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Large Scale Noble Liquid Experiments and Neutron Imaging

Large Scale Noble Liquid Experiments Neutron imaging

WNPPC 2024

* Neutrinoless double beta decay and dark . Large pixelated sensitive area

matter search

« Portability (compact and low-power)
« 4.6 m?of detectors

« 200 W max.
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/A\ ORNL Portable Pixelated Fast-Neutron Imaging Panel [2]
- [1] nNEXO Collaboration et al, 2018
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Large Scale Noble Liquid Experiments and Neutron Imaging WNPPC 2024

Large Scale Noble Liquid Experiments Neutron imaging

* Neutrinoless double beta decay and dark . Large pixelated sensitive area

matter search -
« Portability (compact and low-power)
« 4.6 m?of detectors

e 200 W max.

Charge
collectiontiles

1.3 m Photon

detection system

High voltage field
cage

Cathode

/—\n_ ORNL Portable Pixelated Fast-Neutron Imaging Panel [2]
- [1] nNEXO Collaboration et al, 2018

Need : Large area, low-power and good timing precision photon counting system.
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DIGITAL SOLUTION: 3DPDC + TILE CONTROLLER WNPPC 2024

Photon-to-Digital Converters

SPAD Array SPAD Array SPAD Array SPAD Array
CMOS Electronic CMOS Electronic CMOS Electronic CMOS Electronic

Power Cu cables
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Photon-to-Digital Converters
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DIGITAL SOLUTION: 3DPDC + TILE CONTROLLER WNPPC 2024

Photon-to-Digital Converters
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SINGLE PHOTON AVALANCHE DIQDE (SPAD WNPPC 2024

SPAD cross-section Schematic circuit SPAD I-V curve
photons +HV (20-60 V)
Recharge | &
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1
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SINGLE PHOTON AVALANCHE DIQDE (SPAD WNPPC 2024

SPAD cross-section Schematic circuit SPAD I-V curve

photons +HV (20-60 V)
Recharge | &

anode

SP?D
1/ \3
Quenching

Circuit

OUT

<7

1

.— Response of the SPAD is binary
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ANALOG SIPM VS DIGITAL SIPM WNPPC 2024

SiPM : Silicon Photo Multiplier
Analog SiPM Photon to Digital Converter (aka Digital SiPM)

LN SPRD /X Response of the SPAD is binary JANE S IVAN

""""" Quench Quench Digital
[ Ampifier, | _Sona
r Shaper, ADC Processing
| i il
Analog current sum \ SiPM capacitance — electronic noise

The amplifier transforms Individual SPAD readout,
charge into voltage and then no D/A+A/D conversion.
BACK to digital. Everything stays digital.
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PHOTON-TO-DIGITAL CONVERTER: ARCHITECTURE WNPPC 2024

x e
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PHOTON-TO-DIGITAL CONVERTER: ARCRITECTURE WNPPC 2024

3D SPAD CMOS Readout
u 4096 SPAD 3D pads ] QC (x 4096) I . Digital SUM =t
. 3D ads x (x 4096) >

p n > monFcI)Z:%able f—

= HV at the anode N | — LF.agOR-tree

N curren
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- -HV . mesh

X 64 PDCs/Controller
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PHOTON-TO-DIGITAL CONVERTER: ARCRITECTURE WNPPC 2024

CMOS Readout

3D SPAD
= 4096 SPAD QC (x 4096) I 5| Digital SUM =
= 3D pads Flog 2
> monostable ;-

AM current Flag OR-tree

= HV at the anode

> source L
20 cMos || r FE ‘[>)' Hold-off and D— il
CMOS readout pads SPAD [x 64) | recharge

= 3D pads (X 4096) A T i mononaes] || [ o

monitor =
. . . . . I - mesh
= Individual quenching circuit
for each SPAD X 64 PDCs/Controller
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PHOTON-TO-DIGITAL CONVERTER: ARCRITECTURE WNPPC 2024

3D SPAD CMOS Readout
= 4096 SPAD sopacs M [0 a006) [ | pigitalsum (=
(x 4096) " S
= 3D pads A~ N
= HV at the anode N/ = L —
| | AM current Flag OR-tree
2D CMOs FE ‘[>)' Hold-off and D_ |
CMOS readout pads j ool 1 > recharge pp
monostables nalo
= 3D pads (X 4096) ' montor 1

= |ndividual quenching circuit ' "
for each SPAD x 64 PDCs/Controller

2D CMOS SPAD
= 64 SPAD on CMOS readout

= [ndividually quenched
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PHOTON-TO-DIGITAL CONVERTER: ARCHITECTURE WNPPC 2024

3D SPAD
= 4096 SPAD T | v S0 —
= 3D pads o [ | v || g0 P 2
> table [] -
u HV a.t the aﬂOde \$ é r::/lnos = ILFIag OR-tree
eSS
-HV Y ul
CMOS readout pads sl b Fe N !'
\ monostables Analo
= 3D pads (X 4096) A 1 I it [
l mesh

= Individual quenching circuit ' C_E_E_m_§_u_u_&
x 64 PDCs/Controller

for each SPAD

2D CMOS SPAD Quenching circuit
= 64 SPAD on CMOS readout = Read the SPAD from the cathode

= [ndividually quenched = Send the flag
= Hold-off et recharge the SPAD
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WNPPC 2024

PHOTON-TO-DIGITAL CONVERTER: ARCRITECTURE

Flag output
» Pulsed output (adjustable from
few ns to tens of ns).
= From an OR-tree.
= Timing jitter better than 100 ps
RMS.
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PHOTON-TO-DIGITAL CONVERTER: ARCRITECTURE

Flag output
» Pulsed output (adjustable from
few ns to tens of ns).
= From an OR-tree.
= Timing jitter better than 100 ps
RMS.

Digital Sum
= Digital count of triggered SPADs
inside a bin (dynamic range of
4096 photons).
= Adjustable bin width from 10 ns
up to us.
= Internal FIFO of 128 bins.

%OAK RIDGE

National Laboratory
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PHOTON-TO-DIGITAL CONVERTER: ARCHITECTURE

Flag output
» Pulsed output (adjustable from
few ns to tens of ns).
= From an OR-tree.
= Timing jitter better than 100 ps
RMS.

Digital Sum
= Digital count of triggered SPADs
inside a bin (dynamic range of
4096 photons).
= Adjustable bin width from 10 ns
up to us.
= Internal FIFO of 128 bins.

Analog Monitor
=  Current proportional to triggered
SPADs.
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PHOTON-TO-DIGITAL CONVERTER: ARCHIT"ECTURE WNPPC 2024

Flag output
» Pulsed output (adjustable from
few ns to tens of ns).
= From an OR-tree.
= Timing jitter better than 100 ps
RMS.

Digital Sum
= Digital count of triggered SPADs
inside a bin (dynamic range of
4096 photons).
= Adjustable bin width from 10 ns
up to us.
= Internal FIFO of 128 bins.

Analog Monitor
=  Current proportional to triggered
SPADs.
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(x 4096)

CMOS Readout

oeme | QC (4096 o oatsum

K
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\_/ module
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X 64 PDCs/Controller

Controller (1 for 64 PDCs)

Start PDC acquisition, based on the number
of flag received to discriminate dark count.
Bank of TDCs for timing measurements on
flags.

Receives data from PDCs and includes post-
processing.

Communicate with an external computer.
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PDC: FABRICATED CMOS READOUT WNPPC 2024

64x 2D CMOS SPADs Key Specifications

= TSMC 180 nm BCD
CMQOS process.

64 X 64 quench circuits 78

; . . um SPAD-to-SPAD
ready for 3D Integration pitch for a 5X5 mm active
area

5.85 mm

= Every SPAD is controlled
iIndividually.

» Noisy/defective SPADs
can be disabled.

436000000t beasnaanas T ik = D ' fot
PDC CMOS READOUT . . . . . 48’82 ?Acégﬂg-e o
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2 X2 PHOTODETECTION MODULE ‘ WNPPC 2024
- 2x2PDCs 1o

Tile Controller: Commercial Xilinx
Zynq UltraScale+ Board (ARM + FPGA) "~
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2 X2 PHOTODETECTION MODULE WITH LED TESTING WNPPC 2024

to trigger the SPADs
= Driven by a waveform generator

‘ ‘ ‘ _ Current in the LED ‘
- \ ‘ L | | & 1 | 1 | |
C1: DC50 Q [€27DC50Q™ ca:pcs50Q Timebase: -20.0 ps
10 mV/div 500 mV/div 500 mV/div 5.00 ps/div
-35 mV offset -830 mV offset  -1.00 V offset 250kS, 5.0 G/s
Using embedded CMOS test SPADs of the PDC o
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2 X2 PHOTODETECTION MODULE WITH LED TESTING WNPPC 2024

/ Analog monitor signal

~_ CurrentinthelED | |
»

T 1 |

I

'l

c1:ocs0Q  [CZIDESOMIN (ca:bcsoQ
10 mV/div 500 mV/div 500 mV/div
-35 mV offset -830 mV offset  -1.00 V offset

Timebase: -20.0 ps
5.00 ps/div
250kS, 5.0 G/s

Using embedded CMOS test SPADs of the PDC

UD Université de %OAK RIDGE
Sherbrooke National Laboratory

to trigger the SPADs
Driven by a waveform generator

Analog Monitor

Olivier.Lepage@USherbrooke.ca

Amplitude proportional to the number of
SPADs triggered
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2 X2 PHOTODETECTION MODULE WITH LED TESTING WNPPC 2024

to trigger the SPADs

Dlgltal acqwsmon requests ,
= Driven by a waveform generator

|| 11— 50 samples @ 10 ns period
| | | 78 samples @ 110 ns period |
il |

Analog Monitor

“—— : = Amplitude proportional to the number of
% ) Digital sum | SPADs triggered
i T | Digital Sum Acquisition
Analog monitor signal = Based on a 100 MHz readout clock
2 / | = Generated by the FPGA (Tile Controller)

. Time (us) _ Current in the LED
- ' | 1 | |
| ‘ Y N N S I I |
C1: DC50 Q) [€275E500™ ca:pcs0Q Timebase: -20.0 ps
10 mV/div 500 mV/div 500 mV/div 5.00 ps/div
-35 mV offset  -830 mV offset  -1.00 V offset 250kS, 5.0 G/s

Using embedded CMOS test SPADs of the PDC
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2 X2 PHOTODETECTION MODULE WITH LED TESTING WNPPC 2024

Digital acquisition requests

| == 50 samples @ 10 ns period |
78 samples @ 110 ns period
| u ||

[Iigital sum |
4 |

5 / Analog monitor signal
;5 Time (ps) _ Current in the LED
- ‘ ' | r 1 | 1
C1: DC50 Q) [€275E500™ ca:pcs0Q Timebase: -20.0 ps
10 mV/div 500 mV/div 500 mV/div 5.00 ps/div
-35 mV offset  -830 mV offset  -1.00 V offset 250kS,5.0G/s

Using embedded CMOS test SPADs of the PDC
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to trigger the SPADs
= Driven by a waveform generator

Analog Monitor
=  Amplitude proportional to the number of

SPADs triggered
Digital Sum Acquisition

=  Based on a 100 MHz readout clock
= Generated by the FPGA (Tile Controller)




WAFER RUN OF THE PDC WNPPC 2024

Tile Controller: Commercial Xilinx
Zynq UltraScale+ Board (ARM + FPGA) ">~

200 mm wafer of PDCs
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Sherbrooke National Laboratory Olivier.Lepage@USherbrooke.ca 29




TEST BENCH FOR WAFER-LEVEL ME ] WNPPC 2024

Probe station with probe card attach to it
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TEST BENCH FOR WAFER-LEVEL MEASURE WNPRC 202

Dedicated probe card
= Active probe card with FPGA

= Passive probe card

Needles of the probe card
Probe station with probe card attach to it
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TEST BENCH FOR WAFER-LEVEL MEASUREMENT WNPPC 2024

Automated movement for wafer-level

measurement (over 600 PDC)

Movement of the chuck in relation to the wafer
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TEST BENCH FOR WAFER-LEVEL MEASUREMENT WNPPC 2024

Automated movement for wafer-level

measurement (over 600 PDC)

Movement of the chuck in relation to the wafer
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TEST BENCH FOR WAFER-LEVEL MEASUREMENT WNPPC 2024

Automated movement for wafer-level Adjusting the height of contact

measurement (over 600 PDC) according to water topology

Movement of the chuck in relation to the wafer

Wafer topology
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CONCLUSION WNPPC 2024
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CONCLUSION WNPPC 2024

* Photon-to-Digital Converters keep the information digital all along the
acquisition chain.
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CONCLUSION WNPPC 2024

* Photon-to-Digital Converters keep the information digital all along the
acquisition chain.
* FPGA-based tile controller gives a lot of flexibility to implement multiple

features.
* Flag-based acquisition, dark count mitigation, pulse shape discrimination,

and so on.
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CONCLUS'ON f WNPPC 2024

* Photon-to-Digital Converters keep the information digital all along the
acquisition chain.

* FPGA-based tile controller gives a lot of flexibility to implement multiple

features.
* Flag-based acquisition, dark count mitigation, pulse shape discrimination,

and so on.
= Tile Controller ASIC in development to replace the FPGA boards.
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CONCLUSION WNPPC 2024

* Photon-to-Digital Converters keep the information digital all along the
acquisition chain.

» FPGA-based tile controller gives a lot of flexibility to implement multiple
features.
» Flag-based acquisition, dark count mitigation, pulse shape discrimination,
and so on.

= Tile Controller ASIC in development to replace the FPGA boards.

= Wafer level measurement will accelerate the testing of multiple PDC for
larger system integration.
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WNPPC 2024

Probe station

= Fully automatic chuck enabling
scripts for multiple measurement on
a wafer

= Program to adapt for the wafer

topology

Probe card

= Can act as the interface between
the PDC and the controller (FPGA)

Universite de %OAK RIDGE | Probe card on the station
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PORTABLE API-BASED NEUTRON RADIOGRAPHY PG 2024

~30 cm >

= PDC panel array of 42 modules of 8 x 8 PDC A
= 400-500 nm peak pixelated plastic scintillators
= 11E+6 SPADs over 30 x 30 cm?

= 40W PDC power consumption
= 10 ns binning for 3k events/s/PDC,
= 128 bins/event (1280 ns range/event)

~30 cm

= Simulated timing distribution PDC of 25 ps RMS

Université de %OAK RIDGE Bottom side Top side
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DIGITAL SOLUTION: TOWARDS A 3D INTEGRATION WNPPC 2024

8 inch CMOS 8 inch to 6 inch 3D Bonding @ Teledyne
wafer coring down DALSA (TDSI)
6 inch
- - SPAD wafer
6 inch
Alignment die for 3D CMOS wafer

bonding

PDC CMOS
readout *SPAD process & 3D bonding

Reticle of 4 X 4 dies process completed @ TDSI
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Bottom

Tile Controller: Commercial Xilinx A
Zynq UltraScale+ Board (ARM + FPGA) |
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WNPPC 2024

ASIC-based Controller

N
T
L/

Top side

57 mm

Bottom side
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TOWARD 3D'PDC WNPPC 2024

150 mm SPAD wafer

—=

Universitc de %OAK RIDGE 200 mm PDC wafer "

National Laboratory Olivier.Lepage@USherbrooke.ca
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