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Which electronics experimental conditions?
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• Not many constraints on space, power, cost 
and complexity of readout. 

• Measure full waveform information.
• Few channels and large readout.

Lab study with one sensor

• Stringent requirements on detector integration, 
scalabililty, power, radiation hardness, etc.

• Must carefully select which information to keep.
• 105 channels and small readout.

HEP experiment

There are many different readout systems, all optimised for their applications, taking many design 
aspects into consideration. I will be giving my view on only a subset of these developments.

JUNO expt.



FPGAs for digital processing
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FPGAs (field-programmable gate arrays) have reconfigurable logic (firmware).
• Attractive technology for digital processing.
• Often combined with analogue front-end ASIC tailored to sensor/application.

https://www.sciencedirect.com/science/article/abs/pii/S0168900223006253 

Belle Digitization

List of simulated hits (position, time) fed into digitizer
converts position into pixel number
generates transit-time spread and t0 jitter (6 mm bunch → 14 ps rms)
simulates waveform sampling

For each hitted pixel waveform of 512 samples (↑190 ns) constructed
for each simulated hit in the pixel

amplitude generated according to measured distribution for this pixel
signal pulse added to waveform (pulse shape from data)

electronic noise generated in each sample (r.m.s and BW from data)

Feature extraction to determine digitized time (50% CF discr.)
multi-hit; pile-up and electronic time resolution inherently modeled

simulated waveform measured waveform

M. Starič (IJS) Operation and performance of Belle II TOP Mainz, Sept. 15-19, 2025 7 / 20

Belle II TOP: IRSX (TOPSoC) ASIC + FPGA.
• Waveform sampling 2.7 Gs/sec. 
• Designed for 30 kHz trigger rate.

Belle II ARICH: SA03 ASIC + FPGA.
• Single-Event Upsets (SEU) in FPGA,

scrubbing techniques to recover.
• Order 1011 MeV neq/cm2 per year.

Talk M. Staric

https://www.sciencedirect.com/science/article/abs/pii/S0168900223006253
https://www.sciencedirect.com/science/article/abs/pii/S0168900223006253
https://indico.gsi.de/event/20387/contributions/90388/attachments/51793/78743/staric_talk.pdf
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Towards the future: general shift from FPGA to ASIC.
• Increased luminosity (HL-LHC).
• Especially using smaller technology nodes (e.g. 65 nm CMOS) and 

protecting sensitive logic against SEU (triplication and/or parity bits).

Evolution of the photon detection chain for Run 3
• Continuous readout at 

40 MHz => replace HPDs 
with MaPMTs and new 
frontend electronics 
(200k channels)
• Improved matching of 

quantum efficiency of 
MaPMTs with radiators 
dispersion => improve 
single photon 
resolution (reduced 
chromatic error) and 
increase detected 
Cherenkov photons per 
track

September 15, 2025The LHCb RICH detectors: operations and performance                      Giovanni Cavallero 6

Magnetic shielding (RICH1)

MaPMTs: 2.8 x 2.8 mm! 
pixel size, 80% active area, 
large (40% at 300 nm) 
quantum efficiency, G > 
1Me, DCR < 2.5 kHz/cm! 

CLARO ASIC 
to digitise 
the signal

Flexible Kintex7 FPGA-based 
digital Board interfacing 
with LHCb backend boards 
using the GigaBit 
Transceiver protocol

Baseboard (voltage divider 
and collect analog output)

Backboard (deliver digital output)
FE ASIC

CLARO
FPGA
Kintex 7

FastRICH

Optical link
GBT Versatile Link

Sensor
MAPMTLHC Run 3

Optical link
lpGBT / VL+

Sensor
MAPMTLHC Run 4

FastRICH Optical link
lpGBT / VL+

Sensor
SiPM / MAPMT / MCPHL-LHC Run 5

Back-end
PCIe40

Back-end
PCIe40(0)

Back-end
PCIe400

NDC NDC

DC DC

DC DC

FPGAs for digital processing

FE ASIC
CLARO

FPGA
Kintex 7

FastRICH

Optical link
GBT Versatile Link

Sensor
MAPMTLHC Run 3

Optical link
lpGBT / VL+

Sensor
MAPMTLHC Run 4

FastRICH Optical link
lpGBT / VL+

Sensor
SiPM / MAPMT / MCPHL-LHC Run 5

Back-end
PCIe40

Back-end
PCIe40(0)

Back-end
PCIe400

NDC NDC

DC DC

DC DC

LHCb RICH: CLARO ASIC + FPGA.
• 40 MHz data “pass through” and 1011 - 1012 MeV neq/cm2 per year.
• By design, use only few % of logic resources to limit SEU.

Poster V.Placinta

Talk G. Cavallero

https://indico.gsi.de/event/20387/contributions/90392/attachments/51797/78774/RICH2025_VMP_silent_reharsal.pdf
https://indico.gsi.de/event/20387/contributions/90403/attachments/51807/78767/lhcbRichDetectorsOperationsAndPerformance.pdf
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Sensor
Sensor

Analogue FE 
amplifier & 
discriminator

Digital FPGA

Optical control

SFP+ 
commercial link

Analogue & digital ASIC

lpGBT and
VTRX+
optical link chipset

• Best solution for moderate requirements.
• Low radiation.
• Commercial off the shelf components.

• Necessary for stringent requirements.
• High radiation.
• ASIC / specific component developments.

Today’s 
focus



Some ASIC examples at RICH2025
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FastRICH ALCORv3 FPMROC Petsys-TOFPET2 Preamp + NINO + HPTDC

@ Conference Poster F. Keizer Poster R. Preghenella Poster S. Qian // //

Main application LHCb RICH ePIC RICH ToF-PET Commercial / Belle-II DIRC NA62

Technology 65 nm 110 nm 55 nm 110 nm 250 nm

Target sensor MAPMT, SiPM, MCP SiPM MCP MCP PMT

Channel 16 64 8 64 8

Amplifier Current buffer Current buffer TIA and amplifier Charge sensitive Custom charge amplifier

TDC bin 25 or 100 ps 25 or 50 ps 13 ps 30 ps 100 ps

Input bandwidth 30 uA – 2 mA Tuned to SiPM 105 gain MCP (2 – 200 mV) Up to 1500 pC 100 fC – 2 pC, differential

Mode CFD and ToT ToT ToT ToT and energy ToT

Power [mW/ch] ~ 12 ~ 12 ~ 40 (sim) ~ 8 O(100)

Bits per hit ~ 10 bit, dynamic 32 bit 64 bit 64 bit 64 bit

Encoding 64b66b 8b10b 64b66b 8b10b //

Event rate 
[MHz/ch]

40
(25 ns periods)

2.5 – 5
(10 ns periods)

< 40 0.5 ~ 1

Serialiser max. 
rate [Gbps]

5.12
(configurable 1 to 4 links)

1.28
(4x 320 Mbps)

10.24
(64 bit parallel at 160 MHz)

3.2
(configurable 1 to 4 links) 

(Parallel bus)

Target radiation ~ 2 x 1013 neq/cm2 (LHCb) ~ 2 krad (ePIC) Not specified Not specified //

https://indico.gsi.de/event/20387/contributions/90413/attachments/51817/78777/Keizer-RICH25-FastRICH-A0.pdf
https://indico.gsi.de/event/20387/contributions/90429/attachments/51833/78754/rich2025_preghenella_alcor_poster.pdf
https://indico.gsi.de/event/20387/contributions/90370/attachments/51779/78733/48-FPMT%20Timing%20system.pdf


Front-end electronics
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• Time resolution (MCP)
• High-rate operation (SiPM)
• Readout density and integration
• Data throughput and optical links
• Considerations on ASICs



Time resolution
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RICH detectors are highly suited to use detector hit time information: 
• Prompt Cherenkov + focusing optics = predictable hit time of arrival.
• Often new requirement: increased luminosity (reduce pile-up) environments 

or out-of-time SiPM DCR (improve signal to noise).

Couple sensors with good time resolution to TDC (Time-to-Digital) circuit.
• TDC circuits come with:

- increased power consumption (PLL, high frequency clocks and buffers),
- higher data throughput,
- more demanding calibration.

X Y

Z
T



Picosecond Time-to-Digital Circuit (TDC)
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TDC-in-FPGA
• E.g. CLAS12 and GlueX, 

DiRICH for CMB/HADES.
• Digital input (can be analog).
• Typically loose time 

requirements: > few-100 ps. 
• Faster TDCs possible (e.g. 

DiRICH 20 ps), but relies on 
manual placement of logic 
slices, careful calibrations 
and specific to FPGA 
version.

Dedicated TDC ASIC
• E.g. picoTDC, HPTDC.
• Digital input.
• Typically fast: picoTDC 

down to 3 ps bins.
• Trade-off between generic 

and application specific: 
power, data rate, radiation 
hardness etc.

Integrated TDC
• E.g. FastIC+, FastRICH, 

ALCOR, FPMROC.
• Analogue sensor input.
• Fully application specific, 

meets sub-100 ps 
requirement at low power 
for single-photon sensors.

• Increases ASIC complexity: 
digital-on-top design and 
verification required.



Electronics time gating
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Select the TDC window where event data is expected.
“Picture” instead of “video”.

Reduction in data size:
• Exclude out-of-time background: 

fewer hits to transmit.
• Reduce TDC range to encode in data-packer: 

fewer bits to transmit. 

Time gate implemented during processing 
of TDC data inside the ASIC.

Timestamps within the gate are used for 
PID enhancements. Talk A. Upadhyay.

Block Diagram

04/12/23 Andrea Paternò | RICH Collaboration Meeting 10
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https://indico.gsi.de/event/20387/contributions/90409/attachments/51813/78853/RICH2025__Abhinaba_LHCbRICH_PVt0reconstruction.pdf
https://www.repository.cam.ac.uk/handle/1810/298766


High precision clock distribution
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White rabbit project to provide LHC clock through Ethernet-based 
network connecting thousands of nodes.
• Random jitter as well as the deterministic phase are defined by 

the detector requirements - targeting O(10) ps.

Figure 16: Simplified view of interconnection between SODIN, SOL400 and
TELL400. Each instance is based on the PCIe400 boards but configure with a
di!erent gateware.

Similar low level software layers are provided to put the card in an operative state
for the user as described in Sec. 2.1.8.

Agilex applicative gatewares

The same hardware will assume three roles in the data acquisition system, by pro-
gramming the FPGA with a di!erent gateware, as shown in Fig. 16. All gatewares
are based on the LLI. Once programmed, the PCIe400 system name will di!er
according to its function:

SODIN400 Its role is to broadcast the TFC to the SOL400 using PON. The
board can also receive the LHC system clock through White Rabbit.

SOL400 Its role is to broadcast the TFC information to front-ends and TELL400
as well as read front-end status. It is also responsible for configuring the front-ends.
It is the ECS interface to the front-ends.

TELL400 Its role is to acquire data from front-ends, eventually implement on-
the-fly basic processing, concatenate them, and send them to the CPU. The gate-
ware relies on common code as much as possible for each subdetector.

Production During the assembly of the readout board, it is mandatory to check
the access to every peripheral and its good operation. It is also necessary to

19

https://cds.cern.ch/record/2886
764/files/LHCB-TDR-025.pdf 

For good time resolution you need an even better reference clock.

Many fibre links with TFC (Timing & Fast Control) to FE electronics.
• Minor variations in length affect clock phase at each Front-End 

board. How to calibrate?
• Test pulses not helpful: usually generated from same clock + 

paths in ASIC not calibrated to picosecond.
• Strategy: modules from same TFC link calibrated in time in the lab, 

afterwards in-situ pulsed picosecond laser and beam data.
Poster on Rayleigh-scattering-based calibration optics.

https://cds.cern.ch/record/2886764/files/LHCB-TDR-025.pdf
https://cds.cern.ch/record/2886764/files/LHCB-TDR-025.pdf
https://cds.cern.ch/record/2886764/files/LHCB-TDR-025.pdf
https://cds.cern.ch/record/2886764/files/LHCB-TDR-025.pdf
https://cds.cern.ch/record/2886764/files/LHCB-TDR-025.pdf
https://cds.cern.ch/record/2886764/files/LHCB-TDR-025.pdf
https://cds.cern.ch/record/2886764/files/LHCB-TDR-025.pdf
https://indico.gsi.de/event/20387/contributions/90406/attachments/51810/78768/Poster___RICH2025___CalAliMon.pdf


MCP-based detector readout – few examples
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Tests of LAPPD with PETsys TOFPET2 ASIC and FastIC 
ASIC (family of FastRICH). Talk R. Dolenec.
Also studies in LHCb with prototype FastIC+picoTDC.
Poster V. Placinta, Poster D. Foulds-Holt.

4DPHOTON with TimePix4 ASIC. Talk E. Franzoso.
Measured 65 ps RMS for single photons.

ANNIE PSEC4 fast sampling (10Gs/sec) of LAPPD output. Talk M. Wetstein. 

• Testing of these LAPPDs is nearly complete and 
preparations for summer deployment are underway

• The LAPPDs perform with resolutions consistent with 
our requested specifications:
• <100 ps time resolution
• gains of 107

• few mm spatial resolutions
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Enabling Technology: LAPPDs and Fast Timing

RICH 2025

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

Detector Development Steps

17/09/2025 Development and characterization of hybrid MCP-PMT with embedded Timepix4 ASIC 13

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

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)
• Paper availableVacuum tube production at HPK

• Multi-alkali S20 photocathode

• Microchannel plates

Jan-Feb 2024

• Multi-alkali S20 photocathode
• Peak QE >30% at 380 nm

• Microchannel plates
• 6 μm channel diameter (7.5 μm 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

Commissioning of the complete tube 
test setup in January-February 2024 in 
Hamamatsu laboratories, with first tube 
sample

Pixelated anode: Timepix4 ASIC

17/09/2025 Development and characterization of hybrid MCP-PMT with embedded Timepix4 ASIC 4

• Developed by Medipix4 collaboration
• 512 ✕ 448 pixels (55 μm ✕ 55 μm each)
• Large active area: 7 𝑐𝑐𝑚𝑚2

• Bump pads used as anode

• Time-stamp provided by Time-to-Digital Converter (TDC) based on Voltage-Controlled Oscillator (VCO)
• 195 ps bin size (∼ 56 ps r.m.s. resolution) for Time-of-Arrival (ToA) measurements
• 1.56 ns bin size for Time-over-Threshold (ToT) measurements

• High rate capability:
• maximum bandwidth: 160 Gb/s
• maximum hit rate: 2.5 Ghits/s

• Output:
• 64 bits of data per hit with 64b/66b encoding
• transmitted via 16 high-speed links up to 10.24 Gbps

https://iopscience.iop.org/article/10.1088/1748-
0221/17/07/P07006

FCFD ASIC for ePIC pfRICH. Talk B. Page.

Photo-Sensors

B. PageXII International Workshop on Ring Imaging Cherenkov Detectors (Sep 15-19, 2025) 9

❑ Basic requirements:
➢ Provide a timing reference at the level of ~20 ps for the 

barrel and forward ToF subsystems 
➢ Provide spatial resolution ~1mm 
➢ Have small Dark Count Rate
➢ Have reasonable power dissipation in mW per channel
➢ a low material budget cooling system in front of the 

PWO EmCal
➢ as little influence on the thermal environment around 

the EmCal as possible
➢ Allow for a compact solution to leave more space for the 

proximity gap

❑ Photosensor: HRPPD by Incom Inc.
➢ High intrinsic SPE timing resolution
➢ High Quantum Efficiency
➢ Low Dark Count Rate (compared to SiPMs)
➢ Low cost (compared to other MCP-PMTs)

Anode plate vacuum side Anode plate air side

Excellent time resolution is key – typically rate is not a strong requirement due to intrinsic MCP limit.

➢ FastRICH key features [4]:
❖ 65 nm radiation-hard CMOS technology;
❖ 16-channels with digital-on-top design;
❖ die size of 5 mm x 5 mm and packaged in QFN88 package;
❖ embedded time-to-digital converter (TDC) with 24.41 ps time bins;
❖ versatile front-end with possibility to choose between Leading-Edge Discrimination (LED) and 

Constant Fraction Discrimination (CFD);
❖ channel input polarity can be configurable to use either negative or positive polarity;
❖ wide dynamic input range of 50 µA to 5 mA and compatible with MaPMT/MCP-based/SiPM sensors;
❖ output data-compressed format based on the aurora 64b/66b protocol for serial links;
❖ configurable data throughput between 0.32 Mbps and 5.12 Gbps;
❖ power consumption of about ~13mW/channel at 1.2 V nominal power supply.

The LS3 Enhancement of the RICH detectors
Vlad-Mihai PLACINTA 

Horia Hulubei National Institute for R&D in Physics and Nuclear Engineering – IFIN-HH 
on behalf of the LHCb RICH Group

www.nipne.ro

Motivation

References: 
1. LHCb Collaboration, Framework TDR for the LHCb Upgrade II - Opportunities in flavour physics, and beyond, in the HL-LHC era, Technical Design Report, CERN-LHCC-2021-012, LHCB-TDR-023, https://cds.cern.ch/record/2776420.
2. LHCb Collaboration, LHCb Particle Identification Enhancement Technical Design Report, Technical Design Report, CERN-LHCC-2023-005, LHCB-TDR-024, https://cds.cern.ch/record/2866493.
3. F. Keizer, The FastRICH ASIC for the LHCb RICH enhancements, Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, 2024, DOI: 10.1016/j.nima.2024.169664.
4. FastRICH documentation website, https://fastrich.docs.cern.ch/  (last retrieved 10-09-2025).

➢ Simulation studies have revealed that the prompt Cherenkov photons arriving on the detector planes 
can be predicted with a time-of-arrival (TOA) better than 10 ps;

➢ The performance of the RICH detectors can be enhanced by the introduction of photon time-tagging 
capabilities;
❖ improved background reduction and particle identification (PID) efficiency.

0

Conclusions

The FastRICH ASIC: preliminary testing results

XII International Workshop on Ring Imaging Cherenkov Detectors
15 - 19 September 2025, Mainz, Germany

➢ Before the submission of the FastRICH ASIC, several readout electronic chains prototypes have been 
developed with the main goal to study the timing performance of various optical sensors technologies 
in the framework of LS3 Enhancements and Upgrade II programs;

➢ The implementation of a configurable hardware time gate 
in the front-end electronics will allow to select a detection 
window and to filter out any background noise;

➢ Within a time gate, every hit will be time-tagged, and then 
compared against the predicted TOA by the reconstruction 
algorithm [1];

➢ LHCb-RICH sub-detectors will be upgraded to run faster, by 
means of implementing fast-timing single-photon 
capabilities. This will be done over 2 steps:
❖ redesign of readout electronics chain during LS3 

Enhancements [1];
❖ photon sensor change during LHCb Upgrade II [2].  

➢ The FastRICH ASIC represents the nucleus of the next generation of 
LHCb-RICH fast-timing electronics;
❖ a collaboration between CERN EP-ESE department, University of 

Barcelona and RICH;
❖ ASIC design submitted in early February of 2025;
❖ naked dice received at CERN in early May of 2025.

FastRICH die wire-bonded 
to a test PCB 

➢ In-house FPGA-based test system:
❖ to characterize the prototype ASICs;
❖ acts like a small-scale readout system;
❖ allow to test all the interfaces; 
❖ read data with an external stimulus.

➢ Multi-purpose design: 
❖ lab testing;
❖ irradiation testing;
❖ mass production QA testing.

➢ Summary of the testing results obtained so far:
❖ power on test and control of all interfaces;
❖ power consumption measured ~ 13 mW/channel;
❖ ~20 samples were wire-bonded and all have passed the 

basic testing;
❖ functionality testing of various internal blocks on-going;
❖ PLL output jitter optimized to ~ 5.81 ps with a  ~1.5 ps jitter 

reference clock;
❖ TDC performance:  DNL std deviation ~ 6 ps, INL +/- 22 ps 

(there is place for optimization);
❖ data taking possible with the full readout chain and 

external stimulus, e.g., external test pulse;
❖ data can be decoded and FastRICH-related information can 

be extracted. 

➢ X-ray TID irradiation testing (July 2025):  
❖ 2 samples tested at an X-Ray facility from CERN;
❖ sample 1: dose rate of 0.53 Mrad/h and 2 Mrad TID;
❖ sample 2: dose rate of 2.04 Mrad/h and 12 Mrad TID;
❖ tests carried out at room-temperature and focused mostly 

on the analog part of the ASIC.

See Floris Keizer’s poster 
“The FastRICH ASIC for next-
generation RICH detectors” 

FastRICH: LED threshold scan measurements with 
electronic noise in negative polarity

FastRICH: DAC linearity measurements of the rail-
to-rail voltage DACs that are used to tune the DC 

bias of the input channels

No major effects were seen after 12 Mrad of TID. Power consumption 
did not change, and overall, the ASIC seem to tolerate vey well this 
unrealistic high TID and dose rates. 

LHCb-RICH electronic chain prototypes: R&D

➢ The most recent variant uses the FastIC front-end 
ASIC and relies on the picoTDC to provide the 
timestamp of the hits;
❖ slow control and data transmission ensured 

by using the lpGBT ASIC and VTRX+ optical 
modules;

❖ ~ 500 channels were distributed across 
various optical sensors, MaPMT, SIPM and 
MCP-based; 

❖ tested in several campaigns at the CERN SPS 
test beam facility during the last years.

LHCb-RICH electronic chain prototypes: FastRICH
➢ Work in progress to design and prepare a FastRICH-based electronics chain for the SPS test beam 

campaign during October 2025;
❖ aim to have a LS3 Enhancements-like electronics readout chain prototype;
❖ first time to demonstrate the coupling between FastRICH and MaPMTs.

➢ The new electronics chain involves many new elements:
❖ front-end boards (FEBs) populated with open-lid QFN88 packaged FastRICH ASICs;
❖ bPOL12V-based DC-DC power modules to provide 1.2 V and 2.5 V power rails;
❖ timing and control module (lpTCM): 1 lpGBT ASIC and 1 VTRX+ optical module (1 RX/TX variant);
▪ provides the 40 MHz reference clock to the FastRICH ASICs and the lpDTMs;
▪ ECS and TFC interfaces to the FastRICH ASICs;
▪ additional slow control and monitoring signals.

❖ data transmission modules (lpDTMs): 4 lpGBT ASICs and 1 VTRX+ optical module (4 TX variant);
▪ sends the aurora 64b/66b encoded data from the FastRICH output serialisers to the back-end 

readout.
❖ new PCI40 firmware to allow connection, control and readout through lpGBT;
▪ includes aurora 64b/66b and FastRICH decoding.

❖ WinCC-based GUI to control and supervise the system;
▪  and to plot/visualize the readout data. 

➢ The readout chain of the LHCb-RICH sub-detectors will have time-tagging capabilities with 24.41 ps 
resolution implemented during the LS3 Enhancements break;
❖ RUN 4 setup: MaPMTs (~150 ps resolution) coupled with FastRICH ASICs;

➢ The FastRICH ASIC is now under full validation on multiple test chains for validation of its 
performances against the RICH requirements;

➢ New electronics chain is currently designed around FastRICH, lpGBT, bPOL12V and VRTX+ components 
for the next test beam campaigns to be carried out at CERN SPS facility, starting with October 2025;

➢ Single-Event Effects test with heavy ions is scheduled at the end of October 2025 at UCL Louvain;
❖ LHCb-RICH system-wise radiation testing under preparation for the 2026 at CHARM facility at CERN.

M. Bartolini et al, LHCb RICH Fast-timing photon detection 
at the SPS charged particle beam, JINST 2025 20 P03034

Experimental LAPPD timing distributions
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https://indico.gsi.de/event/20387/contributions/90471/attachments/51860/78996/RICH2025-LAPPD-RokD.pdf
https://indico.gsi.de/event/20387/contributions/90392/attachments/51797/78774/RICH2025_VMP_silent_reharsal.pdf
https://indico.gsi.de/event/20387/contributions/90473/attachments/51862/78753/LAPPD_Edinburgh_RICH2025_Poster_DFH.pdf
https://indico.gsi.de/event/20387/contributions/90377/attachments/51785/78928/rich25_4dphoton.pdf
https://indico.gsi.de/event/20387/contributions/90365/attachments/51776/78924/2025-09_ANNIE_RICH.pdf
https://indico.gsi.de/event/20387/contributions/90393/attachments/51798/79043/pfRICHOverview_rich2025_final.pdf
https://indico.gsi.de/event/20387/contributions/90393/attachments/51798/79043/pfRICHOverview_rich2025_final.pdf
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• Time resolution (MCP)
• High-rate operation (SiPM)
• Readout density and integration
• Data throughput and optical links
• Considerations on ASICs
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Charge-sensitive preamplifier: not suitable for SiPM
( 𝐶𝐷𝐸𝑇 >> 𝐶𝑓𝑒𝑒𝑑𝑏𝑎𝑐𝑘	and bandwidth is strongly affected).

III. VOLTAGE-MODE VS CURRENT-MODE FEA
Having excluded the CSA approach, the comparison is 

now restricted to the remaining two approaches: voltage-mode 
and current-mode FEA.   

Fig. 3 and 4 show the basic architectures of a voltage 
amplifier and a current buffer implemented in IC CMOS 
technology. Since we are interested in comparing the two 
kinds of approach under equal conditions, the principle 
amplifiers in Fig. 3 and 4 must share the same design 
parameters and operating conditions in terms of input device 
dimensions, bias current and bandwidth.  

In the following, we shall assume gm1 # 34.2 mA/V, RL = 1 
k: and CL = 0.5 pF for all the performed simulations. 

Both FEA types are characterized by two relevant time 
constants, one associated to the input node, Win = CDETRin and 
the other one associated to the output load of the amplifier, WO 
= RLCL, which sets the bandwidth BW = 1 / WO. Both time 
constants contribute to the slope of the output pulse, though in 
different ways in the two cases. 

 

 
Fig. 3. A simple IC CMOS voltage amplifier.

 

 
Fig. 4. A simple IC CMOS current buffer. 

 

The time constant Win rules the discharge of the detector 
capacitance CDET at the input node of the amplifier, where the 

charge Qeff is promptly collected. In the case of the VA, it 
would be desirable to make Rin as high as possible to 
maximize the peak value and thus the slope of the output 
pulse. However, Rin contributes also to the recovery time of 
the SiPM, thus impairing the ability of the detector to cope 
with high event rate conditions. In fact, the overall recovery 
time of the detector, ߬௥ᇱ , depends on Rin, according to the 
following equation:  

߬௥ᇱ = ߬௥ + ܴ௜௡൫ܥ௚ + ௗ൯ܥܰ = ܴ௤൫ܥௗ + ௤൯ܥ + ܴܰ௜௡ ൬
௚ܥ
ܰ
+  ௗ൰ܥ

Even a relatively low value of Rin may cause an excessive 
recovery time ߬௥ᇱ and, as a consequence, baseline fluctuations 
due to the pile-up, resulting in a worsening of the overall time 
resolution. This effect is clearly shown in Fig. 5, which plots 
the output of the VA for different values of the conversion 
resistor Rin. 

For instance, assuming Rin = 100 : and N = 625, an 
additional  quenching resistance of the order of 62 k: would 
be produced, considering Cg/N of the same order of magnitude 
of Cq.  

Conversely, in the case of the CB a low value of Rin               
(| 1/gm1) would be desirable. This will produce high current 
pulses at the input of the FEA and, at the same time, will cause 
a fast discharge of the detector capacitance through the input 
MOSFET, without degrading the intrinsic SiPM recovery time 
and thus setting any additional limitation to the event rate 
which can be usefully attained. 
 

 
Fig. 5. Voltage amplifier output: influence of Rin on the recovery time.  

 
Concerning the noise contributions for each alternative 

approach, a noise contribution is generated by the bias circuits, 
schematically represented in Fig. 3 and 4 respectively by the 
sources VBIAS and IBIAS. However, since IBIAS in the CB is 
provided by the output transistor of a current mirror, its  
transconductance can be made conveniently lower than the 
one of the input device gm1 by properly choosing its aspect 
ratio W/L; as a consequence, the associated noise current 
spectral density can conveniently be reduced. 

Moreover, the current noise contribution of this bias 
transistor can reach the output node only at low frequencies, 
owing to the shunting effect of the large SiPM capacitance, 
thus its contribution to the overall noise performance of the 
FEA results to be negligible (see Fig. 6).  
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Voltage preamplifier: input resistance Rin large for fast signal,
𝜏!" = 𝐶#$% 	𝑅!" , but Rin is also in series with quench resistor 
𝜏&'()*'&+ = 𝜏,-'"(. + 𝑅!"(𝐶/&!0 + 𝑁123# * 𝐶0). 
i.e. results in long tails and signal pile-up at higher rate.
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constants, one associated to the input node, Win = CDETRin and 
the other one associated to the output load of the amplifier, WO 
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Fig. 4. A simple IC CMOS current buffer. 
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approach, a noise contribution is generated by the bias circuits, 
schematically represented in Fig. 3 and 4 respectively by the 
sources VBIAS and IBIAS. However, since IBIAS in the CB is 
provided by the output transistor of a current mirror, its  
transconductance can be made conveniently lower than the 
one of the input device gm1 by properly choosing its aspect 
ratio W/L; as a consequence, the associated noise current 
spectral density can conveniently be reduced. 
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thus its contribution to the overall noise performance of the 
FEA results to be negligible (see Fig. 6).  
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application. For instance the influence of the input resistance 
of the FEA on the maximum possible event rate which can be 
managed without excessive degradation of the timing 
performance is a key point which deserves attention. Also in 
this case a comparison between the CB and the VA 
approaches is proposed. 

II. SIPM MODEL FOR TIMING PERFORMANCE ANALYSIS 
To get an accurate insight of the electrical parameters 

governing the evolution of the fast leading edge of the current 
pulse, we need to refer to the circuit model of the SiPM, 
described in [7]. 

The SiPM structure is composed by the parallel connection 
of hundreds of micro-cells, each consisting of a Geiger-mode 
operated photodiode passively quenched by a large series 
resistor Rq. The model of the single micro-cell, besides the 
diode capacitance Cd and the quenching resistor Rq, contains 
also a small parasitic capacitor Cq in parallel to Rq, which 
works as a fast path for the charge delivered during the 
avalanche [7]. A metal routing is used to connect in parallel 
hundreds of these micro-cells sharing the same substrate. 
Thus, a further parasitic capacitance Cg between the terminal 
of the whole device is introduced, due to the presence of this 
metal grid which spans over the entire surface of the SiPM [7]. 

Fig. 1 reports the linearized, small-signal equivalent circuit 
of a SiPM, in case only one out of the total N micro-cells is 
interested by a Geiger discharge. Since the avalanche 
phenomenon is very fast, the related current has been 
modelled with a pulse QtotG(t), containing the total generated 
charge. Thanks to the superposition principle, the same circuit 
model of Fig. 1 can be also used to model the case in which 
more than one micro-cell is interested by an avalanche event, 
simply considering I formed by more Dirac’s delta pulses, 
distributed in time accordingly to the arrival of the events. 
  

 
Fig. 1. SiPM (circuit model) read out by a typical voltage-mode front-end. 

 
In the very first part of the transient triggered by one 

photon hitting the SiPM, only the capacitive elements 
contribute to the charge distribution within the circuit. The 
fraction of the total electric charge Qtot, which is almost 
immediately collected at the input node of the FEA, is 
contained in a current pulse: ܳ௧௢௧

஼೜
൫஼೏ା஼೜൯

(ݐ)ߜ = ܳ௘௙௙(ݐ)ߜ, 

which flows through the parasitic capacitance Cq.  

The remaining fraction of Qtot is collected according to a slow 
time constant which is related to the recovery time constant of 
the SiPM, ߬௥ = ܴ௤൫ܥௗ +  ௤൯, thus it cannot be convenientlyܥ
exploited for fast timing applications. 

Moreover, during the fast rising edge of the output pulse, 
the complete model of the detector reported in [7] can be 
reduced to a simple capacitive current source with ܥ஽ா் =
௚ܥ + ܰ ஼೏஼೜

൫஼೏ା஼೜൯
, N being the microcell number of the SiPM. 

This value is sensibly lower than the low frequency equivalent 
SiPM capacitance ܥ௚ +  ௗ, but is still relevant compared toܥܰ
the input capacitance of the FEA. The “fast” fraction of the 
charge, Qeff, is collected almost instantly on CDET [8]. 

In Fig. 1 a widely employed voltage-mode approach has 
been applied to read-out the SiPM. The detector current is 
converted into a voltage by means of the input resistance Rin 
and the resulting voltage signal is applied to the input of a 
generic front-end voltage amplifier, characterized by 
bandwidth BW, gain AV and input noise spectral density en.  

The time jitter Vt is expressed by the well known Eq. (1).  
It can be easily shown, with reference to Fig.1, that a lowest 
bound on the value of the time jitter is: 

௧ߪ =
஼ವಶ೅
ଶொ೐೑೑

௘೙
ξ஻ௐ

                                                 (2) 

This expression has been obtained considering the maximum 
slope of the output pulse, which is obtained in the initial part 
of its rising edge.  

From Eq. (2) it is apparent that the best timing 
performance of the SiPM+FEA system is achieved with small 
values of the ratio CDET / Qeff, (i.e. by a SiPM with a small 
number N of microcells and large gain) and of the ratio 
݁௡/ξܹܤ of the amplifier. 

Although the expression (2) has been obtained for the case 
of a voltage-mode FEA, its validity can be easily extended to 
other FEA architectures. In particular, in the case of a charge 
sensitive amplifier (CSA), reported in Fig. 2, the bandwidth 
BW is set by the amount of feedback applied to the circuit and 
it can be expressed as ܹܤܩ ஼೑

൫஼ವಶ೅ା஼೑൯
, GBW being the gain-

bandwidth product of the amplifier employed in the feedback 
loop. Since Cf is much smaller than CDET, the feedback factor 
is very small and the resulting closed loop bandwidth is 
severely limited, which makes the CSA FE unsuitable in high 
performance timing applications. 

 
 

 
Fig. 2. SiPM (simplified model) read out by a CSA-mode front-end. 
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Relatively good power consumption.
• Preferred coupling of readout ASIC to SiPM.

F. Ciciriello et al.
Low noise, 
for short and 
fast signals 
at low 𝐶!"#.

Higher 
power for 
high-speed 
RF systems.

High-rate 
applications, 
medium power 
& wider input 
bandwidth.
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SiPM SPADs have a relatively slow recovery time constant.
• Potential pile-up of signal at high rates, 

resulting in shift of baseline and 
effective Leading-Edge Threshold.

GOLA et al.: ANALOG CIRCUIT FOR TIMING MEASUREMENTS WITH LARGE AREA SIPMS COUPLED TO LYSO CRYSTALS 1297

Fig. 1. Time jitter caused by a local baseline shift, due to a dark count event
happening in the SiPM before the detection of a gamma photon.

walk, or AW, which takes place when the input signal has a
wide dynamic range [10]. There are other time pick-off tech-
niques, designed in order to compensate this effect, like the Con-
stant Fraction Discriminator, or CFD [11]. However the ampli-
tude walk is generally not considered of primary importance in
current PET systems, since the dynamic range is moderate and
the timing resolution is limited by other noise sources. In fact,
only the events falling inside the photoelectric peak are used for
timing measurements, while the Compton region of the spec-
trum is discarded for removing the events scattered inside the
patient body.
With a much improved timing resolution, like the one re-

ported in [1]–[3] and also in this work, AW could play a signifi-
cant role in limiting the CRT of the system, depending on its en-
ergy resolution and on the position of the high energy threshold.
In this paper, we propose a filtering technique for reducing the
time jitter due to the SiPM noise, which is usually dominant if
no form of noise compensation is employed. After applying this
filter, in principle it is possible to use different methods for the
AW compensation, for reducing also this source of time jitter.
Considering the LED method applied to SiPMs, the main

problem is that it is quite sensitive to the local baseline varia-
tions due to dark events happening before the event. As shown
in Fig. 1, the baseline variations generate a time jitter, due the
finite slope of the rising edge of the event.
The phenomenon can be described by the following equation

[10], which we can consider valid also for the SiPM noise:

(1)

In (1), is the standard deviation of the time jitter due to the
detector and electronic noise. is the value of the first deriva-
tive of the ideal pulse, i.e., the pulse without noise, at the point
it crosses . is the standard deviation of the amplitude of
the signal at the time the ideal pulse would cross , consid-
ering the detector noise only. There is also a time jitter related to
the amplitude of the noise of the readout electronics, , which
adds in quadrature to : its contribution is usually negligible
thanks to the high gain of the SiPM.
The best timing performance is obtained at higher over-volt-

ages, at which the PDE of the device is higher. However, also
the value of gets higher, due to the increase of the DCR. If we

Fig. 2. Schematic representation of the comparator threshold shift, which is
necessary at higher over-voltages for avoiding the false triggers generated by a
sequence of piled-up dark events. The figure is not in scale, since the amplitude
of the dark counts is much smaller than the amplitude of the event.

Fig. 3. Compensation of the piled-up dark events allows to use a lower value
for the triggering threshold.

use the LED technique, it is necessary to increase the value of
, in order to reduce the false triggers due to the piled-up dark

events, as shown in Fig. 2. The figure is not in scale for better
readability, since the event is much bigger than the single dark
pulses. This is the second effect of the increase of , in ad-
dition to the one described by (1), and translates into a worse
photon statistics, further reducing the timing performance of the
system.
Since the probability of a dark event happening exactly in

coincidence with the event is very low, if we are able to reduce
the duration of the SCR of the SiPM, we can reduce the baseline
fluctuations on the edge of the pulse due to the preceding dark
counts, i.e., we can decrease the value of . In the same way,
also the mean amplitude of the piled-up dark events is reduced,
as shown in Fig. 3, allowing to use a lower value for . The
duration of the SCR can be reduced by reducing the amplitude of
its tail, which is generated by the passive recharge of the SiPM
microcells.
We call the new baseline compensation technique Pole-Zero,

or PZ, method. The method uses a linear filter for reducing
, then the time pick-off is obtained with a standard leading

edge discriminator. If we neglect the higher-frequency poles,
the frequency response of the SCR can be considered a simple,
first-order, low-pass filter. The frequency of the pole of the filter,
, is determined by the passive recharge of the SiPM micro-

cells, having a time constant equal to:

(2)

where is the quenching resistance of the microcells and
is the total capacitance seen by the diode. As shown in Fig. 4,
we can compensate by adding in the front-end a zero at the
same frequency, ideally obtaining a flat frequency response, i.e.,
a -like pulse response. The real, filtered single cell response,

Authorized licensed use limited to: CERN. Downloaded on September 15,2025 at 13:32:47 UTC from IEEE Xplore.  Restrictions apply. 

Some techniques in ASIC to compensate this effect in the output.
• Typically to be tuned to the specific signal 

(i.e. SiPM type and operating conditions).
• Masks the analogue pile-up but doesn’t remove it. R&D required 

for SiPM with fast recovery times and tuning of quench resistor.

MCP-based photon sensors have relatively low rate capabilities. (Talk A. Kiselev) 
MAPMT (multi-anode PMTs) can operate up to about 10 MHz photon hit rate. (Talk G. Cavallero) 
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Figure 2. Block diagram of the TOFHIR2 channel. 

To obtain the required time resolution, since the SiPMs output is a current, the developed 
circuit is designed to process the input current without the usual conversion to voltage. Full 
current-mode increases the bandwidth, since the signal flows through low impedance nodes, 
making the circuits less sensitive to parameter variations and parasitic elements, thus reducing the 
mismatch between channels. 

The preamplifier is a current buffer to isolate the large SiPM load from the core of the AFE. 
The output current is mirrored to different timing and energy branches. Considering the effect of 
SiPM DCR, time-tagging relevant events directly at the preamplifier output with a time resolution 
better that 60 ps at EoO is impossible without proper signal processing. The challenge arises from 
the fact that signal events and DarkCount pulses have the same shape and frequency content, 
although they differ in amplitude. 

In addition, the high event rate hitting the preamplifier leads to baseline drifts due to severe 
piling-up of residual pulse tails. Since event flagging is done with comparators that have their 
threshold set to a fixed value referenced to the preamplifier baseline, baseline drifts will lead to 
wrong comparator firing time. Therefore, the baseline must be very stable for accurate timing. 

 

Figure 3. DLED block diagram. 

Motivated by the above considerations, we used the signal processing technique DLED 
(Differential Leading Edge Discriminator) [35], implemented here for the first time in a CMOS 
integrated circuit (Figure 3 and Figure 4). With appropriate delay settings, DLED preserves the 
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rising edge of the pulse and cancels the pulse tail (Figure 5). This approach reduces DarkCount 
noise and avoids baseline fluctuations and pile-up, since the input unipolar signal is converted to 
a bipolar signal. As shown in Figure 4, at the DLED output node Io is the current difference (I1-
I2) between the direct and delayed paths, hence the DLED signal processing in full current mode. 

 
Figure 4. Full current mode AFE. 

An ideal delay line cannot be implemented in a CMOS process; hence we have used a series 
of RC taps behaving as a low pass filter. In TOFHIR2 a delay line with eight taps can be 
programmed to have an equivalent delay in the interval between 200 and 1400 ps. The ability to 
vary the delay value also provides an additional degree of freedom to fine tune the pulse shape, 
since increasing the delay increases the pulse amplitude.  

The pulse shape also depends on the fabrication process mismatch between PMOS device 
MP1 and NMOS device MN1 (Figure 4). A pulse calibration feature has been implemented via 
an array of PMOS devices in parallel with MP1 forming a 5-bit DAC, which can be programmed 
to trim the pulse shape. Since the BTL detector will have more than 300k channels, it is important 
to have a quick and expeditious trimming process to set the pulse shape on demand. This can be 
done by simply measuring the width of the pulse lobe above the baseline using the T1 comparator 
and the two TDCs.  

At the DLED output, the baseline is stabilized with a baseline holding feedback loop. The 
baseline holder amplifier has a single low frequency pole in the mHz region, therefore the 
dynamics of the baseline holder does not modify the pulse shape. 
   

   
Figure 5. DLED input (left) and output (right) waveform. The example is for EoO conditions. 

Table III shows the results of a simulation in one possible scenario for the end of operation 
(EoO) conditions (DCR 55 GHz, signal yield of MIP pulse 6000 p.e., SiPM gain 1.5x105), 

Pulse width 200 ns Pulse width 25 ns
1.62mA

23µA
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+
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Fig. 4. Pole-Zero compensation of the tail of the SiPM single cell response
explained in the frequency domain.

Fig. 5. Schematic of the analog circuit implementing the Pole-Zero compen-
sation of the tail of the SiPM SCR.

, is characterized by the higher frequency poles, which
are not compensated and limit the slope of the rising and falling
edges of the pulse. Due to these poles, the duration of
is not zero, as it would be ideally, but is much shorter than the
original SCR.
The zero of the PZ filter can be obtained with the circuit

shown in Fig. 5. The OPA is a fast current-feedback amplifier
operated in an inverting configuration and the zero at frequency
is synthesized by the input network composed of and ,

connected in parallel.
The circuit implementation of the PZ method suggests the

time-domain interpretation of the filter, shown in Fig. 6. The
filtered signal is the sum of two components: , which is
proportional to the input signal, and , proportional to its
derivative. The two components are scaled according to the
values of and , respectively. The tail of the pulse has the
same time constant in the original and in the derived signal, but
opposed sign. When the time constant of the zero, , is equal
to , the proportional component completely cancels the tail
of the differential one, leaving the fast peak only.
The tail compensation does not attenuate the rising edge of

the SCR so that, apart from the reduction of the SiPM noise, the
PZ filter followed by a LED is equivalent to the standard LED
as far as the triggering of the pulse is concerned.
Actually, the has a faster rise time constant than the

non-filtered SCR, which helps reducing the timing jitter due to
the residual baseline variations, according to (1). Those varia-
tions can be due either to a non perfect matching between
and or to a very high value of the DCR, so that the rising edge

Fig. 6. Time-domain explanation of the PZ compensation.

of some events happens on the short tail of a preceding dark
count, filtered with the PZ method.
Thanks to the big difference in the time constants of the

falling and rising edges of the SiPM SCR, the negative tail of
has a much smaller amplitude compared to its positive

peak. For a perfect compensation of the SCR pole, it is neces-
sary to sum the proportional and the differential components,
but the use of only may provide a good enough SiPM
noise cancellation in many cases. However, in this work,
which is focused on the description of the PZ method, we will
always use the ideal compensation, obtained summing both
components. For the same reason, a non perfect matching of
the pole and zero time constants is usually negligible for the
effectiveness of the baseline compensation.
The PZ filter also changes the spectrum of the electronic noise

of the stages before the noise compensation network, enhancing
the higher frequencies through the differentiation of the signal
and increasing the value of . As described above, its con-
tribution can be usually considered negligible since the timing
jitter is dominated by the detector noise. At lower over-voltages,
however, the SiPM noise is low and the gain is reduced so that
the role of can become important and we may expect a worse
time jitter with the PZ method than with the standard LED, de-
pending on the detector and setup configuration.
Finally, if we consider the typical values of the time constant
, that are in the order of hundreds of ns, we can observe

that the PZ method is well suited for being implemented in an
integrated circuit. In fact the values of the components necessary
for the compensation network are easily available in a standard
integrated technology, without an excessive area consumption.
It is also possible to foresee the implementation of the filter
directly on the SiPM chip, even though this would require an
additional bonding pad.

III. EXPERIMENTAL SETUP AND METHODS

The experimental setup used for the characterization of the
timing performance of the PZ method is shown in Fig. 7. It is
composed of two 3 3 mm SiPM, produced at Fondazione
Bruno Kessler, Trento. The photodetectors are coupled to
LYSO crystals from Saint Gobain (Prelude™ 420) for the
detection of the 511 keV photons emitted by a Na source.
We have used scintillators with two different sizes, 3 3 5
mm and 3 3 15 mm , polished on all 6 faces and wrapped
with PTFE. The smaller crystals are used to focus the attention
on the photodetector characteristics, minimizing other sources
of time jitter related to the scintillator. The thicker crystals, on

Authorized licensed use limited to: CERN. Downloaded on September 15,2025 at 13:32:47 UTC from IEEE Xplore.  Restrictions apply. 

High-pass filter between the SiPM and the ASIC input.
• Discrete components (outside / inside ASIC).
Pole-zero cancellation.
• Separate shaping stage in the readout to compensate the 

baseline (i.e. low frequency component).
• E.g. TF01A64 ASIC Belle-II ARICH. Poster S. Kurokawa.

Delayed leading-edge discrimination (DLED).
• Invert and delay pulse from pre-amp.
• E.g. CMS Barrel MIP Timing Detector (TOFHIR2 ASIC).
• Significant reduction in signal amplitude.

(Can CFD already partially improve 
pile-up effect? Similar to DLED, 
except only a fraction is inverted.)

A. GolaPole-zero cancellation

TOFHIR2DLED implementation

https://indico.gsi.de/event/20387/contributions/90405/attachments/51809/78764/rich2025_poster_kurokawa.pdf
https://ieeexplore.ieee.org/document/6154091
https://arxiv.org/abs/2404.01208
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• Time resolution (MCP)
• High-rate operation (SiPM)
• Readout density and integration
• Data throughput and optical links
• Considerations on ASICs



Spatial resolution
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Detector occupancy (max av. hits per channel per event):
• Depends also on optical design.
• Need to stay in single photon regime for counting and timestamping.
• Sensor may have limited hit rate per channel (saturation/damage).

Cherenkov angle resolution:
• Pixel vs chromatic and optical errors in the system.

• Example 𝜎$ # 𝑓 ≲ 𝐴%& for mirror focal point 𝑓 and channel area 𝐴%&.

Sensor capacitance (in case of SiPM).
• Increases with number of SPADs i.e. channel area per readout channel.

These requirements tend to push to smaller channel sizes and denser electronic readout.

Optimizedopticaldesign
oftheLHCbRICHdetectorsforUpgrade-II

R.Cardinale, A.Petrolini, S.Pezzulo, E.Spadaro Norella
→
, on behalf of the LHCb/RICH group

University of Genova and INFN, Italy, CERN; →corresponding author.

LHCb Upgrade-II and RICH requirements
The LHCb experiment at CERN [1] is equipped with two
RICH detectors [2, 3] for charged hadron identification.
In Run3, LHCb is operating at a luminosity of 2 ↑ 1033

cm→2s→1 with the aim to reach a factor five improve-
ment, in Upgrade-II, during the HL-LHC phase.

Key performance requirements for the optics of the
RICH, aiming not to degrade the PID performance in the
harsher conditions of Upgrade-II, include:

LHCb UpgradeII
• Number of detected photons: Nω ↭ 60/30 (RICH1/RICH2).
• Single-photon Cherenkov angle uncertainty better than 0.30/0.15 mrad (RICH1/RICH2), a factor two

better than Run 3.
• Single pixel occupancy in one BCO ↓ 0.3, as in Run 3.
• Photo-detector noise: two orders of magnitude less than the signal photons from high-momentum

particles, including dark noise, after-pulses and any other correlated noise.

Optical layout proposals
Optics is the most important part of a RICH, driving and a!ecting all the design. For Ugrade II, the focal
length needs to be increased to reduce the occupancy, improve both the emission point uncertainty and
pixel uncertainty and leave more room for photon emission. Two layouts are under consideration:
• "FTDR" optics: lightweight

monolithic mirror placed in
acceptance [4];

• "split-optics" [5], with two
smaller mirrors for Low/High
(L/H) angle with respect to
the beam to fit the large vari-
ations of occupancy, control
the focusing uncertainty, re-
duce the size of the mirrors
and increase the path length
in the gas at low angles.

"FTDR" optics "split-optics"

The two schematics are shown in the figures, for illustration purposes only.

Layout optimization
For the RICH design definition the main quantities to be optimized are:
• Cherenkov angle uncertainties, mainly:

– chromatic := standard deviation of the detected Cherenkov angle dis-
tribution;

– pixel:= d/(f
↔
12), d pixel size;

– emission point (focusing/optical aberration) := for each track, the
radial distance on the PDA (converted to angle) between photons
emitted at the start and end of the radiator (averaged on azimuth and
on tracks).

• Yield and signal versus background/noise. Detected photon yield per unit
path length:

dNpe

dL
= ω

∫
ε(E, ...) sin2ϑCdE,

where ω = 370cm→1eV→1, ε(E, ...) includes the photon losses from
emission to signal recording in the readout, such as: photo-detector ef-
ficiency, geometrical acceptance, front-end e"ciency, dead times and re-
flectivity and transmissivity of optical components,...

• Occupancy.
Focusing is not perfect for photons emitted at the same ϑ and ϖ Cherenkov
angles. Moreover, the optimal focus for fixed azimuth (i.e. parallel) photons
happens at di!erent depths for di!erent azimuths; that is, even for a single
ring, the best focus is not on a plane.

Optimal focus points as a function of

azimuth for four di!erent tracks (red, green,

yellow, cyan).
Tool: OpticaEM© [6] is a fully

flexible and customizable
framework for optics

(geometrical and wave)
calculations.

Emission point uncertainty
1. For one track, at fixed ϖ a typical layout:

2. Emission point uncertainty versus
azimuth: sigma2D (orange) is the
standard deviation on PD, focusing

uncertainty is cyan.

3. Average on azimuth for each track, as a
function of track direction.

RICH 1
Performance with respect to Run3 (PD sensor = MaPMT):
• Increase in photon yield: Mirror Low as close as possible to VELO

entrance window to increase gas radiator length with respect to
FTDR-optics

• Reduction of emission point uncertainty: Mirror Low is inside
acceptance allowing reduction of the tilt of primary mirror for small
angles

• Uniform occupancy: larger focal length/aperture for small angles
RICH 1 characteristics for low (L) and high (H) regions as for middle
scenario
• Inner area L = 1/4
• Spherical Mirror ROC (L/H):

5/3.65 m (ROCL ↗ ROCH ↑
↔
2)

• Photo-detector:
SiPM, pixel size = 2/2.8 mm (L/H)

RICH1 (C4F10)
p in 2 - 40 GeV/c

25-300 mrad

Emission point uncertainty Yield

Results
• Yield increases by ↗ 30%.
• Cherenkov angle uncertainty

is reduced by a factor of two.

Layouts (L/H) Run3 Split-Optics
PE yield 38 49/54
Chromatic uncertainty (mrad) 0.69 0.36
Emission uncertainty (mrad) 0.22/0.36 0.03/0.16
Pixel uncertainty (mrad) 0.47 0.15/0.47
Total uncertainty (mrad) 0.86/0.91 0.39/0.61

RICH 2
Performance with respect to Run3
• Increase PID performance for high momentum

tracks ↘ increase yield with split-optics layout
• Rebuild RICH2 vessel to give space to

TORCH [3] ↘ opportunity for new optics op-
timization.

RICH 2 characteristics for low (L) and high (H)
regions as for middle scenario
• Inner area L = 1/4
• Focal length: fL = 5m
• Photo-detector: SiPM, pixel size = 2/2.8 mm

(L/H)
RICH2 (CF4)

p in 15 - 100 GeV/c
15-120 mrad

THE-PDA-NOW

PRI-MIR-NOW

SEC-MIR-NOW

9000 9500 10000 10500 11000 11500 12000

0

1000

2000

3000

4000

RICH2_gun_FTDR-optics_test
N/A

PDA-H

PRI-MIR-HPRI-MIR-LSEC-MIR-L

SEC-MIR-H

PDA-L

9000 9500 10000 10500 11000 11500 12000

0

1000

2000

3000

4000

RICH2_gun_splitRich2_test
N/A

Emission point uncertainty
FTDR

Split-optics

Yields: 15%-25% increase for H and L

FTDR

Split-optics

Results
• Yield: Split-optics can achieve 25% increase in photon yield for Low angle tracks.
• Cherenkov angle uncertainty: ↑2 improvement with respect to Run3 ≃ Emission point uncertainty

comparable in the two scenarios

• Same ring uncer-
tainty

Layouts (L/H) Run3 FTDR Split-Optics
PE yield 26/33 23/30 34/38
Chromatic (mrad) 0.27 0.15 0.15
Emission (mrad) 0.18 0.03 0.02/0.1
Pixel (mrad) 0.20/0.40 0.13/0.16 0.13/0.18
Total uncertainty (mrad) 0.38/0.52 0.20/0.22 0.20/0.25

Full simulation with DD4hep
Validation of performance using full simulation: geometry based on DD4hep [7]
and simulation on Geant4.
• Yields and Cherenkov uncertainties: PGun of 80 GeV muons uniformly dis-

tributed in Rich1 acceptance
– Loss of 20% photon yield with FTDR optical geometry wrt Run3
– Better Cherenkov angle uncertainty of split-optics wrt FTDR

• Occupancy: minimum bias sim. at Run3 conditions, rescaled to U2

Sector Max Occupancy in U2
High 17.5%a

Low 10% b

a(occupancy*100/64), 3x3 mm pixel
b(occupancy*100/625), 1x1 mm pixel

Occupancy Low Sector

RICH1 in DD4hep
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System-in-Package for 
FastIC+ 32ch (FastRICH 64ch). 
Talk R. Pestotnik.

Why fewer channels per chip:
• ASIC design: less concerns about on-chip 

power-drops, clock skew, routing constraints and 
signal propagation delays, complication of digital 
packet managers, etc.

• PCB routing and shorter input signal traces 
(less parasitic inductance).

Why more channels per chip:
• Smaller overheads due to packaging of the 

silicon die: less space on the board.
• Fewer control and clock signals to distribute on 

board (“less daisy-chain”).
• Some optimisations e.g. in number of serialisers 

for chips with low data rates.

VTRX+ footprint 10mm by 
20mm + fragile pigtail

Petvision: 2.5 D integration by chiplets

• First 32 ch FastIC+ chiplet prototype version is being developed
– 4 dies + passive components
– Total size 11x11 mm2

– 12x12 pads (144 balls)

25

| vlad-mihai.placinta@cern.ch | www.nipne.ro/dpp/Collab/LHCb/upgrade.html |
www.nipne.ro/dpp/Collab/LHCb/upgrade.html

vlad-mihai.placinta@cern.ch 1/8

Introduction
➢ More information related to the bPOL12V6 and the RICH requirements can be found in the 

talk from the last RICH LS3 Enhancement meeting: click;

➢ We have tested so far in Bucharest 2 x DC-DC modules assembled in a realistic manner, as 
they will be in the LHCb-RICH for LS3;
❖ similar design with the ones that are currently used in RUN3;
❖ the inductor and the cage harvested from the RUN3 DC-DC modules;

Prototypes of the bPOL12V DC-DC assembled in 
Bucharest for evaluation purposes

bPOL12V plugin 
~25 mm

ASIC footprint / inputs is 
not necessarily the limiting 
space constraint in a 
detector system: 
there are other 
considerations such as 
power consumption and 
data throughput.

https://indico.gsi.de/event/20387/contributions/90341/attachments/52680/78886/RICH2025_SiPM_RadHard_Pestotnik.pdf


ARC single cell geometry

• Two radiators: C4F10 (or a more
eco-friendly alternative) + aerogel
(for low p tracks)

• Spherical focusing mirror
• Photosensor array: most suitable

candidates are Silicon
Photomultipliers (SiPMs) arrays with
cooling plates

• Aerogel also as thermal insulator
between SiPM array and gas radiator

Goal: Construct prototype of single cell within the DRD4 collaboration

Serena Pezzulo RICH 2025 4/23

Compact, close-packing and 2.5D or 3D sensors
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For even better SPAD coupling and control, 
electronics can also be (partially) integrated 
into the silicon.
• Digital SiPM (Talk C. Brushini, Poster R. Dolenec) 

and 2.5 and 3D sensors (Talk R. Pestotnik).
• Suitable for compact designs e.g. ARC.

18

FBK will also employ the single-SPAD TSV to achieve single cell connection. While complexity of the system 
increases, it might provide ultimate timing performance.

Full 3D integration with micro TSVs: Hybrid SiPM
3D Integration

09/04/2025Alberto Gola - DRD4 WG1

Example of dSiPM architecture 
developed at FBK (SBAM project)

• FBK can apply all the know-how on system architecture already 
developed in the filed of digital SiPMs.

• Finally solve the duality between analog and digital SiPM: Hybrid SiPM 
concept.

CMOS wafer
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SPAD array
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n
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High field
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High field
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High field

Glass Support Wafer Deep 
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n
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High field
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High field

~ 
10

 u
m

~50 um and 25 μm 
SPAD pitch

Hybrid SiPM

12

In the short and medium term, medium density interconnection seems the sweet spot to obtain excellent 
performance (e.g. timing) on large photosensitive areas while not increasing complexity and cost too much.
We propose a Photon Detection Module (PDM) in which SiPMs with TSVs down to 1 mm pitch are connected 
to the readout ASIC on the opposite side of a passive interposer, in a 2.5D integration scheme.

2.5D integrated SiPM tile

Alberto Gola - DRD4 WG1 09/04/2025

2.5D and 3D Integration

Hybrid SiPM module being developed for ultimate timing performance in 
ToF-PET

Passive 
Interposer
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High field

1 - 3 mm interconnection pitch

     

n

p+ 
(SI)

High field

p+ 
(SI)

High field

p+ 
(SI)

High field

p+ 
(SI)

High field

p+ 
(SI)

High field

        

SiPM wafer

miniSiPM

SiPM array

FEE ASIC

PCB Interposer

Integrated Photon Detection Module Core partners:

Highly interesting for performance but also brings power consumption of FE readout close to the SiPM.
• Potential issue for cooling of SiPMs at low temperatures.

A. Gola

https://indico.gsi.de/event/20387/contributions/90340/attachments/52683/78877/Bruschini_RICH2025_Sept2025_v1-2.pdf
https://indico.gsi.de/event/20387/contributions/90418/attachments/51822/78800/RICH2025-RokD.pdf
https://indico.gsi.de/event/20387/contributions/90341/attachments/52680/78886/RICH2025_SiPM_RadHard_Pestotnik.pdf


Cryogenic demonstrator for LHCb RICH
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• Evaporative N2 cooling loop
• Two-phase nitrogen flows through a Ø 4mm stainless-steel pipe (0.5–1 g/s).

• Inlet/outlet ports use bayonet connectors for plug-and-play compatibility with Cryolab
equipment.

• Cold block
• Machined copper block is clamped onto the LN2 pipe.

• The SiPM arrays are mounted on an intermediate copper plate, which is screwed into the cold
block. The mounting plates will allow future array distributions to be tested using the same
copper block.

• Heat conduction through interfaces
• Vacuum environment: No convective cooling → part interfaces must have tight contact

between the components for heat conduction.

• Thermal vacuum grease used to enhance metal-metal heat transfer: pipe-block and mounting
plate-block contacts.

• Clamping frame around the SiPM, screwed onto the copper, pressing the flex-PCB.

• Mechanical and thermal decoupling
• The flex-PCB bridges the cold components (~80K) with the room temperature electronics.

Heat conduction through the flex should stay under 10W.

• Cold block shrinks during cooldown: Semi-flexible stainless-steel mounts (2 mm bent sheets)
allow movement while minimizing stress. The flex-PCB decouples mechanical constrains
between the cold block and the electronics structure

LN2 cooling & cold block

3 September 2025Andreu Murillo Vilella | Cryogenic SiPM demonstrator 4

Swagelok fittings currently being tested to plug in Cryolab’s bayonet connector for N2.

Front-end electronics are mounted on
a separate structure and kept at room
temperature with a water-cooled circuit.

A dark enclosure is
mounted for the laser
tests, when the glass
viewport is used.
Laser, optics and a
translation stage are
mounted inside, at
atmospheric pressure.

Convex lens are used to create
and focus the Cherenkov effect
during beam tests.

The beam-test flange is an
aluminium blank flange with a
central thickness of only 2mm.

A borosilicate glass
viewport is mounted for
the laser tests.

The cooling LN2 pipes are
attached to the copper block
where the SiPMs are mounted on.

The flex-PCB is the bridge
between the cold volume and the
room-temperature electronics.

ISO-K components
are used to build the
vacuum enclosure
(at 10-6 ºmbar). A bell
chamber is used to
close the volume,
while all connection
ports, feedthroughs
and structural
attachments are
placed in the central
chamber flange.

Ø
 4

00
m

m

300mm

Cold block & LN2 cooling

• The cold block is machined from copper, with SiPMs
mounted onto dedicated copper plates that are screwed into
place to ensure uniform thermal contact.

• A stainless-steel pipe (Ø 4mm) delivers a liquid nitrogen
flow of 0.5-1 g/s for the evaporative cooling. The pipe is
clamped directly to the cold block, with an expected
temperature increase of ~2 K along the pipe surface.

• Bayonet connectors, compatible with CERN Cryolab
infrastructure, link the nitrogen supply and return lines to the
vacuum chamber, allowing standardized cooling connection
and control.

• The cold block is suspended from the flange using four
symmetric flexible mounts, made from 2mm bent stainless
steel sheets, designed to accommodate thermal contraction
of the block during cooldown while maintaining mechanical
alignment and minimizing stress on the flex-PCB
connections.

Flex-PCB

• Purpose: Transmits analogue signals from cryogenic-
temperature SiPMs to room-temperature front-end electronics.
Thin and flexible design improves thermal contact with the
cold block and mechanically decouples the two zones.

• Prototype: 3-layer flex-PCB for the readout of a Hamamatsu
S13361-3050NE-08 SiPM array (64 channels), with ~15 cm
high-density traces (200 μm pitch). Includes test pulse circuits
(to evaluate short/long paths) and mechanical features for
clamping to the cold block. [4]

• Key lab results:

1. Signal integrity preserved along high-density long
traces.

2. Tests confirmed stable performance without
individual RC decoupling, simplifying scalability and
sensor area optimization.

3. Single-photon time resolution of 107 ps (σ) achieved
at 59 V bias using picosecond-pulsed laser setup.

Outlook

• Assembly and commissioning of the full system targeting to
have an operating cryogenic test bench by the end of 2025.

• Procurement of the main chamber components and vacuum
system is complete. The manufacturing of the main
customized parts has been launched, and the fabrication of
smaller pieces and other detailed parts will follow.

• Ongoing detailed design of the cold block and its interface to
the SiPM and flex-PCB, with emphasis on a robust thermal
contact between the parts. Additionally, the design of a
support structure for the lens, with adjustable positioning is
ongoing.

• Evaluation of the thermal behaviour of the cold volume will be
performed. Potential solutions involve low-emissivity coatings
to minimise radiative heat load through the glass window, and
the use of tailored multi-layer insulation (MLI) around the cold
components of the assembly.

Modular test bench for SiPM characterisation at cryogenic temperatures

Context and purpose

• During the High-Luminosity LHC (HL-LHC) phase, the LHCb
RICH detectors will face significantly increased particle
multiplicity and high occupancy. [1] [2]

• To meet these challenges, next generation RICH detectors
require photodetectors with high granularity (smaller pixel
size) and improved timing resolution (<100 ps). LHCb
RICH collaboration is exploring new options.

• Silicon Photomultipliers (SiPMs), available from
commercial vendors with good single-photon detection
performance, are promising candidates due to their
compactness, high photon detection efficiency and fast timing
capabilities.

• However, radiation-induced dark noise in SiPMs is a major
limitation. Current R&D efforts are focused on the radiation
damage and mitigating the resulting high dark count rates
through a combination of shielding, thermal annealing, and
operation at cryogenic temperatures.

• The small-scale cryostat will enable the evaluation of SiPM
array performance at cryogenic temperatures (~80-120 K), in
realistic conditions for RICH detectors. Studies will focus on
critical questions like sensor coupling to the cold volume,
operation of the electronics in vacuum, thermal behaviour or
signal integrity over long traces. [3]

Cryostat concept

• The cryostat demonstrator is a modular system developed to characterise SiPM arrays at cryogenic
temperatures (~80-120K) while maintaining the readout electronics at room temperature.

• It consists of a vacuum enclosure (vacuum 10-6 mbar) housing a copper cold block where the
SiPM arrays are mounted. A flex-PCB carries the signals from the cold SiPMs to the multi-channel
readout electronics, separated from the cold components. The digitised data are transmitted via
optical fibres through vacuum feedthroughs.

• The cryostat supports two interchangeable test configurations:

1. Laser tests using a glass viewport and an external picosecond pulsed-laser
2. Beam tests using an aluminium blank flange (2 mm central thickness) and Cherenkov

lens inside the vacuum.
*. A third potential configuration under study involves a gas radiator attached to the chamber.

• The system is built around a main chamber module that hosts all interfaces and ports:

- Inlet and outlet port for the LN₂ cooling via Cryolab-compatible bayonet connections.
- Feedthroughs for the water-cooling circuit for electronics.
- A port for the vacuum pumping (ISO-K 100) and monitoring equipment.
- Sub-D connectors for the temperature sensors and electronics cabling
- Optical fibres feedthroughs for data readout.
- Attachments for precise mounting of internal equipment.
- Mounts for external supporting structure, for structural stability and compatible with 

integration onto the test facilities.

1. Laser test configuration

2. Beam test configuration

Cold block

LN2 pipe

SiPMMounting plate

CERN EP R&D day, 7 May 2025

Christoph Frei, Floris Keizer, Lorenzo Malentacca, Andreu Murillo Vilella, Didier Piedigrossi, Piet Wertelaers. 
European Organization for Nuclear Research (CERN), Geneva, Switzerland. 
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A cryogenic RICH detector demonstrator for SiPM 
operation with integrated flex-PCB electronics

C. Frei, F. Keizer, L. Malentacca, A. Murillo Vilella, D. Piedigrossi, P. Wertelaers.
RICH 2025 Conference, 15-19th September 2025

MORE INFORMATION

[1] CERN-LHCC-2021-012, LHCB-TDR-023 (EXAMPLE) Autore
Mail@cern.ch

1.  Introduction and motivation
Silicon photomultiplier (SiPM) arrays are strong photodetector candidates for future RICH 
detectors [1][2] owing to their excellent single-photon detection efficiency, time resolution and 
fine granularity. The main challenge in operating SiPM arrays is the dark-count rate (DCR), 
especially after irradiation damage [3]. Operation at cryogenic temperatures effectively 
mitigates the DCR [4]. The design and integration of a cryostat in a RICH detector pose 
technical challenges, particularly when gas is used as Cherenkov radiator. 
A modular cryostat demonstrator is being developed at CERN to characterise SiPM arrays 
at liquid-nitrogen (LN2) temperatures (~80–120 K), under different experimental conditions [5]. 
This demonstrator will provide valuable insights into the scalability of the system to large 
photodetector areas. 

Front-end electronics are mounted on
a separate structure and kept at room
temperature with a water-cooled circuit.

A dark enclosure is
mounted for the laser
tests, when the glass
viewport is used.
Laser, optics and a
translation stage are
mounted inside, at
atmospheric pressure.

Convex lens are used to create
and focus the Cherenkov effect
during beam tests.

The beam-test flange is an
aluminium blank flange with a
central thickness of only 2mm.

A borosilicate glass
viewport is mounted for
the laser tests.

The cooling LN2 pipes are
attached to the copper block
where the SiPMs are mounted on.

The flex-PCB is the bridge
between the cold volume and the
room-temperature electronics.

ISO-K components
are used to build the
vacuum enclosure
(at 10-6 ºmbar). A bell
chamber is used to
close the volume,
while all connection
ports, feedthroughs
and structural
attachments are
placed in the central
chamber flange.
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Cold block & LN2 cooling

• The cold block is machined from copper, with SiPMs
mounted onto dedicated copper plates that are screwed into
place to ensure uniform thermal contact.

• A stainless-steel pipe (Ø 4mm) delivers a liquid nitrogen
flow of 0.5-1 g/s for the evaporative cooling. The pipe is
clamped directly to the cold block, with an expected
temperature increase of ~2 K along the pipe surface.

• Bayonet connectors, compatible with CERN Cryolab
infrastructure, link the nitrogen supply and return lines to the
vacuum chamber, allowing standardized cooling connection
and control.

• The cold block is suspended from the flange using four
symmetric flexible mounts, made from 2mm bent stainless
steel sheets, designed to accommodate thermal contraction
of the block during cooldown while maintaining mechanical
alignment and minimizing stress on the flex-PCB
connections.

Flex-PCB

• Purpose: Transmits analogue signals from cryogenic-
temperature SiPMs to room-temperature front-end electronics.
Thin and flexible design improves thermal contact with the
cold block and mechanically decouples the two zones.

• Prototype: 3-layer flex-PCB for the readout of a Hamamatsu
S13361-3050NE-08 SiPM array (64 channels), with ~15 cm
high-density traces (200 μm pitch). Includes test pulse circuits
(to evaluate short/long paths) and mechanical features for
clamping to the cold block. [4]

• Key lab results:

1. Signal integrity preserved along high-density long
traces.

2. Tests confirmed stable performance without
individual RC decoupling, simplifying scalability and
sensor area optimization.

3. Single-photon time resolution of 107 ps (σ) achieved
at 59 V bias using picosecond-pulsed laser setup.

Outlook

• Assembly and commissioning of the full system targeting to
have an operating cryogenic test bench by the end of 2025.

• Procurement of the main chamber components and vacuum
system is complete. The manufacturing of the main
customized parts has been launched, and the fabrication of
smaller pieces and other detailed parts will follow.

• Ongoing detailed design of the cold block and its interface to
the SiPM and flex-PCB, with emphasis on a robust thermal
contact between the parts. Additionally, the design of a
support structure for the lens, with adjustable positioning is
ongoing.

• Evaluation of the thermal behaviour of the cold volume will be
performed. Potential solutions involve low-emissivity coatings
to minimise radiative heat load through the glass window, and
the use of tailored multi-layer insulation (MLI) around the cold
components of the assembly.

Modular test bench for SiPM characterisation at cryogenic temperatures

Context and purpose

• During the High-Luminosity LHC (HL-LHC) phase, the LHCb
RICH detectors will face significantly increased particle
multiplicity and high occupancy. [1] [2]

• To meet these challenges, next generation RICH detectors
require photodetectors with high granularity (smaller pixel
size) and improved timing resolution (<100 ps). LHCb
RICH collaboration is exploring new options.

• Silicon Photomultipliers (SiPMs), available from
commercial vendors with good single-photon detection
performance, are promising candidates due to their
compactness, high photon detection efficiency and fast timing
capabilities.

• However, radiation-induced dark noise in SiPMs is a major
limitation. Current R&D efforts are focused on the radiation
damage and mitigating the resulting high dark count rates
through a combination of shielding, thermal annealing, and
operation at cryogenic temperatures.

• The small-scale cryostat will enable the evaluation of SiPM
array performance at cryogenic temperatures (~80-120 K), in
realistic conditions for RICH detectors. Studies will focus on
critical questions like sensor coupling to the cold volume,
operation of the electronics in vacuum, thermal behaviour or
signal integrity over long traces. [3]

Cryostat concept

• The cryostat demonstrator is a modular system developed to characterise SiPM arrays at cryogenic
temperatures (~80-120K) while maintaining the readout electronics at room temperature.

• It consists of a vacuum enclosure (vacuum 10-6 mbar) housing a copper cold block where the
SiPM arrays are mounted. A flex-PCB carries the signals from the cold SiPMs to the multi-channel
readout electronics, separated from the cold components. The digitised data are transmitted via
optical fibres through vacuum feedthroughs.

• The cryostat supports two interchangeable test configurations:

1. Laser tests using a glass viewport and an external picosecond pulsed-laser
2. Beam tests using an aluminium blank flange (2 mm central thickness) and Cherenkov

lens inside the vacuum.
*. A third potential configuration under study involves a gas radiator attached to the chamber.

• The system is built around a main chamber module that hosts all interfaces and ports:

- Inlet and outlet port for the LN₂ cooling via Cryolab-compatible bayonet connections.
- Feedthroughs for the water-cooling circuit for electronics.
- A port for the vacuum pumping (ISO-K 100) and monitoring equipment.
- Sub-D connectors for the temperature sensors and electronics cabling
- Optical fibres feedthroughs for data readout.
- Attachments for precise mounting of internal equipment.
- Mounts for external supporting structure, for structural stability and compatible with 

integration onto the test facilities.

1. Laser test configuration

2. Beam test configuration

Cold block

LN2 pipe

SiPMMounting plate

CERN EP R&D day, 7 May 2025
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2.  Cryostat demonstrator
The modular cryostat demonstrator has a vacuum enclosure that houses a copper cold block for 
mounting the SiPM arrays and mechanical structures to support the readout electronics.
The cold block is coupled to the LN2 cooling circuit, while the readout electronics are attached to 
an independent room-temperature cooling system. A flexible PCB (flex-PCB) solution has been 
adopted to carry analogue signals from the SiPM array to the readout electronics and to limit the 
heat transfer to the cold part. 
The vacuum enclosure hosts all interfaces and ports for LN2 cooling, vacuum pumping, sensor 
and readout electronics powering, and optical data transmission. 
The demonstrator supports two test configurations:
• Laser tests using a glass window and an external picosecond pulsed laser mounted on 

translation stages.
• Beam tests using an aluminium sheet (2 mm central thickness) and a borosilicate lens inside 

the vacuum to produce and focus Cherenkov photons. 

3.  Flex-PCB
The purpose of the flex-PCB is to transmit analogue signals from the cryogenically cooled 
SiPM array to the readout electronics at room temperature. Its thin and flexible design 
improves thermal contact between the SiPM array and the cold block. 
The flex-PCB consists of a 3-layer board for the readout of a Hamamatsu S13361-3050NE-08 
SiPM array (64 channels). It features analogue traces spaced by 200 µm and 
approximately 15 cm in length from the SiPM array to the connectors for the readout 
electronics.
The stack-up and layout are designed for a signal trace impedance of ~50 Ω and to 
guarantee a minimum banding radius of 20 mm. The SiPM array negative bias circuit 
includes 64 RC filters for per-channel bias decoupling. Two test-pulse injection circuits are 
included: one with a 15 cm trace and one with a 2 cm trace. A PT1000 sensor is placed close 
to the SiPM array for temperature monitoring.

Array of 
64 SiPMs  

HSEC8 
connectors

Per-channel bias 
decoupling

~15cm, 200µm wide, 200µm 
spaced trace lines

Test pulse 
injection circuits

Bias circuit
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Vacuum enclosure at 106 mbar:
• central chamber flange with all 

connection ports, feedthroughs 
and structural attachments;

• bell chamber to close the volume.

The cooling LN2 pipes are 
attached to the copper block 
where the SiPMs are mounted on.

Front-end electronics are 
mounted on a separate structure 
and kept at room temperature.

Flex-PCB for transmitting analogue 
signals from the cooled SiPMs to the 
readout electronics at room temperature.

Borosilicate lens to produce and 
focus Cherenkov photons 
(only in beam test configuration).

A dark enclosure with laser, 
optics and a translation stage at 
atmospheric pressure, and a glass 
window on the vacuum enclosure
(only in laser configuration).

4.  Test pulse measurements for signal integrity

The main concern for the flex-PCB is the impact of high-density, 
centimetre-long traces on signal integrity and time resolution. The 
two test-pulse injection circuits were used to address this.
A step pulse of 160 mV with a rise time of 70 ps and 4 ps jitter is injected 
into a 1 pF capacitance to produce a SiPM-like pulse of 1 Me. The output 
pulse is recorded with a 5.3 GHz differential probe across a resistive 
termination chosen to match the trace impedance.
A rise time comparable to the injected one and a jitter of 
approximately 10 ps are measured, showing that signal integrity is 
preserved. The data agree with simulation. Ripples in the tails are due to 
second-order effects not included in the simulations. 

5.  SiPM array characterisation
The flex-PCB has been coupled to a FastIC-based readout chain 
developed for the LHCb RICH beam test campaigns [6]. Threshold scans 
were performed at different bias voltages. Gain and DCR show a linear 
increase with applied bias as expected from the datasheet. 
Single-photon time resolution (SPTR) of the SiPM array was also 
measured using a picosecond-pulsed laser. The SPTR improves with 
increasing SiPM bias voltage, reaching an average of 103 ± 5 ps (σ) at 59 V 
at room temperature.
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6.  Outlook and conclusion
Assembly and commissioning of the cryostat demonstrator are ongoing. Each component is being validated in the 
lab, with particular focus on vacuum insulation, thermal exchange and mechanical stability. First operation is 
expected by the end of 2025.
Room-temperature measurements on the flex-PCB have demonstrated the reliable transmission of single-photon 
signals from the SiPM array to the readout electronics. These measurements have also provided key input for 
scaling the design to closely packed SiPM arrays.
These developments represent a concrete step toward the deployment of scalable cryogenic photodetector 
systems for future RICH detectors.
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“Baseline Concept” (As I (still) see it)
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Front-end electronics are mounted on
a separate structure and kept at room
temperature with a water-cooled circuit.

A dark enclosure is
mounted for the laser
tests, when the glass
viewport is used.
Laser, optics and a
translation stage are
mounted inside, at
atmospheric pressure.

Convex lens are used to create
and focus the Cherenkov effect
during beam tests.

The beam-test flange is an
aluminium blank flange with a
central thickness of only 2mm.

A borosilicate glass
viewport is mounted for
the laser tests.

The cooling LN2 pipes are
attached to the copper block
where the SiPMs are mounted on.

The flex-PCB is the bridge
between the cold volume and the
room-temperature electronics.

ISO-K components
are used to build the
vacuum enclosure
(at 10-6 ºmbar). A bell
chamber is used to
close the volume,
while all connection
ports, feedthroughs
and structural
attachments are
placed in the central
chamber flange.
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Cold block & LN2 cooling

• The cold block is machined from copper, with SiPMs
mounted onto dedicated copper plates that are screwed into
place to ensure uniform thermal contact.

• A stainless-steel pipe (Ø 4mm) delivers a liquid nitrogen
flow of 0.5-1 g/s for the evaporative cooling. The pipe is
clamped directly to the cold block, with an expected
temperature increase of ~2 K along the pipe surface.

• Bayonet connectors, compatible with CERN Cryolab
infrastructure, link the nitrogen supply and return lines to the
vacuum chamber, allowing standardized cooling connection
and control.

• The cold block is suspended from the flange using four
symmetric flexible mounts, made from 2mm bent stainless
steel sheets, designed to accommodate thermal contraction
of the block during cooldown while maintaining mechanical
alignment and minimizing stress on the flex-PCB
connections.

Flex-PCB

• Purpose: Transmits analogue signals from cryogenic-
temperature SiPMs to room-temperature front-end electronics.
Thin and flexible design improves thermal contact with the
cold block and mechanically decouples the two zones.

• Prototype: 3-layer flex-PCB for the readout of a Hamamatsu
S13361-3050NE-08 SiPM array (64 channels), with ~15 cm
high-density traces (200 μm pitch). Includes test pulse circuits
(to evaluate short/long paths) and mechanical features for
clamping to the cold block. [4]

• Key lab results:

1. Signal integrity preserved along high-density long
traces.

2. Tests confirmed stable performance without
individual RC decoupling, simplifying scalability and
sensor area optimization.

3. Single-photon time resolution of 107 ps (σ) achieved
at 59 V bias using picosecond-pulsed laser setup.

Outlook

• Assembly and commissioning of the full system targeting to
have an operating cryogenic test bench by the end of 2025.

• Procurement of the main chamber components and vacuum
system is complete. The manufacturing of the main
customized parts has been launched, and the fabrication of
smaller pieces and other detailed parts will follow.

• Ongoing detailed design of the cold block and its interface to
the SiPM and flex-PCB, with emphasis on a robust thermal
contact between the parts. Additionally, the design of a
support structure for the lens, with adjustable positioning is
ongoing.

• Evaluation of the thermal behaviour of the cold volume will be
performed. Potential solutions involve low-emissivity coatings
to minimise radiative heat load through the glass window, and
the use of tailored multi-layer insulation (MLI) around the cold
components of the assembly.

Modular test bench for SiPM characterisation at cryogenic temperatures

Context and purpose

• During the High-Luminosity LHC (HL-LHC) phase, the LHCb
RICH detectors will face significantly increased particle
multiplicity and high occupancy. [1] [2]

• To meet these challenges, next generation RICH detectors
require photodetectors with high granularity (smaller pixel
size) and improved timing resolution (<100 ps). LHCb
RICH collaboration is exploring new options.

• Silicon Photomultipliers (SiPMs), available from
commercial vendors with good single-photon detection
performance, are promising candidates due to their
compactness, high photon detection efficiency and fast timing
capabilities.

• However, radiation-induced dark noise in SiPMs is a major
limitation. Current R&D efforts are focused on the radiation
damage and mitigating the resulting high dark count rates
through a combination of shielding, thermal annealing, and
operation at cryogenic temperatures.

• The small-scale cryostat will enable the evaluation of SiPM
array performance at cryogenic temperatures (~80-120 K), in
realistic conditions for RICH detectors. Studies will focus on
critical questions like sensor coupling to the cold volume,
operation of the electronics in vacuum, thermal behaviour or
signal integrity over long traces. [3]

Cryostat concept

• The cryostat demonstrator is a modular system developed to characterise SiPM arrays at cryogenic
temperatures (~80-120K) while maintaining the readout electronics at room temperature.

• It consists of a vacuum enclosure (vacuum 10-6 mbar) housing a copper cold block where the
SiPM arrays are mounted. A flex-PCB carries the signals from the cold SiPMs to the multi-channel
readout electronics, separated from the cold components. The digitised data are transmitted via
optical fibres through vacuum feedthroughs.

• The cryostat supports two interchangeable test configurations:

1. Laser tests using a glass viewport and an external picosecond pulsed-laser
2. Beam tests using an aluminium blank flange (2 mm central thickness) and Cherenkov

lens inside the vacuum.
*. A third potential configuration under study involves a gas radiator attached to the chamber.

• The system is built around a main chamber module that hosts all interfaces and ports:

- Inlet and outlet port for the LN₂ cooling via Cryolab-compatible bayonet connections.
- Feedthroughs for the water-cooling circuit for electronics.
- A port for the vacuum pumping (ISO-K 100) and monitoring equipment.
- Sub-D connectors for the temperature sensors and electronics cabling
- Optical fibres feedthroughs for data readout.
- Attachments for precise mounting of internal equipment.
- Mounts for external supporting structure, for structural stability and compatible with 

integration onto the test facilities.

1. Laser test configuration

2. Beam test configuration

Cold block

LN2 pipe

SiPMMounting plate
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Thermal path typically from the back-side with flex-PCB.
Complex ASIC analogue + digital not simulated at cryo-T. 
Also the optical links would not be suitable.
Flexible-PCB to absorb thermal expansion mismatches and 
keep electronics at room-T.
• Transmission line (order 10 cm) – inductance slows fast-

timing edge (but also shunts capacitance).
• 𝛔~103±5 ps (59V for 3mm S13361-series) with 

FastIC+picoTDC (FastRICH). Poster L. Malentacca.

Remove HPK 
MPPC substrate 
and place single 
SiPMs directly?

Transmission line

https://indico.gsi.de/event/20387/contributions/90416/attachments/51820/78739/RICH2025_Malentacca_poster.pdf


Front-end electronics

19.09.25F. Keizer | Front-end electronics for RICH detectors

• Time resolution (MCP)
• High-rate operation (SiPM)
• Readout density and integration
• Data throughput and optical links
• Considerations on ASICs



Data throughput at the front-end

19.09.25F. Keizer | Front-end electronics for RICH detectors 18

Increasing granularity + additional picosecond time 
information = more data.
• Hits may be concentrated in smaller region of the 

detector: allocate bandwidth non-uniformly.
• Configurable number & speed of serialisers:

low-occupancy regions equipped with fewer optical links.

Other tools to reduce data throughput:
• CFD (constant-fraction discrimination) avoids need to 

submit ToT bits for time-walk correction.
• Time gating.
• Zero-suppressed dynamic output format.

R,1,1280 (2×3× lpGBT)
H,2,1280 (2×3× lpGBT)

R,3,1280 (4×4× lpGBT)

Christoph Frei, CERNTuesday, September 2, 2025 Carmelo D’Ambrosio, LS3 RICH Enhancements 14

PDMDB & plug-ins : 2 variants for low- and high- occupancy regions



Data packet scheme (FastRICH)

19.09.25F. Keizer | Front-end electronics for RICH detectors 19

Packet scheme with reduced size for 1 and 2 hits.
• More than 20% additional data reduction 

(mostly from low-occupancy regions)
• Some filler bits to align to byte-boundaries.
5-bit BXID information.
• Risk of BXID aliasing at the back-end.
• Automatically insert 0-hit data packets when needed. 

Full BXID also sent with Aurora 64b66b frame header.

Shift towards more decoding complexity at back-end (i.e. packets & Aurora).
• Commercial electronics at back-end and fewer custom FE links. 



Optical link chipset and compatibilty

19.09.25F. Keizer | Front-end electronics for RICH detectors 20

For ‘all-ASIC’ solution, no ‘glue’ layer of FPGA to optical interface.
• Need direct compatibility by design with e.g. lpGBT / VTRX+ 

chipset (CERN radiation-hard optical links for HL-LHC experiments).

lpGBT (low-power GBT)
• Data acquisition with forward-error 

correction, up-links up to 10.24 Gbps. 
• Typically bi-directional controls link 

(Timing Trigger Control and Slow Control) 
including 2.56 Gbps down link. .

• Negiligble clock jitter (order ps).
• Very high radiation hardness (>1MGy).

francois.vasey@cern.ch  18.02.2025 
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Optical link chipset: VTRX+
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VTRX+ is miniaturised, pluggable and radiation-hard.
• Up to 4 Tx and 1 Rx link. 
• Temperature from -35°C to +60°C, dose of 1 MGy and 1015 neq/cm2.
• Electrical assembly with optics is extremely fragile.

• Optics and pigtail emit light around 850 nm: large background for single-photon SiPMs.
• Optics include “open” mirror: cannot be painted.
• Need custom cover that is compatible with cooling (typically couple hundred mW).

Versatile Link+
VL+ transceiver (VTRx+)

• 4Tx + 1Rx, configurable by disabling channels
• Dimensions: 20mm x 10mm x 2.5mm
• Pluggable electrical interface
• Data-rate: TX up to 10Gb/s, RX up to 2.5Gb/s
• Specifications on EDMS

• https://edms.cern.ch/document/1719329/1

EP-ESE Electronics Seminar The VTRx+ story 4

Thermistor
Plastic moulded lens array

Pigtail connector1

1 Mated only once during the assembly 

Versatile Link+
Light leakage – VTRx+ module

• 3D-printed cover (raw and painted) was used for the preliminary test
• Raw material is almost transparent to infrared
• Matte black paint greatly reduces the stray light

• Depending on the direction the attenuation is 9-15 dB

• Shielding on the fibre side needs to be improved
• Better material (e.g. thermoformed Polystyrene) could improve the shielding performance
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Module OFF Module ON Raw cover Painted cover

Photos taken using an infrared sensitive camera
J. Troska “The VTRX+ story”

Commercial alternative e.g. SFP+.
• High material budget 
• Not radiation hard.

10 mm



Front-end electronics
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• Time resolution (MCP)
• High-rate operation (SiPM)
• Readout density and integration
• Data throughput and optical links
• Considerations on ASICs



‘Digital-on-top’ ASIC design
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New method for design of complex ASICs: ‘digital-on-top’.
• Complex design means more complex bugs.
• Fully scripted automated flow to drive digital tools to design 

and implement digital circuitry around the analogue blocks.
• High level simulation and verification throughout design.
• “First silicon success” and strong mitigation of risk.

Upside: Reduced cycles of prototyping. 
• Gain time (typically 3+ months for Multi-Project Wafer run 

plus additional time for packaging) 
• and cost (increasing price of MPW runs). 
Downside: need verification engineers with specific skillset, 
significant fraction of development time.



Many different front-ends
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The wide range of requirements also leads to a large number of ASICs and 
readout electronics in the field.
• Often more generic ASICs may not pass due to one missing 

requirement.
• It may help to unify experimental control systems 

i.e. try to avoid different hard requirements imposed by DAQ sync 
commands, start-up and reset sequences, slow-control interfaces etc.

• Compatibility with the lpGBT (well-established for HL-LHC upgrades) 
may be a good step.

• System-in-Package may bring flexibility in number of channels/package 
i.e. tailor the package not the silicon die.

Specifications
Technology

Target sensor

Channel

Amplifier

TDC bin

Input bandwidth

Mode

Power [mW/ch]

Bits per hit

Encoding

Event rate 
[MHz/ch]

Serialiser max. 
rate [Gbps]

Target radiation 



ASIC “families”
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More abundant as design modules 
can be shared between different 
‘flavours’ of ASICs.
• Perhaps easier with digital-on-

top design flow.

Some examples

• Weeroc (MAROC, PETIROC) 
commercial series.

• Timepix4 and VeloPix.
• Fast(RI)IC(+).

• … and more!
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FAST TIME
DEVELOPMENTS

EP-ESE-ME

FastIC Analog
8 channels

FastIC Analog:
• Analog chip
• Generic
• Wide range CDET
• Large dynamic range
• Signal summing
• Used with external TDC
• Not radiation hard

FastIC+ 
8 channels

Medical
Applications

FastIC+:
• Analog and Digital chip
• Generic
• Wide range CDET
• Large dynamic range
• Signal summing
• Used with internal ~25ps bin TDC
• Not radiation hard

FastRICH
LHCb

16 channels

FastRICH:
• Analog And Digital chip
• Application specific
• Smaller range CDET (PMTs/Small SiPMs)
• Small dynamic range (single photon operation)
• No signal summing
• Internal TDC (~25ps bin TDC)
• ~2ns Gate (duration/phase programmable)
• CFD
• Radiation hard

Future Roadmap  
• Emphasis on module
• Analog and Digital chip
• Pixelized, Sensor co-design, 

hybrid integration
• More channels
• Smaller range CDET
• Large dynamic range
• No signal summing
• Used with internal TDC

Future
developments

Design completed (CERN-UB)

Design ongoing (CERN-UB)

Design ongoing (CERN-UB)

R. Ballabriga



Conclusion
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Choice of RICH front-end readout is strongly application-specific.
• Looser constraints: off-the-shelve (FPGA, SFP+), flexible solutions preferred.
• Tighter constraints: ASIC solutions, custom readout.

4D resolution, rate capability and readout density are key parameters.
• But measures needed to keep control over power consumption and data throughput. 

ASICs are getting more complex and abundant.
• Digital-on-Top designs with ASIC families.
• Enabling our community with the tools for next-generation RICH detectors. 


