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Residuals, cpd/kg/keV

For the Verification of DAMA Signal

» DAMA claims signal around 2 — 6 keVee » Many experiments agree that quenching
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Assuming DAMA signal as neutron background, its energy corresponding to 80 — 250 keV

= Neutron spectrum measurement including sub-MeV region is needed
to verify the DAMA signal!



Environmental Neutron Measurement @LNGS
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Neutron Detection Principle by Nano Imaging Tracker (NIT)
NIT film
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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

Deep Inelastic Scattering

Self-contained target

880 keV neutron w0 fragments
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n+“N->p+14C+0.62 MeV
2 barn @ 26meV

Additional target

Li (2.5 um) 3H (41 pm) -
- ™

a (4.8 pm) & 8

L

Boron powder

4 (7.3 um)

n+1°8 = q+ Li +2.31 MeV n+5%Li 2> a+3H+4.78 MeV
4000 barn @ 26meV 950 barn @ 26meV

Reconstruct 3D trajectory with sub-micron accuracy
—> can obtain position, energy and direction
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High-speed Readout and Image Processes

PTS system @ Toho Un|v

Image Analysis (0.2s /170 frames)

h- 1 : ml ‘ { YT Tomographlclmage Acquirement (0.5s / 170frames)
High-spee N ;
8 PE Al (a) Raw image GPU image filter + (b) 3D tracking (c) 3D crop |mage
Camera . Contour extraction
Zv r ‘
\_ 170 frames / FOV j

X
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Z direction (um)

Achieving 0.5 k r/machine with 1 um ran
chie g 0.5 g/yea / ac ewit H ange cut T. Shiraishi, et al., PTEP 2021 4, 043H01 (2021)
T. Shiraishi, et al., Phys. Rev. C 107, 014608 (2023)

Under constructing an upgraded PTS machine in Kanagawa Univ.

w2 expected to be 1.5 kg/year/machine until Apr. 2024 6




Convolutional Neural Network st using 20cony for 30 image ®

Training Samples Input image size
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Background in Neutron Detection

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

/

o-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)



Calibration with Monochromatic Sub-MeV Neutron

880 keV neutron

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

Calibration sample
with thermal insulator

g (R
tra system

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

2023/12/14

|
I
I
1
I
I
\ 4

* 10 pm

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

Range cut (1 um)

I|lIII|IIII|IIII|IIII|IIII|IIIIIIlI

oO

0.1 02/03 04 05 06 07 08 09 1

cos9
En cos20 9



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 (< 200 keV)
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Calibration — Angular and Range Dependency
of Detection Efficiency

Horizontal Vertical
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Environmental Neutron Measurement by NIT @ LNGS

o n-Run2 Motivation of Surface Run
¢ (May 2022) > Demonstration of spectrum measurement for
Wit = n-Runl )
5 E (Nov. 2021) environmental neutron and CR-DM search
° 1 . . . .
nga o , | » There is no detailed data in the sub-MeV region
% - Surface ground . | n-Rund even on the surface ground
$10° | . (Oct. 2023)
& ETemeemmeo- e E LR ——-m— - Refrigerator Box
10 : - 7 % «———t2em
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'E | (Jan. 2023) A 12
107" = : : Samplel
— : I
.H]—E _l | | | 1 1111 | I | | | 1 1111 | I: | | L 1111 |
o

2

10 Analysis Scale (g mnnlﬁ}

—

v" Without shielding!

because there is no sensitivity for muon and gamma
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Fvent Classification e Single-prong Event \

Neutron elastic scattering Single a-decay from 21%Po
Nano Ag Layer (Top)
0% 0, @ 0,%, 0, 0 0,%, 0,00, 0,¢ ¢
I =
op Cut || S
c Multi-prong !
= Single-prong (>2 um) 5.3um 2 '
:kg — \ (Ep % O.SMEV) g (Ea ~ 5'30MEV) ’
Fiducial Volume
e i - . Muiti-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, we focused on sub-MeV region (2~14um -
0.25~1MeV) of Single-prong event to analyze with
background free




Event Rate (events/(g day))

Event Rate (events/(g day))

o o o O

Data/MC Com pa r|Son (n_Runl) MC : Geant4 + PARMA model

Proton Energy

T. Sato, PLOS ONE 10, e0144679 (2015)
T. Sato, PLOS ONE 11, e0160390 (2016)
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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

"> Due to low efficiency Data: (8.4£1.8) x 10° cm™s™

1

2w  fOF Vertical T. Shiraishi, et al., Phys. Rev. C 107, 014608 (2023) 14
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MeV Region (n-Runl)
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Reduction of 21*Po Contamination at Drying

Hall F (NEWSdm facility)

Proton Energy w—
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Nn-Runl and n-Run2 Results
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v As expected
v sub-MeV signal increase
v’ 210pg-alpha increase
v Offset background in MeV decrease

Thermal neutron signal can be seen significantly
- Thermalized due to surrounding materials?
or attenuation by water contained in rock was
suppressed? L7



n-Runl and n-Run?2 Results (*after reference subtraction)

Proton energy spectrum (linear scale) (log scale)
T;—?; 45 1N(n p)liC —+— Data n-Run1 %» - —} Data n-Run
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v Thanks to reduced 2*Po contamination, MeV spectrum close to the simulation
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Neutron Run Go to Underground

214pg contamination | Exposure Time 2 diluCed AUELELL Proton Energy
Installed Place (/e) (days) Scale Scale Threshold (keV)
8 y (g*month) (g*month)
nRunl g rface ground 0(1000) 29 2 1.3 250
(Nov. 2021 - ) g '
i e 0(100) 58 20 2.1 250
(May 2022 -) & '
n-Run3 Underground 0(100) 120 30 14 100
(Jan. 2023 -) Hall C& F Analysis ongoing
n-Run4 Underground O(1)
(Nov. 2023 -) Hall C (using CR1) 120 100 100

Exposure ongoing

At least 10 g*month scale is needed for underground neutron measurement

2023/12/14 19



n-Run3 (Underground) Result P
Proton Energy in sub-Meellm/'nar
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v" Sub-MeV neutron signal clearly decreased because of underground

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



n-Run3 (Underground) Result

210P0
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n-Run3 (Underground) Result

210p0
1 —22

Wet condition p~ 1g/cm?3

A

C0s6z

20
18

Dry p=3.1g/cm3

» \ ~1lmm I 50um

Vertical

[IIIII|IIIIIIIII|II[||I1II|I|II|IIII|IIIIIIIII

Horizontal

é“‘o»"@

Mis-reconstruction

* Mis-reconstruction of a-track from %14Po accumulated at wet
condition?
— Should be checked by next n-Run4 (low ?*4Po contamination)



n-Run3 4 month

n-Run3 a-ray Analysis
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| nt ri n S i C a ACt i Vity 228Th star(5 prong oc-ecay)

Expected # of event # of event from # of event from
o Multiplicity by Ge detector n-Runl n-Run3
(g month?) (g month?) (g month?)
5 (*%Th to 298Pb) 1612 (Th) 15+5 15+3
1 (238V) 2.110.5 (V) 8.4+1.4 y-ray measurement by
Ge detector
(228Th: 6.00.6 mBq/kg)
1 (234U, 230Th, 226R3) 6.3+1.5 (U) . 26+3 (22°Ra: 0.8*=0.2 mBqg/kg)
+
1 (219p0) 2.1£0.5 (V) 165416 790+23

N 4

210po seems to be increased from n-Runl
2023/12/14 24



summary

> T. Shiraishi, et al., PTEP 2021 4, 043H01 (2021)
* 3-dimensional sub-micrometric tracking technique has been developed for NIT
analysis
* Achieved 100 keV threshold analysis for recoil proton with 0.5 kg/year/machine
= Analysis speed will be further upgraded to 1.5 kg/year/machine

e Neutron run in Gran Sasso

e Surface run (n-Runl, nRun2)
e Succeeded to measure neutron spectrum and direction - T. Shiraishi, et al., Phys. Rev. C 107, 014608 (2023)

» 214pg contamination problem was found
- Solved by using radon free room at the sample preparation in current experimental scale

e Underground run (n-Run3, nRun4) Preliminary
* Aiming 100 g*month scale to measure neutron spectrum
e Unknown horizontal background were found in < 300 keV
* Maybe mis-reconstruction of alpha accumulated at the begging of sample preparation?
* |f we avoid this region, there is no signal in sub-MeV region as expected
* n-Run4 with further 2 orders lower 214Po contamination is now ongoing
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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



Comparison of Nuclear Emulsion

Nano Imaging Tracker (NIT) type

OPERA type
AgBr:| crystal (SEM) \ [ AgBr:l crystal (SEM) \
: ; : ,. ,,;, *

-
‘ :
T
- -
Range ~ 200nm
'

| ‘e M & | :
m@MmV/n Fe ion 60keV C ion / \ 500MeV/n Fe ion 60keV Cion 23 /




High Energy lon Track in NIT

C 290 MeV/n

Xe 150 GeV

2023/11/14

Ar 500 MeV/n Fe 500 MeV/n

/— Spallation of 150 GeV Lead Beam —\

Multiplicity
Emitting angle
Energy

Brightness (dE/dx)

29



Actual Multi-prong Events from n-Runl

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

50 um




Analysis flow (n-Run?2)

* Chain tracking (2um) = CNN (2um) = Manual check

* CNN training sample
Effect of CNN cut to n-Run2

e Signal l cutto
 AIST 880keV neutron @ -26 deg. (EGS012 wash4) range distribution
* n-Run2 2 month signal @ -15 deg. (EGS016) 60 1 o ction
¢ NOISG [ 97% rejection

* n-Run2 2 month noise @ -15 deg. (EGS016)

I H HEl noise 100 e
I Applied cut e N

i

[=1]
o

'y
o

Cut efficiency (%)

11 95% noiserejectio
with 99% efficiency

|
20} 1
|

—e— signal N
I —e— noise 0 10 20 30 40 50
0

> 0 @ s 8 10 ) 20 p o0 s 00 Range (um)
Signal like (%) Cut of signal like (%)




Classification

Signal
(R>=3.5 um)

Signal
(1<=R<3.5um)

Noise



1st Surface Run (n-Run1l) for Environmental
Neutron Measurement @ LNGS

Motivation

» Demonstration of spectrum measurement for
environmental neutron and CR-DM search

» There is no detailed data in the sub-MeV region even
on the surface

Refrigerator Box

Sample2

Samplel

n-Runl Setup

Sample 1

Sample 2

Surrounding environment

Portable freezer box (outdoor)

Altitude

1400 m

Expected angle-integrated
flux of nLlI]u.*-;p}]cric
neutron in 0.25 — 10 MeV
(assumed water fraction
in ground as 20%) [13, 14|

9.0 x 107 nf((‘lllz s)

Operation temperature

—20 °C

Run start date

24 Nov. 2021

Preparation time in

2 2
underground (days)
Exposure time (days) 2 29
Installation direction Horizontal
Analyzed area (cm?) 46.7 99.4
Analyzed mass (g) 0.65 1.35
33

2023/12/14 * Recoil protons are accumulated O(2) events /(g month) on the surface




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

.
o]

no
o

[0 ]

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

u Bl s

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

v Observed signal increase consistent with

environmental neutron signal
2023/12/14

Detectable neutron spectrum with 2 <R < 14 um
(0.25<Ep<1MeV)

\

%?104;_ . — Qriginal
o [ £ | Detectable
510 2
T -3 .
S 42l £ 1 1%N(n p)'“C reaction
E |
E F £ 1 (Q=0.62MeV)
o [ o !
Z 10 o3 !
= |
- & | - 0.25<En <10 MeV
e & ! - 9.0x103cm?s! @ LNGS surface
SR/

10 1

10 10 | 1 10 10
En (MeV)

Assumed neutron spectrum expected by PARMA model

T. Sato, PLOS ONE 10, e0144679 (2015)
T. Sato, PLOS ONE 11, e0160390 (2016) 34




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

Simulation for Surface LNGS-rUN T s pLos one 11 s0160350 (2016

Zenith angular dependency of neutron Conditions for PARMA model
spectra expected by PARMA model Altitude : 1400 m.s.I. Date : 1 Dec. 2021
- | : | Latitude : 42.5 deg Longitude : 13.6 deg
P 5 Surrounding environment : Ground
- / En < 1Me‘§/ is almost isfotropic Water fraction in ground : 20%
5 Zenith Anégle Energy integrated flux in 0.2 - 10 MeV
B x10°
I oL W R T 055 T
- | o0degree be e | Anisotropy
- I N
- 60 degree o 07F i oS G B
I U PP e s et et © 6F
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Expected Result from Next Run

Analysis scale vs Expected neutron events
Expected Sky Map assuming the flat neutron angle

3g lyear
E - 3g]1nonth : ey . R uniform
S0t wlE- s Enios TOD |
5 E (Next Run) ! m Mean 004573
E - I C Meany 0.05219
E10°= : il AMS x 5198
510°E | - RMS y 5198
% = I o
e r ! m
g10°E : 2
g E
w _ I
10= ;
= | 27
1 Underground ! oF
= : 40
- l -
w0k | o
= [ -
— B —
10—2| L Lol L Lorraal !I Lrraal [ e
107" 1 N X

10 Analysis Scale (g mnnm}
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2nd Surface Neutron Run (n-Run2)

Condition

Exposure Time on

Surface (day)

Analyzed Mass
(g)

Average Rainfall in
Assergi (mm/day)

n-Runl
(Run start from
24 Nov. 2021)

n-Run2
(Run start from
25 May 2022)

2023/12/14

Dried on granite
table

Run @ -20°C

Dried in chamber

Run @ -15°C

29

58

0.65

1.35

0.95

1.08

4**

4**

1.4

** Estimation from
Nov. — Dec. 2022 data

37



Neutron Flux

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

< 10° 10° =
:; ot — water frac 20%
=
@ 10’ .
(\E 102 10 _B_I 1 _|6 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))
e 1 ;
310" Linear
=107 T .

10 ool I e v' PARMA model take into

4 AT ] — water frac 5% =]
10° 2 account the neutron
-8 B f 10% .
o 0.0008-{ neteriee reflection by surface ground
107 — — water frac 20%
. -
o Expected by PARMA model 0.0008- v Especially, epi-thermal
1‘;,0 0.0004 neutrons flux depends on
IIIIIlIJJ_I_LLLI.IlJJ ||IIIII‘ IIIIlI.lLLLLLIl.lIJ |IIIIllIJ IIIIIllIJ LI ’ 1! B . .
107 10° 10° 10* 10° 102 107 1 10 10° 10° 10° water fraction in rock
En (MeV)
0.0002
thermal  epi-thermal ", | fast,
2023/12/14 8 - — -2 0 2 4

log(E. (MeV)) 38



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



Neutron Spectrum at LNGS Underground

Expected Underground (Hall A) Neutron Spectrum

. {ce n) of U238 chain
. (e n) of Th232 chain
. Spontaneous fission of U238

Tunnel structure by GEANT4

S$0.24
e022
=0
= 02
So.18
N
~0.16
e
e0.1-4
50.12
(1)}
< 01
0.08
0.06
0.04

Attenuation

Std Dev 0.3857

10°

After attenuation

10

10%

0 1 2 3 4 5 6 7 8 9 10
En (MeV)

102

1 1 11 | | 1 | | 1 1 1 1 | I | I | 1 1 ’V | | I | I
-6 5 -4 3 2 - 0 1
log_ (E [MeV])

|
=l

Neutrons attenuated by water contained concrete
—>Spectrum spread to thermal region



u spallation

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

102
X\

Surface
OROVILLE (USA)

/

IMB (USA)
SOUDAN (USA)

[ ]

10 "4 CANFRANG (Spain) 7/
ST. GOTHARD (Switzerland)

KAMIOKA (Japan)
BOULBY (UK)
GRAN SASSO (haly)
HOMESTAKE (USA)

/

=3 FREJUS (France)/
MONT BLANC (France)

SUDBURY (Canada)
_BAKSAN (Russia\

/

0 1000 2000 3000

4000

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.

5000 6000

Underground muon rate is
about 6 order less than Surface

)

Almost negligible



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
3 293031 ¢+ » « 8




Detecting directly exposed protons

150 keV proton

Automated
detection

Ion implanter @ Kanagawa Univ.

Recognized tracks »



Detecting directly exposed protons

IFM |
NI

ﬁ

Ion
Beam

Detection event vs location(mm)

|II|I3IIIIIIIIII|IIIIII

80keV

100keV

60keV

50keV 40keV . 30keV

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.

&



Detecting directly exposed protons

Detection event vs location(mm)

100keV

Mask X(mm5

AN

2 T 80keV
S son- e
o) 60keV
O N ey
Ll 50ke
= - 600 | 40keV  30keV
400 E\J
Ion i ]
200—
Beam -
0_ | | | | | | | | | | | | | | | | | | | | | | | | |
10 20 30 40 50

Ion exposure m» 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.

46



Detecting directly exposed protons

150keV angle distribtion

Efficiency= 2500~ N
(#of detectioneniT)/(#of deteciotneirm) - lo=4.5
2000 |— §
x:0.7pmCut -
1 x:0.2umCut X 1500 |—
O:0.7pmCut(*With angle information) ' E
O:0.2umCut(*With angle information) - i
0.3 1000 .
Q ' | ot F ! +
o X ® PR e A I R +++++++'#+.++41++T++ﬁ+++ﬂ+mw.+
= 0.4 : ! 0 20 40 60 80 100 120 140 160 180
L I*( o
o X With angle information
0.2 X o - The angle distribution is Gaussian-fitted,
X % X @ i( and only components with angles within
0 © 8 o 30 of it are considered as detection events.
0 50 100 150

Proton Energy (keV)

*With angle information: Gaussian fit results for angle distribution

Number of components with angles within 30 7



Detecting directly exposed protons

Detection event vs location(mm)

ooV

X(mm) vs Ep(keV)

I350

300

Entries 352269
Mean x 25.58
Mean y 78.17
Std Dev x

150keV choiid =
100keV i

200

47.96 250

200

Ep(keV)

8okeV
60keV

100 150

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.

- The correlation between irradiation energy and irradiation position is also visible. 4



Detecting directly exposed protons

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

x:0.7umCut
1 x:0.2umCut i
O:0.7pmCut(*With angle information)
0.8 O:0.2umCut(*With angle information)
S 0.6 ;
v |
Q X |
2 ¢
o 0.4 ; ,
X )
: X
0.2 . ®
¥ x ¥ g X °
0 ® % % ® ®
0 50 100 150

Proton Energy (keV)

*With angle information: Gaussian fit results for angle distribution
Number of components with angles within 30

Ep (measured)

B t
1400 A

: i —150keV’
i / #&-—ﬁ —80keV
00l ﬁﬂ + +‘4j.+
600 EHLPF; {} +

- A T
o0 if +JrH J%ﬁ By

- A b Wi i

0

| 50 100 i: T 150 (SE=L Ly e w

’ Ep(keV)
4000 - Angular distribution
=oE /ﬂ —150keV
. L 3000 — ] J( ﬂ
wradmtuggﬂgl irection by | —80keV
20002— J( : H
1500 - i +++++++ f
E J( i+ ++++1:
1000:— Jr i
oy i, *M i LTy +
ol e,



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

0 2 4 6 8 10 12 14

: N_e;trozn expolsured sample The selection accuracy is 20-50% at around 1 pm,
\ NS Sampie / and almost 100% at 2 um and above.

20



Monochromatic Neutron Calibration



Calibration with Monochromatic Sub-MeV Neutron

PID control system

Monochromatic 880 keV neutron exposure at AIST Wheatstone "
Bridge O B8, aaa emmmmmmmmmmemmmemmmmeeemeeeeeeees SoC FPGA (DE10-nano) -------
) FPGA
Calibration sample g - B y e L s

with thermal insulator Wi s Sk O P Pt Sensor | A ] e ] :
o 1 Riid e . Sample lAQC data PID control i
| A Mount Men*jmry CPU .
(DDR31GB) (Ubuntu)
5 3 DA data f |
. Y, Vref+5v | l 3 / :

St';"crfﬁgg;'er Control pAc [ : _| 12bitdata | va

( ) : ‘ |

(MCP4921) \ :. to SPI H J/’Tcp/”) (Remote)
e mmmmmoooilizzzizozoocs '_'_______________;,é _______________________
PC

Sample temperature profile

Cooling Start

=
=

o
2
=
o
()]
Q.
E
@
~ Stop
()] :
o H
g Neutron Exposure
» (7.88 hour)
Spm va-v-w-——-—«-—
30||.||I1||1|||1||||1!||1||111|1|E TTarggt
2023/12/14 o 5000 10000 15000 20000 25000 30000 (—gﬁi C)

Time (s)



Analysis of 880keV Sample

Beam center

Optical Mark (LT)

Scan Area

2023/12/14

Y (mmy}

Optical Mark (LT)

Proton Event Map (Range > 3um}

Beam center

=1

-158

20

—25

=]

350

Dﬂ

i

3
X {mmj}

400

350

Y Projection

Attenuation by NIT or gldss

X vs Phi (Range > 12um}

<=

X (i)



. . Neutron Scattering Model: _ _
SI m u ‘ at | O n e G4HadronElasticPhysicsHP » Tracking step for recoil proton: 0.1um
* G4HadronPhysicsShielding

» Angular dependency of Energy and Flux
in T(p, n)3He reaction is considered

/ : \ Electromagnetic Model:
Top View X e G4EmLivermore
26 mm 1

£ NIT
e
2 3mﬂ
Y, Osars i -

N

/ Neutron
Analyzed Volume

(15mm x 5mm x 20 um)l

Side View 5
Y, 26 mm 4
£ NIT v
=4
3 -
< ~| Neutron

2023/ / *Line color corresponding to neutron energy -,

=

214



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 |

e olor corresponding to neutron energy

I Reset Camera

© Hat

7 Draw Precise Lines

&
¥ store Events.
top
I Reset Camera Alm
Draw Mode S
@ Track sk
: H'f“ 7 Set newars! racks visivle
it
o st ¥ Set EM components vaible
. Kinetic Ecut kev) «
¥ Draw Precise Lines zvat i o=
Momentum cut =
[N Select Only lonizing RN 2=
55 ot (ke 0%
toy = Range cut (mm) 0=
3 g Edep cut (V) o
Alm -
> B Setting
—Filter Setting—————————| Scaling Mode
- e €
[¥ set neutral tracks visible A,
e IS — L
¥ set EM components visible P ::,:,
Kinetic E cut (keV) 0
> NBins 103
Momentum cut (ke o N vt oy
Mass cut (keV) o saxtkeVormm) | 1000 >
Range cut (mm) o
Edep cut (keV) 0

[ Bin Setting

Scaling Mode
@ KineticE
C Momentum
C Mass

€ Range

[ I Setbinlog scale Command
fl \ Command (local

AIST 2019 Neutron Fluence

— 10°
E = E 5000
NBins [ w02 = T C] F
Min (keV or mm) 15 = x —_ —
Max (keV or mm) mg ‘ = = aE; 0.8 : “E 7\-
I” Set binlog scale Command c - L 5 N
w — =
B = 07 -nergy 84500 Fluence
| £ E s L
2 08F o L
0.5F 4000
0.4 B
0.3F 3500 i
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Correlation of Proton Energy and Range in NIT
(GEANT4)

—2000
=

§1 800 — ....................... ....................... ....................... ......... . ..... 1 \*"” ......................
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1400 |— - ....................... ................ f ....................... S ......................
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1000 — _______________________ ______________ _______________________ _______________________________________________ ______________________
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400

200 =
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Angular dependency

AIST 2019 : 880keV neutron sample

_ 0<cosbz<0.1 0.1<cosbz<0.2

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

jo))

0.2<cosb6z<0.3

0.3<co0sbz<0.4

W

~0.7<c0s62<0.8

__0.8 <cosfz<0.9

0.4 < cosBz< 0.5

PRI T RS R BT B L PPUTR L e

ki TR

P IR |
2 4

Rp (um)




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

- B ; 4tuummmnnmum
N ore2ction Fir Hu“u[”t{lfl}liml\ {ll J;‘ i MI'IMIIIIMHHIII!NIIIIIIIV ﬂﬁm'
! R

thunn 1l

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

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

2023/12/14 58



Detected event in Boron or Lithium contained
sample

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

’Li (~2.5um)
il

\

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 0694 0996 0.3
event(N/B) ~ = 0.17
B 0.042% 0.01 10B 20% 620 barn 001 02 620
Simulation in B contained NIT
Polyetheren of of
- — Proton C
8; 1.8:—
B contained NIT - —Alpha -
i+ .61
C — Li B
6:— 1.4:—
- 1.2
5F -
C 1
41— C
C 0.8_—
3f -
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
0 02 04 06 08 1 12 14 16 18 2 0 1 2 4 5 7 8 9 10
Recoil Energy (MeV) Range (um)
2023/12/14 61



Calibration of a-ray detection



Radon Daughter Contamination

Condition Analyzed mass # of internal # of top a
(8) event (/g) (/cm?)
Runl6 ID1 Aside Dry in Rn free room 0.24 4+-4 0.9 +-0.2
Run16 ID1 Bside (shielded) 0.47 43+-3.0 1.1+-0.2
Runl6 ID2 Aside Dry in Rn free room 0.50 8.0+ 4.0 0.3+ 0.1
Run16 ID2 Bside (no-shielded)
Run15 ID3 Aside Dry in Rn free room 0.27 4 +-4 0.48 +- 0.14
+
Run15 ID3 Bside Hall F (35min) 0.38 3+ 3 1.1+ 0.2
Run15 ID5 Aside Dry with buffer boxin 0.58 4349 0.40 +- 0.09
Rn free room (Almost thin tracks)
Run131D11 N2 purged dry 0.16 <14 (90% C.L.) 0.1+ 0.1
Run13 ID8 Normal dry 0.08 650 +- 90 50 +-3
Run? Normal dry in Shield 0.44 220 +- 20 11.0+- 0.5
n-Runl Dry outside chamber 0.65 2200 +- 60 280 +- 6



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

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

> 15 events/(g 28day) > Th star event is useful for calibration of run condition,

a0G

such as brightness or E-R relation
» It should be accumulated during run, and 5 prong
event can be identified as 222Th to 2%%Pb
» 5.423,5.685, 6.288, 6.779, [8.785 or 6.051] MeV

spha

iy

a5N

At 6.285
i e ~64%

216 212
g4F P Po
01455 02831 s
| - (6;11_2%6i% 225z
5B 6773 )| 6055m [ 9726765
1 (35 94%)

- RS A ‘ [7] o,
a2 10.64h 0335 || 6.051 e
0574

1 BT 8 1.80
8 3.053m 1.28

~36%
2002F T AV —TFIE




E, (MeV)

10

o-energy calibration with Th star

P -

2023/12/14
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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])
( st | 4 (22%Ra to 2%8Pb via
212pqg or 208T])

4 (2%°Ra to ?1“Bi)

3 (%%2Rn to 214Bi)

1 (238U, 234U, 230Th)

1 (20po)

2023/12/14

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?

ARV 31|

% THOZFLF—
-1 [ i

MWy 0.0532- 1.1%

0.242
0.285

0.352 -

7.5%
18.5%
35. 8%

, 0.609
2H
Ll 0.768

1.764
2,204

1120 -
1.238 -

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)

160

140

120

100

80

60

40

20

Ea Spectrum

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

v" No time dependence excess
-> Short life time alpha decay?

2023/12/14

E_ —t— Nagoya 31day FAN128gf /
f— —t— GS 28day EGS014
- | —|— GS 20ay EGSO14 ’
E_ v’ 210pg peak (5.304MeV) have 1
= time dependence ' 1
— = Accumulate during the Run
— \ 1]
hout L«dﬁﬂkj
L1 '|ﬂ+!|!+|'|' wpil= TI++|'|'I' i
0 2 4 6 8 10 12

aFr

asFN

T

aaPo

2B

2Ph

a1

soHe

U decay chain

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

2002FE T AV —TF R
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Count (g

n-Runl 29day data

¢n 5000
]

210pg (dry, -20°C) = 'I:

& 4500
= 214pg (dry, 20°C)

)
24000

c 3500
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@
< 3000
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LNGS Run2021 28day sample
¢n 5000
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2prong Anomaly

# of event from # of event from 28day
2day sample (/g) sample (/g)

Multiplicity

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

3 (222Rn to 219Pb) 3+-3 6+-3 .
» 2prong/lprong ratio ~ 4%

» 2prong cannot be explained by

2 72 +- 14 83 +-11 222Rn contamination

» Why 2prong detected such too
1 (>30um 2%4Po like) 1770 +- 70 2470 +- 60 many?
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Ea? (MeV)

2prong Analysis

b

=

i Horizontal - wet like
- (6z1 >80° &&pPz2>80° )
[ —
| 214pq i .
s 7OFMeY) '
i Non-Horizontal = dé‘y like
T (021<80° &&622<80° )
4= g v' 2prong is likely double o-
I  (6.003MeV) decay of 218Po and 2!4Po
] -
_I | | 111 111 L1111 L1111 L1 11 i 111 L1 1.1 L1111 L1111
- ST S S R
. Eal (MeV)
/12/14 71



Can these be explained by Radioactive Aerosol?

Gas Radioactive Aerosol (0.1~1um diameter)

W Contamination

prong 2prong lprong
Why is 3prong too few

rom data?” | prong/lprongratio

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

v' 218Po is known to be injected of Radioactive Aerosol
up to a few um depth in
Silicon or Cupper Data (GS 2day sample) 4.1%

Data (GS 28day sample) 3.3%

2023/12/14 72



Intrinsic Activity (Chamber dry & Underground)

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 mBqg/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)

Because of radiative equilibrium, 234U, 230Th, 226Ra, 238U should be same activity



Multi-prong Neutron Inelastic Scattering



: : Candidat
I\/l U |t | - 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)* +,

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,

Count (/0.65g/28day)
o)

~50 event
105— I
5 T
L Ll o
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More likely neutron inelastic scattering!

*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 reduction of MeV excess




Topological Analysis of Neutron Inelastic Scattering

Comparison of Simulation and Data

- >
- P . . C
g ° I rellm’nary .—10 2
E 5 Data @D
L'E' o v’ Data is topologically similar to
—® E Simulation?
4 © » Geant4 probably has b ig
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 :
{] 0

2222222222

\




Kinematics of Neutron Inelastic Scattering
(Suggested by Gianni and Sato-san)

Nuclei

neutron

Initial State G ________

Final State

fragment

Pri 2

2023/12/14

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 =

> b
i

79



» 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

2023/12/14

Relative angle to incident neutron

Relative angle to recoil nuclei
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cosf

Relative p; to recoil nuclei
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Vector sum of relative p; to recoil nuclei
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Flux (/cm?/s/MeV)

Muon Simulation in NIT

Simulation p Spectrum
EXPACS (PARMA model) @ LNGS

Spectium
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Flux (/cm?/s/MeV)

Neutron Simulation in NIT

Simulation Neutron Spectrum

specirum
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= 10 E Mcsan TH.74
= = Hid Dow 127.4
107 = - Urcar o 0
= —— Cheerfow 13650405
102 & =
= nlagral  %.9860+07
107 é—
107 %—
10 é—
10°® ;
107 é—
10—3%” | IIIIII| | IIIIIII| L1111l | | 11 |
10°° 102 107! 1 10 102 10°

En (MeV)

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

Neutron Physics Model
Elastic : NeutronHPElastic
Inelastic : NeutronHPInelastic

EM : Livermore
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Count (/0.65g/28day)
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Neutron Inelastic Simulation in NIT

Extract only “Inelastic” of neutron physics process

Atomic Mass of Recoil Nuclei
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Atomic Mass of Recoil Nuclei vs Fragment particles

10
He3 JFC(n o)’Be I
alpha ‘ ]

deuteron

tritium 107

proton

0 20 40 &0 80 100 120 140
Atomic Mass of Recoil Nuclei

84



Neutron Inelastic Simulation in NIT

Extract only “Inelastic” of neutron physics process

Range of Recoil Nuclei and Fragment
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201 » We identified shortest track with less than
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