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GOALS:

Main Goal:

Setting new constraints for neutrino magnetic moment from 8 — decay of 3H
(E, = 17 keV);

Tasks:
Development of scintillation detector of recoil electrons;
Development of detector’s module prototype;

Tests of detector’s module prototype;

Importance:

Current threshold of recoil electron detection is >1 keV;
Feasible threshold ~100 eV.




Magnetic and Weak elastic neutrino scatterings on recoil electron

Scattering on free electron:
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T - Kinetic energy of the recoil electron
E - neutrino energy

ow(T,E) =

Expected event rate for electromagnetic interactions:

Mass of scintillator in prototype of detector mg.;,,; = 14 kg
Mass of source of 3H mg . = 1 kg
Asy(m =1kg) = 9.65MCi

Energy threshold Etpresnoia = 100eV

events

Calculated event rate ~ 25
year

Estimated constraint for 1 year of data acquisition
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Previous prototypes of detectors
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In Fang Liu et al Sensors 2022, 22(3), 1099 parameters ol
of SiPMs were tested at LN, temperatures. The main oesl
drawback of SiPMs - dark current rate (DCR) was ol
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0.04 - \
Authors claim that low threshold experiments are M N""""M,_H
feasible if DCR < 0.1 el . . . c
5 10 15 20 25

Threshold (mV)




Reasons for selecting Srl, (Eu)/CsI(pure)

Light yield of Srl,(Eu) and CsI(pure) can reach 120 ph/keV at optimal temperature.

Photon detection efficiency (PDE) of SiPMs can reach ~50% !

Crystal parameters /
| Csipure) | Srh(Ew)

Internal 137Cs none

radioactivity /

Operating ~ —193°C ~ —63°C - _ . | .
temperature Basic detector cell is a crystal with SiPM matrix

light readout from one of the ends.

Scintillation 340 nm (WLS 430 nm Cross dimension ~15x15 mm? is close to SiPM
wavelength required) .
Scintillation time shorter longer Length ~25 mm.

Srl,(Eu) has several advantages for low threshold scintillation detectors. a

However, it is very hygroscopic and requires innovative manufacturing. —



Concept of Srl,(Eu)/Csl(pure) scintillation detector

Detector layer
structure

Hole for cables

Detector layer

Module:

Base element consists of 4 scintillation
crystals, placed in plastic container.
16 SiPM matrix is used to read signals.

Board with
SiPM-matrixes

I

—

Hole for m g : N Copper pipe
cables [ 2 .

Detector
layers

- Detector layer consists of 16

modules.
_ - Each modules layer has 64
Mass of a single crystal ~ 25 g channel readout
Mass of crystals in single module - Mass of crystals in one detector
~100g layer is mg.ine = 1.6 kg




Signal readout

;;;;;;

Current amplifier:
* Shape of signals from SiPM is not changed;
* Noise level - 0.2-0.4 photoelectrons;

* 64 channels

e Has abili h lification b der e 12-bits
as abi 1-ty to change amplification by one order; o Qme AT for sadh 8 mimsier oy
* 4 amplifiers for one detector module; :
 ADC time step 16 ns e

e Maximum window 32 us




Considered S1IPM matrixes
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Parameters of NDL EQR15 11-6060D-S
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4 independent 6 X 6mm? SiPMs

Size 15 X 15 mm?

High PDE (~45% at 420 nm)

High gain ~4 - 10°

Breakdown voltage is low (= 30 V

for room temperature)
Relatively high DCR
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Parameters of NDL EQR20 11-6060D-S

4 independent 6 X 6mm? SiPMs
Size 15 X 15 mm?

High PDE (~46% at 420 nm)

High gain ~8 - 10°

Breakdown voltage is low (= 27.5V
for room temperature)

Relatively high DCR

Parameters of Hamamatsu MPPC
S14161-3050HS-04
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16 independent 3 X 3mm? SiPMs
Size 13 X 13mm?

High PDE (~50% at 420 nm)

High gain ~10°

Breakdown voltage is low (= 38 V
for room temperature) °
Relatively low DCR
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Dark current rate (DCR) of NDL SiPM matrixes

T = —65°C T = —61°C
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» NDL EQR20 and EQRI5 have similar DCR

despite datasheet claiming 2 times lower for DCR for different temperatures at 0.5 p.e. threshold
EQR20 7~ -\ 7000
> High DCR ~——Z  at T=-65C>= 3 |
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DCR and crosstalk of Hamamatsu SiPM matrixes
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Hamamtsu SiPMs are considered as the main option for future detector | d




Packing of SrI,(Eu) crystals at INR RAS

Recently, crystals started being produced in
Srl,(Euw) is highly hygroscopic. Nikolaev Institute of Inorganic Chemistry, Siberian
Treatment in dry box is essential. Branch of Russian Academy of Sciences (NIIC SB
RAS, Novosibirsk)

Crystal is wrapped in highly
reflective Teflon tape and
covered by transparent tape
for optical contact

Crystal is polished.
’.l Looks opaque due to
A | fast hydration.

|2l — 1Y

Polishing and wrapping crystal in e

Teflon tape _



Discriminator

Light insulation

Scintillation Crystal

o Fast sampling
rtin « -— Trigger signal AD C 6 4

» Srl,(Eu)/Csl(pure) scintillation crystal is wrapped in Teflon
fluoroplastic tape.

» Several y sources were used to test modules in wide energy range
(Am241, Co57, Cs137, Na22)

> 15 X 15 x 25mm?3 Srl,(Eu) and CsI(pure) crystals were tested at
their operating temperatures ﬁ

T =~ —193°C

—i




Typical signals

ADC channels
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Signals acquired during ?1Am tests of scintillation detector

Sri,(Eu)

single p.e. peaks
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High (tens of keVs) amplitude signal

» Typical decay time ~8us for Srl, (Eu) and ~2us for Csl(pure)
» Integrating over signal waveform yields lesser noise impact on charge

I



Srl,(Eu) light collection for Hamamatsu SiPM matrixes

15 x 15 x 15mm? crystal
57Co; T = —30°C
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» Light Collection can reach nearly 28 p.e./keV

» Srl,(Eu) operates at relatively high temperature




Csl(pure) light collection for Hamamatsu SiPM matrixes

Events Number (Counts)

15 x 15 x 25mm? crystal
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» Adding shifter increases light yield by a factor of 2 @
> Energy resolution allows to separate low energy *4'Am peaks with lower light yield




Additional suppression of DCR (double coincidence)

Dark current rate (DCR) still high (~1 Hz/mm?) even at T = —60°C. Additional DCR suppression is needed.
Signal double coincidence in each crystal would suppress DCR for a few orders. DCR for Csl(pure) is much lower
due to lower temperature).

Above results acquired by signal integration and threshold about 1 keV was achieved.
To achieve 100 eV threshold, photoelectron counter regime will be used.

. L
Grouping SiPMs of .y e
—SiPM 6*6 mm different matrixes = I
t—- Discrimina tor [
I — L AND
I [
— Discriminator [+ ;}_— Discriminator [ OR m’
g —
0] — [
~— s, ] = AND
i}_— Discrimina tor [H
Signal readout from detector module B | |
— AND
- ( o

Trigger logic I—



Conclusion

» New concept of ultralow threshold neutrino Srl,(Eu)/Csl(pure)
scintillation detector was suggested;

» Due to NDL SiPMs higher DCR value and instability at lower
temperatures Hamamatsu MPPC will be used for light detection;

» Srl,(Eu) detector can operate at higher temperature of —60°C,
Csl(pure) detector operates at LN, temperature;

> Preliminary tests of scintillators Srl,(Eu) and CsI(pure) allowed to
achieve light yield = 28 and 21 p.e/keV;

» Low threshold of ~100 eV can be achieved for both scintillators;



Thank you for your attention
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Srl,(Eu) production




Reasons for selecting Srl, (Eu)

Lightyield of SrI,(Eu) and canreach LYg,1,(gy) = 120 ph/keV even at room temperature.

If light collection efficiency is ~50%, the 100 eV threshold corresponds to 6 photons.
Photon detection efficiency (PDE) of SiPMs can reach ~50% !

main Srl,(Eu) advantages
(Eu) g A /
Internal radioactivity none
Scintillation wavelength 430 nm (close to SiPM / /

maximum efficienc :
y) Basic detector cell is a crystal with SiPM matrix

light readout from one of the ends.

Cross dimension ~15x15 mm? is close to SiPM
matrix size.

Length ~25 mm.

Operating temperature T ~ -60 °C (SiPM noise
suppression)

Optimal optical contact at operating temperature

Srl,(Eu) has many advantages for low threshold scintillation detectors. @

However, it is very hygroscopic and requires innovative manufacturing.
—



S1PM matrixes

8
Gne

=l 1
=

MCAI-SESNI E

FEE oard wth soldered SiPM matrix

Parameters of Hamamatsu MPPC
S14161-3050HS-04

- 16 independent 3 X 3mm? SiPMs

- Size 13 X 13mm?

- High PDE (~40% at 350 nm)

- High gain ~10°

- Breakdown voltage 1s low (= 38 V for
room temperature)

Photo detection efficiency (%)

Intensity (arbitrary units)
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MPPC parameters at LN, temperature
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Abs Voltage [V] Low threshold detector noise requirement
Breakdown voltage at LN, temperature (77K): _§ 008" (Fang Liu et al Sensors 2022, 22(3), 1099)
UbTLNZ = 32 V; ;'_J'U.OB}
Breakdown voltage at room temperature (293K): 2 007
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In a large temperature range breakdown voltage -
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Noise event rate vs threshold dependence for different
operating voltages

Non-linearity of U,,- at cryogenic temperature?




Possible variant of the Setup

Source - Ti tubes with 3H gas

msy = 1kg; A = 9.65 kCi

detector module

a
A 4

I [ =50mm

HAMAMATSU MPPC S14161-3050HS-04

Each module has 2 channel SiPM readout

Design of the experimental setup’s prototype Expected number of channels ~2000

©
D —



Commercial sample of SrI,(Eu) scintillation detector

» Scintillation detector
sample CapeSym (USA).

» Crystal size 13x13x13
mm?3 corresponds to SiPM
matrix size

SiPM matrix Sensl ArrayC-60035-4P-EVB

YVVVYYV
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Matrix size 13x13MM?.

4 independent 6x5 SiPMs.

PDE (~40% at 420 nm)

High gain ~3 - 10°

Breakdown voltage is low (= 24.7 V for
room temperature)

High DCR

Counts

2500

2000¢;
1500
1000}

500}

%103

ADC channels
3
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Long signal ~20 us -
too much Eu?

o
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241 Am spectrum
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Typical waveforms for different amplifiers

Pulse time [time steps]

Tsignar = 10 us

x10°
< E overshoot is not shown
c 30
Scintillation length of Csl (pure) crystal at LN2 temperatures is & 20
- c . . . . . o -
long (~10us). Baseline is unstable during the scintillation time. Q 1of
Decay time for higher signals is much longer than for few <
0_
photoelectrons. :
10° 1timestep=10ns '°F
0 31.2F : . o0l
2 /4:—
S 31?% a few p.e. pu]ses 0o I1(|)0I ~ I2(|]0' — I3(|)0| — I4(|]0| — I5(|]0‘ I
S 30.8— Pulse time [time steps]
éso.sf_ High amplitude waveform for charge sensitive amplifiers
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Low amplitude waveform (different peaks correspond
to a certain number of photoelectrons)

Thuise K Tsignai = Charge should be used to

correctly estimate number of photoelectrons

1
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O

Pulse time [time stkps]
High amplitude waveform for current amplifiers @
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Spectra for small vs large CsI crystal (current amplifiers)

Double SiPM
readout

Uop = 36V, C057
Small Csl crystal
(15 x 15 x 15mm?3)
Spectra for SiPM1

Uop =36V, C057
Large Csl crystal
(15 x 15 x 25mm?3)
Spectra for SiPM1

Counts

Low charge spectrum range

1p.e.= 6000 ch

20

25
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High charge spectrum range

x1 o’

- 122keV

20
Charge (channels)

Current amplifier allow to increase light collection by 50%

1p.e.=6100ch
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Charge (channels)

x10°
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x1 03

122keV

x108
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Larger crystal slightly decreases light collection

Light Collection (LC)

pb.e
LCsipy1 = 18. SW
p.ée.
LCSlPMZ - 16 I%BV
LCtotal 34‘ SW
p.e.
LCSiPMl = 152@
p.e.
LCSiPMZ = 14‘1@
p.ée.
LCiptqr = 29. BW



Spectra for single vs double SiPM readout (current amplifiers)

15 x 15 x 25mm3
Csl crystal

Uop = 36V, C057
single SiPM readout

Uop =36 V,C057
double SiPM readout
Spectra for SiPM1

Low charge spectrum range
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Two SiPM readout significantly increases light collection.
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Light collection for NDL SiPM matrixes
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Additional suppression of DCR (double coincidence)

» DCR still high even at T = —60°C
» Additional suppression needed

1l
Above results acquired by signal integration 5 LAND
and threshold below 1 keV was achieved. 4
e
= —L
%_ AND [
Grouping SiPMs of [8H— — — :
-—SiPM 6*6 mm”  different matrixes .__ OR Trigger
10 — signal
. AND
e T
2H ——
BT o
14— AND
15 T
16

* Developed readout scheme does not change
total channel’s number

With developed trigger and 2 photoelectrons  Information of triggered channels allows to
threshold in  SiPM  noise  rate  is find fired crystal
noise ~30 e;:z:s for the whole detector @
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Srl,(Eu) light collection for NDL SiPM matrixes

15 x 15 x 15mm3 crystal
NDL EQR20U,, =29V 241Am,T = —50°C

x10° x10°
21,6
§1_4f_ _ 59,5keV |
O 1p.e.= 6000 ch I ) ) e.
12 | Light Collection LC = 39.6 %

1
0sl : Crosstalk CT = 30%

s — pe.
06 | Corrected LC CLC = 30.5,—
04 :

0.2 :
AN R R P . PR ) L 6

L R T R G e e T

Charge (channels) Charge (counts)
NDL EQR15; Uop = 30.15V 241Am, T = —61°C

x10° x10°

4 £3.5F-
3.5 I 3 af |

s ! © 3 59,5keV || p.e

| , e . u

o5 /! 25 I LC =25.8 —

\ ! 1p.e.= 1290 ch of- ! keV
1.5 : 150 | CT = 35%

. : E : p- e-

1 | 1 , CLC =19.1——

0.5 ! 0.5 | keV @

)| S P R | SR .. I " x10° - ey !‘ ‘ . 10°

1 5 2 25 3 35 4 0 500 1000 1500 2000 2500

Charge (channels) Charge (channels)




Srl,(Eu) light collection for NDL SiPM matrixes
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2 keV peak is visible!
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