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Choice of FEE for SAND/ECAL
Several possible solutions investigated with CAEN

Digitizer VX2730

Fsampl ~ 500 MS/s     => ~ 3.5 Meuro 

Digitizer VX2745B

Fsampl ~ 125 MS/s 
+ shaper 64 ch.    => ~ 1.6 Meuro 

DT5203+A5256

PicoTDC + discr. double threshold with ToT   => ~ 790 keuro 
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64 Channel Radioroc unit for FERS-5200

A5204  Coming Soon!

Features
64-ch frontend unit for SiPM readout and high resolution timing
applications housing a Weeroc Radioroc ASIC and a CERN picoTDC

chip

Part of FERS-5200, the CAEN platform for the readout of large arrays
of detectors (SiPM, MA-PMTs, Gas Tubes, Si detectors, …)

Onboard A7585D SiPM power supply for sensors biasing

Acquisition modes: Spectroscopy (PHA), Counting, Timing with ToT

Scalability and easy-synch: up to 128 cards (8192 channels) can be

managed and synchronized by a single DT5215 Concentrator Board,

thanks to the optical TDlink

Janus 5204 open source software available for board configuration

and DAQ control

Flexibility: a full range of adapters and cables for different kind of
SiPMs and sensors remotization

Boxed FERS unit (DT5204) for desktop use or naked (A5204) for

customizable mechanical frame

Overview
FERS-5200 is a front-end readout system designed for the readout of large detector arrays, such as SiPMs, multi-anode PMTs, Silicon Strip detectors, Wire

Chambers, GEMs, Gas Tubes and others. FERS-5200 is a distributed and scalable system, where each unit is a small card that houses 64 or 128 channels. It

features a detector specific Front-End interfaced to a common infrastructure that guarantees readout interfaces, slow control and synchronization. Typically,

the front-end is based on ASIC chips that allow for high density, cost effective integration of multi-channel readout electronics into small size and low power

modules. FERS is a flexible platform: combining the same back-end (i.e. readout architecture and interface) with different types of front-end to fit a wide

range of detectors.

The A5204 (and DT5204, which is the boxed version for desktop use) is a member of the FERS-5200 family. It uses the Radioroc chip (produced by Weeroc)

for the readout of SiPM detectors. Radioroc allows triggering down to 1/3 p.e. and provides dual-gain energy measurement with excellent Signal-to-Noise

Ratio on the high gain (SNR over 10 for single p.e.) and large dynamic range on the low gain. Thanks to the programmable shaping time, that can be different

for low and high gain, the Radioroc can perform Pulse Shape Discrimination with organic and inorganic scintillators coupled to SiPMs.

The A5204 includes a High Voltage generator (up to +80V, 10 mA) for the SiPM biasing; a channel-by-channel 8-bit DAC contained in the Radioroc ASIC

allows for fine adjustment of the SiPM bias voltage and SiPM gains homogenization. Besides the slow shaper + peak sensing chain for the acquisition in

spectroscopy mode, Radioroc includes configurable fast pre-amplifiers followed by discriminators that can output 64 individual channel triggers with jitter as

low as 55 ps FWHM on a single p.e. The individual channel triggers are connected to the FPGA, for photo-counting up to 200 MHz as well as for the

implementation of coincidences, majority and topological acquisition triggers. The individual triggers are also connected to a picoTDC, an ASIC chip

produced by CERN, implementing a 64 channel TDC with LSB = 3.125 ps, for very precise timing measurements. Time Over Threshold (ToT) can also be used

to estimate the pulse height, making it possible to acquire time stamp and PHA with very low dead time and extremely high rate, without the need of the

multiplexed A/D conversion.

A5204 
RADIOROC with 

picoTDC
PicoTDC + discr. single threshold with ToT (for all signals)
+ peak sensing ADC with slow shaper – dead time 20µs 
and good resolution (for rarer signals of large amplitude);  
feasibility study in progress  => ~ 520 keuro 
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Optimization and choice of FEE for ECAL

Two Three possible solutions of FEE investigated with CAEN

DT5203+A5256

PicoTDC + double threshold discriminator with ToT
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A5204 
RADIOROC with 

picoTDC
PicoTDC + discr. single threshold with ToT (for all signals)
+ peak sensing ADC with slow shaper – dead time 20µs 
and good resolution (for rarer signals of large amplitude);  

Optimization of PMT working point in SAND
• MC studies of ECAL response to neutrino beam
• expected dynamic range in term of photoelectrons
• experimental study of PMT preamplifier in linear and 

saturation regimes
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Choice of FEE for ECAL – prototypes (dual thr.+Pico TDC)
read-out scheme: PicoTDC + double threshold discriminator with Time over Threshold (ToT) 
Detector

PA Fast
Discr picoTDC

ENERGY

TIME

ToT
=> energy by ToT
with 2 or more thresholds 
not to worsen energy resol.
Time walk correction 
needed

studies on prototypes done in collaboration with

• Led Driver CAEN SP5601 
(l~400 nm) + fiber splitter 

• two KLOE PMTs (test + reference)
• PMT signal => calibrated attenuator 

=> variable amplitude
• DT5203 + A5256 PicoTDC 

with dual threshold

PMTs + Led Driver

High threshold: 100 mV

Time Resolution ~ 60 ps

(ECAL T resol. 
~ 54ps/√E(GeV) ⊕ 100ps)

time walk corrected

time (ns)
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Amplitude resolution obtained from ToT is compared
with the intrinsic calorimeter resolution (assuming
PMT gain 1 mV = 1 p.e. = 1 MeV  => 1 V = 1 GeV)

comparison with Ecal resolution    ( sE/E ~ 5.7%/√E )

preamp
linearity

~ 1%
preamp
saturation

6

Low and High thresholds

Amplitude reconstruction with ToT

Choice of FEE for ECAL – prototypes (dual thr.+Pico TDC)

to be done: optimization of the thresholds for the 
best perfomance in the whole expected dynamic
range (2.5-2000 mV) and in the preamp saturation
regime.
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Choice of FEE for ECAL – prototypes (Radioroc+Pico TDC)
read-out scheme: Radioroc chip + PicoTDC single threshold discriminator with Time over Threshold (ToT) 

studies on prototypes done 
in collaboration with

PicoTDC + discr. single threshold with ToT 
(for all signals) + peak sensing ADC with 
slow shaper – dead time 20µs and good 
resolution (for rarer signals of large 
amplitude). 

A5204 RADIOROC with picoTDC

RHDG�2XW�&KLS�&DWDORJ

CAEN
Tools for Discovery

n

����- &DWDORJ
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Optimal energy resolution:

• for signals < 100 mV 
1-2% with fast ToT

• for signals > 100 mV 
<1% with ADC (low 
gain)

linearity

Choice of FEE for ECAL – prototypes (Radioroc+Pico TDC)
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Choice of FEE for ECAL – prototypes (Radioroc+Pico TDC)

Radioroc chip integrated on a FERS board with Pico TDC

- first test done on prototype using the Radioroc evaluation board
with the radioroc chip separated from the FERS A5203 board

- second test done on a prototype with the Radioroc chip integrated on a 
FERS board with Pico TDC

- the radioroc chip is primarily designed for low amplitude signals 
(e.g. from SiPMs)

- non trivial setting of the discriminator threshold
- high sensitive inputs, noise pickup
- signal maximum input voltage 1V
- reduced dynamic range available (safe between 40 and 50 dB, 

cannot reach 60dB – SAND ECAL requires 60dB)
- important cross-talk for large (~1 V amplitude) signals

at the discriminator level

test @ CAEN 7-9 July 2025

Pros: signal shapers, discriminators and peak hold integrated in the chip; cheapest solution
Cons: noise pickup=> limited signal dynamic, cross-talk 

Conclusion: despite promising preliminary results obtained with the first prototype of the Radioroc + 
Pico TDC, the more advanced studies performed with the Radioroc chip implemented on the FERS 
board indicate that this solution is not optimal for the SAND/ECAL FEE.
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Choice of new FEE for ECAL – prototypes (QTDC)

PROTOTYPE PERFORMANCE
- dynamic range ~60dB
- can accept large signals (~3 V 

amplitude)
- ADC + TDC info for all signals
- very good time resolution O(20 

ps) (and ToT) 
- very good charge resolution 

<1% , ~0.1% at high energy

• signal splitted in two branches:
(i) a “standard” discri A5256 + A5203 FERS PicoTDC 
(ii) charge preamp + digital filters + digitizer DT5780 14 bit, 100MS/s

• test on a prototype @ CAEN 7-9 July 2025
• intermediate prototype ready for spring 2026
• final prototype ready fall 2026, full production ~6 months

Third possible solution - CAEN - V9290 - 32ch Multievent Charge & Time Pulse Processor QTDC

charge resolution

time resolution

CAEN OFFER
QTDC V9290 (5000 channels) +
n. 4 DT5215 collector board: 1009k 
euro (CAEN offer to be refined)
+ 8 VME crates, shipping, tariffs:
TOTAL: 1100k euro

1%

20 ps

Power consumption of one board (32 ch) ~ 40W
One full crate with 20 boards => ~ 800W.
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Third possible solution - CAEN - V9290 - 32ch Multievent Charge & Time Pulse Processor QTDC

charge resolution

time resolution

CAEN OFFER
QTDC V9290 (5000 channels) +
n. 4 DT5215 collector board: 1009k 
euro (CAEN offer to be refined)
+ 8 VME crates, shipping, tariffs:
TOTAL: 1100k euro

1%

20 ps
update October 2025:
Intermediate prototype (8ch) ready and under test.
Design of the 32ch board started.

Power consumption of one board (32 ch) ~ 40W
One full crate with 20 boards => ~ 800W.

CHARACTERIZATION OF AN ASIC-BASED READOUT SYSTEM 
FOR THE SAND EXPERIMENT

Carlo Tintori1,*, Camilla Maggio1, Yuri Venturini1, Annalisa Mati1, Daniele Ninci1, Andrea Picchi1, Vincenzo Bottiglieri1, 
Andrea Abba2, Antonio di Domenico3, Paolo Gauzzi3

c.tintori@caen.it, c.maggio@caen.it, y.venturini@caen.it
[1] CAEN SpA – Italy, [2] Nuclear Instruments Srl - Italy, [3] Università Sapienza & INFN Roma – Italy

The System for on-Axis Neutrino Detection (SAND), part of the Deep Underground Neutrino Experiment (DUNE), is designed to monitor the long-term stability of the neutrino beam at 
Fermilab. SAND employs a new lead scintillating-fiber electromagnetic calorimeter (ECAL), read out by ~5000 photomultiplier tubes (PMTs) repurposed from the K-Long Experiment 
(KLOE).
Achieving the required energy and time resolutions demands a high-density, cost-effective readout system. While analog electronics present high and fixed dead time, and fully digital 
solutions face cost and scalability constraints, an ASIC-based approach offers a compelling alternative. In this framework, the study investigates and compares different CAEN readout 
modules to identify the most suitable solution for the SAND-ECAL. The analysis focuses on two newly developed units: the A5204, integrating the Weeroc Radioroc ASIC [1] for energy 
measurements and the CERN picoTDC [2] for precise timing, and the QTDC, which combines a Charge-to-Digital Converter (QDC) with the CERN picoTDC for simultaneous charge and 
time acquisition in streaming mode. 
Tests with simulated PMT signals over a 60 dB amplitude range were carried out to assess their performance and demonstrate the suitability of these readout systems for SAND and similar 
neutrino detection experiments.

Detector and signal specifications:

• Signals from PMT mod. Hamamtsu R5946 with embedded inverting preamp (Gain = 2.5)
• HV: 1700-1800 V => PMT Gain = 1-3 x 106

• Positive pulses: Rise Time = ~2 ns, Width = ~15 ns at the base
• Dynamic Range from 2.5 mV to 2.5 V (= 60 dB)

Requirements
• Timing resolution: 50-100 ps
• Energy resolution: 1-2 % for signals > 400 mV 
                                         3-4 % for signals < 400 mV
• Double-pulse time separation probability: <50 ns: 1.4%     
                                                                                   <100 ns: 2.6%

SAND-ECAL FRONT-END DESIGN GOALS

CHARACTERIZATION MEASUREMENTS SETUP

MEASUREMENTS RESULTS & COMPARISON

2025 IEEE NSS, MIC, RTSD    1– 8 NOV 2025    YOKOHAMA, JAPAN

• Form factor: VME 6U (no VME interface, front panel readout)
• 32 independent inputs on MCX connectors, positive and negative
• Suited for fast pulses (e.g. PMT anode signals)
• Simultaneous acquisition of Charge (QDC), High Res. Time of Arrival (ToA) and Time over Threshold (ToT)
• Four QDC Ranges (SW selectable): ±50 pC; ±100 pC; ±200 pC; ±400 pC
• Voltage Range: ± 3 V
• Minimum detectable signal: 2 mV
• QDC resolution: 0.25% @ 50 pC (up to 16K energy spectrum)
• TDC resolution: 10 ps RMS @ 200 mV (thr = 50 mV); 30 ps RMS @ 10 mV (thr = 3 mV)
• No need of CFD: walk correction by amplitude data. Integrated tool for Amplitude vs Walk curve calibration.
• Dead Time: ~1 ns in TDC mode, ~300 ns in QDC mode
• Multi-board Synchronization: via TDlink or LEMO I/Os (opt. via VME backplane)
• Acquisition Modes: 

- Streaming Readout: QDC + TDC + TOT List, with independent self-triggering channels 
- Triggered Readout: event selection by Acquisition Window, defined by a Global Trigger with SW programmable Pre/Post-

trigger size
- Absolute time markers (56 bits) added in the data stream to extend the dynamic range of the time measurement
- Input Pulse Counters periodically added in the data stream for Count Rate monitoring and MCS mode

• Readout Interfaces: 
- TDlink: 3.125 Gbps Optical link (Data + Synchronization)
- 1 Gb Ethernet (TCP/IP)
- USB 3.0

Integral Non-Linearity: 100 × 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑉𝑎𝑙𝑢𝑒 −𝐿𝑖𝑛𝑒𝑎𝑟 𝐹𝑖𝑡
𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑉𝑎𝑙𝑢𝑒

• VX2751: digital smoothing filter applied to suppress high-frequency 
noise responsible for false triggers. Without filtering, the minimum 
detectable signal is ≈ 6 mV. Both filtered and unfiltered traces are 
shown

• (DT)5730: timing spectrum affected by interpolation artifacts due to 
the limited sampling rate of the acquired pulses. Reported RMS value 
represents an average between best and worst cases

• A5204: minimum threshold set to ≈ 30 mV to avoid excessive noise-
induced triggering

1300 km Chicago
South Dakota

SAND

DUNE NEAR 
DETECTOR COMPLEX 

• Signals from dual pulse generator Siglent Mod. SDG6022X or Tektronix Mod. AFG3252. 
• OUT1 Settings (Tref): Rise Time = 2 ns; Fall Time = 2 ns; Width = 12 ns; Amplitude = 500 mVpp (fixed)
• OUT2 Settings (PMT emulation): Rise Time = 2 ns; Fall Time = 8.5 ns; Width = 9.3 ns; Amplitude = 2 Vpp (variable)
• Step attenuator (0 to 60 dB in steps of 1 dB) used to sweep the amplitude of OUT2 (PMT emulation)
• Repetition Rate = 1 kHz; Start-Stop delay = ~25 ns

TEST RESULTS: ADC RESOLUTION TEST RESULTS: LINEARITY TEST RESULTS: TIME RESOLUTION

• Charge integration triggered by Tref signal (OUT2)
• Gate Width = 60 ns
• A5204-TOT mode: amplitude reconstruction by TOT curve
• A5204-ADC mode: Preamp + Shaper + Peak sensing ADC

Analog Readout *( QDC V792 + Discriminator + 
TDC)

▲ Good performance for both QDC and TDC
▼ Bulky solution (several boards), high dead 

time, challenging setup, with stability and 
reproducibility concerns

* Only V792 tested

Digitizer DT5730 (500 MS/s, 14 bits) 

▲ Highly versatile, stable, and extensively tested 
solution. Easily deployable and scalable

▲ Waveform samples recording
▼ Low Sampling for ns pulses leads to poor 

timing resolution. Cost exceeding the budget

Digitizer VX2751 (1 GS/s, 14 bits) 

▲ Same as DT5730, with better timing 
performances

▼ Cost exceeding the budget

FERS-5204 (based on Radioroc + picoTDC 
ASICs)

▲ Lowest cost per channel, most compact 
solution

▼ Designed for SiPM, not best suited for PMT. 
High dead-time in ADC mode. TDC+TOT 
mode has limited dynamic range and energy 
resolution

QTDC (all-in-one QDC + Discriminator + TDC)

▲ Mixed analog+digital readout: high-resolution 
timing with picoTDC ASIC, good energy 
resolution with Charge Sensitive Preamplifier 
(CSP) + Pulse Height Analysis (PHA)

▼ Early prototyping: final performance and cost 
must be confirmed
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All tested readout systems proved effective for the acquisition of fast PMT signals. Among them, the QTDC demonstrated the most balanced combination of timing precision, charge 
measurement accuracy, and system compactness. Its architecture, integrating QDC, TDC and discriminator functions in a single 6U VME module, allows simultaneous charge, ToA, and 
ToT acquisition with timing resolutions down to 10 ps RMS and 0.25% resolution in charge. The ongoing tests on the 8-channel prototype confirm stable operation and reproducibility, 
supporting its suitability for the SAND-ECAL PMT readout and scalability to larger setups. A 32 channel QTDC module is coming soon as a new CAEN catalogue product.

EXPLORED CAEN PRODUCTS

[1] https://www.weeroc.com/read_out_chips/radioroc-2/
[2] https://kt.cern/technologies/picotdc
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The System for on-Axis Neutrino Detection (SAND), part of the Deep Underground Neutrino Experiment (DUNE), is designed to monitor the long-term stability of the neutrino beam at 
Fermilab. SAND employs a new lead scintillating-fiber electromagnetic calorimeter (ECAL), read out by ~5000 photomultiplier tubes (PMTs) repurposed from the K-Long Experiment 
(KLOE).
Achieving the required energy and time resolutions demands a high-density, cost-effective readout system. While analog electronics present high and fixed dead time, and fully digital 
solutions face cost and scalability constraints, an ASIC-based approach offers a compelling alternative. In this framework, the study investigates and compares different CAEN readout 
modules to identify the most suitable solution for the SAND-ECAL. The analysis focuses on two newly developed units: the A5204, integrating the Weeroc Radioroc ASIC [1] for energy 
measurements and the CERN picoTDC [2] for precise timing, and the QTDC, which combines a Charge-to-Digital Converter (QDC) with the CERN picoTDC for simultaneous charge and 
time acquisition in streaming mode. 
Tests with simulated PMT signals over a 60 dB amplitude range were carried out to assess their performance and demonstrate the suitability of these readout systems for SAND and similar 
neutrino detection experiments.

Detector and signal specifications:

• Signals from PMT mod. Hamamtsu R5946 with embedded inverting preamp (Gain = 2.5)
• HV: 1700-1800 V => PMT Gain = 1-3 x 106

• Positive pulses: Rise Time = ~2 ns, Width = ~15 ns at the base
• Dynamic Range from 2.5 mV to 2.5 V (= 60 dB)

Requirements
• Timing resolution: 50-100 ps
• Energy resolution: 1-2 % for signals > 400 mV 
                                         3-4 % for signals < 400 mV
• Double-pulse time separation probability: <50 ns: 1.4%     
                                                                                   <100 ns: 2.6%

SAND-ECAL FRONT-END DESIGN GOALS

CHARACTERIZATION MEASUREMENTS SETUP

MEASUREMENTS RESULTS & COMPARISON
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• Form factor: VME 6U (no VME interface, front panel readout)
• 32 independent inputs on MCX connectors, positive and negative
• Suited for fast pulses (e.g. PMT anode signals)
• Simultaneous acquisition of Charge (QDC), High Res. Time of Arrival (ToA) and Time over Threshold (ToT)
• Four QDC Ranges (SW selectable): ±50 pC; ±100 pC; ±200 pC; ±400 pC
• Voltage Range: ± 3 V
• Minimum detectable signal: 2 mV
• QDC resolution: 0.25% @ 50 pC (up to 16K energy spectrum)
• TDC resolution: 10 ps RMS @ 200 mV (thr = 50 mV); 30 ps RMS @ 10 mV (thr = 3 mV)
• No need of CFD: walk correction by amplitude data. Integrated tool for Amplitude vs Walk curve calibration.
• Dead Time: ~1 ns in TDC mode, ~300 ns in QDC mode
• Multi-board Synchronization: via TDlink or LEMO I/Os (opt. via VME backplane)
• Acquisition Modes: 

- Streaming Readout: QDC + TDC + TOT List, with independent self-triggering channels 
- Triggered Readout: event selection by Acquisition Window, defined by a Global Trigger with SW programmable Pre/Post-

trigger size
- Absolute time markers (56 bits) added in the data stream to extend the dynamic range of the time measurement
- Input Pulse Counters periodically added in the data stream for Count Rate monitoring and MCS mode

• Readout Interfaces: 
- TDlink: 3.125 Gbps Optical link (Data + Synchronization)
- 1 Gb Ethernet (TCP/IP)
- USB 3.0

Integral Non-Linearity: 100 × 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑉𝑎𝑙𝑢𝑒 −𝐿𝑖𝑛𝑒𝑎𝑟 𝐹𝑖𝑡
𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑉𝑎𝑙𝑢𝑒

• VX2751: digital smoothing filter applied to suppress high-frequency 
noise responsible for false triggers. Without filtering, the minimum 
detectable signal is ≈ 6 mV. Both filtered and unfiltered traces are 
shown

• (DT)5730: timing spectrum affected by interpolation artifacts due to 
the limited sampling rate of the acquired pulses. Reported RMS value 
represents an average between best and worst cases

• A5204: minimum threshold set to ≈ 30 mV to avoid excessive noise-
induced triggering
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• Signals from dual pulse generator Siglent Mod. SDG6022X or Tektronix Mod. AFG3252. 
• OUT1 Settings (Tref): Rise Time = 2 ns; Fall Time = 2 ns; Width = 12 ns; Amplitude = 500 mVpp (fixed)
• OUT2 Settings (PMT emulation): Rise Time = 2 ns; Fall Time = 8.5 ns; Width = 9.3 ns; Amplitude = 2 Vpp (variable)
• Step attenuator (0 to 60 dB in steps of 1 dB) used to sweep the amplitude of OUT2 (PMT emulation)
• Repetition Rate = 1 kHz; Start-Stop delay = ~25 ns

TEST RESULTS: ADC RESOLUTION TEST RESULTS: LINEARITY TEST RESULTS: TIME RESOLUTION

• Charge integration triggered by Tref signal (OUT2)
• Gate Width = 60 ns
• A5204-TOT mode: amplitude reconstruction by TOT curve
• A5204-ADC mode: Preamp + Shaper + Peak sensing ADC

Analog Readout *( QDC V792 + Discriminator + 
TDC)

▲ Good performance for both QDC and TDC
▼ Bulky solution (several boards), high dead 

time, challenging setup, with stability and 
reproducibility concerns

* Only V792 tested

Digitizer DT5730 (500 MS/s, 14 bits) 

▲ Highly versatile, stable, and extensively tested 
solution. Easily deployable and scalable

▲ Waveform samples recording
▼ Low Sampling for ns pulses leads to poor 

timing resolution. Cost exceeding the budget

Digitizer VX2751 (1 GS/s, 14 bits) 

▲ Same as DT5730, with better timing 
performances

▼ Cost exceeding the budget

FERS-5204 (based on Radioroc + picoTDC 
ASICs)

▲ Lowest cost per channel, most compact 
solution

▼ Designed for SiPM, not best suited for PMT. 
High dead-time in ADC mode. TDC+TOT 
mode has limited dynamic range and energy 
resolution

QTDC (all-in-one QDC + Discriminator + TDC)

▲ Mixed analog+digital readout: high-resolution 
timing with picoTDC ASIC, good energy 
resolution with Charge Sensitive Preamplifier 
(CSP) + Pulse Height Analysis (PHA)

▼ Early prototyping: final performance and cost 
must be confirmed
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All tested readout systems proved effective for the acquisition of fast PMT signals. Among them, the QTDC demonstrated the most balanced combination of timing precision, charge 
measurement accuracy, and system compactness. Its architecture, integrating QDC, TDC and discriminator functions in a single 6U VME module, allows simultaneous charge, ToA, and 
ToT acquisition with timing resolutions down to 10 ps RMS and 0.25% resolution in charge. The ongoing tests on the 8-channel prototype confirm stable operation and reproducibility, 
supporting its suitability for the SAND-ECAL PMT readout and scalability to larger setups. A 32 channel QTDC module is coming soon as a new CAEN catalogue product.

EXPLORED CAEN PRODUCTS

[1] https://www.weeroc.com/read_out_chips/radioroc-2/
[2] https://kt.cern/technologies/picotdc
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ps RMS and 0.25% resolution in charge. The ongoing tests on the 8-channel prototype confirm stable operation and reproducibility, supporting 
its suitability for the SAND-ECAL PMT readout and scalability to larger setups. A 32 channel QTDC module is coming soon as a new CAEN 
catalogue product. 
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The System for on-Axis Neutrino Detection (SAND), part of the Deep Underground Neutrino Experiment (DUNE), is designed to monitor the long-term stability of the neutrino beam at 
Fermilab. SAND employs a new lead scintillating-fiber electromagnetic calorimeter (ECAL), read out by ~5000 photomultiplier tubes (PMTs) repurposed from the K-Long Experiment 
(KLOE).
Achieving the required energy and time resolutions demands a high-density, cost-effective readout system. While analog electronics present high and fixed dead time, and fully digital 
solutions face cost and scalability constraints, an ASIC-based approach offers a compelling alternative. In this framework, the study investigates and compares different CAEN readout 
modules to identify the most suitable solution for the SAND-ECAL. The analysis focuses on two newly developed units: the A5204, integrating the Weeroc Radioroc ASIC [1] for energy 
measurements and the CERN picoTDC [2] for precise timing, and the QTDC, which combines a Charge-to-Digital Converter (QDC) with the CERN picoTDC for simultaneous charge and 
time acquisition in streaming mode. 
Tests with simulated PMT signals over a 60 dB amplitude range were carried out to assess their performance and demonstrate the suitability of these readout systems for SAND and similar 
neutrino detection experiments.

Detector and signal specifications:

• Signals from PMT mod. Hamamtsu R5946 with embedded inverting preamp (Gain = 2.5)
• HV: 1700-1800 V => PMT Gain = 1-3 x 106

• Positive pulses: Rise Time = ~2 ns, Width = ~15 ns at the base
• Dynamic Range from 2.5 mV to 2.5 V (= 60 dB)

Requirements
• Timing resolution: 50-100 ps
• Energy resolution: 1-2 % for signals > 400 mV 
                                         3-4 % for signals < 400 mV
• Double-pulse time separation probability: <50 ns: 1.4%     
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• Form factor: VME 6U (no VME interface, front panel readout)
• 32 independent inputs on MCX connectors, positive and negative
• Suited for fast pulses (e.g. PMT anode signals)
• Simultaneous acquisition of Charge (QDC), High Res. Time of Arrival (ToA) and Time over Threshold (ToT)
• Four QDC Ranges (SW selectable): ±50 pC; ±100 pC; ±200 pC; ±400 pC
• Voltage Range: ± 3 V
• Minimum detectable signal: 2 mV
• QDC resolution: 0.25% @ 50 pC (up to 16K energy spectrum)
• TDC resolution: 10 ps RMS @ 200 mV (thr = 50 mV); 30 ps RMS @ 10 mV (thr = 3 mV)
• No need of CFD: walk correction by amplitude data. Integrated tool for Amplitude vs Walk curve calibration.
• Dead Time: ~1 ns in TDC mode, ~300 ns in QDC mode
• Multi-board Synchronization: via TDlink or LEMO I/Os (opt. via VME backplane)
• Acquisition Modes: 

- Streaming Readout: QDC + TDC + TOT List, with independent self-triggering channels 
- Triggered Readout: event selection by Acquisition Window, defined by a Global Trigger with SW programmable Pre/Post-

trigger size
- Absolute time markers (56 bits) added in the data stream to extend the dynamic range of the time measurement
- Input Pulse Counters periodically added in the data stream for Count Rate monitoring and MCS mode

• Readout Interfaces: 
- TDlink: 3.125 Gbps Optical link (Data + Synchronization)
- 1 Gb Ethernet (TCP/IP)
- USB 3.0

Integral Non-Linearity: 100 × 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑉𝑎𝑙𝑢𝑒 −𝐿𝑖𝑛𝑒𝑎𝑟 𝐹𝑖𝑡
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• VX2751: digital smoothing filter applied to suppress high-frequency 
noise responsible for false triggers. Without filtering, the minimum 
detectable signal is ≈ 6 mV. Both filtered and unfiltered traces are 
shown

• (DT)5730: timing spectrum affected by interpolation artifacts due to 
the limited sampling rate of the acquired pulses. Reported RMS value 
represents an average between best and worst cases

• A5204: minimum threshold set to ≈ 30 mV to avoid excessive noise-
induced triggering
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• Signals from dual pulse generator Siglent Mod. SDG6022X or Tektronix Mod. AFG3252. 
• OUT1 Settings (Tref): Rise Time = 2 ns; Fall Time = 2 ns; Width = 12 ns; Amplitude = 500 mVpp (fixed)
• OUT2 Settings (PMT emulation): Rise Time = 2 ns; Fall Time = 8.5 ns; Width = 9.3 ns; Amplitude = 2 Vpp (variable)
• Step attenuator (0 to 60 dB in steps of 1 dB) used to sweep the amplitude of OUT2 (PMT emulation)
• Repetition Rate = 1 kHz; Start-Stop delay = ~25 ns

TEST RESULTS: ADC RESOLUTION TEST RESULTS: LINEARITY TEST RESULTS: TIME RESOLUTION

• Charge integration triggered by Tref signal (OUT2)
• Gate Width = 60 ns
• A5204-TOT mode: amplitude reconstruction by TOT curve
• A5204-ADC mode: Preamp + Shaper + Peak sensing ADC

Analog Readout *( QDC V792 + Discriminator + 
TDC)

▲ Good performance for both QDC and TDC
▼ Bulky solution (several boards), high dead 

time, challenging setup, with stability and 
reproducibility concerns

* Only V792 tested

Digitizer DT5730 (500 MS/s, 14 bits) 

▲ Highly versatile, stable, and extensively tested 
solution. Easily deployable and scalable

▲ Waveform samples recording
▼ Low Sampling for ns pulses leads to poor 

timing resolution. Cost exceeding the budget

Digitizer VX2751 (1 GS/s, 14 bits) 

▲ Same as DT5730, with better timing 
performances

▼ Cost exceeding the budget

FERS-5204 (based on Radioroc + picoTDC 
ASICs)

▲ Lowest cost per channel, most compact 
solution

▼ Designed for SiPM, not best suited for PMT. 
High dead-time in ADC mode. TDC+TOT 
mode has limited dynamic range and energy 
resolution

QTDC (all-in-one QDC + Discriminator + TDC)

▲ Mixed analog+digital readout: high-resolution 
timing with picoTDC ASIC, good energy 
resolution with Charge Sensitive Preamplifier 
(CSP) + Pulse Height Analysis (PHA)

▼ Early prototyping: final performance and cost 
must be confirmed
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All tested readout systems proved effective for the acquisition of fast PMT signals. Among them, the QTDC demonstrated the most balanced combination of timing precision, charge 
measurement accuracy, and system compactness. Its architecture, integrating QDC, TDC and discriminator functions in a single 6U VME module, allows simultaneous charge, ToA, and 
ToT acquisition with timing resolutions down to 10 ps RMS and 0.25% resolution in charge. The ongoing tests on the 8-channel prototype confirm stable operation and reproducibility, 
supporting its suitability for the SAND-ECAL PMT readout and scalability to larger setups. A 32 channel QTDC module is coming soon as a new CAEN catalogue product.

EXPLORED CAEN PRODUCTS

[1] https://www.weeroc.com/read_out_chips/radioroc-2/
[2] https://kt.cern/technologies/picotdc
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Through the bypass boards, the PMT signals can be 
sent directly to any new FEE device, in this example to 
the discriminators CAEN A5256  - 16+1 channels 
plugged on a CAEN FERS DT5203 64 channels 
(picoTDC)

ECAL – preparing the test of new FEE with cosmic rays
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Through the bypass boards, the PMT 
signals can be sent directly to any new 
FEE device =>
ready to test the new QTDC by CAEN

The test stand at LNF is suitable to study new FEE solutions for SAND/ECAL
First switch on feeding A5256+ DT5203 with PMT signals....

ECAL – preparing the test of new FEE with cosmic rays
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Resistors disk & Capacitors disk

Preamplifier disk

• HV divider and the preamplifier were built as 3 small circuits, assembled directly
on the PM base.

• Divider design is more critical. Splitted in 2 ceramic hybrids circuits: capacitors
and resistors disk. Resistors are deposited on ceramic. Each circuits has 2 layers
(top and bottom)

Disassembled the original base to analyze component placement on the two 
ceramic disks

HV divider and preamplifier in KLOE

F. Spinella, E. Pedreschi, P. Falasca, A. Taffara, F. Tramonti (INFN-Pisa)
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TOP BOTTOM

• Designed a single 4-layer PCB with components distributed both on top and bottom layers, 
following the KLOE layout:
Ø Top layer: divider resistors connected to PMT dynodes
Ø Bottom layer: mostly capacitors and other resistors

• Critical high-voltage components (R19, C6) were carefully selected and are available on 
Digikey. All other components are also available on Digikey

• Investigating sockets availability with Hamamatsu. In April 2025 it was possible to order 1000 
sockets with 4000 optionable. Waiting for an update from Hamamatsi-Italia. Requested few for 
samples for tests.

Reverse engineered the original KLOE HV divider and designed the same schematic in KiCAD

HV divider – PCB design (3D view)

Maximum HV for PMs divider is 2300 V. Typical HV 1700-1800.
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• Divider: The adoption of a multilayer PCB structure allows for optimized circuit 
compactness while maintaining adequate isolation distances between conductors and 
separation between internal layers, which is essential for high-voltage operation. Building 
some prototypes is mandatory to validate the new design.

• Circuit operates at voltages up to approximately 1800 V à choice of PCB material critical
• During the prototyping phase, ISOLA FR406 could be used
• For the final implementation ISOLA 370HR is preferred (more suitable for high-voltage 

applications)

• Pre-amplifier design is not critical. All original KLOE components are still available on 
Digikey. Standard 4 layer PCB, could be easily replicated.

• KLOE connectors were custom designed and should be dismounted from existing PMT 
bases.

HV divider and preamplifier: final considerations
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spare slides
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Choice of FEE for ECAL – prototypes (dual thr.+Pico TDC)
read-out scheme: PicoTDC + double threshold discriminator with Time over Threshold (ToT) 
Detector

PA Fast
Discr picoTDC

ENERGY

TIME

ToT
=> energy by ToT
with 2 or more thresholds 
not to worsen energy resol.
Time walk correction 
needed

studies on prototypes done in collaboration with

• Led Driver CAEN SP5601 
(l~400 nm) + fiber splitter 

• two KLOE PMTs (test + reference)
• PMT signal => calibrated attenuator 

=> variable amplitude
• DT5203 + A5256 PicoTDC 

with dual threshold

PMTs + Led Driver

High threshold: 100 mV

Time Resolution ~ 60 ps

(ECAL T resol. 
~ 54ps/√E(GeV) ⊕ 100ps)

time walk corrected

time (ns)
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Amplitude resolution obtained from ToT is compared
with the intrinsic calorimeter resolution (assuming
PMT gain 1 mV = 1 p.e. = 1 MeV  => 1 V = 1 GeV)

comparison with Ecal resolution    ( sE/E ~ 5.7%/√E )

preamp
linearity

~ 1%
preamp
saturation

20

Low and High thresholds

Amplitude reconstruction with ToT

Choice of FEE for ECAL – prototypes (dual thr.+Pico TDC)

to be done: optimization of the thresholds for the 
best perfomance in the whole expected dynamic
range (2.5-2000 mV) and in the preamp saturation
regime.
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ECAL: procurement of HV and LV power supply

Offer CAEN updated July 2024
n° 102  board A7030P (48 ch.)  = 527k euro  
n° 7  Sistem SY4527B = 41k euro 
n° 7 Power supply booster A4533 = 12k euro
TOTAL:  580k euro (IVA escl.)
spare: 10 5 A7030P + 2 1 SY4527B + 2 1 A4533 = 67k 34k euro (IVA escl.)
warranty ext. 3 years: = 53k euro (IVA escl.)

one complete spare
system to be used to test 
slow-control software

HV LV

n° 10+2 spare board A25251  8 full floating channels 8V/12A   = 31k euro (IVA escl.) 
Mapping of present HV cables 5x12ch on 48 ch. modularity not trivial  (to be studied also for LV)
=> under study to minimize cost (custom connectors or patch panel) 
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Studies for the optimization of the ECAL working point and FEE

A. Di Domenico, V. Di Silvestre, P. Gauzzi, D. Truncali - INFN-RM1
A. Balla - INFN-LNF
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Figure 89: Energy spectra of CC interacting neutrinos in the internal LAr target, having a mass of 1.01 ton,
and considering a 120 GeV proton beam in both FHC and RHC modes.

Table 3: Number of CC interactions simulated inside the detector inner tracker and front barrel ECAL for
both FHC and RHC modes. Results with two di↵erent LBNF beam options are shown: (a) default 3 horn
beam optimized for the CP violation search (1.2 MW, 120 GeV, 1.1 ⇥1021 pot/year); (b) high energy option
optimized for the ⌫⌧ appearance (2.4 MW). The number of events refer to the expected rates in the fiducial
mass of the various target material: 4.7 tons of CH2, 677 kg of H from CH2, 528 kg of graphite (C) within STT,
1 ton of LAr (meniscus), and 22.8 tons from the upstream barrel ECAL (mainly Pb). See text for details.

FHC CP optimized beam (1.2MW, 5y) ⌫⌧ optimized beam (2.4MW, 2y)
⌫µ ⌫̄µ ⌫e ⌫̄e ⌫µ ⌫̄µ ⌫e ⌫̄e

CH2 32,525,834 1,560,825 480,295 79,755 62,178,400 1,070,280 628,733 65,144
H 3,056,440 278,935 45,989 13,892 5,921,850 190,183 60,887 11,366
C 3,867,528 168,234 56,998 8,644 7,383,050 115,503 74,524 7,058
Ar 7,785,828 303,766 115,959 16,258 14,337,700 205,101 146,976 13,035
Pb 155,319,000 6,269,850 2,307,530 326,700 286,022,000 4,233,370 2,924,750 261,935

RHC CP optimized beam (1.2MW, 5y) ⌫⌧ optimized beam (2.4MW, 2y)
⌫µ ⌫̄µ ⌫e ⌫̄e ⌫µ ⌫̄µ ⌫e ⌫̄e

CH2 5,089,933 12,176,405 227,511 173,194 3,525,940 22,307,900 170,163 175,973
H 485,539 2,265,326 21,780 31,085 335,936 3,939,300 16,221 30,633
C 604,275 1,300,718 27,000 18,650 424,351 2,404,360 20,203 18,955
Ar 1,202,156 2,341,222 54,831 34,668 824,080 4,269,480 41,028 35,011
Pb 25,938,500 45,555,500 1,093,210 663,260 17,780,900 83,075,500 818,005 669,822
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4 Simulation Setup and Tools

Two independent simulation chains have been setup,one based on GENIE and GEANT4, the other com-
pletely based on FLUKA. The output of both simulations are ROOT trees. In both, the coordinate system
is centered at the centre of the KLOE detector, the x axis is oriented along the solenoid axis and the y axis
is vertical. The neutrino beams are assumend to be parallel and uniform over the detector size, oriented
along the z axis, which means perpendicularly to the solenoid axis. The vertical inclination of the neutrino
beam is taken into account.

4.1 Neutrino Fluxes

The DUNE neutrino beam line has undergone a long optimization process, involving proton beam energy,
target geometry and material, number of magnetic horns and their design. The recommended design is
the 3-horns engineered one, presented at the Oct 2017 beam instrumentation review. It assumes three
magnetic horns, a 2.2 m long cylindrical target, and a proton beam operated at 120 GeV. The default beam
spectrum has been optimized for the CP violation search and has a 120 MW power and 1.1 ⇥1021 pot/year.
Simulations presented in this work are based on the neutrino fluxes calculated for this baseline design, as
available in tabulated form in http://home.fnal.gov/ ljf26/DUNEFluxes/. Their are calculated for a near
detector located 574 m downstream of the start of Horn 1. Neutrino CC spectra, as obtained from these
fluxes convoluted with GENIE cross sections in Argon (see Sec.4.2.1) are shown in Fig.89.

Another interesting option is provided by the LBNF beam optimized to detect the ⌫⌧ appearance in
the Far Detector. The corresponding energy spectrum is substantially higher than the one with the default
beam configuration (Fig. 87), resulting in an increase of the expected event rates by a factor 2.4 with
respect to the default beam (Tab. 3). A realistic scenario could be that after completing a data taking of
5 years with the standard FHC beam and 5 years with the standard RHC beam, we can have dedicated
runs with the ⌫⌧ optimized beam. Even a modest exposure of 2 years with FHC and 2 years with RHC in
this configuration would substantially enhance the discovery potential of the precision tests of fundamental
interactions described in Sec. 2.2. To this end, by the time we can realistically have dedicated runs with
the ⌫⌧ optimized beam (after 10 years of data taking with the standard beam) the LBNF beam intensity is
expected to be upgraded from 1.2 MW to 2.4 MW.
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Figure 87: Comparison of LBNF ⌫µ fluxes: (a) default 3 horn beam optimized for CP violation (dash-dotted);
(b) ⌫⌧ appearance optimized beam (solid).

4.2 Event Generators

4.2.1 GENIE

The GENIE code [18] is a neutrino event generator for the experimental neutrino physics community. It
has a focus on low-energies (1 TeV) and it is currently used by a large number of experiments working in
the neutrino oscillation field. The final project goal is the development of a “canonical” neutrino interaction
physics Monte Carlo whose validity extends to all nuclear targets and neutrino flavours from MeV to PeV
scales.

A GENIE based application to generate neutrino-induced events in the ND has been developed. The
first step at the run time is defining the detector geometry from a standard gdml file. The user has the
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Figure 89: Energy spectra of CC interacting neutrinos in the internal LAr target, having a mass of 1.01 ton,
and considering a 120 GeV proton beam in both FHC and RHC modes.

Table 3: Number of CC interactions simulated inside the detector inner tracker and front barrel ECAL for
both FHC and RHC modes. Results with two di↵erent LBNF beam options are shown: (a) default 3 horn
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FHC CP optimized beam (1.2MW, 5y) ⌫⌧ optimized beam (2.4MW, 2y)
⌫µ ⌫̄µ ⌫e ⌫̄e ⌫µ ⌫̄µ ⌫e ⌫̄e

CH2 32,525,834 1,560,825 480,295 79,755 62,178,400 1,070,280 628,733 65,144
H 3,056,440 278,935 45,989 13,892 5,921,850 190,183 60,887 11,366
C 3,867,528 168,234 56,998 8,644 7,383,050 115,503 74,524 7,058
Ar 7,785,828 303,766 115,959 16,258 14,337,700 205,101 146,976 13,035
Pb 155,319,000 6,269,850 2,307,530 326,700 286,022,000 4,233,370 2,924,750 261,935

RHC CP optimized beam (1.2MW, 5y) ⌫⌧ optimized beam (2.4MW, 2y)
⌫µ ⌫̄µ ⌫e ⌫̄e ⌫µ ⌫̄µ ⌫e ⌫̄e
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C 604,275 1,300,718 27,000 18,650 424,351 2,404,360 20,203 18,955
Ar 1,202,156 2,341,222 54,831 34,668 824,080 4,269,480 41,028 35,011
Pb 25,938,500 45,555,500 1,093,210 663,260 17,780,900 83,075,500 818,005 669,822
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4 Simulation Setup and Tools
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is centered at the centre of the KLOE detector, the x axis is oriented along the solenoid axis and the y axis
is vertical. The neutrino beams are assumend to be parallel and uniform over the detector size, oriented
along the z axis, which means perpendicularly to the solenoid axis. The vertical inclination of the neutrino
beam is taken into account.
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The DUNE neutrino beam line has undergone a long optimization process, involving proton beam energy,
target geometry and material, number of magnetic horns and their design. The recommended design is
the 3-horns engineered one, presented at the Oct 2017 beam instrumentation review. It assumes three
magnetic horns, a 2.2 m long cylindrical target, and a proton beam operated at 120 GeV. The default beam
spectrum has been optimized for the CP violation search and has a 120 MW power and 1.1 ⇥1021 pot/year.
Simulations presented in this work are based on the neutrino fluxes calculated for this baseline design, as
available in tabulated form in http://home.fnal.gov/ ljf26/DUNEFluxes/. Their are calculated for a near
detector located 574 m downstream of the start of Horn 1. Neutrino CC spectra, as obtained from these
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From DUNE docDB note 13262
A proposal to enhance the DUNE near detector complex
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• Analyzed sample: sand-events.*.digi.root
and sand-events.*.edep.root

• 100 files
• Total evts = 118592
• Total p.o.t = 1.011×1017

• p.o.t./spill = 7.5×1013 

at 1.2 MW beam power
• corresponding to ~ 30 minutes of 

data taking in FHC mode
(or equivalently to ∼15 min at 2.4 MW)

• Inner Fiducial Volume (IFV)
defined at a distance of 20 cm from ECAL
internal surface

SAND MC simulation

24

Inner Fiducial Volume (IFV)
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Neutrino energy spectrum in SAND MC

25

spectrum in the whole energy range
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Digitization of ECAL similar to KLOE MC:

• Deposited energy in the cells propagated to 
PMTs with double exp. attenuation curve

• Converted into p.e. number ⇒ 18.5 p.e./MeV
of deposited energy (MIP at the module center ~ 40 p.e.)

• Light yield ~ 1 p.e./MeV of total energy of the particle
• Threshold = 2.5 p.e.

• Constant fraction discriminator at 15% ot fhe signal
• Multihit TDC simulation (30 ns integration

time + 50 ns dead time)

(from wiki/sand)

f(x) = Ae�
x
�1 + (1�A)e�

x
�2

Shape of the PMT
signal (MC)
FWHM ~ 4 ns

ns
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ECAL digitization
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Np.e. distributions

E⌫ range = [0,10] GeV
Events number 101,696

Events cells number 2,184,901

Fraction of events with at least one cell above PE threshold [%]
1000 PE threshold 2.58
2000 PE threshold 0.49
3000 PE threshold 0.13
4000 PE threshold 3.64 · 10�2

Fraction of hit cells above PE threshold [%]
1000 PE threshold 0.19
2000 PE threshold 3.03 · 10�2

3000 PE threshold 7.19 · 10�3

4000 PE threshold 2.11 · 10�3

Table 1: Fraction of events with at least one cell above the photoelectron threshold (top)
and fraction of of hit cells above the photoelectron threshold (bottom) in the neutrino
energy range 0 - 10 GeV.

IDbarrel = (1000 ⇤mod) + (100 ⇤ plane) + column where mod is the module
number going from 0 to 23, plane is the plane number going from 0 to 4, and
column is the column number going from 0 to 11. For the two endcaps, the
module numbers are 30 for endcap A and 40 for endcap B while the columns
are grouped by the plane they belong to. Figures 12, 13 show the occupancy
plots of a module of the barrel and the endcaps.
It is noteworthy that the cells belonging to the fifth plane make the largest
contribution to the occupancy plot. This is in part due to the fact that plane
5 is larger than the cells of the first 4 planes, namely 5.2 cm against 4.4 cm
for planes 1 to 4. Partly it is due to the more probable neutrino interaction
in the iron yoke than the IFV, with secondary particles entering the EMC
from the fifth planes.
From the occupancy plot it is now possible to estimate the average number
of times a cell of a plane records a neutrino interaction. Then the probability
that a neutrino interaction event hits a cell of a plane can be evaluated by
dividing by the total number of events, i.e. 118 592, and the number of cells
in each plane, for the barrel and the endcaps. The related uncertainty is
neglected, as its order of magnitude is at most 10�4. Figure 14 show the

11
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• Neutrino energy range of interest 
for oscillation analyses is [0,10] GeV 

• In this range the MAXIMUM Np.e. that 
has to be treated by FEE can be safely 
set between 1000 and 2000
=> see next slides for the choice of the 
FEE dynamic range
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Np.e. distributions
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- M. Anelli et al., "Measurement and simulation of the 
neutron response and detection efficiency of a Pb-
scintillating fiber calorimeter ",  NIM A581 (2007) 368

-  
- M. Anelli et al., “Measurement of the neutron 

detection efficiency of a 80% absorber–20% 
scintillating fibers calorimeter ”, NIM A626 (2011) 67

These preliminary results show that at the lowest trigger
threshold the neutron detection efficiency of the calori-
meter ranges from 40% to 50%, depending on the beam
intensity. It corresponds to a sizeable enhancement with
respect to the expected 8216% based on the amount of
scintillator only. For comparison, the efficiency of the 5 cm
thick NE110 scintillator ranges from 4% to 10%, for
values of the trigger threshold below 5MeV of electron
equivalent energy, in good agreement with available
measurements in literature.

3. Monte Carlo simulation and comparison with data

The Monte Carlo code FLUKA [10,11] has been used
for a detailed simulation of the calorimeter structure. The
TSL experimental beam-line, from the neutron source to
the collimated beam, has been also simulated, in order to
have a reliable characterization of the neutron beam
impinging on the detector (see Fig. 3). FLUKA computes
the energy deposits in the scintillating fibers, taking into
account the signal saturation due to the Birks law. For
each energy deposit, the average number of photoelectrons
is estimated and then attenuated to the calorimeter ends
with the proper attenuation length. The photoelectron
statistics and the generation of the discriminated signal are
also simulated, while the trigger effect has not yet been
included.

The primary reason for the observed efficiency enhance-
ment appears to be the huge inelastic production of
neutrons on the lead planes. For neutrons in the high
energy peak (175MeV), the probability to have an inelastic
interaction is 31.4% on the lead, compared to 7.0% on the
fiber and 2.2% on the glue. The secondary particles
generated in such inelastic interactions are on average 5.4
per event, counting only the secondary neutrons above

19.6MeV. Among the produced secondaries, 62% are
neutrons, 27% photons, 7% protons while the remaining
4% are nuclear fragments. Typical inelastic reactions on
Pb are:

nþ Pb! xnþ ygþ Pb,

nþ Pb! xnþ ygþ pþ residual nucleus,

nþ Pb! xnþ ygþ 2pþ residual nucleus,

and so on. Low-energy neutrons (below 19.6MeV) are
transported in FLUKA with a multi-group algorithm, that
uses a neutron cross-section library derived from the most
recently evaluated data. A sizeable contribution to the
calorimeter response comes also from the secondary
neutrons in this low-energy range: due to the larger
inelastic cross section the neutron shower-like effect
increases and originates on average about 100 secondaries
per event, out of which "5 protons and "1 photon directly
contribute in generating a visible response.
The high sampling frequency of the calorimeter appears

to be a crucial point in the efficiency enhancement. First of
all, the protons and the electromagnetic energy produced
on Pb in the inelastic processes can be detected by the
nearby fibers down to very low energies. Moreover,
secondary neutrons are produced in following Pb planes
with decreasing energies, thus having larger probabilities to
produce ionizing particles, i.e. visible signals, in the nearby
fibers. The isotropic distributions, which characterize the
inelastic processes, also play a role: the backscattered
neutrons contribute to increase the collision density in the

ARTICLE IN PRESS

Fig. 2. Dependence of !calo on the trigger threshold. The horizontal scale
is in MeV set for electron response. Accuracy is the same as in Fig. 1. The
scintillator efficiency measurements are reported, scaled by the ratio
between the two scintillator thicknesses.

Fig. 3. Neutron energy spectra as computed with the FLUKA simulation.
From the top: at the source, at the collimator exit and on the calorimeter
entrance.

M. Anelli et al. / Nuclear Instruments and Methods in Physics Research A 581 (2007) 368–372370

Scint. equiv.

KLOE EmC

Measurement of the neutron response
of the KLOE EmC

• to maximize the neutron detection 
efficiency by ECAL the MINIMUM Np.e. 
that has to be treated by FEE is the 
lowest possible, ideally 1-3 Np.e.

Np.e. distributions
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Cell occupancy plots and hit probability

Barrel

Ecap A Ecap B Average probability 
that a cell is fired/hit in 
a neutrino interaction 
event:

Pbarrel = 1.37%
PecapA = 0.88%
PecapB = 0.86%

Pcell = 1.16%
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Spill simulation
• 9.6 Ps per spill

• 6 batches, 84 bunches/batch

• 2 empty bunches

• 1 bunch: Gaus(V = 1.5 ns)

• 't bunches = 19 ns

18

Neutrino interaction in a spill with
𝑁𝐶𝑎𝑙𝑜𝐶𝑒𝑙𝑙 𝑝𝑒 > 2.5 > 0

time (ns)

Star: vertex, 
blue: muon track, 
green: non-muon 

tracks

Event rates expected in SAND
~ 84 interactions/spill
≲1 interaction/spill in the SAND fiducial volume

Beam power 1.2 MW
7.5 x 1013 protons extracted every 1.2 s at 120 GeV
1.1 x 1021 pot/year

Spill time structure

Beam, spill structure, and event rates in SAND
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Pile-up probabilities [%] Pile-up probabilities
[%]

before smearing after smearing

PCELL [%] 1.16 1.5 2.0 1.16 1.5 2.0
Time window [ns]

50 0.67 0.90 1.28 0.64 0.86 1.36
100 1.33 1.81 2.52 1.32 1.71 2.56
150 1.95 2.71 3.72 1.91 2.60 3.78
200 2.59 3.58 4.87 2.52 3.48 4.93

Table 2: Table of the values of the pile-up probability of two PMT signals integrated in a
chosen time window for three di↵erent values of PEMC , before and after the e↵ect of the
smearing.

3. Analysis of the test of the PMT

After the work done on the simulation, a direct test of the PMTs is per-
formed as an additional support for the final results of this thesis. First a
brief discussion of the PMT and its base composed of divider and pream-
plifier is given, then the test of the PMTs is reported with the main results
concerning the gain trend as a function of the high voltage, the determina-
tion of the � factor, the measurements of the relative quantum e�ciency QE
and the saturation of the preamplifier.

3.1. The readout of the KLOE calorimeter

3.1.1. Fine-mesh PMT

The type of PMTs used in the KLOE detector is the fine-mesh photomul-
tiplier tube (the technical data sheet is reported in appendix A). The main
di↵erence between these PMTs and the traditional ones is the fact that the
electron multiplication takes place thanks to the dynodes, which consist of
a series of very fine grids placed close together, about 1 mm. The proximity
of the dynodes is functional in order to reduce the path of the secondary
electrons, thus minimizing the e↵ects of an external magnetic field, although
this structure has disadvantages such as a low gain per stage and a partial
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Pile-up probability
The beam time structure is reconstructed to simulate the 
time of the neutrino interaction event and calculate the pile-
up probability that, given a PMT signal, a second signal 
arrives within a fixed time window (TW) after the first signal.

The times of N interactions per spill (in average N=84 with 
1.2 MW beam) are extracted uniformly between 0 and 9.6 μs. 
The time difference between two consecutive interactions is 
calculated for all spills, following an exponential distribution 
with τspill ≃ 114 ns. From this, the distribution of time 
differences for a single cell with a probability to be hit of Pcell 
= 1.16% is evaluated, and then the pile-up probabilities for 
different time windows are also evaluated, TW = 50, 100, 
150, 200 ns. 

Time propagation/smearing of hits in 
a single neutrino interaction event.

spills with 0 hit                            1 hit

pile-up probability (%)
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Pile-up probability
The beam time structure is reconstructed to simulate the 
time of the neutrino interaction event and calculate the pile-
up probability that, given a PMT signal, a second signal 
arrives within a fixed time window (TW) after the first signal.

The times of N interactions per spill (in average N=84 with 
1.2 MW beam) are extracted uniformly between 0 and 9.6 μs. 
The time difference between two consecutive interactions is 
calculated for all spills, following an exponential distribution 
with τspill ≃ 114 ns. From this, the distribution of time 
differences for a single cell with a probability to be hit of Pcell 
= 1.16% is evaluated, and then the pile-up probabilities for 
different time windows are also evaluated, TW = 50, 100, 
150, 200 ns. 

Time propagation/smearing of hits in 
a single neutrino interaction event.

spills with 0 hit                            1 hit

pile-up probability (%)
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Driver

Discriminator

Analog adder

ADC

TDC

Trigger

Splitter card

50 Ω

HV
Photomultiplier

Cable
50 Ω

Preamplifier

Npe                GPM                  Gpreamp

CATT 

Vpreamp       Vdis > VTH
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PMT signal and discriminator threshold in KLOE

Ch1 Ampl
 584mV
Unstable
histogram

Ch1 Rise
 3.02ns
Unstable
histogram

Ch1 Fall
 6.62ns
Unstable
histogram

200mVΩ M 10.0nsCh1

Constraints:
- minimum discriminator threshold 4-5 mV
- max energy release in one cell: 410 MeV
=> 1.p.e./MeV at cell center ~1.8 p.e. at end.
- maximum HV for PMs divider is 2300 V
  typical HV 1700-1800 => G~1-3 x 106

- preamplifier linear (within 0.2%) for signals 
  up to 4.7 V (gain preamp ~ 2.5) 
 => 1.74 V at discriminator level after 
12-15 m long cables and termination thanks to A. Balla and P. Ciambrone

Constant fraction discriminators.
Effective thresholds in the range 4–5 mV: 
correspond to signals originated 
by 3–4 p.e.  or a 3–4 MeV photon 
at 2 m from PMT
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Choice of the dynamic range in KLOE
The dynamic range in terms of Npe and the PMT gain GPM can be evaluated using the 
following constraints for the FEE after the PMT: 
• Minimum discriminator threshold VTH= 5 mV 
• Preamplifier linearity (within 0.2%) range = [0, 4.7] V => Vpreamp(max ) = 4.7 V
• preamp transimpedance gain G= 250 V/A  => Ipeak(max)=19 mA => max signal charge 

Q(max)=133 pC (triangle approx.); from Q = e Npe GPM => (Npe GPM)(max) = 83·107

• GTOT = GPM Gpreamp    with Gpreamp≃ 2.5
• 12m long cable attenuation: CATT = 0.74
• MAX single pulse amplitude at the discriminator/digitizer input is: 

Vdis(max) = Vpreamp(max) •  0.5  • CATT= 1.74 V
• signal ampl = Vdis(max)/Npe(max) 
• Npe(min)=VTH/(signal ampl)  => Npe(max)/Npe(min) = Vdis(max)/VTH

GPM Gtot Npe(max) signal Npe(min) MeV
(⇥105) (⇥106) amplitude VTH = 5 mV at module center

(mV/pe)
4.2 1.04 ⇠ 2000 0.87 ⇠ 6 6.0
5.5 1.38 ⇠ 1500 1.16 ⇠ 4 4.0
8.3 2.1 ⇠ 1000 1.74 ⇠ 3 3.0
10 2.5 ⇠ 800 2.18 ⇠ 2 2.0

Table 3: Maximum and minimum number of photoelectrons given by a calorimeter readout
cell as a function of the gain Gtot = GPM ⇥Gpreamp.

Regarding the lower limit of the dynamic range, i.e. the minimum number of
photoelectrons shown in the fifth column of Table 3, it must be emphasized
that this value is fixed by the minimum discriminator threshold of 5 mV.
The amplitude for a single photoelectron pulse at the discriminator input
can be evaluated by taking into account the cable attenuation Catt and the
voltage partition at the splitter input. The value of Catt for a cable 12 m
long is measured to be 74%, so the maximum signal amplitude allowed by
the preamplifier linearity range is:

Vdis(max) = Vpreamp(max)⇥ 1

2
⇥ Catt = 1.74 V (10)

The amplitude for a single photoelectron pulse, shown in the fourth column
of Table 3, is given by dividing Vdis(max) by Npe(max). From this value,
Npe(min), i.e. the lower limit of the dynamic range, can be determined by
the ratio with the minimum discriminator threshold.
The GPM values shown in Table 3 are all well within the working range of
the PMTs. At Gtot = 2.1 ⇥ 106 the dynamic range for Npe extends from 3
to 1000. At Gtot = 1.04 ⇥ 106 it ranges from 6 to 2000 photoelectrons. If
the noise level in SAND permitted it, VTH could be slightly lowered, further
reducing Npe(min). Also Npe(max) could be slightly increased by allowing
larger Vpreamp(max) at the price of slightly worsening the linearity of the
preamplifier response, set in KLOE at the level of 0.2% [? ]. Another viable
option would be the removal of the preamplifier from all 4880 PMT bases,
allowing larger Npe(max), not constrained anymore from the limit in equation
(9) (corresponding to Vpreamp(max) = 4.7 V). All this information will be
important as a guide for the final choice of the SAND readout electronics.
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Choice of the dynamic range in KLOE
The dynamic range in terms of Npe and the PMT gain GPM can be evaluated using the 
following constraints for the FEE after the PMT: 
• Minimum discriminator threshold VTH= 5 mV 
• Preamplifier linearity (within 0.2%) range = [0, 4.7] V => Vpreamp(max ) = 4.7 V
• preamp transimpedance gain G= 250 V/A  => Ipeak(max)=19 mA => max signal charge 

Q(max)=133 pC (triangle approx.); from Q = e Npe GPM => (Npe GPM)(max) = 83·107

• GTOT = GPM Gpreamp    with Gpreamp≃ 2.5
• 12m long cable attenuation: CATT = 0.74
• MAX single pulse amplitude at the discriminator/digitizer input is: 

Vdis(max) = Vpreamp(max) •  0.5  • CATT= 1.74 V
• signal ampl = Vdis(max)/Npe(max) 
• Npe(min)=VTH/(signal ampl)  => Npe(max)/Npe(min) = Vdis(max)/VTH

GPM Gtot Npe(max) signal Npe(min) MeV
(⇥105) (⇥106) amplitude VTH = 5 mV at module center

(mV/pe)
4.2 1.04 ⇠ 2000 0.87 ⇠ 6 6.0
5.5 1.38 ⇠ 1500 1.16 ⇠ 4 4.0
8.3 2.1 ⇠ 1000 1.74 ⇠ 3 3.0
10 2.5 ⇠ 800 2.18 ⇠ 2 2.0

Table 3: Maximum and minimum number of photoelectrons given by a calorimeter readout
cell as a function of the gain Gtot = GPM ⇥Gpreamp.

Regarding the lower limit of the dynamic range, i.e. the minimum number of
photoelectrons shown in the fifth column of Table 3, it must be emphasized
that this value is fixed by the minimum discriminator threshold of 5 mV.
The amplitude for a single photoelectron pulse at the discriminator input
can be evaluated by taking into account the cable attenuation Catt and the
voltage partition at the splitter input. The value of Catt for a cable 12 m
long is measured to be 74%, so the maximum signal amplitude allowed by
the preamplifier linearity range is:

Vdis(max) = Vpreamp(max)⇥ 1

2
⇥ Catt = 1.74 V (10)

The amplitude for a single photoelectron pulse, shown in the fourth column
of Table 3, is given by dividing Vdis(max) by Npe(max). From this value,
Npe(min), i.e. the lower limit of the dynamic range, can be determined by
the ratio with the minimum discriminator threshold.
The GPM values shown in Table 3 are all well within the working range of
the PMTs. At Gtot = 2.1 ⇥ 106 the dynamic range for Npe extends from 3
to 1000. At Gtot = 1.04 ⇥ 106 it ranges from 6 to 2000 photoelectrons. If
the noise level in SAND permitted it, VTH could be slightly lowered, further
reducing Npe(min). Also Npe(max) could be slightly increased by allowing
larger Vpreamp(max) at the price of slightly worsening the linearity of the
preamplifier response, set in KLOE at the level of 0.2% [? ]. Another viable
option would be the removal of the preamplifier from all 4880 PMT bases,
allowing larger Npe(max), not constrained anymore from the limit in equation
(9) (corresponding to Vpreamp(max) = 4.7 V). All this information will be
important as a guide for the final choice of the SAND readout electronics.
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Extending dynamic range in SAND
At oscilloscope:

preamplifier saturation  
well visible over 3.2 V

Preliminary considerations:
there is margin to increase the dynamic range by slightly releasing the stringent 
requirements for linearity in KLOE (e.g. from 0.2% to 1%) .
In fact, in the specific case of the above picture at the oscilloscope (negligible cable 
length CATT = 1) we expect linearity at 0.2% level for Vdis(max) = Vpreamp(max) •  0.5  
= 2.35 V
Assuming to increase Vpreamp(max) by 15% while keeping linearity at an acceptable 
level, e.g. 1% (feasible - see next slide), we get: Vpreamp(max ) = 5.4 V 
Vdis(max) = Vpreamp(max) •  0.5  = 2.7 V   => increase dynamic range

2.35 V
2.7 V
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Preamp linearity test (1) using pulse generator
Test set-up

Signal amplitude varied 
with calibrated attenuators
(pulse width ~ 30 ns)

Signal at a modified 
test input: preamp 
gain ~1
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Preamp linearity test (1): linear and saturation regimes

~1% linearity

preamp
saturation

Conclusion: the dynamic range of signals 
can be increased in SAND by accepting 
linearity at 1% level (instead of 0.2% as in 
KLOE)

~0.2% linearity
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Choice of the dynamic range
Assuming:
• to increase Vpreamp(max) by 15% =>  Vpreamp(max ) = 5.4 V  
      (linearity from 0.2% to 1%)
• (Npe GPM)(max) = 95·107

• Vdis(max) = Vpreamp(max) •  0.5  • CATT= 2.0 V
• to have a very low noise environment as in KLOE => lowering 

(halving) the minimum discriminator/digitizer threshold to VTH= 2.5 mV

GPM Gtot Npe(max) signal Npe(min) MeV
(⇥105) (⇥106) amplitude VTH = 2.5 mV at module center

(mV/pe)
4.8 1.2 ⇠ 2000 1.0 ⇠ 3 3.0
6.4 1.6 ⇠ 1500 1.3 ⇠ 2 2.0
9.5 2.4 ⇠ 1000 2.0 ⇠ 1 1.0

Table 5: Maximum and minimum number of photoelectrons given by a calorimeter readout
cell as a function of the gain Gtot = GPM ⇥Gpreamp.

The GPM values shown in Table 4 are all well within the working range of
the PMTs. At Gtot = 2.1 ⇥ 106 the dynamic range for Npe extends from 3
to 1000. At Gtot = 1.04 ⇥ 106 it ranges from 6 to 2000 photoelectrons. If
the noise level in SAND permitted it, VTH could be slightly lowered, further
reducing Npe(min). Also Npe(max) could be slightly increased by allowing
larger Vpreamp(max) at the price of slightly worsening the linearity of the
preamplifier response, set in KLOE at the level of 0.2% [? ]. Another viable
option would be the removal of the preamplifier from all 4880 PMT bases,
allowing larger Npe(max), not constrained anymore from the limit in equation
(9) (corresponding to Vpreamp(max) = 4.7 V). All this information will be
important as a guide for the final choice of the SAND readout electronics.

3.2. Measure PMT characteristics and readout electronics

The main focus of this section of the thesis is to test the functionality of
the PMTs and the bases. Specifically, the goal is to test twenty-five Hama-
matsu PMTs, classified as R5946-70 (the technical data sheet is provided in
appendix A), as a sample of 145 PMTs that have been purchased to serve
as spares during the DUNE and SAND running in the next decades. The
gain as a function of high voltage (HV), the determination of the coe�cient
� defined below and the relative quantum e�ciency (QE) have been mea-
sured. This testing was conducted without the preamplifier, although some
measurements with the preamplifier were also taken to mainly determine the
signal saturation level.
The PMTs used for the direct test have the following serial numbers:

WB0170 WB0199

WB0177 WB0200

22

• Different dynamic ranges can be implemented changing GPM => 
the final choice should be a compromise between an affordable level of
events with energy saturated cells, depending on Npe(max), and an acceptable 
neutron detection efficiency, depending on Npe(min).

(12m long cable attenuation: CATT = 0.74)
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Preamp linearity test (2) with PMT system test

no preamplifier

with preamplifier

PMT system test at LNF with 
- CAEN LED driver SP5601 (wavelength ∼ 400 nm) 
  with fine tunable LED intensity
- scint. fiber splitter
- two PMTs (for relative QE meas.)
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Preamp linearity test (2): results (i)
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HV=1700 V HV=1900 V HV=2100 V

no preamp PMT2
with preamp PMT2

REF PMT1

preamp recovery time from saturation
depends on input amplitude signal

fixed LED
intensity (full)

PMT2

Preamp linearity test (2): results (ii) => saturation
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Preamp linearity test (2): results (iii) => saturation

only only

• The time baseline is distorted during saturation. The recovery time from saturation to linear regime depends on 
the input signal amplitude.

• The input information is not fully lost during the saturation regime. The “over-linearity” of the integrated charge, or 
the signal width increase vs the input signal amplitude could be exploited to characterize signals beyond the 
preamp saturation regime.


