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Abstract :

2v-ZICOS experiment has been planned to measure the half-life of two neutrino emission double beta decay for

96Zr nuclei. A newly designed 2v-ZICOS detector will observe about 70 events of 96Zr double beta decay using a

special ETFE cubic bag, which will contain 720ml ZICOS liquid scintillator. The performance of 2v-ZICOS detector

such as the energy scale, the energy resolution, the vertex reconstruction, and the averaged angle, which is used for

the reduction of beta decay events from 208T1, will be calibrated by using several radioactive gamma-ray sources.

Here we will report some results of Monte Carlo simulation for those calibrations.
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1. 2v-ZICOS detector

ZICOS is one of the future experiments for neutrinoless
double beta decay. The target nuclei is 96Zr and
the Q-value is 3.35 MeV, therefore the radioactive
backgrounds such as 214Bi in Uranium series and 10C,
which is spallation product of energetic cosmic muons,
could be removed by their lower energy.

The conceptional design of ZICOS detector is
shown in the left panel of Fig. 1 .The detector consists
of a spherical frame mounted by photomultipliers
(PMTs), an inner balloon filled with 113 tonnes
of liquid scintillator containing tetrakis(isopropyl
acetoacetato)zirconium (Zr(iPrac)y), and a buffer

space for outside of the inner balloon filled with pure

Anisole. Therefore it is almost similar structure as
KamLAND-Zen detector. As reported by KamLAND-
Zen-800 [1], non-negligible backgrounds were found
around 3-4 MeV, and those were the decay products
from 208T1 which was not only adhere on the surface
of inner balloon but also internal liquid scintillator.
Fortunately, the Q-value of 136Xe is 2.479 MeV so
those backgrounds did not affect due to out of region

of interest (ROI).

However, 208T1 beta decay should be serious
background for ZICOS experiment, because of the
overlap with ROI for 96Zr OvBB events. In order to
obtain half-life of order 1027 to 1028 years, we have

to enrich 96Zr to be 20-50%, and reduce 95% of 208T]

* Department of Physics, Faculty of Education, Miyagi University of Education, Sendai, Miyagi 980-0845, Japan

* %k Kamioka Observatory, Institute for Cosmic Ray Research, The University of Tokyo, Hida, Gifu, 506-1205, Japan

* 3k sk Applied Physics, Faculty of Engineering, University of Fukui, Fukui, Fukui, 910-8507, Japan

% 3k sk ok Department of Pure and Applied Chemistry, Faculty of Science and Technology, Tokyo University of
Science, Noda, Chiba, 278-8510, Japan

k% %%k  Institute for Material Research, Tohoku University, Sendai, Miyagi, 980-8577, Japan

%3k %k k%% Faculty of Science, the University of Toyama, Gofuku, Toyama, 930-8555, Japan

— 139 —



EWHBRACE 595 2024

Conceptual design of ZICOS detector

Zr(iPrac), 10wt.%
PPO 5wt.%
POPOP 0.2wt.%

*«. inAnisole

Events / 0.05 MeV

Anisole

G] 2” Hamamatsu H3378-50
Total PMT : 65000 Photo coverage : 64%
Scintillation (energy+vertex reconstruction)
Cherenkov light (BG reduction)

Figure 1.

10

10°

10

107

WAL L AL L L Ll

(a) SD — Total —— 3%e Ovpp (909%C.L. U.L)
ZVﬂﬂ ------ Total (Ovp U.L) —— Xenon spallation products
—— 13%e 2vpp — Carbon spallation +3’Xe
—— |B/External RI
—— Internal RI
0 v/@”j— Solar Neutrino ES + CC
" ., —+— Data

Visible Energy (MeV)

The left side panel shows the conceptional design of ZICOS detector. The inner detector is located in

a pure water tank which is shield for external radiation, and has huge number of fast timing photomultipliers

such as Hamamatsu H3378-50 with 64% photo coverage. The inner balloon will be filled with a liquid scintillator
which contains 10 wt.% of Zr(iPrac),, 5 wt.% of PPO and 0.1 wt.% of POPOP. The outside of inner balloon will be
filled with a pure Anisole in order to reduce background events from the balloon. The right side panel shows the
recent results from KamLAND-Zen-800 136Xe 0vff observation [1].

background as observed in KamLAND-Zen. For that
purpose, we have developed the averaged angle which
is topological information of Cherenkov lights as
discussed in our previous papers [2][3][4][5][6], even
though 208T1 decay may still remain on the surface of
inner balloon.

967r is also a candidate nuclei of 2vgB. The half-
life was measured by NEMO-3 experiment using the
tracking drift chamber. Using 9.4 g of 96Zr and 1221
days observation corresponding to 0.031 kgy, the
obtained half-life was TIQ/VZ = [2.35 + 0.14(stat.) +
0.16(sys.)] x 10'Y years [7] They observed 429.2 =
26.2 events with a 7.5% efficiency. Using this result,
about 200 events for 2vBB using 1 g of 96Zr will be
observed, if the detector efficiency reaches at 100%.

As described above, 200 events of 2vBS will be
observed using an order of 1 g for 96Zr nuclei. For
the purpose, we have prepared 2v-ZICOS detector as
shown in the left side panel of Fig. 2 . This detector
uses 16cm diameter round bottom flask using an pure
quartz (GE214), which is shown in right panel of Fig.
2, and 20 low-background fast rise-time 2inch PMT
Hamamatsu H3378-50, which will be used not only
for both the energy scale and the vertex reconstruction

with scintillation but for the background event

reduction with the pulse shape discrimination of
Cherenkov lights, are mounted at the surface of the
regular icosahedron with 8cm radius of inscribed
sphere. A 0.73 little of liquid scintillator loaded 73
g of Zr(iPrac), which contained about 0.3 g of 96Zr,
will be filled inside of inner ETFE bag (9cm cubic).
The expected number of signals for 2 neutrino double
beta decay is about 70 events per year among about 1

million backgrounds.

Thus 2v-ZICOS detector will observed 2vpB
events using both their energies and vertexes, and
will remove the beta decay events form 208T1, which
might contaminate the flask, with the emission of
famous 2.615 MeV gamma-ray using a topological
informationof Cherenkov lights. Therefore the
performance of 2v-ZICOS detector such as the energy
scale, the energy resolution, the vertex reconstruction,
and the averaged angle which is topological information
of Cherenkov lights are very important, and those will
be calibrated by using several radioactive gamma-ray
sources. This paper will report some results of Monte

Carlo simulation for those calibrations.
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Figure 2. The left side panel shows the picture of 2v-ZICOS detector. Total 20 Hamamatsu H3378-50 PMTs are
mounted at the surface of regular icosahedron with 8cm radius of inscribed sphere. The PMTs receive not only

(™

scintillation lights but also Cherenkov lights. The right side panel shows a ultra-pure quartz round bottom flask.

2. Energy scale and resolution

The energy scale will be performed by using gamma-
ray sources from outside of 2v-ZICOS detector. We
have radioactive sources for 137Cs(662 keV), 60Co(1.173
MeV, 1.332 MeV), 22Na(1.275 MeV, 0.511 MeV), and
88Y(0.898 MeV(93.7%), 1.836 MeV(99.2%)). The
simulation was executed in case of the source position
(+30cm, Ocm, Ocm) and the electron scattered by
induced gamma-ray was tracked by an entire region
of the detector. Therefore Cherenkov photon was also
generated by whole region even for inside or outside of
inner ETFE bag, however the scintillation photon was
only generated by inside the ETFE bag.

Figure 3 shows the detected photon yield
distribution of scattered electron for each radioactive
source from the simulation using scintillation only.
Most of reaction should be Compton scattering, so that
no peak due to photo-electric effect was found. Figure
4 shows also the correlation between energy deposited
in the scintillator and detected total photon for each
radio-active sources. There is a clear linearity between
the observed scintillation yield and the deposited
energy inside of ETFE bag, therefore we will be able
to use the total photon yield as a scale of the electron

energy.
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Figure 3. From left top panel to right bottom panes
show the detected photon yield for radioactive gamma-
ray sources for 137Cs(662 keV), 60Co(1.173 MeV, 1.332
MeV), 22Na(1.275 MeV, 0.511 MeV), and 88Y(0.898
MeV(93.7%), 1.836 MeV(99.2%)). The energies
indicated in each panel correspond to the energy of
Compton edge.

An energy resolution will be not so easy to
demonstrate experimentally. The fixed energy fixed
direction (FEFD) electron explained by Ref.[10] will be
one of the option to get energy resolution using 1.836
MeV gamma-ray from 88Y. Using illustrated setup in

left panel of Fig. 5, an electron with a monochromatic
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Figure 4. From left top panel to right bottom panes
show the correlation between detected total photon
yield and the energy deposited in the scintillator for
each radioactive isotopes. Clear linearity was found.

energy of 1.484 MeV will be obtained. The simulated
total photon yield for this setup is illustrated in
the right panel of Fig. 5 . The energy resolution
seems to be almost 1% for 49% photo coverage of
2v-ZICOS detector, however it is quite better than
one we estimated before as described in Ref.[8]. This
simulation did not consider the experimental condition
such as noise or scintillation fluctuation. We will have

to check actual energy resolution carefully.

3. Vertex reconstruction and resolution

A method of the vertex reconstruction has been

1.836MeV y

352keV compton

scattering y

W

1.484MeV

electron

2v-ZICOS detector

Number of MC events

developed for UNI-ZICOS detector as described in
Ref.[10], however there was no clear explanation of
the method in the paper.

The scintillation photon emits uniformly at the
track position of charged particle. In the simulation,
the charged particle (electron) was tracked at each
adequate step, and corresponding numbers of photon
were generated with uniform direction. Each photon
was also tracked until PMT counts the photon if the
photon goes into the photo cathode area. In this time,
total amount of photon corresponding energy could be
tuned by 10000 photon/MeV for scintillation and 100
photon/MeV for Cherenkov light, but we did not take
into account the photoelectric efficient of the PMT
cathode.

Using detected number of photon (DNP,) for i-th
hitted PMT, we calculated the corrected number of
photon (CNP) as following equation;

1
cos 0;

CNP; = DNP; x (%)2

where d; and 7 show the distance between i-th hitted

oy

PMT and possible vertex position and the radius of the
detector, respectively. 0; is the opening angle between
the direction of photon and the direction to i-th hitted
PMT from center. After this calculation, we summed
total number of corrected photon for all hitted PMTs,
and obtained averaged value for total corrected photon

(AveQ) as following;
Nhit

Z CNP;
=1

AveQ = (2)

Nhit
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Figure 5. The left panel shows a setup to obtain an electron with fixed energy 1.484MeV and fixed direction by
Compton scattering from 88Y gamma-ray. The right panel shows a simulated total photon yield for this events.

The energy resolution seems to be almost 1%, but we did not consider experimental condition such as noise or

scintillation fluctuation.
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where Nhit is number of hitted PMT. Then we took
the variance (VAR),
the standard deviation (STD), and the resolution (RES)

as following steps.

Nhit

1
VAR = m;(CNPi—AveQ)2 ®)
STD = VVAR (4)
STD
RES = ved )

Above calculation should be performed on huge grid
as a possible vertex position in whole detector region.
Exactly speaking, we divided the detector into 0.1cm
step for 3 dimension. We could obtain most possible
vertex position with most smallest resolution. Top
panels of Fig. 6 shows the difference between obtained
vertex position and generated position, and bottom
panels show obtained vertex distribution for 137Cs
gamma-ray from 137Cs. Obtained vertex positions
were well reconstructed with 0.3cm resolution in any
direction even a few hundred keV electron.

Actual performance of the vertex reconstruction
should be demonstrated by an experimental method.
We will use 137Cs radio-active source 516 type made by
Japan Radioisotope Association for this purpose. The

package of this source and the location were shown in
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the left panel of Fig. 7 . The source will be located at
the center of 2v-ZICOS detector. Unfortunately JRIA
did not recommend to use this source for an unnatural
environment such as inside of liquid scintillator,
therefore we will cover this source using vacuum-
sealed nylon bag. The Teflon thread will also be used
for hanging this bag.

The right panel of Fig. 7 shows the vertex
distribution for gamma-ray from 137Cs vertex
calibration whether considering the shadow effect due
to 137Cs source package or not in case of larger total

photon yield. The intensity of 137Cs is 100kBq, so we
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Figure 6. Top panels show the difference between
reconstructed vertex and generated position in each
axis in case of 137Cs 662 keV gamma-ray. Bottom
panels show the reconstructed vertex position in
each axis.
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detector. Right panels show the vertex distributions for 3-dimension and difference between vertex position and

generated position with/without shadow effect.
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will not be able to take all data due to high trigger
rate. Therefore, we will set the trigger threshold
around order of 100Hz. There should be difference
for the vertex distribution between shadow effect and
no effect. Therefore, we will have to check an actual
performance of vertex reconstruction using above

setup.

4. Averaged angle

Once the vertex position was reconstructed, next we
have to select PMTs which receive Cherenkov lights
for the calculation of an averaged angle. Using similar
technique described in Ref.[9], we have developed the
pulse shape discrimination for CAEN V1742 digitizer
and PMT H3378-50. We have selected samples with
only scintillation and with both scintillation and
Cherenkov light. Figure 8 shows pulse shape of t=43ns,
46ns, 48ns, and 50ns, and the pulse height sequence
for those samples. Timing t=60ns corresponds to peak
of the pulse shape. The pulse height of Cherenkov light
increased obviously faster than that of scintillation,
therefore we could define same kind of x2 in order to
discriminate the pulse shape whether Cherenkov light
included or not as described in Ref.[9].

Using same kind of y2 methods as described in
Ref.[9], we will be able to select PMTs which receive
Cherenkov lights. After this selection, we will be also
able to obtain the averaged angle for the background
events reduction such as 208T1 beta decay. An
averaged angle includes the topological information
of Cherenkov lights, and the definition is represented

as following formula;
Nhit

le = —— i
averaged angle N ; 0; (6)

where 0; is an opening angle between an averaged
direction and unit vector from the vertex to i-th
PMT position, and Nhit is the number of PMT which
receives Cherenkov light. An averaged direction is also
obtained by adding all unit vectors. In the simulation,
we identified the PMTs so easy that we could calculate

the averaged angle using those PMT information.

Figure 9 shows simulated averaged angle
distribution for gamma-ray from 137Cs, 60Co, 22Na,
and 88Y with same setup as section of energy scale.
Except 137Cs, there was a peak around 50 degree
for above 1 MeV. These distributions will be also
demonstrated by actual calibration.

For the performance of background event
reduction using this averaged angle, we simulated
events of 2vpp of 96Zr and 208T1 beta decay. Figure 10
shows an averaged angle distribution for 2vpp of 96Zr
and 208T1 beta decay. The peak position were seen at
60 and 70 degree, respectively. The separation ability
seems to be weaker than what we expected in Ref.[5]

because of dominated 2.615 MeV gamma-ray for 208T1
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Figure 8. Top 8 panels shows the pulse height
distribution of t=43ns, 46ns, 48ns, and 50ns for samples
with only scintillation and with both scintillation
and Cherenkov. Timing t=60ns corresponds to peak
of the pulse shape. Bottom panel shows the pulse
height sequence for those samples. Blue and red
correspond to whether Cherenkov photon involved or
not, respectively.
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beta decay. In other words, most of beta electron did
not come in the liquid scintillator due to gap between
round bottom flask and the ETFE cubic bag. If the
cut point will be set at 60 degree, 51% of 208T1 origin
events could be removed with 89% of 2vfp efficiency.

5. Radiation shield

In the last, we considered an effect of the environmental
gamma-ray. In order to avoid this, we have to build the
radiation shield using lead blocks. We need to know
how much amount of gamma-ray exist passing through

the shield, therefore the background event rate was

R s e i e O s e e B
5350 E1370g H+ E § E 60Co +++ ]
® E + 3 ®1000 |- + B
© 300 | ++ 1o "
om0 | 32 s [ ! .
320k Jr+ 157 o+
3 200 | ER s ]
250 F 18 600 | s
Ewmo | + + 18 ¢t + 3
2z E + §Z 400 |- + -
100 + 3+ E F + R
50 + 4, 3 200 N -]
P S S B I T ot i T
0 20 40 60 80 0 20 40 60 80
Averaged angle [deg.] Averaged angle [deg.]
@ T 2 S e
£ 600 | 3 1000 |- ]
" F 2Na H g %Y & ]
o E ++ ) - + B
© 500 | t Jo 8w [ + —
2ok ¥ g f ]
400 3 ) ]
o E + © 600 [ + + 3
2 500 B 32 f * ]
ETE + + g + N
3 3 5 400 [ + ]
Z 200 + + Jz .
E + 3 L ]
£ + 1 200 | + +
100 £ +* 3 r - + 1
P P = | LT P S PP B o
0 20 8 0 20 40 60

Averaged angle [deg.] Averaged angle [deg.]
Figure 9. A simulated averaged angle distribution
for gamma-ray from 137Cs, 60Co, 22Na, and 88Y with
same setup as section of energy scale. Except 137Cs,

there was a peak around 50 degree for above 1 MeV.
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directly measured by using large Csl crystal detector.
The left panels of Fig. 11 show the background event
rate measured at outside and inside of 10 cm lead
radiation shield, and subtracted event rate. Clear
backgrounds such 214Bi and 208T1 for U/Th series,
and 49K were seen. For instance, the number of events
of 208T] (2.615 MeV gamma-ray) for outside of the
lead shield is 2,500 events/day. The linear absorption
coefficient of lead at 2.6 MeV is 0.43 cm™, therefore
the transmittance of this gamma-ray for 10 cm lead is
0.0073. The remaining 208T] gamma-ray is 18 events
per day which corresponds to 6,500 events per year.
Assuming the detection efficiency of CsI detector to be
20%, about 33,000 events per year could be entered for
2.615 MeV gamma-ray in case of 50 cm3 CsI detector.
2v-ZICOS detector has 730 cm3 scintillator, and the
detection efficiency is assumed to be almost 10%,
therefore the 208T1 2.615 MeV gamma-ray will be
detected about 47,000 events per year. This is huge
number compared to 70 events of 2vBp for 2v-ZICOS
detector.

If we use 20 cm thickness instead of 10 cm for the

lead shield, the transmittance of 2.615 MeV gamma-

104

Number of events/10keV/day

T
208T]

all events

within ETFE bag

e / 29T1(2.615MeV)y

', _ gk - "
RS T 107k Y aveang>60deg E
AR g - .,’
. ) [ \' '
\ f? 1

g:)’
£
N:nh f

I
6000 8000 10000 12000 14000 16000 18000 20000
Total photon yield

T
2up; 4

— allevents
- within ETFE bag
aveang>60deg

500 1000 1500 2000 2500 8000 3500
Energy [ke'

1 S stuw

Number of events/10keV/day
3

500 1000 1500 2000 2500 3000 3500 4000 0

T T T

Number of events (1yr)

I3 subtracted

149000 " 16000 " 15000
Total photon yield

T T T T T T T T

10
— allevents K

5 - within ETFE bag

vBp - aveang>60deg

Number of events (1yr)

05 - 16000 18000 20000
Total photon yield

Energy [keV]

Figure 11. The left panel shows environmental gamma-

ray measured by large Csl crystal detector at outside and

inside of 10cm lead radiation shield. Clear backgrounds
such as 214Bi and 208T1 for U/Th series, and 40K are found.

The right panel shows simulated background events from

those backgrounds contained in the GE214 ultra-pure

quartz used by the round bottom flask.
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ray is 3.3 x 1075, 2v-ZICOS detector will detect about
200 events per year for 208T1 2.615 MeV gamma-ray
using same estimation as above. Therefore the signal

to noise ratio will be almost 0.4.

6. Conclusion

In conclusion, some detector performances such as
the energy scale, the energy resolution, the vertex
reconstruction, and the averaged angle obtained by
the simulation are consistent with what we expected,
however the thickness of lead block for the radiation
shield seems to be insufficient. As described in Ref.
[11], the background events from 208T1 in an ultra-
pure quartz GE214 will be observed as shown in right
panel of Fig.11, and it might be 2 order of magnitude
larger than 2vBp events. Therefore, in this time, we
will use 15 cm thickness of the lead block, because of
the limit of a number of lead blocks which we will be

able to borrow in Kamioka mine.
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Performance of 2v-ZICOS detector for two neutrino emission double beta decay using 96Zr nuclei
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