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Where we are?

directional
sensitive detector

detecting K geo-neutrino

resolving vertical and
horizontal flux differences

iImproved

<
accuracy,
L/

distinguishing mantle contribution
Th/U ratio

radiogenic heat in the Earth

first measurement in 2005




Motivation MH;\:Q?G
PrzL;TcL)Jerce:ts Conclusions




Neutrino

Detectors

Icelube Lab
50 meters = ’f_'..f"':"‘_‘,-‘_f;,'.:':“‘:';
\A

IceCube Array
86 strings, 60 seasors cach
5,160 optical sensors

| Deeplore
& STrngs aprosized
far low energies

1450 meters

Eiffe) Tower
A 324 meters
2 A0 meters L

2820 meters

What do you wan

Statnless Stool Sphorot
2212 PMIs
1350m*

scintillator:
270t PC+PPO

outar Vessal: 5,501

inner Vesselr 1,25m

Carbon stocl plates < . 7/
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Neutrino Detectors

Statnloss Stool Sphorot
2212 PMIs
1350m*

IceCube Lab
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| 86 strings, 60 sensors cach

1,450 meters DeepCore
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(nr low energies
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2820 meters
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Neutrino Detectors : reaction

IceCube Lab

_— 2
50 meters - o =

IceCube Array
86 strings, 00.4 wsors eoch
5,160 optical sensors

Deeplore
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for low energies

1,450 meters
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Water vs Liquid Scintillator
Water Liquid Scintillator (LS)

experiments | Super-K (lce-Cube, etc.) KamLAND (Borexino,
SNO+, JUNQO, etc.)

larger

target volume 50,000 t @ 1,000 t
light Cherenkov Scintillation
. . blighter
ight yield 6 p.e./MeV 400 p.e./MeV
E = E =
higher energy lower energy
reaction scattering scattering/Pagound

inverse 8 decay

directionality T é
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Directional Sensitivity in Water

Solar neutrino measurement with Super-Kamiokande

1496 days

Event/day/bin
N
|

Electron total energy: 5.0-20MeV

4

1
i 22400 & 230
" SK- solar v events
0 L oy oy o A ow o posmoa 0 pow g op g o g o
-1.0 -0.5 0.0 0.5 1.0
cCOosS O

sun

Ling imaging water Cherenkov detector can have directional sensitivity.
They can separate solar neutrino event from backgrounds.



Neutrino Detection in LS

04 1.0 2.6 8.5 Observed Energy(@KamLAND)
Solar Geo Reactor Supernova [MeV]

electron scattering
vile —spyde” Inverse B decay De—l—p—>e+—|—n

* solar neutrino Vx * geo neutrino
e * reactor neutrino
* supernova neutrino
Vx )‘\ -
‘ e ve ) [

neutrino detection by electron scattering

¢ e
N1
- = v
Advantages ( thermal diffusion “a”
_2 flashes have space and time correlations delaye’

- Eliminates background Y (2.2MeV)

Disadvantage C anti-neutrino detection by inverse B decay
- No-directional information
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Advantages of inverse 3 decay

Advantages

- 2 flashes have space and time correlations
- Eliminates background
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Advantages of inverse 3 decay

Advantages
- 2 flashes have space and time correlations
-Eliminates background 1. select delayed event
- ' example data @'KamLAl'\lD
0.511MeV) §1o° oy : :
prompt | 2 ;
Ve > (0.511MeV) 3‘0 g
AT= 200usec n-s_ 10 :
oz ;'”-,\ |
thermal dn‘fvusmn< ~ d 1 lul
delayed RS

o1 3 4 5 6
Y (2.2MeV) Delayed Energy [MeV]

, . ; fixed energy!
delayed coincidence 2.2 MeV(proton capture) or 4.9 MeV('?C capture)

99.5% 0.5%
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Advantages of inverse B decay

Advantages
- 2 flashes have space and time correlations
- Eliminates backgrounad 2. search prompt event
example data @KamLAND
0.511MeV) § 5 Space
i £
prompt g
Ve - (0.511MeV)
AT=200usec N~ _
,ifévJ:‘;’: ~ d
. C ‘ S e e L i T N P
thermal diffusion * 50 100 150 200 250 300
delayeg .
/ fime

:
Y (2.2MeV) -
“delayed coincidence” :

1
200 400 600 800 100012001400 160018002000
AT [usec)



Advantages of inverse B decay °*

Event Reduction Status

Advantages @ @ 10"

-2 flashes have space and time correlations & _Delayed Coincidence
. ) _
- Eliminates background 5 10 F ~2.03x10
: £ 107 O T S
reduction factor ~10-4 2 x  6.0m Fiducial Cut
" F~0.016
10 1o Likelihood Selection -~
10% 10° ~ F~0088

1 2 3 4 5 6 7 8 9 10

Events/20keV

106

Noise, Flusher Cut

104.

anti-neutrino candidates

2249 events
- (in 6.5 years)

10°%|

| Muon Veto
Delayed '
Coincidence ‘ ui'wln |

0 5 10 15 20 25 30 5 10 15 200 25 30
Prompt Energy [MeV]




Directional Sensitivity in LS

Water

Liquid Scintillator (LS)

experiments

Super-K (Ice-Cube, etc.)

KamLAND (Borexing,
SNO+, JUNQO, etc.)

larger
target volume 50,000 t @ 1,000 t
light Cherenkov Scintillation
blight

light yield 6 p.e./MeV 400 p.e./MeV o

== ®
higher energy lower energy
reaction scattering scattering/°agground

inverse B decay )

directionality

O

+ Make the impossible, possible!

+ Breakthrough technology for “next generation” detector.

s Q)
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What we can measure?

1. large size detector (1kt~)
geo-neutrino
- distinguish mantle from crust contributions
- separate reactor anti-neutrinos

geo-neutrino angular distribution @Kamioka
1. Shimizu, Nuclear Physics B (Proc. Suppl.) 168 (2007) 147-149

—_
N

x104 1000
= " Upper Continental Crust detector i crust+mantle
'O ..[ Lower Continental Crust -
& 10} 8001
NQ [ Oceanic Crust -
E B L
o sk Upper Mantle -
= g 600 e
“ 6 g [T v\écrust
I 2 4000 000000 e

2001 simulation
- 5-years, 50 kt Li-loaded LS
detector @Kamioka

T
e

0 IR R N SN R [ T S S S S
o e e e M W - MR -1 -0.5 0 0.5 1
10 20 30 40 50 60 70 80 90

Zenith Angle[deg] cos 6
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What we can measure? I

1. large size detector (1kt~)
supernova neutrino
- early determination of supernova detection

reactor neutrino
- Improvement of oscillation parameter measurement

~180km, 80GW i
500 e
c i
S Lo |
= 400 2 08f
: P
350 g [
= g 0.6
c 3001 ND < F
q>J 250 R e R
T Wakasa g 040
200 146~192km «n - +
150 021~
Ok | — 3-v best-fit oscillation —e— Data - BG - Geo V,
100:_ 0 T Ll Ll l N - l i - l LAl Ll l ) - l i - l Ll Ll l el L l 1
sob- 20 30 40 50 60 70 80 90 100

0 100 200 300 400 500 600 700 800 900 1000
Distance [km]




What we can measure?

2. small size detector (~200kg) our first target

- establishment of new technology using anti-neutrino
sources (reactor neutrino, radioactive source)
application to reactor monitor

example) Japan @Kashiwazaki-Kariwa nuclear power plant

reactor| ~20m
oround level
~3.3GW a

TTY ~3m ¥

depth
~16m | | detector

Uck

1500 ve events/day
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How to measure? : key point

inverse 3 decay

prompt
Ve > (0.511MeV)
AT=200usec
,,\ J;

d

thermal'aiffvusion X
delaye ’
Y (2.2MeV)

Key point

“neutron” retains information of anti-neutrino direction
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How t0o measure? . theoretical calculation

PHYSICAL REVIEW D, VOLUME 60, 053003

Angular distribution of neutron inverse beta decay, v,+p—e* +n

P. Vogel* and J. F. Beacom'
Physics Department 161-33, California Institute of Technology, Pasadena, California 91125
(Received 1 April 1999; published 27 July 1999)

Improved estimate of the cross section for inverse beta decay

Artur M. Ankowski*
Center for Neutrino Physics, Virginia Tech, Blacksburg, Virginia 24061, USA

(Dated: January 26, 2016) arXiv:1601.06169

Y (0.511MeV)
Y. o

" : ' ( ) "\‘
Theoretical calculation gives us “Be”. ij.d;u

et d
Oe

Y (0.511MeV)
—"0n" is determined by the

. > . . ...]. ...
conservation of momentum. ) j



13/32

How to measure? : prompt signal

prompt : e* signal Q.511MeV)

Phy. Rev. D 60, 053003

o
w

22000F
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of Ve captured position
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How to measure? : delayed signal

delayed : neutron capture signal

60
c B
(@b L
500
401

ve

302— 3% d
‘a
nal @/

delayed sig
geV)

forward recoil neutron retains information
of the anti-neutrino direction

201

10F

0 10 | |1|o2
Neutron Kinetic Energy[keV]

Eve <3MeV—0,<35°




How to measure? : answer!

prompt e* position
(S

Ve
~—— 3\) T correlates well with
n — . .
¥ ve direction

delayed neutron capture position

\ 4

measure neutron capture position
before neutron loses directional information




Problems of current LS

¥ (0.511MeV) Problems
prompt signa e
N

€ _~1.directional data is lost due to
| the thermal diffusion.

_~ 2.7 -ray travels 40cm

we can not decide
detection point.

introduction of neutron capture nucleus

candidates:fLi, 1°B  V'large neutron capture cross section
¥ (n,a)reaction



Improvements HSE

Improvements

_~1. minimize the thermal diffusion

— 2. a-ray can not travel long

AT=20pusec
(0.15wWt%)

delayed signal

| neutron capture nuclei loaded liquid scintillator
[ high vertex resolution detector



6Li or 19B 18152

ref) proton 0.3 barn

®1OB @6Li
neutron ca_pture 3835 barn 940 barn
Cross section
natural abundance 19.9 % 7.5 %

n+19B—"Li*+q(BR=94%,Q=2.3MeV) | n+°Li—o+H(Q=4.8MeV)
TLi*—"Li + v (E,=0.48MeV)
n+1'B—"Li+o(BR=6%,Q=2.8MeV)




61 or 19B : simulation

€neutron capture point

Ji

V> 8y wrreeeeeeee
Rn
?BOOOF
‘%16000:— 1OB (1.0wt%)I3.0Cm
14000 - 6L (0.15wt%):4.4Ccm
()
i KamLAND
2000 LS:13.0cm
6000 J/m ey
40002 \‘kaq
2000 - H\M\N«
0011115I 1110 1I5HH2IOH‘25
Rnlcm]
large neutron capture cross
section is effective in minimizing
the thermal diffusion

!‘reconstructgd point
e

f

Vo> G B
R o}o, :,",JO

- Y or o
(%16000;— 108:12.80m
14000 ®Li:4.4cm
320 KamLAND

10000} _

o000l LS:15.0cm

sooog

4ooo;—

2ooo;

A ISR T T S A | U S W SR T T S
0o 5 10 15 20 R[cm2]5

(n,a) reaction is effective in
holding the neutron capture
position information




Angular Resolution

5 - ®Li:0.15wt%
737000:— ‘0 e
c - B:1.0wt%
%6000 = KamLAND LS
5000
4000;—
3000 -
2000
1000
0:||'I"'|"'I"'|'"I'|l|l|||||||||||||.
-1 -08 -06 -04 -02 -0 02 04 06 08 1
Asymmetry miSS-id?giigggicion rate
6Li LS 0.391 30.4%
1B LS 0.148 42.6%
KamLAND LS| 0.079 46%

cosO

A+ - A

A: + A
A : number of event

A+ O= cosb=1
A. -1= cosB=0

Asymmetry =
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Developments £ise

[ 6Li loaded liquid scintillator
[ high vertex resolution detector



Developments: status

[ 6Li loaded liquid scintillator ~ —(almost) completed!
[ high vertex resolution detector = ongoing

S

°Li loaded liquid scintillator
+ —ongoing
high vertex resolution detector




Developments: status

[ 6Li loaded liquid scintillator ‘ —(almost) completed!
[ high vertex resolution detector = ongoing

S

°Li loaded liquid scintillator
+ —ongoing
high vertex resolution detector
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6Li loaded LS : previous experiment

Bugey (1991~1992)

They observed reactor anti-neutrinos
using Li loaded liquid scintillator, NE320

NE320

- 5Li 0.15wt%

- psudocumene base

- chemical instability led ~1% daily
loss of detected light

e

We have to develop in our original way.



6Li loaded LS : our method

- behavior of Li component

® insolvable in ol mix organic solvent and Li compound
(2 solvable in water s |aqueous solution with surfactant

*surfactant : POE(10) octyl-phenyl-ether N
HsC VW\Q/O\{\ ﬂ/”
3 0
10

hydrophobic group  hydrophilic group

(@PPO, bis-MSB (3)Li compound
+water

(Dpseudecumene
+ surfactant

- our recipe

Pseudecumene 82 wt%
' POE(10) octyl-phynyl-ether | 18 wi%
"""""""""""""""" LiBr . 31gL »
______________________________ PO 54gL R
bis-MSB - 01gL ultraviolet light

We have developed the °Li loaded LS by the original method.
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61 loaded LS : progress of our method

Y.Shirahata Master Thesis

C Light yield  Transparency |
6Lj Q(Kam%AND 521 @400nm Delayed energy

target |>0.15 wt%é >1.0 > 100 cm ébetter than KamLAND

'
...............................................................................................................................................................................................................

our study | 0.16 wt% 1.03£0.03 167.943cm 540 + 14.9keV

Light vield, long term stability

annel

L T T T °

Our Li LS has required guality | = ¢ -10%, 2.5 years

0.6

for small size detector

C

D




Developments: status

[ 6Li loaded liquid scintillator ~ —(almost) completed!
‘lg high vertex resolution detector‘—mngoing

S

°Li loaded liquid scintillator
+ —ongoing
high vertex resolution detector
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High vertex resolution detector

N "
prompt e QQS'“O” - We need high vertex resolution to

separate 2 vertexes.

- required resolution : ~1.5cm
(ref: Photo Multi Plire (PMT) ~10cm)

“Imaging Detector”

\= B

multi anode
PMT

scintillator mirror image data



Imaging Detector

M ay,
Yy
Yy

L] ..
O. N

scintillator mirror multi anode image data
v PMT

We designed mirror for 30L detector.
: ' : ,/jj e

30cm \ ..... I:’ﬂ g \

— Data - consistent with simulation
10 — Simulation - Vertex resolution < 8mm

=
7w LED light & CCD camera (required : < 15mm)
(@))]
E

)
-8

R T p—T 0 50 100 150
Distance [mm)]



Imaging Detector

30cm \ ~~~~~ I:’ﬂ g \

M ay,
Yy
Yy

L] ...
L 4

scintillator mirror multi anode image data

PMT
Hamamatsu H12700

5cC

muon tracking |mage

| muon tracking |

M

Meany 4.105

RMS x  1.965
M.

o0

- “pixelated” PMT (64 channels)
-required to measure 1 p.e.

32



Developments: status

[ 6Li loaded liquid scintillator ~ —(almost) completed!
[ high vertex resolution detector = ongoing

S

°Li loaded liquid scintillator
+ —ongoing
high vertex resolution detector
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30L Detector : LiLS + Imaging Detector

7]

—
MAPMT & Miggpr
o

&
O -
ﬂ i
Sinch PMT

30L LiLS
TR . mirror-.
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30L Detector : LiLS + Imaging Detector

Image measurement with y-ray source

—
0
o
o
o

(Mbackground
@with 137Cs source

[events/bin]

137C .
S source ’ ] @

10000

O IIB
l4cm cm _
R ° 1 S
5000
: 137Cs (1y:661.7 keV)
Sinch PMT

i e
500 1000 1500 2000 2500 3000 3500 4000
ADC [ch]
mirror &
MAPMT

00
Rl
e
e
130
oo



30L Detector : LiLs + Imaging Detector -

Imaage measurement with neutron source
(~ delayed event)

252Cf
,0.142 /
240:043 ¥ 3 1%
MAPMT & Mlﬂ)r 252Cf Spontaneous Fission

N,=7.8 emitted at the
N,=3.8 Same time

PC LS
Sinch PMT
LiLS :
2 I ndf 7079792 | 2inch PMT !
. | po 5028+75| ;
. p1 8493:451
ﬁm p2 38.35 + 8.03
8
- -
AT =384.9+t4.5usec Charge
ref) KamLAND LS: 210usec et . :
400 Data/ 3 w1 Simulation
300 g
N . o a+3H+2.2MeV y
100 > /
40
0O 20 40 60 B0 100 120 140 160 m:.ea sMz‘?o Zg 2.2MeV Y

200 400 600 800 1000 1200 1400 _ . . 3
Total Charge EneraviMeV)
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Future Prospects

—

< 3 years < 10 years >10 years
size 30 L ~200 L > 1kt
source neutron reactor neutrino  geo-neutrino
goal @® @ ©

(D demonstration of new technology
(2 directional measurement of high rate neutrino sources

(@ directional measurement of geo-neutrino
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Conclusions Sei82

» Directional sensitivity will be efficient technology for anti-neutrino
measurement, especially geo-neutrino measurement.

» New measurement technologies:

* 6Lj loaded liquid scintillator can have good directional sensitivity.
- We have developed the °Li loaded LS by the original method.

* 30L detector : test of detection technology

*<b years : Reactor neutrino directional measurement with ~200L

size detector

+ Make the impossible, possible!
+ Breakthrough technology for “next generation” detector.



