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WHAT IS SPAD AND HOW IT WORKS?

VBias = VBD + VExcess

MquenchVquench

�¾ Single Photon Avalanche Diodes (SPADs) are p-n junctions biased above breakdown voltage (known as Geiger 
mode operation).

�¾ Thanks to high impact ionization rate in depletion region, even a single carrier can generate a large current pulse at 
the output within some picoseconds         high sensitivity and excellent timing resolution.

�¾ Quenching circuits are required to turn off the avalanche and get the device ready for the next detection.
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DCR INCREASE AFTER NEUTRON RADIATION

Neutron

Neutron-induced Creation of a Vacancy and Interstitial  in the Lattice.

Interstitial

Vacancy

Impurity

�¾ Non-ionizing irradiation  can introduce stable defects, 
such as divacancies or multivacancy, within the 
depletion region.

�¾ These stable defects create energy levels within the 
bandgap, leading to an increase in the DCR.

A1
# of cells : 2304

pixel pitch (µm) : 75
FF : 66%

active area (µm2) : 
70 �î 52

A3
# of cells : 1728

pixel pitch (µm) : 50
FF : 39%

active area (µm2) : 
44 �î 24

A2
# of cells : 576

pixel pitch (µm) : 75
FF : 44%

active area (µm2) : 
47 �î 57

A4
# of cells : 165

pixel pitch (µm) : 75
FF : 52%

active area (µm2) : 
44 �î 24

Test board (bias, 
configuration, readout)

DUT

Proton beam pipe
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DCR INCREASE AFTER NEUTRON RADIATION

Neutron

Neutron-induced Creation of a Vacancy and Interstitial  in the Lattice.

Interstitial

Vacancy

Impurity

�¾ Non-ionizing irradiation  can introduce stable defects, 
such as divacancies or multivacancy, within the 
depletion region.

�¾ These stable defects create energy levels within the 
bandgap, leading to an increase in the DCR.

Median DCR increases by 
three orders of magnitude 
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NIEL HYPOTHESIS
�¾ According to NIEL hypothesis, DCR increases linearly by Non-Ionizing Energy Loss (NIEL) released in the SPAD 

active volume: 
       �¿�� ���� ��
L���w�p 
H �q�r�� 
H�� �|�€�{�€��
H�� �‚�Š�‹�–�� 
H �z�u�q�x�� 
H ���Ð 

damage factor
Enhancement factor Avalanche breakdown 

probability

depletion volume

fluence

�¾ Avalanche breakdown probability (PTOT) is anticipated using TCAD 
simulations.

�¾ �q�r is due to the coupled effect of Poole-Frenkel and Phonon-
Assisted Tunneling (PAT).
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INTERACTION PROBABILITY MASS FUNCTION
�¾ To estimate NIEL, interaction probability mass and released energy distribution for a single neutron should be 

calculated.

�¾ By employing the scattering probability within the depletion 
region,

                                            �|�Š 
N �‚ �q�•�”�– ���ä���¿� , 

and Monte Carlo simulations, number of  interactions 
probability mass function at varying neutron fluences is 
estimated.  

Macroscopic cross section Neutron energy

Depletion width
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NON-IONIZING ENERGY BY SINGLE NEUTRON
�¾ Lindhard partition function is used to estimate 

normalized PDF for the non-ionizing energy dissipated 
by a single neutron, considering the energy spectrum of the 
source:

�¾ The energy (T) transferred from a neutron to a PKA 
through an interaction is proportional to, 

�6 
L �C�ä 
L
�Û
�t

�� �'�Ü�á�ã�s 
F �ä

Cosine of the scattering angle

�B�Í 
L
�B�è
�@�C
�@�ä

���ä 
L �C�?�5 �6

�3�'�)���R�I���W�K�H���F�R�V�L�Q�H���R�I���W�K�H���V�F�D�W�W�H�U�L�Q�J���D�Q�J�O�H

�¾ To determine the probability density function (PDF) of 
T, first �Bµ is computed using Legendre polynomials. 
Once �B�� is determined, the PDF of T, denoted as �B_�6, is 
given by,

�6�× 
L �D�6 
L

�r�á �� �6 
O �'�×
�6

�s 
E �(�Å ���=
�6
�' �Å

�5
�:


E �>
�6
�' �Å

�7
�8


E
�6
�' �Å

��

�á �� �6 
R �'�×
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COMPARISON WITH MEASUREMENTS

F2/A1 S2/A1

KD = 1.61
G�r�ä�r�x�� 
H�s�r�9���*�V���:�/�A�8�ä �C�?�5�;���?�I�7 KD = 8�ä�x�w
G �s 
H�s�r�8���*�V���:�/�A�8�ä �C�?�5�;���?�I�7

KD = 1.9
G�r�ä�x�� 
H�s�r�9���*�V���:�/�A�8�ä �C�?�5�;���?�I�7Universal damage factor
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Hybrid MCP-PMT concept
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o Entrance window + photocathode

o MCP stack (Chevron or Z-stack configuration)

o Pixelated CMOS anode: Timepix4 ASIC

o Ceramic carrier board

o Heat sink (ASIC power 5 W)

o PCBsto connect the detector to a FPGA-based DAQ system

M. Fiorini et al, JINST 13 (2018) C12005

Detector operating principle



Pixelated anode: Timepix4 ASIC
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• Developed by Medipix4collaboration
• 512 �8 448 pixels (55 �…m �8 55 �…m each)
• Large active area: 7 �?�I�6

• Bump pads used as anode
• Time-stampprovided by Time-to-Digital Converter (TDC) based on Voltage-Controlled 

Oscillator (VCO)
• 195 ps bin size (�ý 56 ps r.m.s.resolution) for Time-of-Arrival(ToA) measurements
• 1.56 ns bin size for Time-over-Threshold (ToT) measurements

X. Llopart et al 2022 JINST 19 C01044

Electron cloud �v�r�u�;�-�7���o�ˆ�;�u���-���m�†�l�0�;�u���o�=���r�b�Š�;�t�v���Ê��cluster

Exploit ToT information (�ßcharge in a pixel) to:
• Correct for time -walk effect in every pixel
• Improve position resolution by centroid algorithm

• from 
�9�9

�5�6
�ä�I ~16 �ä�I down to 5 
F10 �ä�I r.m.s.(MCP channels pitch)

• Improve timing resolution by multiple sampling
• Many timing measurements for the same photon �\ few 
Ú
Ù�™�–�™r.m.s.

ASIC in 65 nm CMOS



Equalization and Calibration
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• Threshold fine tuning at pixel level
• Noisy pixels detection
• On the whole matrix (�ý230 k pixels)

�9 Threshold equalization �9 VCO frequency calibration

X. Llopart XII Front-End Electronics Workshop

• On pixel VCO oscillation frequency controlled by a PLL 
at the center of the chip (@ 640 MHz nominal)

• VCO design sensitivity of 1MHz/mV
• Spread of 40 MHz

• Noise measurements used to calibrate VCO 
frequencies for the whole matrix (~29 k VCOs) R. Bolzonella et al 2024 JINST19 P07021

�9 ToT vs Q calibration with testpulse

• At fixed charge, large ToTspread across the 
matrix due to local gain differences

• Non-linear calibration performed with 
integrated test pulse tool

�9 Timing resolution measurements with TimePix4 bonded to a 100 �Ý�l n-on-p Si sensor using Spidr4 control board

R. Bolzonella et al 2024 JINST19 P07021

• �ê�ç
�ã�Ü�ë�Ø�ß~ 107 ± 3 �L�O�N�I�O

• �ê�ç
�Ö�ß�è�æ�ç�Ø�å~33 ± 3 �L�O�N�I�O(~ 30 pixels)



Detector Development Steps

18/03/2025 Development and characterization of hybrid MCP-PMT with embedded Timepix4 ASIC 5

Ceramic carrier board designed by INFN and CERN 
and produced by Kyocera – first sample mid 2023
• Interface between inner/outer parts
• Custom Pin Grid Array (PGA) for I/O signals

Characterization of Timepix4 ceramic assemblies at HPK with test 
setup build by INFN 
October 2023

Vacuum tube production at HPK
• Multi -alkali S20 photocathode

• Peak QE >30% at 380 nm
• Microchannel plates

• 6 �Ým channel diameter (7.5 �Ým pitch)
• 50 mm diameter
• L/D = 50, typical open area ratio 60%

• Several variants for complete characterization
• 2-MCP stack and 3-MCP stack
• 1d - 2d - 3d end-spoiling

Jan-Feb 2024

Shipping of tubes from HPK to INFN for complete characterization

Complete electronics and DAQ system 
developed at INFN (IDAQ)
• Based on commercial develop-

ment kit AMD/Xilinx KCU105
• Use standard protocols

(UDP-IP over 1/10G eth)
• Multi -board synchronization
• Open firmware
• Adapter card for compatibility

with existing hardware 

DataPix4: a C++ framework for Timepix4 configuration, data read-
out, online visualization and analysis (developed at INFN)
• Preprint available

MCP-PMT characterization measurements
• Liquid cooling system to maintain stable 
temperature inside the tube
• Laser 405 nm
• Dry air fluxed in the dark box to decrease

the internal dew point



Test-beam in H8 - October 2024
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• Tracking system (2 Timepix4 b.b. to 300 �…m thick p-on-n Si)
• RICH: solid Cherenkov radiator and optics setup focus ring on single tube
• Timing system: 2 Cherenkov detectors to provide timing reference (read-out by 

PicoTDC) + 2 scintillators for beam alignment
• Custom Trigger Logic Unit (TLU) to use the same spill extraction signal as 

shutter signal on the 3 Timepix4 + Common external reference clock

• Cherenkov rings observed at different HV settings on the tube
• Track correlation between the tracking system and the tube
• Detailed analysis ongoing



Outlook 
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A novel single-photon detector has been designed, produced and tested
• Vacuum tube with MCP and Timepix4 CMOS ASIC as anode
• Complete integration of sensor and electronics 
• Produced by Hamamatsu Photonics

Preliminary measurements on first prototypes
• Gain and average DCR (~20 �*�V/ �?�I�6) asexpected
• Non-uniform DCR distribution under study
• Timing resolution dominated by TDC and reference signal contributions
• Best result so far: 65 ps r.m.s.for single photons
• Position resolution <55 �…m (precise measurements ongoing)

Next steps and future plans 
• Complete prototypes characterization
• Production of final detectors
• Future improvements for use in HEP harsh environments

1. Radiation hardness
o Use rad-hard-by-design ASIC (plus rad-hard serializers)

2. High-rate capability and detector lifetime
o Improve current MCP technology

3. Timingresolution
o Use ASIC with smaller TDC bin size and lower front-end jitter (e.g. LA-Picopix, rad-hard, 30-40 ps bin size, low jitter, 

high rate)

MCP_in-MCP_out = -2500 V
MCP_out-Tpx4 = -100 V
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SiPM characterization amplifier

01/06

�‡ The next generation of RICH (Ring Imaging Cherenkov) detectors may use SiPMs (Silicon PhotoMultipliers) as 
photodetectors.

�‡ SiPMs need to be characterized with good timing resolution (tens of picoseconds) at different temperatures to 
study the effects of radiation damage as a function of operating temperature (between �1���z0 K and �1 300 K).

�‡ Fast transimpedance signal amplifier for SiPM characterization.

�‡ Low power consumption, adequate for cryogenic operation: 175 mW @ �1���u�r�r���� and 100 mW at @ �1���z�r���� per 
amplifier. 

�‡ Very low noise
O �s
�l�Z

�L�x
��and very fast response �:
O �w�r�r���’�•�;��result in very low jitter (high time resolution).

�P�r 
L
��

�� �W

�‡�_�k�n
�6

� �̂F�[

�(�+�ô�è�e�X�:�2���è�\�
�Î�$���e�e�ô�X

�‡ �‡�_�k�n
�6 : input referred amplifier noise.

�‡ � �̂F�[ : amplifier bandwith frequency.
�‡ �� �W: charge produced by the source.
�‡ C: constant.
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The complete setup
�‡ Cold electronics (left): SiPM amplification (x2 channels), test signal and temperature sensor. It can 

work between 80 K and 300 K. 
�‡ Ambient temperature electronics (right): 2nd amplifying stage and power supply control. It operates 

at 300 K. 

Test signal from 
signal generator

1) To oscilloscope (x2 SMA & x2 BNC):
�‡ Amplifier output signals (x2 SMA).
�‡ Temperature sensor signals (x2 BNC).

2) To power supplies (x4 BNC)�á�Î�R�Î�Í�1�U�+�������ô�X�\�
�Î
power supplies and 1 SiPM bias.

Power supplies and 
temperature sensor 
signals

2nd amplifying 
stage

SiPM input 
connectors

Temperature 
sensors

2 amplifying 
channels

02/06

Alternative Micro DB9 
connector

Layout with high-frequency 
RO4000 dielectric (low 
dielectric temperature 

coefficient and the dielectric 
constant is stable over a wide 

range of frequencies)
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Simplified amplifier schematic
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Amplifier summary (cold electronics):

�‡ Low noise HBT (Heterojunction Bipolar Transistor).

�‡ The transistor current is provided through resistor RC.

�‡ Fast CFOA (Current Feedback Operational Amplifier) that can also 
operate at cryogenic temperatures. 

�‡ The feedback path is closed by a feedback resistor RF�ä 

�‡ Output signal:

�ƒ Gain: 7500 �• = 77.5 dB (�•/�•).

�ƒ Bandwidth: �1 1 GHz @ 300 K and �1 700 MHz @ 80 K. 

�ƒ Input referred noise: �1 0.9
�l�Z

�L�x
 @ 300 K and �1 0.5

�l�Z

�L�x
 @ 80 K. 

Feedback appropriately 
compensated

�‡ The output signal is sent to the ambient temperature board.

�‡ This output signal can be amplified by the 2nd stage amplifier:

�‡ Large bandwidth: 3 GHz.

�‡ Gain: 3.5 V/V using a 50 �•  transmission line terminated on both ends.

�‡ This second amplifying stage can be bypassed.
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Performed tests
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�‡ Tests were performed with both the test and SiPM signals.

�‡ Step voltage charges a test capacitor CT.
�‡ Dirac delta-like current signal into the amplifier to test 

the amplifier capabilities.
�‡ Measurement of rise time, fall time �Í�2�î�Î�Í�1�U�+�������ô�X�
�\�Î

contribution to the jitter.

�‡ SiPM signal fed into the amplifier through Rs = 50 �•.
�‡ Measurement of parameters such as rise time, fall time and jitter due to both the 

SiPM �Í�2�î�Î�Í�1�U�+�������ô�X�Î�ü�Í�1�U�+�������ô�X�
�\�Î�$���e�e�ô�X�Î�Í�2�î�Î���Í�+�+�Î�e���1�ô�Î�Í�X�ô�Î�2�ô���+�������æ�+�ô�ý�ß

�‡ �� �ý�� 
L ���`�g�_�q
F ���`�p: overdrive 
voltage, with ���`�p being the 
breakdown voltage.

�‡ �ñ�ò: single diode capacitance
�‡ �÷�ò: avalanche current
�‡ �ñ�ò: diode capacitance
�‡ �� �ÿ: quenching resistor
�‡ �ñ�ÿ: quenching parasitic 

capacitance
�‡ �ñ�õ: grid parasitic capacitance
�‡ 
Ì�� 
L �� �H 
E ���U �� �U 
E ���W

Test signal SiPM signal
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Amplifier response to a SiPM signal
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�‡ The SiPM signal can be written as �÷�� 
L ���ý�� �ñ�ÿ
¼�� 
E�ñ�ò
�
�7����
Ì��


Ì��
.

�‡ The amplifier was tested with a 1.3mm x 1.3mm Hamamatus SiPM (S13360-1350).
�‡ The photons were produced by a 405 nm laser controlled by the Hamamatsu PLP-10 pulser (70 ps FWHM pulses).
�‡ Here are shown the oscilloscope screenshots of photon counting measurements with the SiPMs operated at 3 ���S�Z�ä

SiPM signal response (300 K, 3 Vov) SiPM signal response (80 K, 3 Vov)

Fast component of the 
SiPM signal going 

through Cq

Slow recharge of the SiPM
cell/cells through Rq with 

constant time 
Ì��

Low photon
counts due to the 
optical fiber not
being perfectly

aligned.�÷�� 
L ���ý�� �ñ�ÿ
¼�� 
E�ñ�ò
�
�?����
Ì��


Ì�� 20 ns10 ns
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Jitter measurements summary
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�‡ Measurement of the amplifier (amplifier jitter) and SiPM+amplifier (single photon jitter) jitter contributions.
�‡ Jitter contributions from the signal generator, oscilloscope and laser pulses have been subtracted.
�‡ This plot summarizes all the results for the SiPM and amplifier jitter measurements

�‡ The amplifier jitter was measured with:
1. Fast signal generator to simulate an ideal

input signal with negligible rise time.
2. Slow signal generator simulates the real rise 

time of a SiPM input signal�Æslower signal
means higher jitter.

�‡ Amplifier jitter measured with an input step voltage 
amplitude equal to the amplitude of single-photon 
SiPM signals at different ���S�Z �Æ more amplitude 
(higher ���S�Z) means less jitter.



Thanks for the attention!
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