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Motivation for °°Xe Neutrinoless Double Beta Decay

Finding Ovff always implies new physics o -
o) 4 e @ ( Q
s * £ t
Lepton number violation f 2 4
[ — vOV e
Neutrinos are Majorana fermions (v = 1) \/ % X e

- Origin of neutrino masses

1.0 -
Insight into absolute neutrino mass scale 0.8 -
v 0.6 A
Possibly linked to matter and anti-matter =
asymmetry O 0.4 -
0.2 NOT TO SCALE
Experimental signature is a peak at the Q- .
136 - | | | |
Value (2458 keV fOr Xe) 500 1000 1500 2000 2500

Summed Electron Energy [keV]



nEXO: Liquid Xenon Detector for Ovf
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SIPM technology in nEXO

In NEXO we plan to use ~4.5 m2 covered with VUV-sensitive SiPMs 5

F

Main Characteristics :

* SPADs connected in parallel operated in reverse bias mode |
* |ncoming photon triggers charge avalanche
» Single pixel is discharged

Advantages:

llllllllllllllllllllllllll

* High gain at low bias voltage :
Temperature: -
— -40 [*C]

4 o _-110[°C] —

Voltage [mV]

* Single photon detection resolution

* High radio purity than PMTs possible

» Suitable at cryogenic temperature

100 200 300 400 500
Pulse Time [ns]



Noise Sources in SiPMs

* i' Lt IR T IIS

Uncorrelated Avalanche Noise 533?35%,}\ % ,’ |
- Dark Count Rate (DCR) .
Correlated Avalanche Noise o ool O TRR
- Afterpulse (AP) ’ T aer e ] ”’ o
- Internal Cross talk (CT)
- External CT t PP & CT-P

= CT-D
For Internal Cross Talk an additional 5| PP PP. . AP PP\I\
discrimination is based on timing : K M

A=1 ) A=2 ) A< 1 ] A=1 t>

CT-P : Cross-Talk Prompt (<< 1 ns) (delayed) (delayed)

CT-D : Cross-Talk De|ayed (> N S) Primary pulses (PP) with different types of correlated pulses such as prompt
CT (CT-P), afterpulse (AP) and delayed CT (CT-D).



SIPM technology in nEXO

spring (charge collection)
In NEXO we plan to use ~4.5 m2 covered with VUV-sensitive SiPMs sapphirs ___ =

- 5 t of liquid xenon = e
- Improved charge (tiles) and light (SiPM) readout siew { S ——
- Projected Sensitivity: T?/Vz > 1.35 X 10°% yr - :' | = ,:

- |

rings :

: ll et e

|
|
Photon Detector (PD) consists of 4.6m?2 of SiPMs |

* ~46,000 1cm x 1cm VUV sensitive SiPMs (grouped into 7680 6cm2 readout

channels) Stave
Front: Back:

* Basic integrated element is “tile module” (96 cm?2) with ASIC
e 24 “staves” contain 20 tile modules each

Tile module
Pigtail cable with

Wire bonds _ b cannection
Daughterboard ASIC dies

Subst\rate \ / \ _j'_-L

| e e e L e D e

W

ww 021

X 24

FRLArE Wy Wy Sy Sy Jx Wy W Wk
1T r &£ £ £ s =z 'z

ol
-

16 3x2 cm? readout )
channels per tile o 190 mm




Energy Resolution and photodetector requirements

8

Rotated energy resolution is dominated by light | ohase 1 IohE resolition model
- = = 1200% Phase Il light resolution model
CO"GCth“ efﬁClency 1 Phase I&ll charge resolution model
"+‘ 7+  Measured light resolution (Phase I)
. 0 10.00; +  Measured light resolution (Phase II)
o Uﬂ|lke Charge, Only <1 O A) Of phOtOnS dre CO”eCted ) JF *+ Measured charge resolution (Phase 1)
Qé' 5 00 T @ Measured charge resolution (Phase Il)
« Statistical fluctuation in collection drives overall : | ﬁt :
nEXO resolution £ eooffk - T :
s |
* Understanding system level collection efficiency is 4.00 = —
key to accurately projection nEXO resolution | | | ,
20050 200 300 400 500 600 700
_ o _ _ E field (V/cm)
* Sub-dominat (but not negligible) contribution from Energy resolution measured with EXO-200
fluctuation in correlated avalanches (CA) APDs at 2615 keV
Collection efficiency Dhoton Detection Correlated RMS of CA Uncorrelated
efficiency (PDE) avalanches charge per PE avalanches
PDE O\
e» = PTE x CE = PTE x 2 DCR
1-R 1+ (A)
Photon transport Photon collection Reflectivity (R) Mean Charge in CA per

efficiency efficiency primary PE



O See my Seminar
A for more details

nEXO SiPM Requirements at 163 K CAF =

1 4+ (A)
9
Parameters

Photo-detection efficiency (PDE) at 175-178 nm in liquid Xenon >15%
Radio purity: contribution of photo-detectors on the overall background <1%
Dark noise rate at -110°¢ <10 Hz/mme

Correlated Avalanches fluctuation (CAF) per pulse in Tus at -110 C <04
““““““““““““““““““““““““““““““““““““““““““““““““““““““““ Single photo-detector activearea = 1o
S Operatoral gain > 1.5x 100 e~
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ Capacitance perarea <50 pF/mm?
““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““ “quivalent noise charge ~ <0.1 PErm.s

Three SiPMs analysed in this work: 2 Hamamatsu VUV4 MPPCs and FBK VUVHD3 SiPM



-

NnEXO 6x6 mm<Z SiPMs candidates

Hamamatsu MPPCs

NIM A 940 (2019)

HPK VUV4-50 HPK VUV4-Q-50
Single devices Quad devices.
50 um pitch 50 um pitch

IEEE Trans.Nucl.Sci. 65 (2018) FB K Si PM

FBK VUVHDS3
substitutes
Its previous generation

FBK VUVHD1

10



PDE [%)]

Photon Detection Efficiency (PDE) at 174 nm at 163 K

* PDE has been measured by TRIUMF and IHEP at 163 K and 233 K, respectively as a

40

11

35 |
303
25 |
20 |
15|

10 ©

40

. "THRE\F'/’J’\}’V[")*;D%YC”' f;’fl[h]")h')' B N ¢ IHEP VUV4-50 (174.6 = 0.8 [nm]) [ GEe=g
E B += 1. nm - | J
+ ST VUVHD1 #1 % 35 [ ® IHEP VUV4-Q-50 (173 £ 0.8 [nm]) &
#— ST VUVHD1 #2 ;o - % TRVUV4-Q-50 (174 = 1.7 [nm]) -
nEXO Requirement - 30 [ nEXO Requirement —
® | S SR S ¢ 4+ 25 [ -
e +"** +"** B - + e + Q + ¢ + + -
I (I 20 | ; ¢ 2 3 & 5 -
_,Fq ] 15 | *
FBK VUVHD1 - ok E
: :
I2I I3HH4HH5IHI6HH7H”8 5 S S R
over voltage [V] 0 1 2 3 4 5 6 7 8

over voltage [V]

Requirement > 15% at ~ 175 nm

Requirement met from 1.5V of OV !



nEXO Energy Resolution at (2458keV for '¥Xe)

O
(I-¢e)n, n, ox ) 9 Myt Ognoise nEXO Requirement: — < 1 %
| y Fn Gl -+ I <I/l>
O €p & (1+(A))* pim v 7

no_ q
<n> <n> Fluctuation due to number
4 of photons detected (PDE)
ST % HPK VUV4-Q-50/VUV4-50 §
s 'UF. % FBK VUVHD3 E |
5 1.2 —‘5 nEXO Requirement E Fluctuation Due to :
O : —‘\‘i E Correlate Avalanche Noise
2 : ‘i.‘ : (CA/RMS)
> 1.0 ¢ ‘“ -
5 0.9 f—‘ X Light + Charge —f ) _ _
5 -\ | Resolution Residual Calibration
0.8 3 \\\ e %000000000000002222000000000000008888883558 - Uncertainty
0.7 ;_ \ \ ‘ ' Light Contribution _;
- to Resolution u
0-6 b \\ \\\ ]
. ~ T e e s et " e e 1 Fluctuation due to the
05 [ \_____—— -
045....|....|....|....|....|....|.5 number of charges detected
0 1 2 3 4 5 6

over voltage [V]

: . Fluctuation due to
PDE drives the minimum. electronic noise Iin charge

eCT is not yet accounted . This talk channel


https://arxiv.org/abs/2209.07765

External Crosstalk



Optical Cross talk measurements at TRIUMF

LIGHT-PROOF ENCLOSURE LIGHT-PROOF ENCLOSURE LIGHT-PROOF ENCLOSURE LIGHT-PROOF ENCLOSURE LIGHT-

Silicon Photomultiplier
XY-translation

LIGHT-PROOF ENCLOSURE

Olympus

Princeton Instruments N ~ lixss Microscope
HRS 300-MS S
Blaze Diffraction Spectrometer

Grating on
Rotating Stage

Objective Lenses
with Z-translation

Liquid
nitrogen
- camera

Princeton Instruments
PyLoN 400 BRX
CCD Camera

LIGHT-PROOF ENCLOSURE

Optical Filter
Array

C-Mount
Adjustable Slit Adapter

OTON3 4004d-LHOIT 3JHNSOTONT 400Hd-LHOIT 3JHNSOTONI 4004d-LHOIT 3IJHNSOTONI 4008d-LHOIT 3IJHNSOTONI

4004d~LHOIT 3JHNSOTONT 400Hd-LHDIT JFHNSOTONT J00Hd-LHDIT FHNSOTONI 4004 d

% URE LIGHT-PROOF ENCLOSURE

—
N

measurements

- Boom temperature

- Emission of light limited
from dark noise driven

avalanches

Two SIPMs studied: Hamamatsu VUV4 MPPC and FBK VUVHD3 SiPM voltages

- Limited at high over



TRIUMF setup in a nutshell

100

0.75 -
= 0.50 -
0.25 -

0.00 -

-

550

600
Wavelength [nm]

2nd order cut

0.8 -
—\,

0.4 -

Microscope

500 1000

Wavelength [nm]

Diffraction

Grating

Emission
Filter
Emitted
Light
0.8 -
0.6
Either: " 04 -
A. Imaging 021

B. Spectroscopy

1000 2000
Wavelength [nm]

E B Visible
— | Spectroscopy
(< -
< 0.003|-
< - i I
0.0025 :
0.002 SSIIIIEIE SELEEES e
-7 . .
( i 5 4
REL] / """""" A A(A): HPK VUV4 in Visible Mode | ¥
B / § ————  A(A): HPK VUV4 in NIR Mode 3°
0.001 [ rrmmegtneeee X BRI e —— — A(A): FBK VUV-HD3 in Visible Model" "% = ,
- / / ——— A(A): FBK VUV-HD3 in NIR Mode ]
0.0005 =L / -------------------- A ~ = = = 6, in Visible Mode i
/ / = == = 08 in NIR Mode :
e i i i i i L i 0
00 500 600 700 800 900 1000
Wavelength, A [nm]
Princeton Instruments
HRS 300-MS
Blaze Diffraction Spectrometer
Grating on
Rotating Stage
Cryogen ic Princeton Instruments
Camera PyLoN 400 BRX
CCD Camera
100 A
0.75 -
4+ +~ os0-
0.25 - J
500 1000

Wavelength [nm]

Adjustable Slit

Maximum Acceptance Angle 6, [deg.]
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SIPM structure and light emission

F

T

...................................................................................

Maximum Acceptance Angle 6, [deg.]

5

—4
(A): HPK VUV4 in Visible Mode | "]

—3
A()\): HPK VUV4 in NIR Mode —

—— — A(M): FBK VUV-HD3 in Visible Mode] -~ = )
A()): FBK VUV-HD3 in NIR Mode -

= — = = 6 in Visible Mode g P
~ == - 6 in NIR Mode —

L L i L L L L i L L L L i L L L L i IIIII ] 0
700 800 900 1000

Wavelength, A [nm]

External

Crosstalk ?
Internal
CrossTalk?

Some considerations:

Active Region

1) Objective Acceptance is really
small due to limited NA

Light is emitted isotropically Reabsorbed
from a point near where the - : P - -
initial photon was absorbed 2) lIsotropic emission is spoiled by

SiPM top structure



External CT driven by Dark Avalanches:
Imaging mode

FBK
g | % o2 VUVHD3
> . e
e FBK Light Emission
IS extremely uniform

00 5°;o[um] mg » S | 1A RSdA
? ""‘ L e
HPK light emission “
present not-uniform
distribution
o ?;




Optical Cross talk measurements at TRIUMF &

chamber

LIGHT-PROOF ENCLOSURE LIGHT-PROOF ENCLOSURE LIGHT-PROOF ENCLOSURE LIGHT-PROOF ENCLOSURE LIGHT-

Silicon Photomultiplier
XY-translation

LIGHT-PROOF ENCLOSURE

Olympus
Princeton Instruments Y TR IX83 Microscope
HRS 300-MS PN

Blaze Diffraction Spectrometer

Grating on ‘, N
Rotating Stage \ Objective Lenses
with Z-translation

Liquid Vacuum
Nitrogen . | chamber

Dewar

Princeton Instruments o
PyLoN 400 BRX Optical Filter
CCD Camera ' Array

LIGHT-PROOF ENCLOSURE
IN3 4004d-LHDIT 3JHNSOTONI 400Hd-LHOIT JFHNSOTONT 4004 &

\
C-Mount
Adjustable Slit Adapter

OTON3 4004d-LHOIT 3JHNSOTONT 4004d-LHOIT 3FHNSOTONT 400Hd-LHOIT IFHNSOTONI 4008d-LHOIT 3IJHNSOTONI

% URE LIGHT-PROOF ENCLOSURE
—
Q)
n
D
=

4004d-LHOIT

» Cryogenic measurements.

» Vacuum chamber at the top of
the microscope with a window

- Laser injection to probe low
over voltages




Upgraded TRIUMF setup

Vacuum
Chamber
0.8 -
0.6 -
= 04 -

0:2 - Objective

0.0 - \ 0.8 -
0 5000
Wavelength [nm] < > = 0.6 -
0.4 -
500 1000
Wavelength [nm]
100 —
-
0.75 - Collimated
— 050 | and Pul_sed
Laser Light
0.25 -
0.00 1= , o
550 600 Emission

Wavelength [nm]

Filter

2nd order cut E_mltted
Light

0.8 -

0.6 -

Either: " 04 -

A. Imaging 02-

B. Spectroscopy

Diffraction
Grating
100 -
0.75 -
4+ +~ 050-
0.25 -
1000 2000
Wavelength [nm]

Princeton Instruments
HRS 300-MS
Spectrometer

Blaze Diffraction
Grating on
Rotating Stage

Cryogenic Princeton Instruments
PyLoN 400 BRX

CCD Camera

Camera

J
500 1000

Wavelength [nm] Adjustable Slit
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External Crosstalk measurements Laser Driven

Emission Map (A)
FBK VUV-HD, 35V, 7.20E+09 laser pulses

220 :&f‘: , «‘}::A S
»-' <
200
= 180
3
” 160
140
L20 g
550 blUu bsC PNk /50
e 0 200 400 600 800 1000 1200
. Soot Cross structure X [um]
aser pO *images include prompt and delayed cross-talk
Hamamatsu VUV4, 55V, 1.50E+10 laser pulses
110 , 4
e S e O
160 . A ; : : e : OB
180 »
; B
'g 10 g
::200 §
220 ;
G
240 SRR

0 200 400 600 800 1000 1200
X [um]

600 5620 640 BED 630 700
X [um]
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External CT driven by Laser Avalanches:
Spectroscopy mode

N 0.0010 — | | T | |
0.0014 | : ' 165 K
0.0012 | - 0.0008 -
£ 0.0010 | 1 € - :
- i C
3 ; S 0.0006 o W
S 0.0008 1 % | N
5 | 5 | v B
£ 0.0006 | 1 S o0.0004f "'"—-“"'ﬁ. :
I - < - e ot B
; : > - o '. i ; ¥ ]
0.0004 { - : _
- 0.0002 | e
0.0002 | - = :
_ .. _ .:E..;..- e _
0.0000 bt 0.0000 ™= = ~ 800 . '

600 700 800 900 1000 800 900 1000
Wavelength [nm] Wavelength [nm]

» Interference patter compatible with PDE measurements



External CT driven by Laser Avalanches:
Spectroscopy mode (Integral)

FBK HPK
0.45 __' ' ' | ' ' ' | ' ! ! | ! ' ! | ": :' ! ! | ' J ! | T T T I T T T | T T

O
D
=
O
W
o

O

w

ol
O
N
Ul

O
W
o

—

N

Ul
o
N
o

0.20 |

O
-
Ul

0.15}

O
-
-

0.10 |

O
=)
o1

Photons in Objective [y/Avalanche]
Photons in Objective [y/Avalanche]

0.05}

2 4 6 38
VoV [V]

Very little ! Yes, but this is only what it gets in the NA of the objective ....



Extraction of the photon source term

Incoming

Active
region

37 Emitted Photon
Photon
\ CT-P  CT-D
A
.‘\‘ /£

Reflection

Carrier
production
and diffusion

Courtesy of Giacomo

‘Photons are produced as a result of the
avalanche process

\nsys

Ansys Lumerical FDTD
Sio;

I ————

==gr———p———

Neighbouring SPADs
(Absorption Box)

Approximate trench

Source SPAD
(dipole source)

» Attempt at simulating the cross-talk
effects using an isotropic source located
In the avalanche region



Published FBK Measured Emission Spectrum

Extraction of the photon source term \n sys

4e-11 -
=
C 35e-114 |
T i
& 3a1. | |
: : ! .
5 25011 i | Extracted Photon Production Spectrum at Source
3 l i :
O 2e-114 i I i i
be i i : | o 1.40-08
t’ 1.5e-11 - : : i : = ——FBK Corrected
Q ' ' ' ' -
= e | : : i : S 1.2e-08 4
S i: | i i 2
B se-12- | : | | : : S 1e08-
T o L | i : i @
550 000  gd0  700; 750 | BOO 8501 900 950 1000 5 Bel9.
| i - Wavelength [nm] : : -
| | | | - B
' | | | | 5 6e09.
Simulated transmission using Ansys Lumerical FDTD 2
o 4809
O
5
@)
)

I
Si02 Layer width = 1.33 um

0.0034 - i i i 2e-09 | { { { { ! ! | '

o i E | E : 250 000 050 /00 Wa\jfé(l)engtgo[onm] 850 200 250 1000
- Slight miss-alignment between interference
€ 0.0026 _ _
peaks leads to small oscillation.

00022 Transmission 1.33 um |

SiO; * The source spectrum is not expected to have

0.0018 - -
550 600 650 700 750 800 850 900 950 1000 a ny OSCI I I atl ons

Wavelength [nm]



Extraction of the photon source term \n sys

\nsys oprics Products v Solutions v Learn v Signin ( Evaluate for Free ) 25
#f Ansys Optics Support > APP home Q
in this article SPAD Secondary Emission and Absorption Associated files
Overview

Login to download

Run and Results

FDTD STACK | Photonic Integrated Circuits - Active

Important Model Settings Related articles

Updating the Model With
Your Parameters

Secondary photons are emitted during the avalanche process of a single v " Small-Scale Metalens -

. . Field Propagation
Taking the Model Further photon avalanche detector (SPAD) and they contribute to the internal and

external cross-talk. In this example, we demonstrate how to calculate the Vertical photodetector

Additional Resources

transmission function between the secondary light source location inside Inverse Design of Grating

Coupler (2D)

' R ’ Diffuse Scattering Film

< for Automotive Display

Appendix

SPAD and the measuring microscope objective. This transmission is a
ToP ¢ correction factor that, when combined with the measurements of the far-

A

field secondary emission spectrum, allows us to calculate the secondary

i

photon production spectrum at the source inside SPAD. We then Antireflective circular

demonstrate how to scale the far-field simulated power to include the polarizers in OLED
correct source photon production spectrum. In the end, we demonstrate how to perform an external light display

absorption simulation in the same SPAD.
Recently viewed articles

SPAD dark count rate
simulation

Overview

Understand the simulation workflow and key results

Step 1 Step 2 Step 3

Ansys STACK Ansys FDTD Ansys FDTD

x

https://optics.ansys.com/hc/en-us/articles/6676559298323-SPAD-Secondary-Emission-and-Absorption



Extraction of the photon source term

s — e 040_' !
0.0014 | 7.7V 172 K - :
| 5.9V : 0.35 |
0.0012F | 4.0V - :
L] 23V : 0.30
0.20 F - -

0.0010 f . : — ;
I : 0.25 :_ _...-""""l"'--“"l! _:

* ' - -

- :_..' E ---.‘_.-.- - E

i '..' . P - O . 1 5 -_ .--.- By .._,—-"‘"‘.-”.-—-.- “ __

0.0004 | 5 i S :
: .....: .o.o. ........0-..._. \.Hﬂ : O . 1 O :_ -.- - - M _:

0.0002 [ o’ oo™ 0.05 F 7 :

0.0000 &

0.0008 [

0.0006 [

y/Avalanche/nm
v /Avalanche/nm

600 700 3800 900 1000 0.00 ™= 600 — 700 — 800 — 900 ' '1'00'0' -
Wavelength [nm] Wavelength [nm]



Light Produced/Source in the silicon (Integral)

140

-
N
-

-
-
-

o))
-

N
o

Photons At Source [y/Avalanche]
(00)
o

N
o

FBK

100 K
S - 172 K "
=4+ 189 K
[ =4+ 233K '
-

Photons At Source [y/Avalanche]

-
-
o

o0
o

@)
o

N
(@)

N
o

HPK
: 86K 3
- =+~ 165K 1
-+~ 193K ]] .
=+~ 233K | '
- == 203K 7
o el ]

27

VoV [V]

More that 100 photons produced x avalanche, depending from Vov | But again this is in the silicon.




External CT driven by Laser Avalanches in Air

N
o
o
N
=)
o

-
~
Ul

I 1
N
W
W
N

-
~
Ul

=
U
o

‘ —
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Ul
o
|
-
~
N
N\

- 189K ‘
' 1

) )
L e
O O
- -
© ©
> _ > :
< 125} < 1.25F
= : : > _

I _ . ®) I ]
< 1.00 | 1 < 1.00¢ Z ;
= : 1~ : :
S 0.75} ] S o075Ff ;
o - - o - .
re : ] = : :
= 050 1 2 o050F h
c | ] 8 | -
O I ] O I 1
"0-257/ - '-0.25_—? .

0.00 b——
0-00 2 4 6 8 4 6 8
Vov [V] Vov [V]

On average 1/2 photons per pulse are emitted in Air, depending from Vov, what about LXe and LAr ?

28



External CT driven by Laser Avalanches (LXe/
LAr) at 4Vov

Device Source Photon (at 293°K) Photon Yield/Avalanche
per Avalanche per e~ Air LXe
HPK VUV4 37 £ 7 (15 +03)x10°° [ 06 +02 | 1.2+ 0.4
FBK VUV-HD3 56 + 7 24 £03)x107° | 0.8+ 0.2 | 1.8 £ 04
Strategy that follows 2 ST AT )
% ' |_‘ ) ; “ "' \“ ": “‘ i' ,‘,
* Measure Photon Yield in MIEL o ) e P93
- _ 4 TRIUMF 77 [K] (7.16 £ 0.14[V]) | ~
* Measure PDE in the infrared (see DS-20k W 60[ H?'H 4 FBK 290 [K] (10 [V) 1V g
SiPMs as an example)~10% - ] {"H "{:’ ‘%*,} Z §
0 Y ¢ b 140§
» Use LolX to validate in situ (LXe) results : %M;{'m.\ ] &
20 o e oo
i L2 117 _
: Q’Q&.“"".“.. |
O S VOSSP COPON [ETP PSP SR SOTTEIPSS TP TS SPPPPUTEITN [FUTPHIISSOTI RS POTTE (FITCNTIFETPITEIRTH RIS
300 400 500 600 700 800

Wavelength [nm]



Conclusions



Conclusions

 Presented a complete set of measurements on eCT
that can be used in simulation.

* A publication is in progress with these new results.

* Need more time to understand the impact on energy
resolution.

e Minimum is preserved but it may degrade energy
resolution at higher Vov

- N e e e
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Stimulated Secondary Emission of Single Photon Avalanche Diodes

Kurtis Raymond, Student Member, IEEE. Fabrice Retiére. Member, IEEE, Andrea Capra, Harry Lewis.
Duncan McCarthy, Austin de St Croix, Giacomo Gallina, Joe McLau}?ohlin, Juliette Martin, Nicolas

Massacret, Paolo Agnes, Ryan Underwood, Member, IEEE, Seraphim

Abstract—Large-area next-generation physics experiments raly
on uging Silicon Phalo-Mullipliers (SiPM) devices to detect sin-
gle photans. SiPMe asre 8 2-dimentional array of Single Photon
Avalanche Diodes (SPADs), achieving gains in excess of 10° Sec-
ondary photons are also produced during this avalanche process.
The internal cross-talk process is the production ol spurious
avalanches when these photons travel to neighbouring SPADs
within the same device. The external process is when the photons
the SIPM and produce an avalanche In a nelghbouring SIPM. This
latter process iz poieniially 8 major issues for experimeni non-
optically isolated SiPMs, as one thermal avalanches can potentially
yleld to multiple channels 1iring at the same time. The scope of
this paper is the delsiled characterization of the light escaping
the SiPM. SiPMs from Hamamatsu (HPK) VUV4 and Fondazione
Bruno Kessler (FBK) HD3 devices were characterized at a range ol
voltages and temperatures from 293K ta 88“ K. Accounting for the
photon transport processes from emission to detection In the MIEL
sysiem, yields 47=9 and 56=7 photons produced per avalanche for
HPK YUV4 and FBK VUV-HD3 respeactively, wih no signiicant tem-
perature dependence within the messurement uncerteinties. The
number of photons produced per electron Is relatively constant
between 1 and 2 10~ 5. This paper than Includas a prediction of
the wevelength and enguler distribution of the pholons emitied
in air/vacuum, liquid Argon and liquid Xenon that can be used to
predict the performance of future large experiments.

Index Terms—sllicon photomultipllers (SIPM), SIPM
Cross-talk, SiPM Emission. silicon photo-multiplier (SiPM)

I. INTRODUCTION

Stheon Phatomulnphers (S1PMs) have emerged a3 a campelling
solubon for detecing smgle photons m apphcanons rangimg from
particle physics to medical imaging and deyond [1]. Thev have
sub-pancsceond tning resolution in addition o being compact and
msengitive my magnetie ficlds [Z]. In this paper. we forus on the
charactenzztion af S1PMs develaped hy kFondanione Bruno Kessler
(FHK) and Hamamatsu Photomics (HPK) for use i hguyd Xenon n
the conext of the nEXO experiment [3]. The most relevant features
are their seasitvity n the vacuum wltraviolet range (higher than 15%
cthacncy at 175 nm far > 2V over-voltage) and very low dark
noise rate (less than 1 Hz/mm? at 3V over-voltage] at ligquid Xenon
ternperatute (about L63K) [£].

A SIPM is an anay of single photon avalanche diodes (SPADs),
that zre eleermeally isolated fram cach other and operated above the
device-dependent breakdown voltage, Vi Incident photons on the
device susfoce will produce a charge "avalanche. cowuesponding o
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a single SPAD’s full discharge. The charge of an avalanche is given
by the product of the diode capacitance, O, and the over-voltage
Voy = V' — V. where Voas the deviee operating valtape. Phaton
counting 15 achieved m S1PMs by counting the number af avalanches.
However. the avalanche process produces further secondary phntons,
resulting in intemal and cxtemal cross-lalk noisc mechanisims,

More generzlly, with intemal cross-talk, we refer o secondary
photons that wigger avalanches in neighbouring SPADs of the same
SiPM without escoping from the SiPM iwelf. This includes secondary
photons that escape Oom the swface of one SPAD and :reflect back
mia the SIPM at the surface coating interface and tngeer avalanches
in neighbouring SPADs |S]. This process has been extensively studied
in literature with both measurements [6] and simulation [7]. TFor the
w0 devices of interest in tis work, ntermal coss-wlk was found w
be more than 20% for the FBK SiPM but less than 5% for the HPK
Muln-Pixel Photon Counter at 5V, 4]

Lxternal cross-talk labels the process that lead to avalanches in
sepanate SiPMs. This process can be problematc for large swface
arcd, SIPM-hased detectors such ag nEXOsince cach S1PM can mpger
ather S1PMs m therr vicimity, thus contnhuting to the detector back-
ground. l'or this reason. 1t 1§ important to study the S1PM secondary
photon cmission 0 quantfy the systematic cffccts hindering the
averall detector performance.

This paper's scope is the characterization of light production in
SiPM avalanche by recording the position and wovelengh of the
photons that escape the SiPMs. This work is 10 help develop models
of photon production in SPADs and to predict the impact of cxteral
cross-talk on future experiment when embedded within simulations,
modelling photon transpost and detection efficiency. This work builds
upon earlies studies by our group [8] characterizing the light produced
ay thermal avalanches. However, the measurements were pcrfmmmi
aperating the NPMs at very high aver-valtage in order 1y gather
enough light. SiPMs are not used under such conditions in normal
operation. This new pape: used a focused laser beam w0 overcome
the lack of phaton counts at low ower-voltages hy foramg avalanches
vathin a specific SPAD, therefore increasing the avalznche rate wathin
the field of view by several orders of magnitude. Ihis strategy enables
reducing svstematic crrors, facilitaling comparison with carlicr work
[9]1=112] {albeit with different deviees). and eventual comparison with
theoretical madels [13]=|15].

Il. EXPERIMENTAL SETUP AND TECHNIQUE

A. Apparaius: the Microscope for the injection and Emission of
Light

‘This paper relies on a setup, called the Microscope for the Injection
and [mission of Light {MIEL). which is capable of characteriz-
ing stimulated emisgion from gingle SPADs. MTEL ik a confocal
microseope meluding a eryopeme stage a3 shown n Fgure 11
15 banlt around an Olympus [ X-83 inverted nmcroscope. A vacuum
chamber 15 affixed above the microscope with a broadband anu-
reflective coated sapphice widow scparating the vacuum space from
the @ space wathin the mierascepe. Inside the vacuum chamber ik
a4 Micromx sun-micron eryogeme m-i~postionng stage s couploed
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SIPM technology in nEXO

In NEXO we plan to use ~4.5 m? covered with VUV-sensitive SiPMs

Main Characteristics :

 SPADs connected in parallel operated in reverse bias mode
* |ncoming photon triggers charge avalanche

» Single pixel is discharged

Advantages:
anode
* High gain at low bias voltage tensioning red” = odde
spring - (charge collection)
* Single photon detection resolution sapphire
rods
* High radio purity than PMTs possible v—
staves
» Suitable at cryogenic temperature o
rings

""""



Dark Count Rate (DCR)

Computed using time differences between pulses as shown in 10.1016/j.nima.2017.08.035

10*

pulse rate [Hz/mm?]

107°

RG4S0 T
—+— TR VUV4-Q-50 (5.37 = 0.16 [V]).
—+— TRVUV4-50 (5.12 £ 0.16 [V]) °

Y (T SN ..
T | o0 _

102

10° 10* 10° 10° 10" 10® 10° 10'

time difference wrt the primary pulse [ns]

N

Dark Count Rate (DCR) [Hz/mm®]
o

Grey points !

NIM A 940 (2019)

IEEE Trans.Nucl.Sci. 65 (2018)

—e— TR VUVHDG3 #1
—#—- TR VUVHD3 #2
—%- TR VUV4-50

—6—- TR VUV4-Q-50

Requirement at 163 [K]: DCR < 10 Hz/mm?2

 Requirement met in the entire range of OV studied!

5 6

7 8
over voltage [V]



Correlated Avalanches FBK VUVHD3

» Defined as the ratio between the RMS (5,) and the mean (A) extra charge procured by

extra charge produced by CAs [PE]

correlated avalanches (CA) per pulse
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- —#— BNL VUVHDS3 #2 i 700
- 3 BNL VUVHD3 #3 :

- YALE VUVHDS3 - 600
- s UMASS VUVHD3 % e o
-+ ST VUVHD1 #1 . B

- 3 ST VUVHD1 #2 : 400
- - 300
. FBK VUVHD1 : o
. B

: - 4 : 100
B k™ “Qv—' - T e

0 1 > 3 4 5 6 7 8 ?

over voltage [V

CAFEL
1 + (A)
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PE
0 2 3 4 5 m
‘ ' ' ' Entries 20000
- Mean 220.4
E Std Dev 117.7
0 100 200 300 400 500 600 700 800

rharna [l QR v nel

* FBK VUVHDS is improved compare to FBK VUVHDA1.



O
Correlated Avalanches FBK VUVHD3 CAF=-—

37

» Defined as the ratio between the RMS (5,) and the mean (A) extra charge procured by
correlated avalanches (CA) per pulse

extra charge produced by CAs [PE]

3.9 TSN WIORS Aa T IR — 50 —— T
& TR'VUVHD3#1 ] = 50¢
- s TR VUVHD3 #2 1o ,.F ¢ TRVUVHD3# o E
3.0 F —z— TR VUVHD3 #3 # 1 2 [ & TRVUVHD3 #2
- & IHEP VUVHD3 (223 [K]) 1S 40F - E
55 [ —&— BNL VUVHD3 #1 o 1 & 355—5— R VUVHD3 #3 E
i ;_ EN:%&: gg ﬁg : = Y E 4 IHEP VUVHD3 (223 [K])
2.0 ¢ E{\*AAES\S/L{/\GQ/%SD ﬁ D SO YALE VUVHD3 e E
[ — 00— 3 ] 5 E O i
(5[ + STVUVHDT # t 1 2L % UMASSVUVHD3 N :
I ST VUVHD1 #2 ® : 2.0 o =
B * &8 i 15 n ° A ]
1.0 Al — -~ -G E
= FBK VUVHD1 - : 10E oo AN E
0.5 | el & = : o :
L T3 - T . 0.5 !‘qﬂjﬂ* =
! o Ma "¢ - - ]
0.0_ T . S P N N N B B 0.0 | | I | | | T R B
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9
over voltage [V] over voltage [V]

* FBK VUVHDS is improved compare to FBK VUVHDA1.



Correlated Avalanches HPK VUV4 MPPCs

o Defined as the ratio between the RMS (5,) and the mean (A) extra charge procured by
correlated avalanches (CA) per pulse

extra charge produced by CAs [PE]

3.5

3.0

25 F
20 F

1.5

1.0

0.5

0.0 b—

- v TRVUV4-50 e=f |
- 4 ST VUV4-50 #1 | I
- T ST VUV4-50 #2 e
. IHEP VUV4-50 (223 [K]) E
- % TR VUV4-Q-50
. BNL VUV4-Q-50 -
~ —%— IHEP VUV4-Q-50 (223 [K]) .
= HPK VUV4-50 . -
: D -
v A%

.Ml.hgﬂﬂﬁw.‘lff.&l.v |r N T

0 1 p 3 4 5 7 8 9

over voltage [V]

RMS CAs [PE]

CAF = oA

TR VUV4-50

IHEP VUV4-50 (223 [K])
TR VUV4-Q-50

IHEP VUV4-Q-50 (223 [K])

6 7 8 9
over voltage [V]

 HPK VUV4 has almost no correlated avalanches (CA) and it is significantly better

than the HPK VUV4-50 tested previously

1 + (A)
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Correlated Avalanche Fluctuation (CAF)

e Defined as the ratio between the RMS (o, ) and the mean () extra charge procured by correlated

avalanches (CA) per pulse

CAF = _Or <04
1 + (A)

* The error bars account for the
spread between different
measurements

e HPK MPPCs satisfies the
requirement In the entire range
of OV studied

e FBK VUVHD3 satisfies the
requirement up to 3/3.5 V of OV

Cor. Avalanche Fluctuation (CAF) [#]
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Photon Detection Efficiency (PDE) Wavelength Dependence

PDE [%]

e | Xe scintillation spectrum is a gaussian with a mean of 174.8 nm and a STD of 4.33 nm

e
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 FBK thin film interference in the SiO2 top layer. Compatible with specular reflectivity
measurements done at IHEP and published in 10.1109/TNS.2020.3035172
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Photon Detection Efficiency (PDE) Wavelength Dependence

41

» | Xe scintillation spectrum is a gaussian with a mean of 174.8 nm and a STD of 4.33 nm
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« HPK MPPCs Quad devices have an efficiency higher of the corresponding single
package 50um pitch device



External CT driven by Dark Avalanches:

Spectroscopy mode
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Visible
Bl Spectroscopy
Mode

NIR
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0, | :
e B

V,, =12.3V I ~ VUVHD3 -
| — V=121V | | : -

1 . 1 1 1 1 1 1 1 1 . 1 1 1 1 i 1 1 1 1
600 700 800 900 1000

Wavelength [nm]
FBK VUV-HD3 HPK VUV4
Vov [V]  Photon Yield [y/e ] | Vov [V] Photon Yield [y/e ]
12.14+1.0 (4.04+0.02) x 10°° | 10.7+1.0 (8.71 +0.04) x 10~°
124410 (445+0.02) x 10°® | 10.8+1.0 (8.98 +0.06) x 10°°
12.841.0 (510+0.02) x 10°® | 11.0+£1.0 (9.24 £+ 0.05) x 10~°

Photon Yield in [26] (500-1117nm): 12 x 10 /e

Photon Yield in [17] [0.5-4.5] mA (413-1087nm): 2.9 x 10 > /e~
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- FBK produces less light than HPK

* FBK light emission shows interference pattern. Compatible

with reflectivity measurements done done in the context of
nEXO



Simulation studies

In the previous paper interference was not accounted. We corrected for the objective NA.
Now we are interested to see the photon angular distribution. We need a careful simulation
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