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Outline

* Light production in liquid Xenon
* Light detection with PMT

* Light detection with SiPMs

* Light detection with digital SiPMs
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Light production

Nuclear Instruments and Methods in Physics

H H . Research Section A: Accelerators, Spectrometers
C I n I a I O n Detectors and Associated Equipment

Volume 795, 21 September 2015, Pages 293-297
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¢ Mean em|SS|On Wavelength: 174.8 +- 0.14 nm High-accuracy measurement of the
i . . . i issi f liquid in th
 Width (sigma) of the distribution: 4.3 +- 0.1 nm  (oooonspecrme tduidxenonin e

vacuum ultraviolet region

Keiko Fujii ° =, Yuya Endo °, Yui Torigoe %, Shogo Nakamura ©, Tomiyoshi Haruyama ®, Katsuyu
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Scintillation light yield with e-/beta

L, [photons/keV]

Qy [electrons/keV]

70 ———rrre——rrre——rrrrm——rrr—r] 70 ey m— 70 ——rrrem——r ey - {1 S — ——
—.-NEST B-ER (1 V/cm) ] F —--NEST B-ER (60 V/cm) ] f —--NEST B-ER (170 V/cm) —--NEST B-ER (4000 V/cm) ]
F .,m'f'mf\. 19 T 19 1 %F 3
N, ] : \ 1 - ]
50F L. 1 5O0F N 150 - ]
A ] L . ] L 3
N, ] C N E - ]
40F ; N4 40F \, 4 40F - 3
i 1k - ]
30F E | 4 30F ' 30F - y 3
; ] [ L / ]
20F / 4 20F 4 20F - ' 3
/ 1 Y 1 F / Sy
: Aprile 2012 C 0V, . 3 . ]
10 44 Baudis 2013 é’é'r'f‘?;‘:’é'n‘<o \//%nni) 1 10 /-’ 1 10F E /'/ 7
/ -}~ Doke 2002 IC e- (*°7Bi) (0 V/cm) ] r J ] L ; ]
/. sl raaanul PRETRTYT | ra sl M Ly ol sul R | sl i i .l.nul sl sl aaaanul " ~/-|I sl PRCETRETTY | aoanul 1

%.1 ak 10 100 1000 %.1 1 10 100 1000 %.1 1 10 100 1000 %.1 10 100 1000
1 1 1 1 4 1 1 1 1 E L 1 1 1 1 T 1 1 | 4
of i 1O F Fommmiemoven ] e ens o :
[~ - ] 9. == Dahl 2009 Xed Compton (60 V/cm) ] £ 3 jcm Gt E
70E Escaplng € 3 70F '\ < Doke 2002 IC e- 27Bi) (67 vicm) ] 70 E \\ D uisevenl ] oo \ 3
\ 1 i \ 4 PIXeY ¥Ar (99 V/cm) 4 1 PIXeY TAr (198 Vicm) \ ]
60 E \\ not detected _E 60 E_ \ _: 60 :_ ‘ neriX Compton (190 V/cm) 4 60F \ /J T'—‘i
sof \ { s0f 4 sof <1 50 \h\ .
\ ] : o  F 7 3
40 F \ 4 40F s 7 40F 4 4 40F =
® 77 ; v 3 ; < E
30F \ " sof 7 1 30F 4 30f E
2 7 ] ; 4 ; ; 3
20F N /./ 4 20F 4 4 20 4 20F -
> ; ] ; 3 ; Akimov 2014 Mixed (3750 V/cm) E
10F D=t 4 10F 4 10F 4 10F Da'r’aT%oa Xed g(:mpton (4osc¢')“wcm) -
] : 3 : - Doke 2002 IC e- (°7Bi) (3153 V/cm) E
L aauul L aauul Lo anul L auul 1] [ vl Laaauul Lol Lol 1] [ 1l L aauul L aauul Lo aauul 1 L aauul L anul 1l Laaauul 1

%.1 1 10 100 1000 %.1 1 10 100 1000 %.1 1 10 100 1000 %.1 1 10 100 1000

Energy [keV, keVee]

Energy [keV, keVee]

Energy [keV, keVee]

Energy [keV, keVee]

D

iscovery,
accelerated



& TRIUMF

R11410 PMTs

P MT @ Baseline photosensor for XLZD: design book arXiv:2410.17137
u pd ate © Efforts to reduce their overall activity
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Nomenclature and further steps

P MT «PMT with metal stem with glass beads: new name R17317
u pd ale eFurther planned reduction in radioactivity
frO m @Photocathode with highly pure K used for XMASS (R13111)
»Glass beads with low-radioactivity glass used for XMASS (R13111
Laura e R
. Also, we will test all 16 PMTs in GXe and LXe
Baudis

(Zurich)

R11410-21 and R17317 R11410-21 and R17317
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PMT
update
from
Laura

Baudis
(Zurich)

The 2" square PMT

@ Characterisation in LXe (MarmotX) and in a 2-phase TPC (Xams)
©2506.04844: UZH and Nikhef
» screening with Gator

»Leakage issue around the pins (Hamamatsu aims to solve within 2025)

Photocathode ---5 Photoelectron
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PMT
update
from
Laura
Baudis
(Zurich)

The 2" square PMT

@ Comparison with the 3" unit

R12699-406-M4 R11410-21
Dimensions (longitudinal / lateral) 14.8mm /56 mm [11] 114mm /77.5mm [31]
Packing density 75.0 % 61.8 %
Dynode structure Metal channel [11] Box & linear-focused [31]
Number of dynode stages 10 [11] 12 [31]
Quantum efficiency at 175 nm 33% [11] 32.5% [31]
Operation voltage (nominal / max.) 1000V / 1100V [11] 1500V / 1750V [31]
Gain (Troom) (3.3+0.7) - 106 (8.4 +2.3) - 106 [15]
SPE resolution (gain ~ 2 - 10°, Tyoom) (37 +£3) % (30 £ 3) % [21]
Dark count rate (> 1/4 PE) (0.4 + 0.2) Hz/cm? (1.4 +0.7) Hz/cm? [21]

Time response (RT / transit time / TTS)
Separable afterpulse rate

2506.04844

1.2/59/0.41ns [11]
(1.1 +0.2) %/PE

5.5/46/9ns [31]
(8.6 £2.2) %/PE [21]



PMT type
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RI1410-21

238U

Normalized activity [mBq/cm?] Ref.

226 Ra 228Th

235U 4OK 60 Co

SiPM for
lowest R0

<04
< 0.56
< 3.0

R11410-10 (PandaX) -
. H R11410-10 (LUX) <0.19
radioactivity  rumo 60

R8778 (LUX) <14

content S

< 0.33

0.016(3) 0.012(3)
<0.03  0.028(6)
<0075  <0.08
<002  <0.02
<0.013 < 0.009
0.19(2)  0.09(2)
0.59(4)  0.17(2)
0.029(2)  0.026(2)

0.011(3) 0.37(6) 0.023(3) this work
<0.025 0.37(6) 0.040(6) this work

<013 04(1)  0.11(2) [20]
0.04(4)  0.5(3)  0.11(1) [12]
- <026  0.063(6) [21]
0.10(2)  1.6(3)  0.26(2) [20]
- 4.1(1)  0.160(6) [21]
0.009(2) 1.8(2)  0.13(1) [20]

- muy[@mh ek

Prelim. nEXO requirements for 4m?
Bare silicon VUV SiPM (FBK VUV-HD)
Packaged SiPM (SenslL) 2

Hamamatsu PMT R11410-21°
Hamamatsu PMT HPK R12699-406-M4¢

< 0.1 nBg/cm?
0.68 nBg/cm?
<1.1 mBg/cm?
<0.4 mBg/cm?
0.02 mBg/cm?

<1 nBg/cm?2
0.12 nBg/cm?
<33 uBqg/cm?
0.016 mBg/cm?
0.01 mBg/cm?2

a NEXT Ge counting. http://arxiv.org/abs/1411.1433

<10 nBg/cm?
~3 nBqg/cm?
<69 uBqg/cm?
0.37 mBg/cm?
1.5 mBg/cm?

bE. Aprile et al. Material radioassay and selection for the XENONAIT dark matter
experiment. Eur. Phys. J., C77(12):890, 2017, https://arxiv.org/pdf/1705.01828.pdf
¢ Jiangia Liu’s PANDA-X talk yesterday

June 8, 2023
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SiPM radiopurity is only part of the problem

Support Rods and Spacers
HFE-7000

Outer Vessel

SiPM Module (Interposer)
Charge Tiles Cables

HV Cables

SiPM Cables

Inner Vessel

LXe

Inner Vessel Liner

Outer Vessel Liner

TPC Vessel

SiPMs

Charge Tiles Backing

Field Rings

SiPM Electronics

Outer Vessel Feedthrough
SiPM Staves

Electrical Connections (SiPM)
Inner Vessel Feedthrough
Electrical Connections (Anode)
Charge Tiles Epoxy
Charge Tiles Support

i
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(e ————
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SiPM Contribufe less

[ — |

‘ l*ll...

than 1% of bac

kground

D=
4

'

Charge Tiles Electronics |~

SiPM Lead-free Solder
HV Feedthrough Core (Cable)

0.01

il

0.1 1

10
% of total SS counts/(FWHM-2000kg)

100

e SiPMs are 2 to 3 orders of

magnitude lower radioactivity
than PMT

* But the system level is
challenging. Need low
radioactivity

* Cables - kapton

* PCB / interposer—> SiO2 or Si

* Electronics - no package, all Si if
possible

=
o
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Using SiPM? Comparing all performances

Parameters at LXe temperature PMT R11410- | FBK VUV-HD3 | HPK VUV4
for cm? scale channel size 21a @3V?® MPPC @ 3V *®

Single channel active area

128 cm? 25 cm? ¢ 8 iz Compiled at XeSAT 2023

Efficiency at 175nm 34% 244 +1.4% 205+1.1%
Single avalanche charge resolution 25% 5%¢ 5%4
Dark noise rate (Hz/cm?2) 1.3+04 19+1 35+1
# correlated avalanche in 1 ps 0.02+0.005 0.23+0.06 0.06 + 0.02
# Photons emitted per avalanche  N/A 1+£0.5 1+£0.5
Single photon timing resolution,c 3.9 +0.6ns ~10 ns°¢ ~100 ns¢
Radiopurity per active area ~mBq/cm? Medium ¢ < 10 nBg/cm?2d
Power consumption in LXe 0.75 mW/cm2 2 mW/cm?2c¢ 2 mW/cm?2d -
5]
a Massaged from P. Barrow et al., https://arxiv.org/pdf/1609.01654.pdf E‘é
b G.Gallina et al., https://arxiv.org/pdf/2209.07765.pdf 32
¢ DarkSide-20k readout scheme for 25 cm? channel size 8 §
June 8 2023 4 nEXO readout scheme for 6 cm? channel size (can be applied to FBK) N =R



’(‘z\), TRIUMF Gallina, G., Guan, Y., Retiere, F. et al. Performance of novel VUV-
sensitive Silicon Photo-Multipliers for nEXO. Eur. Phys. ). C 82, 1125
(2022), https://arxiv.org/pdf/2209.07765.pdf

But SiPMs distort the energy resolution

(l—ep)np + np 0'23 +n2 0_2 + ngt + o-c?,rzoise
(o Ep € (1+(A))2 P~lm T &2 Calculated for nEXO
- e . o\S©
n Ao® A nk. Ho® 200 o O
) CO(\““O“ e\f(gxeﬁa\l é Wor® eg&’«““ _0‘1\"2%_ _ siPMtype |
&&\c\eool o co“\ g @2® 7 e X Fe —%— HPK VUV4-Q-50VUV4-50
I A 5 1SFY —4— FBK VUVHD3 T
?‘(‘0‘ a0V S5 12 ‘k nEXO Requirement &
S ° E 1Y Q(J .
\e* 2 11E% N E
. E. 10| “\" b’§ -
* Assumptions 5 EN N E
. . . . . . = -_ 'g ¥ arg. —-
* Negligible intrinsic light+charge (D o5 | \ Resolution
fluctuations .- \\\ :
. « . = 2 i ontribution _:
* Photo-detector noise negligible 56 BB T8 R i
« High eai YETND S~ S o
High gain 05 L M —— =TT
* No external cross-talk considered TR PRUN B F0EE PPN PO DI L
~0 1 2 3 4 5 6
June 8, 2023 over voliage [V]

Parameter related to photo-detector bias
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Light emission = internal cross-talk

HPK VUV4 SiPM Structure .
* Dark noise produce only one e-h

Top metal and electronics pa i r at a ti m e

e electron

o hole® Yet, it is common to measure >
1PE prompt = internal cross-talk
N . . . , .

Si02 ~ 20 nm
p* ~2um

n* ~ 10 um

Count

500

n++ Substrate 400
~ 2mm

300

200

100
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& TRIUMF
External cross-talk was a worry because its
impact was unknown

FBK emitting light in the dark

? At 800 nm .§ N
: nSi=3.7 -
surface | nSi02 = 1.45 | 60
- nLXe = 1.37 5000
Lxe : so
|
| 4) il w |
z i ;;
; fﬂk !””H i 8
Si0 = M
| ) - . i
i '§2§‘§£, i
K 10
Silicon | o
¢ 1000 2000 - - "

J. Mclaughlin et al., Characterisation of SiPM Phot&rum] ~
Emission in the Dark, Sensors 2021, 21(17),5947 * A

Counts/mm?2
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& TRIUMF
External cross-talk is a worry when SiPM
“face” each other

* Well, isotropic emission at
source leads to large angle
emission

x107

©
o

(2] ~ o]
o o o
T T T TTTT
N N ©
o (6, ] o

w S
o o
ExCT Photon Emission Probability

Outgoing Angle w.r.t Surface Normal (deg.)
3 3
5

-
o
TTTTT
|
o
3

600 650 700 750 800 850 900 950 1000
Wavelength (nm)
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Hamamatsu VUV4
0.40 T T T
0.35 : 233 ]
E | 38V
2030p | 23v :
e | 08V
. . . '—; 0.25 3
* Emission in Near EON _
Infra-red £ oast -
* Photons per electron 3/ _~ *
05 4
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H PK VUV4 Wavelength [nm]
* 2.6 + 0.5 10" for FBK ©
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ossf 1 sov -
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& OO 23V s '
K. Raymond et al., "Stimulated 5025 /‘\I:
Secondary Emission of Single- g 020} & :
Photon Avalanche Diodes," Soisf 47 ////"‘\ _
in /EEE Transactions on Electron £ 010} F ]
Devices, vol. 71, no. 11, pp. 6871- & 0_05_-{}"/’~W_
6879, Nov. 2024 ~
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Light emission - external cross-talk
Probing the photons that escape with LoLX

(From LolX group pictures)

» ©

7 @

Gallacher, D.; d€ et 0@
al. Characterlzatlon of external cross ~talk from silicon 3%
photomultipliersin aliquid xenon detector. Eur. Phys. ). @ S
€ 85,692 (2025) Yo 0w
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Light emission - external cross-talk

Gallacher, D., de St. Croix, A., Bron, S. et
al. Characterization of external cross-talk from silicon

Use photons straggling after main scintillation event photomultipliersin aliquid xenon detector. Eur. Phys. ).

85,692 (2025
L] — 20 X] Qal LA L B L L R | T L L e s B B B B B S B B S S

T m i : . ; : ]
1 1 1 ‘E’ L . _
L d ! ' ! 8 L il Combined 5V Data i
egen : | ] 8 18 |- .
7St Needle : i : = L — —— Linear Background Fit ]
B Longpass Filtered i H i 2 16 - 9 =
B Bandpass Filtered 4 % B ]
Unfiltered = 1wk ]
> Initial Photons i ]
“Forward” EXCT C 7
12 I
7 Photon :_‘_—=\—r_..=__‘_=1____ ]
“Backward” ExCT - —= -
> 10 - = — =
Photon L =
w o[ | | | | ,' | | | ]

< 0.0

Q o1

<

< 02

2 03
L 04 ; . : —

200 -150 -100 -50 0 50 _ 100 150 200 250
LP Filtered - Unfiltered Pulse Time (ns) 18
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LoLX external cross-talk result

Overvoltage  Observable P,y p (%) ExCT probability (Proy, ) (%) Emission within Si (y/Av.) Emission into LXe, Ny, (y/Av.)
AY 3.9 £ 0.2 (stat.) {3 (sys.) 2.1712 20+11 0.5703
>V 5.2 4 0.2 (stat.) )¢ (sys.) 26+1.4 2573 0.6%03

Probability that one avalanche by a SiPM

triggers one or more avalanche in any neighbors

- MIEL predicts 1.55 + 0.62 photon emitted in liquid
Xenon

- Acceptance about 50%

- Efficiency about 10%

Expected about 5%

Simulate

- Photon prod. using in Si isotropic assumption
and spectrum from MIEL data

- Transport photons outside Si and within Lxe

- Use measured data for efficiency

Number in tension with MIEL predicted yield

©
Gallacher, D., de St. Croix, A., Bron, S. et 2
al. Characterization of external cross-talk from silicon %E,
photomultipliersin aliquid xenon detector. Eur. Phys. ). o9
C85,692(2025) 85 /8
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And to interpret cross-talk we had to look at
near infra-red efficiency

0.401 4 datasheet (warm)
~— model, default
0.35 1 ¢ TRIUMF (4V, cold)
—— model, default
0.30- —=- model, Franta
wesmodel, LXe
model, LAr
0.25 1
w 4
a 0.20
a
0.15 1
0.10
0.05
0.00 4 0.05 - : : : : ; —=3
120 140, 160 180 200 220 240

200 400 600 800 1000
Wavelength (nm)

A. de St. Croix et al., https://arxiv.org/abs/2508.16005
Trying to get this paper published

Absolute PDE

* Need broadband

* Need angular dependence

0.25 A

0.20 T

o
[
wm

o
[
o

0.05 A

0.00 T

||||||||||||||I|I\\
IIIIII|I|I|||II|| I
Wavelengths

—— 599 nm

—— 639 nm

—— 730 nm

—— 779 nm

0

20

40
Angle (degrees)

60

80

Discovery,
accelerated


https://arxiv.org/abs/2508.16005
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The next frontier: digital SiPM

Digital SiPMs for DARWIN

° P I"OS Miqhael Keller, Peter Fischer, Robert Zimmermann, Michael Ritzert — University of
Heidelberg
“ ” . . DARWIN Collaboration Meeting 2023 at University of Heidelberg
* “no” power dissipation when
idling

* Tailor performances to needs. E.g.
dynamic range, timing, imaging, ...
e Less complex at system level

* Cons

* In 2D, some efficiency loss 1=

* More complex at chip level SPAD
* Mass production not =
demonstrated 0
o
(2]
22 5

accelerawcu



Aj RUPRECHT-KARLS
(L‘ : UNIVERSITAT
‘DARWIN’ Chip HEIDELBERG
i o
i H H
L

= Chip size: ~8 x 9 mm?
= 32 x 30 pixels of 240 x 290 ym?2

« One pixel contains 9 SPADs which BE |||mm| i i
can be masked individually (if noisy) B i

i

|

}

= SPAD active area fill factor ~72%
(including periphery, before pixel masking)

l
r
I

= Only 7 chip signal:
* 4 logic: Clk / Command / Serln, SerOut
3 supplies: GND, VDD, HV (pads duplicated)

= Manufactured at Fraunhofer IMS, Duisburg
» 350nm CMOS Process, 4 metal layers

* P.F. etal, JINST 20, 2025
« DOI 10.1088/1748-0221/20/06/C06008 (O.A.)

celeratea

i HIIHI]HH 1

Status Digital SiPM, DRD4 Meeting, 13.10.2025 P. Fischer, Uni Heidelberg, &
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Dark count rate is coming down

Count rate per active area [Hz/mm?]

10° -

10% 5

10 4

102 +

10! 4

100 ;

10—1 .

10~2 4

DARWIN chip
~4— Standard process i 5
~&#~ Optimized process 50 I;';IZR_/I_mm

dark counts per mm?
active SPAD area

LXe

0.02 HzZ/mm?2

10

100 125 150 175 200 225 250 275 300
Temperature T [K]

Latest Fraunhofer production at room temperature

Can reduce DCR by another order of magnitude by masking

Cost 20% PDE

IMS DCRs:
100 3 |~® BSI-SPADs - 1st Gen.
1 |[-m BSI-SPADs - 2nd Gen.
] |-® SPADs with CMOS g
1 |—® BSI-SPADs - current -
10 3 T T f 1
E [ ]
b =
N 13
< 3
S
2 h
& 0.1-
O, 3
6 "
A 0.01
0.001
1 E'4 1 Y ] I v I 1
0 25 50 75 100
Percentage of SPADs on [%]
wafer
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However production issue

* Fraunhofer no longer offer the production line

e We are working on validating the X-FAB (Germany) SPAD line
* Chip expected by mid-2026

* So, meanwhile in Canada, the photon to digital converter option is
making major progress

N
(O}

Discovery,
accelerated
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Photon to Digital Converter — complete system

Photon-to-Digital Converters
[ =— ™ | 11 W) ™ | =1
SPAD Array SPAD Array

1:?:"'"'1_—-:_:_"* 1\ [ REEo =g (e s ===
"’ —

2 x Optical fibers

Power Cu cables

Université de All silicon — ultra-low radioactivity solution

N
[e)}

Sherbrooke
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accelerated



The Photon-to-D

2nd run of improved devices SEM cross section image

delivered on April 2025

p*n SPAD [1] c | I | S

64 x 64 SPAD Array - R E

78 um pitch (FF = 26.2%) |

5.85 x 5.25 mm2 die o m e e————— L, v e

Peek photon detection probability (PDP) : - L
60% @ 420 nm — PDE = 15.8% 5} i Jmmes! i bl L e g i AL g I T T o o e

>10% @ 400-800 nm

Low power CMOS optimisation
dedicated to high energy physics
applications

— 10pum 10/15/2024
x1,500 vVacc=10.0kV Detector=BED-C Mode=SEM WD=7.9mm T=0.0

J.-F. PRATTE, S. Parent, S. CHARLEBOIS, and H. DAUTET, “Opto-electrical insulated frontside
illuminated 3d digital silicon photomultiplier,” US20240113147A1, Apr. 04, 2024
https://patents.google.com/patent/US20240113147A1/en?09=18%2f526%2c681

Parent, Samuel, et al. "Single photon avalanche diodes and vertical integration process for a 3D 3

digital SiPM using industrial semiconductor technologies." 2018 IEEE Nuclear Science Catherine_Pepin@U Sherbrooke.ca
nnnnnnn itim and Madinal Imanina Canfaranca Dranraadinae /NQQMIAY IEEE 2012 ’ ’



The Photon-to-

Photon-to-Digital Converter on Head:

« 2 x2array of PDCs

 Individual internal quenching circuit:
— can enable one SPAD at the time
— programmable holdoff, recharge

« Shared readout tree:
— shared output (don’t know the
address of the firing pixel)

J.-F. PRATTE, S. Parent, S. CHARLEBOIS, and H. DAUTET, “Opto-electrical insulated
frontside illuminated 3d digital silicon photomultiplier,” US20240113147A1, Apr. 04,
2024 https://patents.google.com/patent/US20240113147A1/en?0q=18%2f526%2c681

Parent, Samuel, et al. "Single photon avalanche diodes and vertical integration process

for a 3D digital SiPM using industrial semiconductor technologies." 2018 IEEE Nuclear . :

Science Symposium and Medical Imaging Conference Proceedings (NSS/MIC). IEEE, ~ Catherine.Pepin@USherbrooke.ca
2018.

Digital Converter - a thinned Frontside llluminated SPAD Array




Photon-to-Digital Converter (PDC) | Dark Count Rate (DCR)
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& TRIUMF

PDC for use in Xenon in large quantity

PDE vs Wavelength  Validation of the readout
§ 0.62 —— Unetched reference (VERA-1360 25V) ' SCheme at ManCheSter

| —=—— Okxide etched, no MBE (VERA -130C 25V) . . .
o * Detailed characterization at
B; RERLT Y TRIUMF

- h : ! TH *t Im * With precursors of 3D PDC
i i L *i i +++++ T“HH”*HH} Th * Facility at Teledyne-DALSA
0.23{.%%%{-?'}? i : i Nt (Bromont about 1h drive from
or + *’2‘ preliminary data Hav, here) to be upgraded in 2026
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Summary table

HPK R11410-21 HPK R12699-406- | HPK VUV4 Composite dSiPM
M4

Type Cylindrical PMT Square PMT Square SiPM Square SiPM
Dimension 7/4x77.52x118 mm3  56x56x14.8 mm3 10x10x0.5 mm3 0.8x0.9x0.5mm?3 [1]
Packing density 61.8% 75% 90% 90%

PDE at 175nm 32.5% 33% 20-25% 20% [2]

Dark count rate 1.4 £ 0.7 Hz/cm? 0.4 £ 0.2 Hz/cm? 50 Hz/cm? ~1 Hz/cm? [3]
After-pulsing 8.6+2.2% 1.1£0.2% 10% 0 using holdoff
Light cross-talk 0 0 0.5%(int.)/2.5%(ext) ?

Th Content 16,000 nBg/cm?2 10,000 nBg/cm?2 0.6 nBg/cm2 ?

[1] Peter Fischer’s DARWIN chip, Fraunhofer
[2] Sherbrooke’s low power PDC, DALSA
[3] Fraunhofer 3D digital SiPM with 20% bad pixel masking
31
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< TRIUMF

Way forward. The ultimate detector

* SPAD

* Get to 50% efficiency using Back-

. . f ) Surface treatment to maximize transmission
side illuminated with VUV surface

treatment
* Use small SPADs Thin passivation ~¥100nm
* Low gain eliminates cross-talk Ultra-thin contact 1-5nm i
. . . Low drift field region e
* High dynamic range for counting
e Readout Drift field region

Avalanche region

* Many bits for counting Molecular bonding

* Compromise timing to 10ns if

needed CMOS (in 2D or 3D)
* Tag first and may be ”last” photon Aka. electronics

per chip e
: >
* Get to production scale g S
* Teledyne-DALSA 8" line In Canada? 8@

(72)
= O
(N

Or build an intermediate 2D SPAD step? 32



< TRIUMF

Way forward — enhancing efficiency for silicon

detectors
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» Defeating reflections requires an
“exotic” solution
e Graphene (UK groups)

* AI203 pillar called black silicon is
very promising but fragile

e Growing pillars in silicon?

* Embedding wavelength shifter
material (Manchester)
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& TRIUMF

Test all this in a low mass DM + Ovp3f3
demonstrator

* Build a LAr or/and LXe double phase TPC
* Plan for low mass DM with LAr in Canada could hold 3,500 kg of Lxe
 Using ultra-low background digital SiPMs tailored for the application

* Deliverables
* Low mass DM. Demonstrate the single/few e- threshold with LAr and Lxe

* Demonstrate radiopurity at system level. Use detector itself to gauge
background level and validate ICMPS extrapolations

* Demonstrate ability to handle dynamic range from 1 photons to >1,000 per
channel

* Demonstrate energy resolution. 0.5% FWHM at 2.45 MeV should be
achievable

34
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SiPM, Silicon
photomultiplier
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An array of
Single Photon
Avalanche

- Diodes (SPAD)
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& TRIUMF Front Side illumination (ala Sherbrooke)
photon

Thin passivation ~100nm
P DC d t Ultra-thin contact 1-5nm
e O U r Low drift field region

Drift field region

Avalanche region

* Versatility Molecular bonding
* Visible to IR via thickness control e
* Deep UV through Back-side Aka. electronics

surface processing
* Unconventional Anti-reflective

coating: black silicon, graphene, 3D Back side illumination photon
structures U'Il:chint assivattior]c Ilé)Onm
: ra-thin contact 1-5nm
) Non—photon detection Low drift field region

* Minimum ionizing e .
* keV scale electron (hybrid photo- Drift field region
Avalanche region

detector) Molecular bonding
e Dark matter

CMOS (in 2D or 3D)
Aka. electronics




& TRIUMF
Asset: Vacuum Ultra-Violet Efficiency
reflectivity and Absorption setup (VERA)

3. Manual slits

6. Parabolic For example: inferring the number of electrons
r
E——" produced per VUV photon
x10° . .
5. Filter wheel 1. Light source - a4
) L /""f—)‘ —e— Eventrate @ 160nm, 183K
250 . —m— Eventrate @ 180nm, 183K [~
6. Splitter mirror B —a&— Event rate @ 220nm, 183K
L —¥— Event rate @ 260nm, 183K
— —+— Event rate @ 300nm, 183K
7. Shutter 200 —+— Event rate @ 380nm, 183K |-
8. Iris _ 4/
9. Collimator B """
B_I 10. Sample wheel 1501
100
13 N !
12. Cold plate (sample stage) and L lines S0
13. Liquid Nitrogen cooler ”
| | L L
L AR TR 1 2 3 4 5 6 7 8 9
15. Pressure gauge VoV [V]

- [



