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Tetrakis(iso-

propyl
acetoacetate)
zirconium :

Zr(lprac),
MW : 663.87
LS: Zr(iprac)4 10wt.% and

PPO 5 wt.% solved In anisole.

Estimated energy resolution ~2.8% @ 3.35Mé€
assuming 64% photo coverage.
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N

eutrino mass sensitivity of ZICOS experiment

10wt.% Zr(ipras
Zirconium

=45kg o

T,,%" > 4%x10%y <« Not enough for OvBp search

1) Zr enrichment
50% enrichment of %Zr (e.g. 57.3% for NEMO-3)
%71 will be 865kg then [IPEIRZIESEY /

2) BG (?98Tl) reduction
BG level <1/20 X KL-Zen

ETI T, .0V > ~1 X 10°%"y EIeIEVARE
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Necessary same
clean material as
L KamLAND-Zen,

s P SRR NRY but ... need further
Visible Energy (MeV) BG (208T| ) reducti /

Phys.Rev.Lett. 117 (2016) 082503
Ov[p signal region for 26Zr

Require an additional technique other than the

energy spectral shape obtained by scintillation.
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How to distinguish %°°TI and DBD

«(

Aoe’

{ &
B deca

-
-y A
- WXy,

Reconstructed vertex
by Cherenkov light

Surface of
Balloon
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o decay @ONCT YT LNV *,‘,‘."18?“.‘?‘."?... 1) E: 3.0-3.7MeV
Slmulated by EGS5 17925 even tS

2) Fiducial volume
628 events

- | il 3) Multi events
malti events]| {1 263 events
= 100m ; ill 4) Closer events
(d=10cm)

35 events /
~1/20 BG reduction
i ~ i1 fcould be achieved by

05 10 15 20 25 30T0;15enjrgy1§§,[eg° using the information
from Cherenkov light.
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Vertex position obtained
by scintillation

averaged angle with respect to averaged direction

2degree

— 1electron | a B Averaged
direction = X d

Number of events/

& Averaged
di/ o angle= X 0,
Nhit

10 20 30 40 50 60 70 80 90
averaged angle [degree]

Averaged angle distribution with respect to averaged
direction for single electron has a peak at ~48 degree,
which is almost same as Cherenkov angle.
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Hit pattern of 2°¢TI decay and DBD

“%°T1 beta-gamma multi events sample averaged angle with 1espect to averaged direction
Simulated by EGS5

STl AN R L RS RN R R R
< - Slmulated by EGSS
Z DBD =

qe— wm i 78%

— vertex located within ™ &

E fiducial volume i hé re m ai n ]
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Number of events/2degree
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Vertex position ™
Double beta decay event sample

Simulated by EGS5
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0 10 20 30 40 50 60 70 80 90
averaged angle [degree]

7/
Averaged angle of 208T]
Hit pattern of Cherenkov [l decay is smaller values

o] Skl H e ST WA oo <o 1= 019 than that of DBD.
from DBD .

<o

-100 = e

-200

Vertex position ** ;o
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Separation of Cherenkov and Scintillation

arXiv:1609.0986(simulation)

35

second due to t
magnetic process
* Rise time of Scintillation light:
an order of nano seconds in
general.

PEs per evant/ 0.1 ns

Possible to extract PMT hits

received Cherenkov lights by
Pulse Shape Discrimination.

CAEN V1721 8 channel 8bit 500MS/s FADC
-CAEN V2718 VME-PCI Optical Link Bridge
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Templates of FADC timing pulse shape for
scintillation light were obtained for both cas

Both decay time of scintillation light are same,
and it was about 7ns.
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Observation of Cherenkov li

30

—"Nal detector o

10 F gt Pl
i v ‘

. g ,
e M SRy, ' 1 I
W GfeEesl TR | 0

L
-------
o H
_________________________________________________

--------------

Cherenkoy KX R

light Q LS S . s ] P

......
------

electron (1.02MeV) Y ch.
Cherenkov lights from

O(1MeV) electron seem to
B aTE (12\Ve a directionality.



event sample #1

template for
scintillation
L T sample data

TAUP 2017 Sudbury, Canada

Most of observed events have
a different pulse shape from
that of scintillation light.

It is faster rise time and decay
time.

Those events mainly consist of
Cherenkov lights, because of low
QE for wave length of scintillatior
light (300nm).

Same pulse shapes were also

observed in H,0.

July 27, 2017
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ed for Zr loaded LS

Scintillation-only Scinti.+Cherenkov-like

-“E 1 ] I LI L L I L] | B | 1 I L] r _,‘E 80 _L I || 1 I 1 1 I 1

2 80 -_ event sample #2_] = . event sample #3 -
Oo template for ] Oo 60 |- template for
- scintillation A C scintillation ]
< 40 | — = [ _
e = 40 L sample data —

JL sample data

LD
[

90
time [ns]

Mainly two types of pulse shape (Scintillation-only
and Scinti.+Cherenkov-like) were observed.

We maybe use pulse shape discrimination for the
selection of events which include Cherenkov lights.
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Typical pulse shape of Comparison of excess pulse
Scinti.+Cherenkov-like ~shape and signal for anisole

subtract signal
to template

L s onal observec

in anisole

template for
scintillation

] J_l_ data

G E
- —
A= =
= g
= Y
° =
= <
= =
I

80 90

time [ns| time [ns]

Excess pulse shape seems to be consistent with thg

pulse which was seen in Anisole (see pl2). /

Excess of sigma between data and template were

accumulated for first 3 bins : accumulated sigma
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ceanaac=-W Ratio of Scintillation+Cherenkov
pﬁ;fiiminar; ® 90deg 25.3 £ 3.3 %

® 10deg 17.2 =45 %

|| Cherenkov included Significance : 1.5¢

Scinti.+Cherenkov-like might

’ Total : 292 events

be discriminated by acc. sig.
method... but

preliminary The difference of ratio was
smaller than expected by /

Total : 99 events _
Cherenkov-included
: 17 events AnISOIe' /
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coverage of 20" PMT) fo
experiment.(T,,(Ovpp) > 10%’years).

Q %Zr : 45kg (nat.) 865kg(50% enrich)

Q Further 1/20 reduction of 2%8T| backgrounds using
PMT hit pattern of Cherenkov lights.

» PSD could be useful for the extraction of Cheren
Ights, however still need to study for confirmaj

» If PSD works, then BG reduction using PSD”should
ne checked by prototype for next step.

TAUP 2017 Sudbury, Canada
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BACKUP
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ZICOS- Zirconium Complex in Organic
Liquid Scintillator for neutrinoless double

= ~

Light yield of 48.7+7.1% for BC505,
and an energy resolution of 2.8+0.4%
at 3.35 MeV assuming 64% photo
coverage of the photomultiplier

1.5wWt.% Zr loaded Liquid Scintillator : l

Inner detector : 64% photo
coverage with 20" ultra-high spec.
PMT including 1.7ton Zirconium
loaded 113 tons LS in fiducial
volume. (Total vol. : 180 tons)

TAUP 2017 Sudbury, Carada July 27, 2017 18




0.01
m lightest [ EV]

S. Dell'Oro, S. Marcocci, F. Vissani, Phys. Rev. D90, 033005 (2014)

~tons of target and ~zero BG detector will be
necessary for next generation Ovp[3 experiment.
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33 emitters with Qzz >2 Mev

Transition Qss (keV) Abundance (%) (%2Th = 100)

Wopy 110 ¢y 2013 12
0 Ge —° Se 2040 8
124G, 124 To 2288 6

136 xo 136 B, 2479 9

1307 130 X 2533 34

1164 116 gy 2802 7
8260 — 82 Kf 2005 9

10775 —100 Ry, 3034 10
967, .9 Mo 3350 3
YNd —+=" m 0
By "8 T

unitésarbitrairas

[T1/20V(0+ _>O+)]_l :GOV(EO’Z) I MOV I 2<mv>2 /me2
T, ,~a(Mt/AE - B)1/2 a: abundance M: target mass

t: measuring time AE: energy resolution B: BG rate

Requirement : Low BG, Large target mass, High E-resolution
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Anisole only

 Templates of pulse
shape of timing
Information for
scintillation light were
obtained by FADC.

e Fast and slow rise

1 - time component were
= observed due to /
FADC resolution.

 Both decay tim
scintillation |i
about 7ns

t are

TAUP 2017 Sudbury, Canada July 27, 2017 21



count

FADC

=100

template for fast timing

e e N B
event sample #1 ]

template for 7]
scintillation 4

_I_L sample data ]

L 1 1 1 1 L
B0 B0 70 80 S0
time [ns]

FADC count
2 & =2
| | |

b
o

nape observed

In Zr loaded LS

template for slow timing

S ML B S I E -

event sample #1 3

FADC count

RS LS AR AL
event sample #2_]

90
time [ns]

B0 T0 I ISU
[CAact

FADC count

80 o0

time [ns]

80

template for fast timing
L e e B
- event sample #£3 7

template for ]
scintillation ]

1L sample data

1N B R i B L
50 B0 70 80 0
]

ime | 1;3|

nerenkov-included

template for slow timing

_|_ event sample #3 1

T T T T T T T T T TR

L B e e
- event sample #4 4

90
time [ns]

Cherenkov-included) were observed.

TAUP 2017 Sudbury, Canada

G0

We can use pulse shape discrimination for
selection of events which include Cherenkov lights.

July 27, 2017

- mwwamTmy

Two types of pulse shape (Scintillation-only and

22



| Detector :
Conceptual design of ZICOS detector 1) 180tons LS : 1.5 wt.% Zr
and 5wt.% PPO In
Anisole .
S 2) Need 500 of 20" PMT
with high QE ~0.4 and
TTS ~300ps@1pe for

Zr(iprac), 10wt.%

oG 64% photo coverage.

\‘\ in Anisole .
Expected performance : /
1) Energy resolution

. 20" PMD with QE~0.4 and TTS ~ 300ps @ 1pe
Total PMT : 500 Photo coverage : 64% ~2 . 8% @ 3 . 35 M eV
Scintillation (energy) + Cherenkov (BG reduction) 2) T1/2 (OVB B) > 1027 S :
If both 1/20 BG1eduction
Natural abundance of %Zr: 2.6% | and 50% °°Zr enrichment

could be achieved.
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tetralkis(isopropyl acetoacetate)
ZIrconium

Y

LS = Zr(iprac),: 10 wt.% PPO: 5wt.%
(POPOP: 0.05wt.% )
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Zr loaded liquid scintillator

o -

Light yield of 48.7+7.1% for

BC505, and an energy
resolution of 4.1+0.6% at 3.35 | ¢ | |
MeV assuming 40% photo
coverage of the photomultiplier | T

July 27, 2017
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208T| (3.053 m) y(i)
S5+ 00 Radiations (Bg-s)!

F— decay 10000 %

beta- 5 227107
beta- 8 3.09<10°2

¥z 718

i beta- 10 6.3010
beta- 11 2.45<10%
beta- 12 2.18<10%
beta- 13 48710
ce-K. gamma 3 4.04-10
gamma 4 6.31x10%
ce-K. gamma 4 2.84x10%

¥z
b b

ce-L. gamma 4 4.87%10%
gamma 6 2.26x10™
ce-K, gamma 6 1.97=10%
ce-L. gamma 6 3.32x10%
gamma 7 8.45x10
208pp(stable) | ce-K, gamma 7 1.28<10%% |
ce-L. gamma 7 3.51<10%

The vertex reconstructed by gomma 13 18110

gamma 15 1.24x10%

scintillation make it within ek gammals 280107
fiducial volume due to mis- gamma 19 3.97:10%

oy gamma 25 9.92-10™
fitting of gammas. A
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e Same pulse shape of
timing as anisole was
observed.

« This signal should be
caused by Cherenkov
light, because of no

scintillation in H,0. /

This pulse shape Is

made by Cherenkov
lights.

TAUP 2017 Sudbury, Canada July 27, 2017 27




e ooy rlon countine Number of event received
Cherenkov light in Anisole
nas a clear difference
netween 90deg and 10deg,
90 degree : 38% pecause of directionality of
10 degree : 6 % Cherenkov light.

number of events

Maybe different situatio
vl | iquid Scintillator.

Photon could be scattered by high concentration
We have to simulate such kind of effect.

TAUP 2017 Sudbury, Canada

solute.
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® Refractive index of anisole : n=1.518

® Cherenkov angle is determined by
coso= 1/n'B (Ee>0.7MeV) n’>n

® Assuming 1.65MeV electron, then

3=0.972 and Cherenkov angel 6=47.3

degree are expected.

Number of Cherenkov photon

100 photon/MeV (400nm — 600nm)

9

- =. ‘ . 47527 sin® 6.photon /cm
c.f. Light yield of Scintillation : ~12000photon/M -//

Cherenkov light = ~1% of scintillation light

TAUP 2017 Sudbury, Canada
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Light yield of Cherenkov lights

O L I B I UL L ILRL UL BLLILILE IR BRI . N iy o
W E SC-37 filter ofl 1 ‘J’P—jﬁll\7‘fll/? (1) SRR p N
£ (observed both Scintillation lights and ]
o 16 [ Cherenkov lights) .
I ] 90% 7 .
E Data ] / /7 Toc it
: Mean : 413.8 ] r U
g Sigma : 111.6 ] i
< 10 ‘ L BG Data - ! J H
i = |
2 Subtracted E 3 , I I
2 ; o: i
] 1]
2 3 [N
0 \ . i T T \‘],: !}I’
300 400 500 600 700 800 900 1000 { ’ J
ADC channel ’ [ !
e L I L I L I I R I I I L /’/)/l' ’
. E SC-37 filter on 3 7171
. (observed only Cherenkov lights) ] o S . '
16 -
§ “ P Mean : 158.9 Data E
T ok Sigma : 44.7 3
é 10 | i1 BG Data ]
3 T E
; *F _E_ Subtracted E CIC U U c10 4 . .
E sk .
E L E 3 alli( U clU Ol © 1€
0 O-‘ = 100 I ‘200 N3OOI = ,4(|)0‘ - IS(‘)O$ l6(‘)0I - |7(I)0 ‘ sooq I l;t I 1(-)00 . . . . . . . C

ADC channel
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\/

Iple scattering

500 |-

400

300 |-

fi—

100

0-...

_ ﬂJrJrH
o1 1

Jr

f

Initial direction

1

+

"
At
o

1.675MeV electron simulated by EGS5

:

0 : angle with respect to initial direction

-1.0

TAUP 2017 Sudbury, Canada

Even though multiple scattering
of electrons, Cherenkov photons
look have some clusters.

-08 -06 04 -02 00 02 04 06 08 1.0

cosH

Cherenkov photon angle with respect to the initial direction

by opd ot
| U I TR L
1.0 -0.5 Sai.j)lelo.f) COSé.O 1.0 Q.5 Sai;ﬂ OOCOSBO
""" I|I-H» 2OE_|I|T_
i H
0 ++|_HH—++++!-%-++ +| . + 0 _ . '|'|++++-h++++++ | .-

O+-t++A|1++I+ ():....l..-a-.ra-l'h-l-.-*-..l....:
-1.0 -0.5 0.0 0.5 1.0 -1.0 0.5 0.0 0.5 1.0
- cosB coso
sample 5 sample 6
i ] 1 I _l_’_ _E __ I I T +_I_ __ %
. 20
10F ++—[— H : + -I-Jr
1 - TRURNTIG L
H-.H"'+.-H++| O I A LA T
1.0 0.5 0.0 0.5 1.0 -1.0 0.5 0.0 0.5 1.0
ample 7 cosd sample 8 cos0
AL L UL B 20 [T T T T T T T
: T3 ; JHL
F + +‘; - Jf ]
10 +—H—+ -15 10 E_ ++ 'I'_I_-H-_’_ -|-_E
l"-| H‘I _+-I l-hh-l-.l 1.1 I |- l: O-I Lol i l‘H‘I L Ph |- l I I-
1.0 0.5 0.0 0.5 1.0 1.0 0.5 0.0 0.5 1.0
ample 9 cosd sample 10 cosd
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2vfp electron kinetic energy ] For CaICUIatlon Of 2VBB)
dw

F(Z,61)F(Z,e2)kdk2(Wy — €1 — €2)>(1 — B1 B3 cosh)

dkydkgd cos @

ki, electron momenta
& =sqrt(k+m.?) : electron energy
W,=Q+2m,, : total release energy

R E vl O : Q value m,: electron mass
0 : opening angle #: Fermi func.

g; can generate independently /
within energy conservation.

For calculation of Ov([3,

Same calculation but g
generates with g;+&,=Wg.

0vBp electron kinetic energy

%
Z
=

2¢/ emit Cherenkov

arbitrary scale

Cherenkov threshold

500 1000 1500 2000 23500 3000 3500

E1 keV)
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Number of PMT hit of cherenkov lights for Z1COS

-IIIIIIIIIlIIIIIIIIIIIIIIIIIIIlIIIIIlIIIII]IIIlI]I-

0.5MeV electron

0.7MeV electron

1.675MeV electron

10 0 30 40 50 60 70 80 90 100
Number of PMT hit

VA
Hard to detect Cherenkov events below 0.5MeV.
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Hit pattern of DBD (opposite and half E)

inetic energy 1.675MeV)

averaged angle with respect to averaged direction
g 120 FTTTTO IO T T IO
& I . ]
< T 1 electron :*: i
2 100 | P ]
E - — DBD : -
% - vertex located within &%
T 80 __ fiducial volume =
E
= 6o f
Z. N |
double beta decay sample #1
Generate position of DBD _
20 [ 7]
I T T T P N
MU'U events frOm DBD 0 0 10 20 30 40 50 60 70 80 90
tend to have a slightly weraged angle degree

larger values of averaged
angle than single e".
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emission of anisole
absorption of ppo

emission of ppo

sl PPO absorbed most
of emission lights from
anisole.

<P}
[l
[y
Q
177)
=
£
<
4
B
=
)
<

Effectively the energy

was transferred to the
secondary scintillator.
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Attenuation length of anisole
as a function of wavelength

Attenuation length of
scintillation light from
POPOP (-450nm) was
obtained as ~6m.

e}

v}
<

<
=
o
=
q') €
I
-
=]
i1
e}
&
=
=
@L
+
ot
v}

b2
<

No problem for radius
of ZICOS detector.

600
wavelength [nm]
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g 20 VT ER 2827 b D L RS

{99. 84%>
1.405% 10"y,

THERDIT FF—
& E A

0.0532- 1.1% £ 0.0302
0.242 - 7.5% e

0.295 - 18.5% PR P
0.352 - 35.8%

0.239 - 43.3%

0.609 - 44. 8% 0,300 - 3.28%

P 0.768 - 4.8%
ALl Yy D -
1120 - 14, 8% 0277 - 6.3%

1,28 - 5. - 0,511 - B4.5%
! LI % 0. 860 - 12 4%

nY

3,824
i

222R

Aipy,
164 s

[t
T.687 21085 (Rak) #

(7) 5013 | 116
1LaX 0%

a
8 6,051
335
0.574
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Backscattering method

Pulse height distribution of LS using BS method

)

-
=
&
S
)
=)
i
]
=
g
=

Z

4000 5000 6000
ADC channel
Energy distribution of BS gammas with Nal
¥/ndf 1265 / 8
Constant 54.08
Mean 2232
Sigma 15,83

calculated energy : 221keV

Number of events

400 500

Liquid scintillator
observed energy [keV]

/ Single peak could bgued
PMT even In liquid sciptillator.
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N

Standard cocktail
Mean 4687.0
Sigma 316.8

A

Number of Events

B
5000 6000
ADC channel

arbitary scale

Anisole only
Mean 487.7
Sigma 192.8

Number of Events

5000 6000 , ”
ADC channel 25 S0 aa ‘ 00 50

wavelength[nm]

Relative scintillation light
yield of IS 9.8% to
standard cocktail (due
difference of quantu
efficiency of PMT)

ARTUEHBE maMW:

TAUP 2017 Sudbury, Canada
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Compton spectra for each liquid scintillator

-
[e)
[Z]

102

‘ “mefmw.wwmmw.ﬁwf*ﬂmn ng ht y| e|d Of BCSOS
0 1000 2000 3000 4000 5000 6000 Bog)ghan :gloo a n d O u r St a n d ard
e, eererammll  cocktaill (100mg PPO
WMMWWHHMVMWMNMMM“ and 10mg POPOP
1000 2000 3000 4000 5000 ﬂ;)o 7000 8000 S O Ive d I n 2 O m L a n I S O I e)/

number of events
-
o

—

w
d
g
e
)
Y
<
i
%)
o)
=
=)
=
=
[=]

IS almost same quality.

number of events

1000 2000 3000 4000 5000 ‘ 7000 8000
ADC channel
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Standard cocktail
Mean 4687.0
Sigma 316.8

{
by 4 F by Peak values decreased

5000 6000

wll S a function of the

Zr(prac)s 1.0wt.%

concentration of
il  Zr(iprac),.

Zy(iprac)s 3.0wt.%
Mean 1899.0
Sigma 415.6

Number of Events
N

Number of Events

o)
+=
o
1
=
Gt
(=]
£
:
E
E|
Z

5000 6000
ADC channel

Energy resolutions are
also getting worth as a
function of the

5000 6000

ADC channel conce ntratlon Of

Zr@prac)4 9.0wt.%

Mean 754.5 Z r(l p raC)
Sigma 221.0 4 .

5000 6000
ADC channel

Number of Events

Number of Events
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Physical constants of Liquid Scintillator

Physical Constants of SGC Liquid Scintillators
Light Output  Wavelength of Maximum Decay
Scintillator % Anthracene? Emission, nm Constant, ns H:CRatio  Loading Element Density Flash Point °C
BC-501A Z8 425 32! 1212 087 26
BC-505 80 425 2.5 1.331 0.877 48
BC-509 20 425 3.1 .0035 F 161 10
BC-517L 39 425 2 2.01 0.86 102
BC-517H 52 425 2 1.89 0.86 81
BC-517P 28 425 2.2 2.05 0.85 115
BC-5175 66 425 2 1.70 0.87 53
BC-519 60 425 4 1.73 0.87 63
BC-521 60 425 4 131 Gd (to 1%) 0.89 44
BC-523 65 425 3.7 1.74 Nat. 2B (5%) 0916 -8
BC-523A 65 425 3.7 1.67 Enr. "B (5%) 0.916 -8 ’
BC-525 55 425 3.8 1.56 Gd (to 1%) 0.88 91 /
BC-531 59 425 3.5 1.63 0.87 93 ’
BC-533 51 425 3 1.96 0.80 65
BC-537 61 425 2.8 0.99 (D:C) H 0.954 -11
*Anthracene light output = 40-50% of Nal(Tl) ~ * Fast component; mean decay times of first 3 components = 3.16, 32.3 and 270 ns

VA

LY of Nal(Tl) : 4 x 10* photon/MeV LY of BC505 : 1.2 X 104 photon/MeV
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D
o]
x
Q
w
2
Pl
&y
)
o e
w2
=l
<

—— emisson of anisole

... absorption of
Zr(ipcac)s

400 450
wavelength [nm]

TAUP 2017 Sudbury, Canada

Absorption peaks of
Zr(iprac), was found
around at 278nm.
However, overlapped
region with emission
of anisole was existed.

Zr(iprac), works as a

guencher for the liquid
scintillator system.
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Solubillity of Zr(iprac 4 for anisole

Zr(iprac), 2242mg, PPO 999mg

Solubility > 31.2 wt.% and POPOP 10mg solved in
20mL Anisole

> 70g/L of Zirconium could be solved in anisole.
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Light vield guenching by Zr(i rac),

L, : Light yield of anisole
Nypo - Number of PPO molecular in mole
N, : Number Zr complex molecular in mole /

o, : absorbance of PPO (mol*)
o, : absorbance of Zr complex (mol)

PPO would help the recovering light yield.
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Measured at several conditions of PPO concentration

_____ I Froitme 5wt.% PPO helps
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Measured at several conditions of PPO concentration
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Measurement of backgrounds from LS
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Using subtracted # of events around 2.6MeV and 2.2MeV
214Bj <4.9x10%%g/g 29Tl < 2.7x10%2 g/g
(38U <6.4x10° g/g) (%3°Th < 7.4x107 g/g) (c.f. KL 1018g/q)
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