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Fundamentals
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Definition

SPECTROSCOPY

Spectroscopy is the study of the interaction between matter and radiation with the aim to get information about the energy distribution
of the source

RADIATION
Radiation: charged (o, B, light nuclei) or neutral particles (photons — X and y in our case — and neutrons)

—

Cernobyl Sol Sample

Cs137 - 661,7KeV

1 5137 XRays

Th232 - 238,6KeV
NORM
511KeV
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Energy Spectrum
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Detectors in a nutshell

High resolution spectroscopy

Semiconductors: HPGe, Silicon, CZT

Depending on the detector geometry and thickness,
energy range and resolution changes

CZT

Silicon

HPGe

Mid-resolution spectroscopy

Scintillators: Nal, Csl, LaBr3, CeBr3, ... /

Bigger crystal for higher detection efficiency Nal / Csl

Low-resolution spectroscopy

Scintillators: BGO, Plastic scintillators, ...

Typically used for counting or active shieldings (AntiCompton or Anticosmic Shield) BGO / Plastic
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Measurements and analysis - 1 Ned

A charge pulse is produced when a particle interacts with the detector. Amplitude and shape of this pulse
depends on the detector characteristics as well as the particle type.

Preamplifier: required in most cases to amplify the weak charge pulse generated by the detector. Low
noise, high sensitivity, typically installed very close to the detector.

* Charge Sensitive Preamps: optimized for energy resolution, slow output, changes shape

* Fast (current) preamplifier: mostly used for timing applications, fast output

Readout electronics: aims to acquire pulse characteristics such as Pulse Height (PHA), charge (QDC), Timing
(TDC), Shape, and, in some cases, full waveforms

DAQ
software Statistics

Detector J\ PHA, QDC Lists
TDC, Waves... To Disk Spectra
\ Waveform
samples
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Measurements and analysis - 2

Multiparametric analysis is the study of the interaction between matter and radiation in which different
information (energy, time, pulse shape, correlation, position) are used together.
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Involved detectors:
* same as traditional spectroscopy
e others (wire chambers, TPCs, GEMs, RPCs,...)
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Detector Readout Electronics
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Preamplifiers

Preamplifiers: WHY?

@® CAEN

Tools for Discovery

We need to extract the signal from the detector without degrading the signal-to-noise ratio and make
it suitable to be handled by other electronics placed, in principle, "far away" to the detector.

Preamplifiers are the first stage of the Front End electronics: they have to be placed as close as
possible to the detector.

There are several Preamplifier Types to be chosen according to the detector features (gain, timing,
dead time, etc.) and to the information we want to extract from the signals.

In most applications, we want to know Energy and/or Time of the interacting particles:

* Charge Sensitive Preamplifier

* Linear Amplifier

* Transimpedance Amplifier

*  Wideband Amplifier

* Parasitic-Capacitance Preamplifier
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Charge Sensitive Preamplifier

Some detectors (e.g. Scintillator+PMT, Ge, Si, PT,...) give Energy as the Area of output current pulses = Charge

a )

N e

POSITION or TRAJECTORY

PARTICLE TYPE

- /

The Charge Sensitive Preamplifier integrates the signal out coming from the detector and converts the charge into a
voltage amplitude

Ideally, CSP is just a simple capacitor C, but in order to avoid saturation, Cis put in parallel with a discharging resistor R
CSP output pulses have fast rise time (as the detector collection time) and long exponential tail with decay time t = RC

4 csP )

_m_
gl
DETECTOR v
\_ - J

The sensitivity (charge-voltage amplitude conversion) is set by capacitor: Vout = Qin/C
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Charge Sensitive Preamplifier

CSP is mainly characterized by:

Sensitivity Gain

Noise Resolution

Decay Time Maximum Rate (Pile-up)

Input Capacitance Detector (+cable) capacitance

N N N N
Y = O e Ny N\

) > |

) > |
= o [

) > |

) > |
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Shaping Amplifier

CSP decay time T >> detector signal width: pile-up of successive events can arise

metemr \
Ve 4

Charge Sensitive \I\I\

\Preamglifier /

Sharp CSP output peak: a peak-sensing ADC can introduce a conversion error

A Shaping Amplifier solves both issues:

Reshapes the CSP signal into a quasi-Gaussian pulse; width set by the shaping time (affects energy resolution)

Pulse height remains proportional to the energy deposited by the particle

4 N

DECAY TIME
RISE TIME

PREAMPLIFIER

y Y
K PEAK AMPLITUDE = ENERGY
SHAPING AMPLIFIER | ¥
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Multichannel Analyzer

* A Multichannel Analyzer (MCA) is used in order to perform the digitization of the peak value of the Shaping
Amplifier output signal

e Based on a peak sensing circuit: it recognizes the maximum amplitude of the input signal within a gate and holds
this value

* The MCA can internally generate the gate, using a Low Threshold Discriminator (external gate can be provided)

* An ADC performs the digitization of the peak value of the input signal. It needs a conversion time to complete the
operation.

* For each pulse, the MCA adds a count to one of the bins of an histogram according with the pulse height. The
histogram is then transferred to the user PC for the data analysis.

* Inorder to precisely know the dead time of the system (i.e. the time when the acquisition was “blind”) a live time
clock is also provided
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Wideband Amplifier

Whenever a fast detector is used (e.g. diamonds, fast PMTs, SiPMs...), if you do not want to loose timing capabilities, a
fast amplifier must be used.

In this case, a CSP is not the right choice!

An amplifier that does not modify the signals shape is requested:

0.35

Bandwidth =
anawt Rise Time

* Fast Linear Amplifier
*  Wideband Amplifier
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Charge to Digital Converter - QDC

In this case, it is possible to digitize directly the area of the pulses with no charge-to-amplitude conversion.

A Charge to Digital Converter (QDC) is a device often used for this purpose: it operates the current pulse integration
through a capacitor and the potential difference due to the stored charge is converted to a digital number by an ADC.

The QDC needs a logic signal, a Gate, that enables the charge integration: while the Gate is active, the QDC integrates
the input pulse. The Gate falling edge stops the charge integration and freezes the charge value.

After the digital conversion, the QDC needs to discharge the capacitor: a dead time is needed to complete the discharge

and make the QDC ready for a new conversion.

/ (Jate switch/

‘\\\

Input
current

o

Capacitor

Capacitor
dizcharge
switch

/
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Charge to Digital Converter - QDC

In some applications (most likely in beam experiments) the Gate is provided by the system that knows in advance when

the signals have to be integrated.

When this is not the case, Gate generation from the detector signals is needed: the input is split in two branches, one

sent to a discriminator to produce the logic gate.

A delay line (typically a long cable) on the other branch ensures the analog pulse arrives within the active Gate window.

Jrc-om \
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Charge to Digital Converter - QDC

A Constant Fraction Discriminator (CFD) eliminates the time walking

effect: unlike a fixed threshold, it triggers when the signal reaches a fixed 2 d&
t

fraction of its peak, making timing independent of amplitude.
Input Signal\

’ {~=— Delay
Attenuated Input

The CFD splits the input: one branch is attenuated, the other delayed and /
inverted. Their sum has a zero crossing independent of pulse height, "
triggering the discriminator output.

If the discriminator output is too narrow for the QDC Gate, a Gate B P
fv
Generator (monostable) produces a fixed-width output pulse to provide a o
proper Gate signal. Delayed and
Inverted Input
iy

Zero-Crossing Time

Constant-Fraction
| Signal
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Time Measurements

Another important information in physics measurements is Time: crucial to study the time behavior of the phenomena

under investigation

It is also necessary to establish event correlations especially whenever a multi-detector system is used, necessary to

associate the time information to the energy data

The timing resolution required in physics experiments can be as low as a few ps

4 N

, Achieving ps-level timing resolution is extremely demanding:

at 1 ps, even 0.3 mm of extra cable length introduces a measurable delay — mechanical precision matters
as much as electronics.

\ /
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Time to Amplitude Converter - TAC and Time to Digital Converter - TDC

The Time to Amplitude Converter is a device able to measure the time interval between two consecutive pulses usually
provided by CFD (because of the improved timing resolution of these devices): Start and Stop

It provides an analog output whose amplitude is proportional to the time interval

o

~

CONSTANT-CURRENT
SOURCE

OUTPUT
Stop—— BUFFER AMPLIFIER e e AMPLIFIER
N J v GATE |\ i
. = T _ T Output
ly ! AN ["7 T ©) (onca)
Start —— J_ CONVERTER
I CAPACITOR

The output is then sent to a MCA to digitize the amplitude value

The Time to Digital Converters can provide a digital representation of time intervals between pulses with digital
counters

Two main families of TDC are commonly used, according to the needs:
* Start — Stop: it measures the time interval between two consecutive pulses

* Multi-hit: the time of arrival of different pulses within a gate is measured latching a clock counter every time a hit is observed (time
stamping)
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The Spectroscopy Chain

* CSP integrates the detector signals - it converts the charge into

voltage amplitude. The charge information (energy) is here

represented by the Pulse Height. jaf—,
* A Spectroscopy Amplifier follows the CSP. Its role is to further | : 7 A ] @
> 8 [

LOGIC POSITION,
UNIT IDENTIF.

Sy
TIMING

COUNTING

EHAPING A
AMPLIFIER Lr

Fast Out

DISCRIMINATOR

amplify the signal, reduce the width of the CSP signals and make
it suitable for a Multichannel Analyzer (MCA).
* The MCA detects the peaks of the input pulses, digitizes these

SHAPING TIME, ol e
GAIN THRESHOLDS

values and builds a histogram (Energy Spectrum) of the heights:

Pulse Height Analysis. / \
[ TmE_] [ Q=ENERGY |

L _ . DETECTOR y
* To preserve the timing information, the rising edge can be

treated by a fast (or timing) amplifier that usually feeds a chain mepe | [
— —
. .. | T
made out of a discriminator, a TDC and/or a scaler for the ' T
PREAMPLIFIER e
timing/counting acquisition. T T
o SHAPING AMPLIFIER / .y

Further modules can make coincidences, generate triggers or

rl

fl

|
FAST AMPLIFIER J L
Q( ZERQ CROSSING

give information about the pulse shape for particle

identification. CED

Y ) P This Shelay ?oesn% \I:Iep:nd
\\ CFD OUTPUT — on the pulse amplitude
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The QDC Chain

* Unlike the CSP, the Current Sensitive Preamplifier is a
linear fast amplifier that doesn’t change the shape of the
signal. Its output is normally a very short pulse (some tens
of ns or even less)

* Sometimes the preamplifier is not even necessary, like in
the case of some PMT-based detectors.

* The QDC is a pure charge integrator. It requires a gate
signal that defines an integrating window.
In some applications (e.g. beam experiments) the gate is
provided by the system

* Inother cases, it is necessary to generate the gate from the
detector signals; to do that, you need to split the signals,
send one branch to the discriminators and use a
coincidence logic. It is also necessary to add a delay line
(typically a long cable) on the signal path to the QDC input
in order to match the pulses with the gate (which arrives
with some latency respect to the analog pulses that
produced it).
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Traditional Spectroscopic/Multiparametric Analog Chain

Many analog A/D conversion
modules and cables at end of chain

Detector

Peak
Sensing i Energy Spectrum

Timing
Filter

MCS/Rates

TAC/TOF
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The Digital Approach: All in one

early A/D conversion ( v
rren 5) 5D

Detector p 7 . %

N “

>

streaming
01100101

PHA Energy
Spectrum

QDC (MCA)

Fast/Slow

| Gate, Veto and
L, Coincidences

Desktop Digitizer |
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S 20 Counts MCS/ICR

Time

TAC/TOF

Software
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Digitizers vs Oscilloscopes

The principle of operation of a waveform digitizer is the same as the digital oscilloscope: when the trigger
occurs, a certain number of samples (acquisition window) is saved into one memory buffer

EVENT DATA ‘\\\\\

S1
82
S3
54
S5
S6
S7

Acquisition Window

Threshold

T _ Trigger

=] @: - -
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® e 5:d S
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Digitizers vs Oscilloscopes

There are important differences:
* no dead-time between triggers (Multi Event Memory)

* multi-board synchronization for system scalability /m \
* high bandwidth data readout links 01
* on-line data processing (FPGA or DSP) il

/ Leading Edge

% . )
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0 : - |l ' o . I
EVENT DATA ] 500 1000 1500 2000 2500 3000
energy [keV]
m

BASELINE

S2

S3 %
Y 2 &L
0.4
SAMPLES | suMm || CHARGE

[ TRAPEZ |- HEIGHT

INPUT

\| MEAN || BASELINE | 0.3
TIMING . J4 Threshold .
. 0.25
FILTER bgﬂ ZCROSS || TIME STAMP | ‘
\ Trigger / i
0.

P T T T NI I T A A B
05 1 15 2 25 3 35 4
K Energy(Mey

@® CAEN

Tools for Discovery Reproduction, transfer, distribution of part or all of the contents in this document in any form without prior written permission of CAEN S.p.A. is prohibited CAEN Summer School 2026~ 25




The Digital Approach: Digital Acquisition Chain

ANALOG DIGITAL

Ext or Self
Trigger

100M - 1GB/s 10-100 MB/s

[
samples Waveform waveforms
01100101 s1, s2,
Recorder
\ 4
Oscilloscope
Mode

100k-1MB/s

1kB/s

events

T,E,S
Processor
-w
Multi-Parametric
List Mode

Monitoring
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Trigger scenarios

Vs

-

1 Common Trigger
OSCILLOSCOPE MODE - Waveform acquisition

All channels receive the common trigger and save a set number of
samples around it in a local memory buffer.

Vs

\\

3 Global Trigger from DPP
INTERMEDIATE - Waveforms on validation
DPP algorithms identify pulses and generate triggers (coincidences,

multiplicities...) to open a common acquisition window, saving
waveforms on all channels simultaneously.

[

2 Self Trigger / Trigger-less
DPP MODE - List acquisition
Each channel self-triggers independently. Only characteristic

parameters (pulse height, charge, time stamp) are needed — FPGA
algorithms extract them from the pulse.

Vs
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4 Validated List Mode
INTERMEDIATE - List + common gate
List-mode DPP with independent self-triggers plus a common

validation signal — list data saved only within a defined time interval.
Enables coincidence, veto logic, etc.
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Pulse Processing Algorithms
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DPP-PHA

Pulse Height Analysis

CAEN

Tools for Discovery

Reproduction, transfer, distribution of part or all of the contents in this document in any form without prior written permission of CAEN S.p.A. is prohibited CAEN Summer School 2026



The DPP-PHA

DETECTOR CAEN DIGITIZERS

Typical DPP-PHA signal
Rise time = 100 ns
Decay time = ps to tens of ps

s i
R
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L o 9,
— ¢ Shrss
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Silicon detectors

A

Scmtlllator + PMT

x780 / x781
14 bit - 100 MS/s - Dual/Quad MCA

——r— ;11:;;@5

XXX

Hexagon V1782
16 bit - 100 MS/s - Single/Dual MCA 16 bit - 100 MS/s - Octal MCA
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Analog spectroscopy chain

N14xx HV

AA
a

. . . N968 N957
Radioactive ; Ge / Si A1422 : :
source detector C.S. preamplifier - Shaping "P| Peak-sensing (wmp
amplifier ADC
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The DPP-PHA Algorithms and Block Diagram
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DPP-QDC/PSD

Charge Integration and Pulse Shape Discrimination
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The DPP-PSD

DETECTORS CAEN DIGITIZERS

B
i

Nal / LaBr3/ CeBr3

Typical signal for DPP-PSD
Rise time = few ns
Decay time = few ns to few ps

e ot
Plastic scintillator

Liquid Scintillator

‘ x725 / x730 x751

Diamond detectors 14 bit - 250/500 MS/s 10/14 bit - 1 GS/s
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Analog QDC Chain

N1470 v
i High | N108A |
= Voltage Delay
& : A315 ;J
= Splitter
o s N93B
Dual Timer
PMT
..‘ =0
-
Scintillator ”
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The DPP-PSD/QDC Algorithm and Block Diagram
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Timing Analysis
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Conventional TDCs vs Digitizers

Conventional TDCs Waveform Digitizers

Can't match TDCs on density & cost — but they win

V1190 when:

128 channels - 100 ps - Multi-Hit TDC

» Excellent timing resolution (< 100 ps)
V1290 the conventional CFD+TDC chain shows its limits
32 channels - 25 ps - Multi-Hit TDC

> Simultaneous Timing + Energy

V775 multi-parametric analysis — T and E on a single board

32 channels - 35 ps - Start-Stop TDC

» Bursts of very close pulses
the digitizer operates without dead time
External CFD required!

> Direct detector-to-digitizer connection
no discriminators: fewer cables, less distortion, less cost
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Algorithms for the Time Measurements
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Advanced Zero Suppression

DPP-ZLE and DPP-DAW
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The Zero Suppression Algorithms

* Many applications: necessary to acquire the “raw waveform” of signals from detectors.

* Synthetic parameters (height, charge, time stamp) are not sufficient to retrieve the required

information.
Advantages Drawback
* Raw waveform preserves the complete signal * Very high volume of data, typically not sustainable
information — dead-time and data loss
* Possible in offline analysis to extract the desired
parameters
( )
Waveform processing algorithms: focused on identifying regions of interest, allowing for the suppression of
unnecessary data.
\_ J/
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Advanced Zero Suppression - 1: ZLE firmware

r

The problem

* Scope firmware (raw waveform
readout) produces huge data volumes

ZLE firmware

* Suppresses the empty channels.
* Trims fired channels to keep only the

e

Trade-off

* Pulses across the trigger window are
cut = possible loss of regions of

— reduction is often mandatory. significant parts. interest.
* Triggered acquisition: channels fire at * Each chunk is time-stamped within

different times, leaving long empty the window.

baseline.

T1 T1

J
T2
CH-A J\ JL,L A
CH-C C ;q
SCOPE FW
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Advanced Zero Suppression - 2: DAW firmware

r

The problem

* Triggerless acquisition: no common
window — each channel is self-
triggered.

e Pulse width varies or pile-up = the
acquisition window must adapt
dynamically.

T1 73 T4

CH-A //\ A

DAW firmware

e Channels run independently: a fired
channel saves a waveform sized to fit
the pulse, with its time stamp.

* No pulse cutting.

N

T2

CH-B J\

CH-C

SELF-TRIGGERED WINDOWS
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SW reconstruction

* Event building in software restores the
correct position of each chunk using
the time stamps.

SW RECONSTRUCTION

CAEN Summer School 2026
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DPP-ZLE and DPP-DAW comparison

( ) 4 )
DPP-DAW DPP-ZLE
Advantages Advantages
Dead-time free, no data loss (except at very high Global trigger enables a much lower suppression
data throughput). threshold than the trigger threshold.
Limitations Limitations
* Less suitable for sparsely correlated events across * Data loss in the case of cut-off events.
different channels.
* Very small pulses below the trigger threshold may
be lost.
\_ J \_ J
@® CAEN
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Digital vs Analog

PROs and CONs
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Digital vs Analog: PROs and CONs

Flexibility
O
o

A waveform digitizer is a general-
purpose instrument, reconfigured in
firmware for different measurements. An
analog chain is hard-wired and must be
rebuilt to change setup.

-

- Multi-parametric

From a single acquisition it extracts
many parameters at once — amplitude,
charge, timing, pulse shape. An analog
setup needs a dedicated board for each
quantity.

-

@ Dead-time

The Flash ADC samples continuously
with no conversion dead-time, so it
sustains higher trigger rates — unless
the full waveform must be read out for
every event.

EN Trigger Logic

e

Coincidence, anti-coincidence and
multiplicity are handled inside the DPP
firmware — no external units or cabling.
Events are timestamped for offline
correlation.

Complexity

£

Many configurable parameters mean a
richer interface and a steeper learning
curve. Once tuned, a setup is easy to
save, replicate and maintain.

[

@‘ Cost

Digitizers are cheaper than analog chains
for slow signals, but get expensive at
very high sampling rates (=1 GS/s),
where fast analog electronics still
competes.
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Switched Capacitor Array Digitizers
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Switched Capacitor Array Digitizer

Switched capacitor arrays can read very fast signals at low cost.

TRIGGER o

ANALOG INPUT

g
SRAM 32+2ch-5GS/s - 12 bit - 1024 pts - VME

_L .
N 12 bit FPGA |e«—» LOCALBUS X743
- ADC [~ 16 ch - 3.2 GS/s - 12 bit - 1024 pts - VME

bypass

Two drawbacks
High dead-time - small, fixed acquisition window

@® CAEN
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CAEN First Generation Digitizers
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Digitizer 1.0: 15 years of success, still on the road

# channels #bit HV PHA PSD CFD

V1730 / DT5730 16/8 500 14 - \'A ' \'i \'} ' Waveform recorder + Pulse Processor
V1725 / DT5725 16/8 250 14 - \' \' \' v v Waveform recorder + Pulse Processor
V1751 / DT5751 8/4 1000 10 - \' ' \' \' Waveform recorder + Pulse Processor
V1724 / DT5724 8/4 100 14 - \' \' Waveform recorder + Pulse Processor
V1720 / DT5720 8/4 250 12 - \' v \'/ Waveform recorder + Pulse Processor
V1740 / DT5740 64 /32 62.5 12 - \/ ' Waveform recorder + Pulse Processor
V1742 / DT5742 32/16 5000 () 12 - v Waveform recorder (SCA)

V1743 / DT5743 16/8 3200 (1) 12 - v Waveform recorder (SCA)

DT5780 2 100 14 2 \' \' MCA (no histo memory, List readout)
DT5781 4 100 14 - \' \' MCA (no histo memory, List readout)
DT5790 2 250 12 2 Vv ) \) Pulse Processor

(1) switched capacitor array: fast sampling, slower A/D conversion (=> dead time)

@® CAEN
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CAEN Second Generation Digitizers
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Digitizer 2.0: what’s new

Scalability & sync: easier to expand across
H More channels for denser systems N y &5y P

boards
Variable gain amplifier to adapt the input Embedded Linux (ARM): Virtual Machine
(A 4 : [l
ynamic range for user access
D> Faster links: up to 10 Gbps communication . OpenFPGA + §C|Compller: design custom
pulse processing
@ More on-board memory: MB - GB for |!.E| New Library & SDK: with demos for easy
longer recording integration

=T

Y2740 _6deh 16mit 125mae

S
a b'!""'_;, G

<
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27XX — one platform, three models

COMMON PLATFORM — shared by all models

DC OFFSET READOUT
Adjustable over full dynamic 1/10GbE - USB3.1 -
range Link

“ 2740 / 2745 2730 2751

Channels
Sampling rate
Resolution

Inputs
Dynamic range

Mem buffer
Firmware extra
ENOB (typ.)

RMS noise

Best for

@® CAEN

Tools for Discovery

125 MS/s
16 bit

SE / Diff, 2 mm header

V2740: 2 Vpp fixed; V2745: 40 mV+4
Vpp (x1-x100, 0.5 dB)

21 MS/ch
+ PHA, ZLE; DAW planned
11.7

3.9 LSB (~120 pv)

High-density spectroscopy (Si, HPGe),
SiPM matrices

Reproduction, transfer, distribution of part or all of the contents in this document in any form without prior written permission of CAEN S.p.A. is prohibited CAEN Summer School 2026

WAVEFORM
Optical Max length ~84 ms

32/16
500 MS/s
14 bit

SE, MCX
200 mV+4 Vpp (x1-x20, 1 dB)

84 MS/ch
+ PHA; DAW, ZLE planned
10.5

2.8 LSB (~340 uv)

PSD, high timing resolution, fast
detectors

OPEN FPGA SOFTWARE
SciCompiler + FDK - base FW: WaveDump2, Compass, Libs,
Scope /QDC/PSD / CFD Demos (Windows & Linux)

1 GS/s
14 bit

SE, MCX

o} " OIOIOo}

200 mV+2 Vpp (x1,2,4,8,10)

84 MS/ch
DAW, ZLE planned

TBD

TBD

Ultra-fast detectors, PSD,
timing
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What's coming

Low cost, low channel-density desktop line

Mo = R
[j ® & & 3
Wt @;@ -0~

- 1»4'/// @

- @_._..Ol_@—@": vbetty © e @:@_@—@ﬁ: S

s our

o

DTL2730 DTL2751 DTL2745
Channels 8 Channels 4 Channels 8
Sampling 500 MS/s Sampling 1 GS/s Sampling 125 MS/s
Resolution 14 bit Resolution 14 bit Resolution 16 bit

WHY IT MATTERS

Same architecture &
] 5

@IE] Desktop form factor e performance as the VME
boards (fewer channels)

Full compatibility with existing
FW & SW

@® CAEN
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The Digitizer architecture

5GB DDR4 DDR4 | 1GB
-
ZYNQ SOFTWARE:
UltraSCALE+ . .
Libraries
ﬁ:PGA 34 GB/s 10 Gb ETH UDP Open Source Demo
WaveDump?2
Compass

Acquisition Embedded USB 3.1, 1 ETH TCP-IP

Logic e (o)

| ! =

Trigger Virtual USB 3.1, 1 Gb ETH

& Sync Machine e
Logic

DDR4 @ 1GB

ﬁ

\_

DIGITAL I/0s <€

@® CAEN
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Readout interfaces

1 Gbps copper
® 1 Gb Ethernet TCP-IP: Bandwidth = ~100 MB/s (10 Gbps on request)
® USB 3.0: Bandwidth = ~280 MB/s
Exchangeable SFP+
® 10 Gb Ethernet UDP (bypass CPU) = up to 1100 MB/s P
~
® VME: legacy from the past... being dismissed (only used for power
supply) f
1/10 Gbps optic
Readout bandwidth (MB/s)
10 GbE UDP 1100 USB 3.0
Type C
USB 3.0 280
1 GbE TCP-IP 100
0 200 400 600 800 1000 1200 No Backplane Protocols
@® CAEN
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Digitizers Synchronization

"

i

@0

-
H

(<)

£
3

3
O
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Synchronization of a
CAEN Digitizer
multiboard system

Clock and Sync
distributed over a
single cable —

Alternatively over the
VME backplane user-
defined pins

Synchronization with
external systems

aa Work in progress

Additional LVDS 1/Os for
trigger sharing, busy,

veto and global
timestamp

WR SWITCH

%

Ethernet WR Rey

TO

Ext.
system
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Open FPGA: block diagram

Open
Locked

( WAVES {} N\ - \\ CAENFEIlib for Data

JESD Waveform OUTPUT Memory Readout and
Ej‘> Interface |:> Processor PARAMS FIFOs |:> Interface |:> Register R/W

5GB, DDR4

. Control & l

@ TTRIGGER Readout
e ) Interface
—

Trigger |__,

: DIGITAL 1/Os User
Logic - SW 1 .
\. 7 w
Registers | > \\
\ ) Linux Virtual
@GA / Machine running
on ARM CPU

for Custom SW

@® CAEN
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Open FPGA: what you can or can't do

YOU CAN YOU CANNOT

4 Implement custom Pulse Processing algorithms X Modify the infrastructure for the data

v : ; transfer
Implement custom trigger logic

v X Modify the readout protocol and interface
Implement user defined R/W registers

v X Direct access to the DDR memories
Receive and transmit signals from/to the digital I/Os

X Modify clock, power and other sensitive parts
v Manage acquisition, either triggered (simultaneous on all channels) or streaming
of the digitizer
(independent self-triggering channels)

v Acquire waveforms (raw or processed by custom algorithms) and/or synthetic meta-

data (Energy, Time, PSD...)

v Push custom data into output FIFOs; the infrastructure will transfer data to the PC via

USB or Ethernet

@® CAEN

Tools for Discovery

72

Reproduction, transfer, distribution of part or all of the contents in this document in any form without prior written permission of CAEN S.p.A. is prohibited CAEN Summer School 2026



ASICs based DAQ
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Why ASICs

Application Specific Integrated Circuit

Many Channels No power plug Dedicated
Measurements

. Lz?rge Experlments . Astrophysms . Little data flow, but

* High granularity Experiments . .

* High integration * Space Applications reduced information
no waveform
reconstruction

ASIC is low cost per ASIC is low power thus | ASICis dedicated. Users
channel when n. of less cooling and power know what they
channels gets very large lines measure
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Just an introduction

ASICs: research groups and spin-offs develop ASICs — and often the boards that house them — to read out multi-detector
systems in NP and HEP.

Adaptation needed: the same ASICs are attractive for other uses, but the electronics and software must be redesigned each
time.

FERS (Front End Readout System): versatile modules that integrate ASICs with full hardware and software support — usable
both as an evaluation board and a highly scalable solution.

Synergies @ CAEN

Tools for Discovery
weeroc m Nuclear
Inst t
ENALU SCIENTIFIC nstruments
*  Off-the-shelf front-end ASICs for scientific . Readout electronics for NP and HEP

instrumentation

* Readout of SiPMs, Si strips, GEMs, PIN diodes,
microMegas, MA-PMTs

* Custom HEP solutions with rad-hard design

*  Power supply systems

@® CAEN
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ASICs selection from Weeroc

BT

ARRATS Ma-RAT

Liroc
Optimized for S50

Numnber of channels : £4

Temporoc

Optimized for 5
Number of channels - 64
Outputs

Digital cutper {dusl ADC anc dual TOC per

fime migger cutpur

C trigger OR outputa (64 charrels 2

levels)

Input Polartty : Peaitive

Triroc 1A
Optimized for S50

Number of channels : 64

Type of mensurement - FET resdon Sef-

Trigge, output charge and time in digesl

Outpets

Input Polarity : Foarie, Negase
SEEF

Poproc

Optimized for 2

Number of channaiz: 54

&4 giffererial

Citiroc 1A

Optimized for SE01

Imput Polarity

Main nerformances - Eneoy meazuement

@® CAEN
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Seff riggerd, Charge

Petiroc 2A

Optimized for &
Number of channels: 32

Type of measurement : Se¥ wiggered Charge

ime

Radioroc 2
Optimized for SF41
Number of channels : &4
Outpets -

Zcutpuss per channel ether

Catiroc 1

Dptimized for FLT

Mumbsr of cheannels - 6

Type of measursment : 2 riggened Charze
Time
Durtpurts -

- Té frigger ey

-7t shaper cutpe
~Ter o he 16 Trigger outps

-1 aealized digial dasm outpes

Maim performances : Sragy messuement
Time staming, Full syssemecr-chis, Mo desd
sime

E PROCLICT

Maroc 34

Optirmized for Wa-7

Mumber of channals - £4

Tipe of messurement

imtegrmion, Prenon coun
Outpets:

- Bd migger cutputs

- 0R.of the 64 riggera for each ofthe 2
discriminators

-1 mudsiplesed aralog chamge output

-1 digial change mescuemant (5,10, o 12
bite)

Ingput Polastty - Nagstie

Main perfarmances - Enengy mesg.mmant,

Psiroc

Optmized for

Mumber of channels : 54

Outputs:
- 2ouspute per channel, either :

|vapart Pobaatty - Poaiis

SEE PR

Skiroc 24
Packnges : 354 200 Tl Trem

Dptimized for I

Humbser of chennels - £
Dutputs -

Tmulfiplesed analog chame cutpus fhat

Mubiglemd trigger cuspar

Input Palartty : Pesitive

E PROCLCT

Mumber of channais : §4

Outpats :

2 encoded dsfa ouipirts perchanned

atresrmed out in aerial

pleied charge cutput
ed trigger cusputs or 3 frigger

ORef the B4 channda

|eaput Polaatty - Hegstive
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Multiparametric Acquisition

Application Examples
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Multiparametric DAQ Applications

(Some) Experiments Qﬁ Medicine & Radiopharmacy

* Gamma-ray spectroscopy of fission fragment nuclei with Clover *  Gamma Camera and nuclear medicine imaging
detectors * Very Low Background Whole Body Counting System

¢ Dark Matter - TDCR

* Neutrino experiment
*  Photonuclear reactions

* Neutron capture

Safeguards O Waste Assay Measurements
O
* Nuclear Fuel Verification (Fast Neutron Coincidence Collar *  Low and intermediate radioactive waste characterization
System)

*  Combined Gamma and Neutron measurements for SNM
detection

* Tagged neutron inspection systems

* Tap water monitoring system

@® CAEN
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Multiparametric DAQ Applications: Experiments

Xmass — Kamioka, Japan
Dark Matter - 672 channels = 84 V1751s (1 GS/s, 10 bit) with custom FW (ZLE)

DEAP-3600 — Snolab, Canada
Dark Matter - 255 PMTs = 32 V1720s (250 MS/s, 12 bit) + 5 V1740 (62.5 MS/s, 12 bit) - Tot. 576 readout channels

XENONI1T — LNGS, Italy
Dark Matter - 248 PMTs = 32 V1724s (100 MS/s, 14 bit) - Trigger-less DAQ with custom FW (DAW)

@® CAEN

Tools for Discovery Reproduction, transfer, distribution of part or all of the contents in this document in any form without prior written permission of CAEN S.p.A. is prohibited CAEN Summer School 2026 79




Multiparametric DAQ Applications: Experiments

Mini Clean — Snolab, Canada

Dark Matter - 150 kg fiducial volume of liquid argon or 85 kg of liquid neon -
92 sensitive photodetectors - 8 V1720 (12 bit, 250 MS/s) with Waveform
Recording firmware

@® CAEN
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Multiparametric DAQ Applications: Experiments

Double-Chooz — Chooz Power Plant, France
Neutrino oscillation - 368 PMTs = 46 V1721s (500 MS/s, 8 bit)

K Prospect — Yale/ORNL, USA
———{ : Oscillation signature of sterile neutrinos - 360 °Li doped liquid scintillator + PMTs = 22 x V1725s (250 MS/s, 14 bit) with

» 1 i Beam Stop
/ A ZLE

Concrete
blocks for
support
and
shielding

Exill — ILL, France
Lifetimes of low-lying excited states - HPGe => 10 V1724s (100 MS/s, 14 bit + PHA) + LaBrs =>V1751s (1 GS/s, 10 bit)
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Multiparametric DAQ Applications: Experiments

Dance — Los Alamos, USA
Neutron capture - 162 segments (4 1t BaF; crystals) = 12 V1730s (500 MS/s, 14 bit) with DPP-PSD

Eliade — ELI-NP, Romania

Photonuclear reactions at Extreme Light Infrastructure - Clover: 36 V1725 (250 MS/s, 14 bit + PHA) + LaBrs: 2 V1730
(500 MS/s, 14 bit + QDC-PSD)

Durga — Dhruva reactor @ BARC, India

Gamma-ray spectroscopy of fission fragment nuclei - 8 Clover detectors with ACS + 16 LaBrs =>4 V1724s (100 MS/s, 14
bit, PHA) + 1 V1720 (250 MS/s, 12 bit) + 1 V1730 (500 MS/s, 14 bit, QDC-PSD)

@® CAEN
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Multiparametric DAQ Applications: Medicine and radiopharmacy production Q&

Source
SPECT — Liverpool University, UK ’/‘[:\\\
Single Photon Emission Computed Tomography - Localization l\ J ) N
of a gamma-ray source via reconstruction of interaction " g\‘

A @_‘f\~~\

sequences in position/energy-sensitive strip detectors - 4
V1724s + PHA

Scatter Detector Analyser Detector

|
- G‘@(‘(‘(‘LF(‘(P((ff
| Boemee

@_‘G‘(;"C-“w(*‘(\((((;‘((I'rv
@@ Ce6666GEEE |
WBC — JRC, ltaly .
Whole Body Counter, measurement in very low background -
Gamma spectroscopy with multi-input 16 k MCA and
anticoincidence with plastic cosmic veto - 2 V1725s + PHA
and PSD

Signals
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Multiparametric DAQ Applications: Medicine and radiopharmacy production Q&

TDCR — ENEA, Italy

Evaluation of a radiosource activity via the Triple-to-Double Coincidence Ratio
Replaces the traditional analog chain (MAC3 module) to read out and process 3 scintillators
— DT5720/DT5725/DT5730/DT5751 + DPP-PSD firmware and dedicated TDCR analysis software

1

CHANNEL A \(

Vv
112 34
CHANNELB —
NV vy

=

67

jf\f

o — )
= =q
== =9

3

DPP
FW
TRIPLE COINCIDECES

LISTA LISTB LISTC DAQ SW Qzn Qan Qsn

T1A | Qia | 1> TiB« Q1B Tic | Qic
T2A<—Q2A Tos | Qes || Tec | Qec q QB Qss Qss
T3A | QsA TsB | Q3B Tsc | Qac Qzc Qac Qsc

Tan | Qua Tag | Que | Tac | Quc
Tsaw| QA 1> TsB< QB | [, Tsc | Qsc
Tea | Qea | | Te | Qeaf{’| Tec | Qec
Ta | QA | T | Q| [ Trc| Qic

‘<A
[9)]
[}
~

CHANNEL C *\’If

BC

DOUBLE COINCIDECES

2
8

g
2>

Tea,| Qsa | [* Tees| QsB SINGLE COINCIDECES
S [Qrc ]
- Qaa Qss Qsc S o
a 3 5 L
| QGA | Q“B ‘ Qec ‘ 1200 1400 1600 1800 2000 2200
7A 6B 7C Charge (pC)

Qrs
Qo
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Multiparametric DAQ Applications: Safeguards and Security

Fast Neutron Collar — IAEA, Austria

Non-destructive assay of NPP Fresh Fuel Rods - 4 V1730s (500
MS/s, 14 bit) with fast waveform readout (300 MB/s) and PSD

Statistical uncertainty on 23°U enrichment < 1% in 15 min
acquisition - System immune to Gd mass variation

C-BORD _ ROtterdam’ Netherlands — N Tbagged ne:ttron Suspicious item Polyethylene

eutron en\era or eam aperture 3 -
Relocatable Tagged Neutron Inspection System - movable detection of p Seam- g
illicit material via TOF (alpha-gamma) and energy correlation \ T e

+ lead shield
- Nal:Tl
detectors ‘ .
Polyethylene [CH,] A \ T
(Neutron shield) LaBry:Ce Lead Neutron generator

detectors ~ (Gamma detector shield) + polyethylene shield 4
Container
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Multiparametric DAQ Applications: Safeguards and Security

EDEN — ENEA, Italy

Uncovers radioactive and nuclear threats, incl. IEDs (“dirty bombs”), via Neutron Active Interrogation (NAI) and
Differential Die-Away Time Analysis - He3 tubes + V1495 with custom coincidence & counting FW

Tap Water Monitoring (Water-NET) — Warsaw, Poland

Mitigates radiological threats such as:

* Emergencies at nuclear facilities

*  Transport accidents involving radioactive shipments

* Loss, theft or discovery of radioactive material (orphan sources)
* Terrorist attacks using radioactive materials (e.g. a “dirty bomb”)
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27xx Use Cases: Numen (SSD) & Dark Side (TPC)

A372F
Cable Adapter

Numen — INFN-LNS, Italy

- SSD Detector = A1429 (64-ch charge-sensitive
‘w preamp) - A372F cable adapter - VX2745 (64 ch,
125 MS/s, 16 bit) > DPP-PHA - list-mode streaming
readout

A1429
SSD 64 ch Charge Sensitive Preamplifier

SiPM top tile

pu—
“
o N
G -
-3
ic \
.
o]

Electric field

Dark Side — INFN-LNGS, Italy

t WAVEFORM , Dual-phase Time Projection Chamber with large-area SiPM arrays
(Photo Detection Units, PDUs) - from V1720s (R&D) to VX2745 with
Waveform Recording firmware

AN

M
_n
o \//
e
'./
[ L8

v

SiPM bottom tile

Dual Phase TPC
(SiPM based)
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27xx Use Cases: SREFT (LANL) & Tristan (Katrin-KIT)

GEM-based TPC

SDD detector

@® CAEN
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A372M

Cable Adapter VX2745

DPP SREFT (spatially Resolved Fission Tracker) — LANL, USA
- GEM-based TPC - A372M cable adapter - VX2745 (64 ch, 125 MS/s, 16 bit)

- DPP-PHA - list-mode streaming readout

A372F
Cable Adapter

Tristan — Katrin (KIT), Germany

SDD Detector - A372F cable adapter > VX2745 (64 ch, 125 MS/s, 16 bit)
- DPP-PHA - list-mode streaming readout
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27xx Use Cases: Solaris (FRIB) & PI3SO (INFN-Energy)

VX2745

- Solaris — FRIB, MSU — USA
Solaris spectrometer - VX2745 (64 ch, 125 MS/s, 16 bit) > DPP-PHA - list-mode

streaming readout

Solaris spectrometer

PI13SO - INFN-Energy project, Italy

Proximity Imaging System for Sort & Segregate Operations — classification,
conditioning and characterization of low- and intermediate-level radioactive
waste.

128 Csl(TI) + SiPM gamma-ray detectors - A372F - DT2745 (64 ch, 125 MS/s,
128 CsI(Tl) + SiPM detectors 16 bit) > DPP-PSD
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27xx Use Cases: Venus (VECC - India) & Livermorium (Z=116) Production (LBNL - USA) Q]

A372M VX2745 x 2
Cable Adapter N

DPP
\PHA/| Venus - VECC, India

* 12 Clovers, 12 BGO, 4 LEPS, 2 seg. Clovers, 2 BGO -
A372M - VX2745 - DPP-PHA

* 16 fast scintillators - VX2730 - DPP-PSD
*  Custom CoMPASS version

VX2730

VENUS Setup

VX2740
64 ch, 125 MS/s
16 bit Digitizer

SHREC - LBNL, USA

* SuperHeavy RECoil detector: three side-by-side double-sided silicon-
strip detectors (DSSDs) by Lund University

* 64 ch DSSD readout > VX2740 - DPP-PHA + CoMPASS
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CAEN Q]

Thank you for your attention!

Reach us at educational@caen.it
Visit www.edu.caen.it
www.caen.it
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