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Motivation

Small-angle neutron scattering (SANS):

- Soft matter investigations
- No electric charge - nuclear reactions

- Neutron magnetic moment - investigation of
magnetic properties of matter

- Thermal and cold neutrons (1 — 25 meV)
deposit only minimum amounts of energy
‘ mto the investigated sample
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We need:

» Higher spatial resolutions (< 1 mm?)

* Higher count rates (to match any future
neutron source)

* Compatibility with magnetic fields

* Modular 4-side tileable detectors

* Lower power consumption and heat

generation

Expenmental hall at MLZ (Helnz Maier Leibnitz Zentrum) Garching, Munich
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We propose... JULICH

SANS solid-state pixelated and modular
scintillation detectors using Ce-doped °Li-glass

S

Optical gel

scintillator and an underlying array of SiPM 7
photodetectors: photon AN
AVAVAVAVAVAVAVAV. o

- Near single photon counting = high n, 47

- Low bias voltages (20-70 V)

- Acceptable space resolution (< 1 mm sq.) N

- Neutron counting rates ~ 100 Mcps/m? Thermal neutron \‘

- Insensitivity to magnetic fields up to several Tesla «ph\t\
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Typical operating conditions for SANS JJUL'CH

experiments

PMT based Anger-camera scintillation detector installed at the KWS-1 instrument of the MLZ in
Garching, Germany. The detector has an active area of 60 x 60 cm?:
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Graphical presentation of the amount of neutrons detected during
240 days (between August 2014 and October 2015) across all kinds
Source: Durini et al., NIMA 835 (2016) 99-109 of experiments and setups available at the instrument.
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Main concern:

Radiation damage for SiPMs:

* lonizing damage (mainly due to high-
energy gamma photons) e

» Displacement damage (DD): 25 eV
for a Si atom to be displaced - 175
keV neutrons for generation of
Frenkel pairs (silicon interstitial and
vacancy) to be produced LI

» Single event effects (SEE): range of
effects caused by ionization from a
single, high energy particle

(3

June 14, 2018

#) J0LICH

FORSCHUNGSZENTRUM

Radiation Hardness of SIPMs

Effective damage to Silicon detectors relative to
1 MeV neutron (irradiated with white neutrons):

_.|_L_ S I Y N Y _ .Qf_'*'._._a?.__.
3 The equivalent damage ‘s exp'ected
u 10" = to be 3 - 4 orders of magnitude
= - - lower than the one caused by MeV
& 10t ! neutrons yan i
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Source: Qiang et al. “Radiation hardness tests of SiPMs for the JLab Hall D Barrel calorimeter”,
NIMA 698 (2013) 234-241
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Radiation Hardness of SIPMs

Nuclear transmutation processes initiated by thermal neutron (n) capture:
0Si+ 71 > 3Si > 3P + B

Damage introduced into silicon by thermal/cold neutrons is primarily in form of point defects,
approximately 2-5 defects per absorbed neutron remaining at room temperature.

"""""""""""""""""""""""""""" Cathode  Anode «——Active Area— Anode  Cathode

1 | = ¢, g4 |y YW o T T
dark| — n 5 de SCR™ n*'n /
’ N b p § / \

D

A p guard-ring HV-nwell p guard-ring

Y p-sub

Typical SPAD structure

i i I | Source: Durini et al., “CMOS Technology for SPAD / SiPM.
Increase N the dark Slqnal Of the SI PMS Results from the MiSPiA Project”, 7" IMS Workshop, 2014
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We investigated the dark signal and PDE performances of
3 SIPM technologies under irradiation with cold neutrons.

For dark signal deterioration assessment, we measured it

during irradiation with cold neutrons both, with and without a
scintillator material covering the photodetector arrays.

June 14, 2018 Durini et al. ICA SiPM 2018 8
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Radiation Hardness of SIPMSs:

Investigated SIPM

SensL Series-C

Hamamatsu 8 x 8

. ArrayC-30035-144P- MPPC array
technologies = PCB $12642-0808PB-50
Array format 12 %12 8§ %8
Pitch of each individual 42 32
detector, mm
A.rrny package size (4-side 502 % 502 294 %58
tileable), mm*

Active area of each

individual sensor (pixel), 33 3 =3
mm?*

Microcell size, pm 35 50
No. of micro-cells 4774 3584
Micro-cell fill-factor, % 64 62
Detector fill-factor, % 51 879

”””””””” 55

Dark Signal
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Source: Durini et al., NIMA 835 (2016) 99-109
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Philips DPC3200-22-44 33
Array format §x8 SiPM i
Pitch of each individual SiPM detector | 4.0 mm
Array package size (4-side tillable) 32.6 x32.6 | mm?
Active area of each individual sensor 3.2x3.8 mm? :
Microcell size 594 x 64 | pm?
No. of micro-cells 3200 1 :
Micro-cell fill-factor 74 %

®m Average DCR per photoactive cell over 1 die

Bage Unit Tile connector (4 Pixels or 12,800 photoactive cells) + 1c Standard Deviation
1000000 5 @ 90% activated photoactive cells
: ® Interpolated DCR
100000 o Eﬁ%\
— E =
7] B X }
8_ B
- 1 B 134 kcps
0 100003 Factor 226 increase
B
g ] o
S 10004 <77 o
(3] E ‘ X
£ Z 5 1
% 4 \
§ 100 4 L
o E
i 592 cps T=23.78+0.72°C
S Power Unit PDPC Laptop for measurement control 1E8 1E9 1E10 1E11 1E12 1E13
§ Thermal Neutron Dose [n/cm2]
%
s
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One year Ten year
equivalent dose equivalent dose
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Normalizing the aSiPM dark currents:
Lot ( 100 — XT — AP]
q-G-A 100
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SensL SiPM detectors with 3 X 3 mm? photoactive
areas, biased at (V,,+2.5)V@ T = 23° C:

4 sgn 1 mm Ce-doped 6Li-
< No scintilator glass Scintillator
= 1on o T Approx. Philips DPC detectors with 4 X 4 mm? photoactive
?1: /"/{:L‘QUAI% Transmission: ~5 % areas, biased at (V,+3) V _@ T=23" C
g 1p Eji? L — ::: ?ericjc_.]lgidri\iﬂotnhick GS20 scintillation glass
é rﬁf/if = " Using 1 mm thick S 100+ 7
®Li-glass scintillator 8 P
1E7 1E8 1E9 1E10 1E11 1E12 1EI13 LGL_) 0 //36
Neutron Dose [n/cm?] B = ?
O 1 mm Ce-doped °Li-
. O X10 inti
Hamamatsu MPPC 3 3 mm? photoactive area =5 glass Scintillator
detectors, biased at (V,,+2.4) V@ T=23° C = g) S Approx.
3 K Transmission: ~ 5%
100u 5 . e
— No scintillator & 1 mm C-e-d-oped 6LI- _E 9—0'4-'%3"//.4/.\'/ il
‘<: PEHPNE i glass SCII’\tI”atOF 87'14/Eﬁ+07 1E+08 1E+09 1E+10 1E+11 1E+I-12
T o i Approx. Cold Neutron Dose [n/cm?]
f / I Transmission: ~ 12%
(@] /,’ %
© -7 LAPAY-
:% lu)(—-------------""""""""—_— l:singlmmthick )
hi-glass scintilator Assumption for future work: approx. 10 %
17 1Es 1E9 1E10 1E1l 1E12 1EI3 of impinging neutrons get absorbed in the
Neutron Dose [n/cm?Z] scintillator
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Opto Measurement System Setup

N
-

Peltier element & Ref. diode . , Chopper control & Lock-in Amp.

N = —

Monochromator & Optical fibre

Cooling system controller & PC

Thermochiller
Xenon lamp housing & Controller

Mitglied der Helmholtz-Gemeinschaft

June 14, 2018 Durini et al. ICA SiPM 2018 16



o _ _ ' FX1V
Radiation Hardness of SIPMs: PDE |ssuesJ£BHu':G!ﬁwHM

Example of repeated irradiance measurements

using a reference photodiode:
14 5

12 4

=)
/;

light
Xenon Arc Mechanical Optics Sk e
e ¢ Cenmie Monochromator  © H““’I Optical Setup gy
Lamp Chopper Fiber
diode

Preamp
ref.

A

Irradiance (1E-4 W/m?)
o o
L n L i

10

L — T T — T T ™
300 400 500 600 YO0 800 900 1000 1100
Wavelength (nm)

Resulting system uncertainty (including
the uncertainty of the ref. PD): 16.6 %

Selected region in %

lllumination spot uniformity (8 x 8 mm3):

Selected Position Y (8 mm)

86 88 90 92 %
Selected Position X (8 mm)
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Optimizing the measurement system for “single- 45 L
b g th ; : . y 9 ] 4.9 % deterioration at 420 nm
photon counting” devices is never easy... 0417
. I
---------------------------------- 35 4 SensL(Non Irradiated @21°C)
4 I I e, o e I B SensL(Irradiated @-7°C)
5 - .- 30
""""""""
54l 3 25
5 g 201
3 31
z . . 15
g Saturation region
= 2 10 4
] 5 I Max. neutron dose:
. i
| / ] _ 1.9x10%2 n/cm?
o——m1—t—T—T—T T T
D T T T L} T L} T L} L} L} L} 1
30 40 50 60 70 80 90 100 110 120 130 140 150 400 450 500 550 600 650 700 750 800 850
Optical Power (nW) Wavelength (nm)
60 50 - 11.3 % deterioration at 420 nm
55 3.8 % deterioration at 420 nm 45
| . ] Hamamatsu(Non Irradiated (@16°C)
50 1 P —— PDPC (Non Irradiated) 40 | ||—— Hamamatsu(Irradiated @-7°C)
a5 4 —— PDPC (Irradiated) {3
4 35
40 | | | i
4 = 130 4
B E} 30 E 25 4
“cs‘: & 25 ] 20 -
= 20
£ . 16
3 15 - Max. neutron dose: .
N ! 12 2 10
5 10 2x10* nfem ] | Max. neutron dose:
% 5 - < 57 1 6x102 n/cm?
9] 0 - T T T T T T T 1 0 ! ' 1 ' " [ " ' ,
g 300 400 500 600 700 800 900 1000 1100 400 450 500 550 600 650 700 750 800 850
2 Wavelength (nm) . Wavelength (nm)
£ Source: Kumar et al. (2018) JINST Vol. 13 g
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Conclusions and Outlook:

 SiPM technology is viable for solid-state pixelated scintillation detectors to be used
iIn SANS applications having over 10-year life-times

« Hamamatsu MPPCs showed higher radiation hardness than SensL Series-C and Philips
DPC - all three technologies remained within goal specifications

* An annealing effect at room temperature was observed and will be investigated further
(also using active heating or illumination)

 The relative deterioration in PDE (A = 420 nm) after irradiation with 5 A cold neutrons is
proportional to the increase in the DCR - remained within goal specifications

« We chose the Philips DPC technology and developed and characterized the first SANS
PDPC based solid-state scintillation detector demonstrator yielding:

June 14, 2018

Count-rate (linearity > 90%): >110 Mcps for 60 x 60 cm?
Neutron Detection Efficiency: 75+5% @ 5 A

Spatial resolution: 2 1x1 mm? for monolithic scintillator
glass

A prototype detector of 13 x 13 cm? is currently under
development

Durini et al. ICA SiPM 2018 20
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Conclusions and Outlook:

 SiPM technology is viable for solid-state pixelated scintillation detectors to be used
iIn SANS applications having over 10-year life-times

« Hamamatsu MPPCs showed higher radiation hardness than SensL Series-C and Philips
DPC - all three technologies remained within goal specifications

* An annealing effect at room temperature was observed and will be investigated further
(also using active heating or illumination)

 The relative deterioration in PDE (A = 420 nm) after irradiation with 5 A cold neutrons is
proportional to the increase in the DCR - remained within goal specifications

« We chose the Philips DPC technology and developed and characterized the first SANS
PDPC based solid-state scintillation detector demonstrator yielding:

Thank you very much for
your attention!

...any questions? |
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Count-rate (linearity > 90%): >110 Mcps for 60 x 60 cm?
Neutron Detection Efficiency: 75+5% @ 5 A

Spatial resolution: 2 1x1 mm? for monolithic scintillator
glass

A prototype detector of 13 x 13 cm? is currently under
development
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