226R§i233u$5£9;g%9g same activity -



2024/7/5

RNE/ VDTS5 ORITE
[ GeiBlI5E @LNGS]

P-6405
(DERE)

119.6 g

P-6406

(BiRAF21E)

492.13 g

AgBr-|
(from KBr)

1489¢g

AgBr-|
(from NaBr)

302.6¢g

Sample weight
(measuring time) (568107 sec : ~7 (825660 sec : ~10 (1657796 sec : ~ 20 (1158142 sec: ~13
days)) days) days) days)
Type of Ge detector GePV GeMPI2 GeCris GeCris
Ra-228 [mBqg/kg] 30+-10 .. <13 <52 <12
Th-228 [mBqg/kg] 50 +- 10 20 +-2 <3.8 <55
Ra-226 [mBqg/kg] 19+7 —— > 24+ 0.6 <25 <89
Th-234 [mBq/kg] <340 <79 <3300 <220
Pa-234m [mBq/kg] < 640 <44 <2000 <590
U-235 [mBq/kg] <19 <1.8 <35 <9.2
98000 +- 9000 ~— | 50 +- 20

1400 +-200 > <8.7

K-40 [mBq/kg]

Cs-137 [mBq/kg] <45 /10 Er5h 405 <22 1/2000 LL'R g 3

Co-60 [mBg/kg] <29 - <22 -
Ag-108m [mBg/kg] - - 67 +-9 49.3 +- 3.9
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Radon filtering



Zeolite (Molecular Sieve) as Radon Filter

Zeolite

o -
.31*

Hole Size: 3A(K ion), 4A(Na ion), SA(Ca ion)

- 3A and 44 types are usually used for water absorption
in some gases

This hole can capture - 54 type can be used for Radon absorption at low

the large atom temperature (-90 ~ -50 °C)

- However, commercial products cannot be used because
they emit radon from themselves.

— Dr. Ogawa, an expert who has participated in SK and
XMASS experiments, provided us a very clean zeolite
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Concept of Radon Filtering System

VCR connector
Compressor SUS tube

Radon Source Switching

outlet
-90 ~ - 50°C
-HV
g
e8882% ... + % pIN-PD
L/
(1././ 218P0+
2.5nm gas-filter 222Rn
Stirling Cooler \__Radon Detector  /
GND
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Portable Radon Detector Kit

Electrostatic collection method

//—HV * PINQ

S —-———

4
7
7z

o "218P0+ (or 216Pg*)

N

222Rn (or %29Rn)

/"\

bto-Diode

K d Sample/

GND

Daughters of 222Rn and 22°Rn can be detected

- 218pg, 214pg (U series)
> 216pg, 212Bj 212pg (Th series)

k 2024/7/5

Dr. Miake (Tsukuba Univ.) provided us the detection
techniques for radon daughters

Shaping amplifiers
&

AD convertor
&

Trigger system

Raspberry pi 4 B

High-Voltage circuit

B ARAR H@ﬁé

% | SIRTIE S @ Bk v' 2 detectors were constructed,,



Radon Measurement Test

I
=
o,
v
0

—— Radium ball ?18Po 214Po

b siopy
l

Pl ]

—
o
ma

— Air

Decay in air?
(222Rn effect?)

/—M ZIZPO?
500 600

Channel
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Current Status

We are now evaluating NAS clean (2.5nm semiconductor
gas-filter)

- Next step, install the Zeolite

 Remove small fragments with 0.6mm Sieve
Fill zeolite to SUS tube

N2 purge

Baking @ 200 — 300 °C to remove water

Evaluation items

» Radon filtering efficiency
» Air flow rate

» Expiry date

Radon source

After performance evaluation
- Transport Rn filtering system to LNGS

fragments with

a few mm size
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Multi-prong Neutron Inelastic Scattering



Actual Multi-prong Events from n-Runl

Th Star event
(5-prong a-decay from 228Th to 208pp) Deep Inelastic Scattering by neutron

*Projection Image

50 um

Iy
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I\/l U |t I - p rO n g A n a |yS | S . a:splalljtiteJ: (photo-Nuclear)

* W capture (p + p- > n + v, : CC weak interaction)
We found 17 events/(0.65g*28day) with N(Z, A)+ - = N(Z-1, A)* +v,

o ] N‘(Z-1, A)* - N’(Z-??, A-??)+(n+p+a..)
multiplicity >= 3 after excluding a.-decay . Neutron inelastic scattering

Rough estimation of the number of fragments by Geant4

'\

neutron inelastic
: 1 %— - capture & photonuclear

u+ photonuclear

2,

~50 event

T
1

=

Count (/0.65g/28day)
o)

:
I

<0.01 event
41—‘ <0.01 event %
A AT IS DU I A N I 1 P B
9 10
nFragment
Marelikelyeneutron inelastic scattering!

—_
—_

=
M
Lo
s
(5]
(1]
~J
oo

*Projection Image



Interesting Multi-prong Event from 28day sample

Projected Image What is this ??7?
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Kink and 2prong Events are Excluded in
Current Analysis

» Although | feel there are many kink and 2prong events, they are rejected in current analysis because
they might be Rutherford scattering or 2prong of a-ray
» They might be included after redugction of MeV-excess




Topological Analysis of Neutron Inelastic Scattering

Comparison of Simulation and Data

- >
c P . @©
Q 6 r . e
£ I ehm’nal‘y .—10 &
Lfl_,f_i 5 Data @D
— <) v’ Data is topologically similar to
—8 E Simulation?
4 © » Geant4 probably has b ig
g g systematic errors for nFragment
3 ¢ D because there are no data.
%
2/// / —4 O For more detail kinematical analysis,
1_ .
/ uded rom current analysis 2 :
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Kinematics of Neutron Inelastic Scattering
(Suggested by Gianni and Sato-san)

Nuclei

neutron

Initial State G ________

Final State

fragment

Pri 2

2024/7/5

FWASE UM R | ST i @ BOK

Dn, : Neutron initial momentum
Py : Recoil Nuclei momentum
p; : Fragment momentum

If assume py = b, transverse momentum (p,) balance
can be calculated

Transverse momentum (p;) should be a good kinematical
parameter because it is Lorenz invariant!

pr Vector Sum =

D o
i
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» Trying to calculate kinematical
parameter on the MC-base...

» p; Vector Sum cannot be 0
due to:
1. Cannot include p; of
recoil Nuclei
2. Missing p; by neutron

2024/7/5

Relative angle to incident neutron

Relative angle to recoil nuclei
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Flux (/cm?/s/MeV)

Muon Simulation in NIT

Simulation p Spectrum

EXPACS (PARMA model) @ LNGS

specirum
C Enfiss  93HRI0 07
10° == Faun SEGT
E S Coire 117 aae [
107 = L=l i
= Crwirtbre R
1078 ;— Intigyesl 6 S DT
10°® ;— ;
1010 L N
E 1l::'i =
"= 10keV~500GeV pi- flux : 0.0114 /cm?A/s =
1072 - 10
WA NRTTT| B R AW RTTT] BN SN WA TR B S SN W 1171 M S SR U171 RSN N ATIT] M MR TTTT| B A WA =
107" 1 10 102 10° 10 10° E
Eu- (MeV) n
Physics Model 1
. - 1 IIIIIIII 11 IIIIIII | | IIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII
Muon Photo-Nuclear Interaction e = 1 10 e = e 1o
Mugn Ca.pture Eu- (MeV)
Radioactive Decay
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Flux (/cm?/s/MeV)

107
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Neutron Simulation in NIT

Simulation Neutron Spectrum

EXPACS (PARMA model) @ LNGS - e
= 1l:]IIE =— Mcsan TH.74
= § Sid Doy 127.4
E - W o 0
- = Overfow 13650405
E S rtagral  $.880.07
~ 10keV~1GeV n flux : 0.0192 /cm?/s
;Td I IR RTT| AR R TT] B A AN R U111 M R AN RU1T] A S AN R R THT] RN SRR N A1T] B!

107 102 107" 1 10 102 10°

En (MeV)

1 1 10 T'a 10"
En (MeV)

Neutron Physics Model
Elastic : NeutronHPEIlastic
Inelastic : NeutronHPInelastic

EM : Livermore
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Count (/0.65g/28day)

Neutron Inelastic Simulation in NIT

Extract only “Inelastic” of neutron physics process

Atomic Mass of Recoil Nuclei

45—
- 1
a0f- He3
a5 - Ag
= 1
= Br alpha
30—
- CNO +
- t
25—
- ' deuteron
20—
15 :_ tritium
-
10 ; + ] 1
- + t |
— +++ + LR}
5 + N proton
D : = 1 | | | | | | | | L | 1—-‘1"'#I | L -l-—nl-"'"H] | 1 | -J':- | | | |
0 40 B0 80 100 120 140

Atomic Mass of Recoil Nuclei

Atomic Mass of Recoil Nuclei vs Fragment particles

10
JFC(n o)’Be I

0 20 40 60 80 100 120 140

Atomic Mass of Recoil Nuclei
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Neutron Inelastic Simulation in NIT

Extract only “Inelastic” of neutron physics process
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Range of Recoil Nuclei and Fragment

Fragment
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Recoil nuclei, almost CNO, is up to 10 um
in maximum

We identified shortest track with less than

10 um as recoil nuclei, and remained
tracks as fragments
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T. Ikeda, Quantum Beam Sci.4, 22 (2020).
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