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ARTICLE INFO ABSTRACT

Keywords: INDRA is a 4r charged particle detection array in use since 1993 for the study of nuclear collisions at
Heavy-ion collisions bombarding energies from a few 10s to a few 100s of MeV/nucleon. Originally equipped with custom
Charged particle detection and identification electronics using the VXI standard, the entire acquisition system was recently upgraded to a fully digital

Digital electronics

= system using commercially-available modules supplied by mesytec GmbH & Co. KG. At the same time, both
Acquisition system

low and high voltage supplies and all cabling and signal routing outside of the reaction chamber have also been
replaced. The new electronics were used for the first time in 2022 in an experiment at GANIL coupling INDRA
with 12 blocks of FAZIA telescopes placed at forward angles. The full details of the upgraded system, and the
resulting improvements in performance, stability, dead time and identification capabilities are presented in
this article.

1. Introduction The INDRA detector [1] was specifically designed to investigate the
dynamics of N-body open quantum systems [2], the equation of state

Heavy-ion collisions provide a powerful tool for compressing and (EOS) of nuclear matter [3], clusterization and multifragmentation
heating nuclear matter, offering unique insights into its behaviour un- phenomena, and the thermodynamic properties of finite systems [4].
der extreme conditions. The reaction dynamics are primarily influenced INDRA (the initials are from the French “Identification de Noyaux et
by the mass, charge, and energy of both the projectile and target. Détection avec Résolutions Accrues”, or “Identification of Nuclei and
Comprehensive studies in this field require a wide range of projectile— Detection with Enhanced Resolutions” — INDER — in English) was
target combinations and incident energies, spanning from a few MeV to built at the beginning of the 1990s as one of the second generation 4z
100 MeV per nucleon. The large number and variety of nuclear species detection arrays for charged particles, with characteristics optimized

emitted at these energies, especially in central collisions, require arrays
with not only 4r solid angle coverage but also high granularity and
large dynamic range in both identification and energy measurement
capability.

for the study of heavy-ion collisions using the beams and energies
available at GANIL, able to detect and characterize all charged products
from protons of ~1 MeV up to Uranium ions of ~4 GeV. This places
strong constraints on the electronics to be used with such an array, in
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terms of the elevated number of channels to be handled, the means
of triggering the associated data acquisition system (DAQ) to record
the data coming from many different channels for each collision, and
maintaining large dynamics without sacrificing resolution.

In order to record the signals produced by the 96 ionization cham-
bers (Chlo), 192 silicon (Si) detectors, 324 CsI(Tl) scintillators read
out by photo-multiplier tubes and 12 NE102(500 pm)/NE115(25 cm)
phoswich detectors* of the original array, custom-made electronics
modules based on the VXI (VME Xtensions for Instrumentation) stan-
dard were developed specifically for INDRA [5]:

« for the Si and Chlo detectors:

— 7 48-channel constant fraction discriminator (CFD) mod-
ules;

— 10 32-channel dual-range charge integrating ADC modules,
with 12-bit resolution for both outputs;

« for the CsI(Tl) detectors:

— 14 24-channel modules combining CFD and dual-gate ADC
integration, with 12-bit resolution for the fast and slow gate
outputs;

» for the 12 phoswich telescopes (see footnote 4):

- 1 12-channel module based on a modified version of the CsI
electronics providing a similar dual-gate integration [6];

« for all detectors:

— 7 96-channel modules to provide individual time markers
for each fired detector with a precision of 10 ns (10-bit
resolution), relative to the trigger of each event.

In addition, 2 dedicated modules were developed to handle event
triggering, data readout and liaison with the data acquisition system.

These 41 modules were housed in 4 size D VXI crates, alongside
3 CAMAC crates containing 59 custom 8-channel modules (38 variable
gain amplifiers and 21 variable amplitude pulser modules for the Si and
Chlo detectors) and 3 NIM crates containing the 30 custom modules
of the “regrouper” system which generated multiplicity signals and
non-programmable logic functions of the trigger (ensuring recording
of coincidences in the Chlo-Si/Csl telescopes). Last but not least, the
high voltage supplies for all detectors were provided by 8 CAEN crates
each handling 64 individual channels, while low-voltage supplies for
Si and Chlo preamplifiers were provided by separate custom-made
modules. The full setup was housed in 5 full-sized bays with a dedicated
air conditioning plant that was essential during operation in order to
evacuate the heat generated by the different crates, especially VXI and
CAMAC.

At the time, for an array of 628 detection channels, the INDRA
electronic system was seen as a cutting-edge system in nuclear physics,
not only in terms of its (relative) compactness, but also for the fact
that the vast majority of the settings for the different channels could be
performed remotely by computer, thus allowing the whole electronics
to be installed inside the experimental cave dedicated to INDRA at
GANIL, D5. Not only was it used successfully for more than 25 years
for every experiment performed with INDRA (up to and including the
first experiment with the coupled INDRA-FAZIA setup in 2019 [7]),
but, remarkably, the whole installation was relocated twice during its
history, the first time in 1998/9 for the fourth INDRA campaign at
GSI [8], and then again in 2007 for two experiments coupling INDRA

4 Replaced from 1998 onwards by 12 Si-CsI(Tl) telescopes .
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with the VAMOS spectrometer [9,10] in an experimental cave (G1) on
the other side of the GANIL experimental areas. INDRA has also been
used to measure the fission time as a probe into superheavy element
stability [11].

By 2019 and the first INDRA-FAZIA experiment, the electronics
were suffering an increasing number of failures. The removal of the
first five rings of INDRA in order to install the FAZIA demonstrator
liberated a temporary supply of spare VXI modules. The high voltage
supplies had been similarly afflicted for many years, and only by further
reducing the number of channels could they continue to be fit for
purpose; low-voltage supply modules were also beginning to fail.

In 2020 the number of failures either of individual channels or of
whole modules had become too large to ignore, and it was decided to
replace the electronics outside of the reaction chamber.® After testing
several possible alternatives for the DAQ electronics, a commercially
available, off the shelf, solution proposed by mesytec GmbH & Co. KG
was chosen as most suited to the needs of re-implementing a work-
ing DAQ system for INDRA. With funding obtained from the Région
Normandie regional council as part of a larger envelope provided by
the latter to GANIL, it was possible to carry out a complete renova-
tion of the electronics, including low and high voltage supplies, the
cables feeding out from the vacuum chamber and the signal routing
boxes. A first beam test with a few mesytec modules was performed
in spring 2021, following which the whole of the existing electronics
were dismounted. The manufacturing of the new cables, carried out
on site by both physicists and technical staff, and the installation
of the new system progressed throughout 2021. The full system was
tested for the first time with o source and cosmic rays in January
2022, and the first experiment using the new electronics, including the
coupling of INDRA and FAZIA, was performed successfully in spring
2022 [12]. In this paper, we will give the technical details of the
new electronics of INDRA, along with some results highlighting the
improved performances of the new DAQ.

2. Technical details of the upgrade
2.1. Data acquisition electronics

In the new DAQ system, detector signal digitization and event
building are handled by commercially available modules developed by
mesytec GmbH & Co. KG. The entire electronics setup is contained in
a single VME crate (see Fig. 1).

2.1.1. Signal processing modules

At the heart of the new INDRA DAQ is the MDPP-32 module [13],
a fast, high resolution time and amplitude digitizer. The MDPP-32 is
internally realized as a 32 channel adjustable low noise amplifier and
variable differentiation stage, followed by anti-aliasing filters and 80
MHz sampling ADCs. The digitized data are then analysed in an FPGA
whose firmware can be selected at power up according to signal pro-
cessing requirements. The amplitude resolution of these modules is as
good as the best analogue solutions, including ballistic loss correction,
pile up rejection and baseline restoration. The main features of this
module are:

+ low noise variable gain input amplifiers;

+ 16 bit coding resolution;

» gain-polarity jumpers to easily adapt the polarity and range of the
input signals;

» up to 3 different signal processing firmwares can be stored on
board and selected according to requirements;

5 It should be noted that no modifications have been made to the electronics
inside the chamber, including the photo-multipliers of the CsI(T1) scintillators
and the front-end electronics (preamplifiers) of the Si/Chlo detectors which
are still mounted as close as possible to the detectors, under vacuum.
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Fig. 1. The complete INDRA electronics for the E818 [12] experiment housed in a single VME crate: from left to right, MVLC trigger/controller, 8 MDPP-QDC modules for CsI(T1)
detectors, 4 MDPP-SCP modules for Si detectors, and the TGV module (without connections).

» individually adjustable threshold for each channel;
» ‘window of interest’ concept for validation of triggered channels
(see below).

For INDRA, MDPP modules with two of three different firmwares are
used, depending on the nature of the connected detectors:

+ SCP firmware for standard charge sensitive preamplifier signals,
such as those coming from silicon detectors and ionization cham-
bers. The signal amplitude (energy) is encoded as a 16 bit value;

+ QDC firmware for integration of CsI photo-multiplier signals over
short and long time intervals, for pulse shape discrimination. Both
integrated values are encoded with 16 bit resolution.

Both firmwares feature a timing branch which provides an amplitude-
independent time trigger for each channel. They may be used either
internally to trigger the module or externally to construct a global event
trigger. See [13] for full details of the firmwares.

The window of interest (Wol) concept is perhaps the most attractive
feature of the MDPP concerning a large-scale detector array such as
INDRA, as it allows to function analogously to the asynchronous trigger
that was one of the major innovations of the original VXI electronics.
The Wol is generated for each module by a user-definable trigger input,
either internal or external, with an adjustable width (1.5 ns to 25 ps)
and offset (+25 ps) with respect to the input trigger. The 32 channels
of each module trigger independently, but only those whose CFD fires
in coincidence with the Wol are retained when data is read out from
the module. Data from validated channels then include, in addition
to their signal data, the time difference between the Wol start and
the individual channel trigger. The resolution of this time difference
(nominally as low as 70 ps for fast signals; in the worst case, i.e. CsI
photo-multiplier output, 10~50 ns [14]) is sufficient to discriminate
pile-up from different beam packets, as the GANIL cyclotrons typically
operate at ~10 MHz.

To handle the “full” INDRA setup requires:

+ 11 MDPP modules with QDC firmware and jumpers adapted to 4
V full range negative polarity input signals (CsI detectors);

* 6 MDPP modules with SCP firmware and jumpers adapted to 4 V
full range negative polarity input signals (Silicon detectors);

+ 3 MDPP modules with SCP firmware and jumpers adapted to 4 V
full range positive polarity input signals (Chlo detectors).

The required number of modules, plus spares, were purchased in 2021.
The current setup, without ionization chambers and with the first 5
rings removed in order to couple with the FAZIA demonstrator, requires
8 modules for CsI detectors and 4 modules for Silicon detectors. In both
cases it is possible to house the full DAQ electronics (including the
MVLC VME controller/trigger module, see next section) in a standard
21-slot VME crate (Fig. 1).

2.1.2. DAQ trigger

The DAQ electronics in the VME crate is controlled by an MVLC
module [15]. This is a modern, FPGA-based VME controller enabling
readout at high trigger and data rates. It is easily configured and
operated using an open-source software package provided by mesytec,
which includes a graphical user interface for setting up and running an
acquisition [16]. As well as communicating with the MDPP modules
in the crate via the VME bus, the MVLC provides 14 lemo connectors
on its front panel which are software-configurable as either trigger
inputs (NIM or TTL) or trigger outputs/gate generators (NIM), and an
additional 3 LVDS outputs which can be connected to corresponding
connectors on the MDPP modules.

The basic logic of the trigger system for the DAQ is shown in Fig. 2.
For each MDPP module in the setup, it is possible to generate a logical
OR of any combination of the triggers of the individual channels and
transmit it over one or more of the IRQ lines of the VME backplane (up
to a maximum of 6 IRQ lines may be used). The IRQ signals can then
be used as inputs for the programmable logic of the MVLC trigger. In
our setup, the OR of all Chlo triggers are transmitted on one IRQ line,
the OR of all Silicon triggers on another, while for the CsI triggers two
IRQ lines are used, one for rings 1 to 12 (6 < 90°) and another for rings
13-17 (6 > 90°).

The global event trigger is then constructed as the logical OR
between one or more of the IRQ lines for different detector types (for
example, in the current setup, we use the OR of all Silicon detectors and
all CsI detectors which can be constructed from the 3 corresponding
IRQ inputs of the MVLC). Triggers are then validated if the DAQ is not
already occupied by a previous event, i.e. in dead time. In our case,
the dead time has two contributions: first, after a validated trigger,
it is necessary to wait around 7-8 ps for the MDPP modules to finish
signal processing and be ready for readout (this delay is included in
the programmed trigger logic; we delay the beginning of the module
readout for 8 ps); after this, a minimum of 6-7 ps is required for the
readout of the modules in our setup. Thus, when the system is not
in dead time, the event trigger is validated and transmitted over the
LVDS output to each module in order to trigger its Wol and validate
any channels which fired within a time window corresponding to the
same reaction which generated the event trigger. Typical Wol widths
used are 250 ns for the CsI modules, 500 ns for Silicon and 3 ps for
Chlo.

2.1.3. Integration with GANIL run control

To use the new INDRA DAQ at GANIL requires an interface with
the NARVAL [17] run control system used to handle dataflows from
different acquisition systems up to the production of final raw data files
on disk in a standardized format known as MFM [18]. This has been
achieved in three stages, requiring several (but less than four) years of
development:
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MDPP SCP

Fig. 2. Schematic of the basic DAQ trigger logic: the logical OR of the individual channels’ CFD for modules handling different types of detector are transmitted over the IRQ
lines of the VME backplane to the MVLC in order to generate the event trigger; if validated, the MVLC transmits a validated trigger over the LVDS connectors to generate a

synchronous Wol for each module. See text for explanations of acronyms.

+ development and integration into the Mesytec DAQ software of
an option to transmit events over a ZeroMQ socket [19];

+ development of a transceiver (C++ library and application) [20]
capable of receiving the DAQ events on a ZeroMQ socket, en-
capsulating them into an (Mesytec-specific) MFM container, and
retransmitting the resulting bufferized data on another ZeroMQ
socket;

+ development of a NARVAL actor in C++ [21] which can receive
MFM data from a ZeroMQ socket and inject it into the dataflow.

2.1.4. Coupling with other DAQ systems

To make it possible to couple the new DAQ with that of other
detectors such as FAZIA [22] requires the ability to attribute a common
event number or timestamp to the events coming from each subsystem.
In the present case of INDRA and FAZIA, the coupling is achieved by
distributing timestamps to both subsystems from a common universal
clock provided by a CENTRUM module [23] housed in a separate
dedicated VXI crate. The timestamp has a 10 ns resolution and contains
48 bits (providing continuously increasing clock values for just over a
month if necessary). In the case of INDRA, the distribution is assured
by the addition of a specific VME module (TGV, for “Trigger Générique
VME”), developed at LPC Caen and GANIL, in the crate containing
the MVLC. Each validated event trigger is fed out from one of the 14
lemo connectors of the MVLC to the trigger input of the TGV module;
this causes the TGV to request a timestamp from the CENTRUM (via a
connecting cable). The received timestamp is then read from the TGV
module using an appropriate VME script added to the MVLC trigger
programme, and included in the data produced by each event as a
“pseudo-module” with an identifier which is specific to the TGV. The
transceiver [20] recognizes the TGV identifier and sets the timestamp
in the MFM frame header according to the data received. The events
from the different subsystems corresponding to the same reaction can
then be merged together within the NARVAL dataflow using a suitable
Merger actor [24].

2.1.5. Scalers
The MVLC trigger/controller module also provides 8 user-config-
urable 64 bit counter registers which can be used instead of a separate

scaler module. We have implemented the use of these scalers in a
similar way to the TGV module, i.e. data read out from each scaler is
injected into the DAQ data stream with a ‘pseudo-module’ address so
that they may be decoded and transmitted in the transceiver [20]. In
order to decouple the scaler readout from the event rate fluctuations,
the scalers may be read out according to an independent timer, say
every second. The data flow coming from the transceiver and received
by the NARVAL run control then contains MFM frames of two types,
either containing data from the electronics (with a timestamp), or
containing only the values of the scalers (no timestamp).

2.2. Power supply electronics

Low and high voltages are required both to power the in-vacuum
electronics (preamplifiers and photo-multiplier tubes), and polarize the
detectors (ionization chambers and silicon detectors) of INDRA. The
wide range of biases, from +12 V to ~ —2000 V, distributed sometimes
through the same connector and the large number of channels, oriented
us towards a compact and integrated modular system for sake of
simplicity. The retained solution was chosen as a single CAEN crate
SY4527 type [25]. It features a front side 5.7” colour LCD touch screen
for local control/display and a remote control showing all channels
independently on the same interface. At the rear, this crate can host
up to 16 slots to plug/connect HV modules of different types described
in more details below. Total dimensions are 36x48,3 cm.

+ CsI(T1) photo-multipliers:

To supply the negative voltages (from —1000 to ~ — 2000 V)
towards the 336 photo multipliers of different size, glued on the
crystals, 7 CAEN A7030N 48-channel modules [26] are neces-
sary. Each channel is able to reach —3000 V and 1 mA. The
voltage channels are set independently and current monitoring is
available too.

Si detectors:

60 voltage channels are necessary to bias the 192 INDRA silicon
detectors ranging from 2 ° to 45 ° (rings 1 to 9). They are supplied
by 2 CAEN A7040AN 48-channel modules [27], able to deliver up
to —100 V and 1 mA per channel.
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Fig. 3. The ATOS temperature-controlled units containing the upgraded electronics, (a) front view, (b) rear view (front and rear doors open). The numbered boxes in the picture
indicate: (1) VME crate containing mesytec electronics and TGV module (see 2.1.4); (2) signal output connectors on routing boxes for silicon and Chlo detectors (see 2.3); (3)
CAEN high- and low-voltage supply crate (see 2.2); (4) signal output connectors on routing boxes for CsI detectors (see 2.3); (5) rear of CAEN crate showing individual high- and
low-voltage modules (see 2.2); (6),(7) rear of CsI and Si/Chlo routing boxes showing connections of cables coming from chamber feedthroughs;.

+ Chlo detectors:

For the 96 ionization chamber cells, distributed on 5 structures
covering from 2 ° to 176 °, each with a common cathode side to
be polarized (the cathode corresponds to the entrance window
closest to the target; the anode exit window is grounded), 5
HV supplies are required. One CAEN A1542DN 12-channel mod-
ule [28] was chosen, supplying up to —500 V and 1 mA for each
output.

Concerning the on-board (front-end) electronics, under vacuum,
the low voltages necessary to supply the +12 V to the pream-
plifiers for both Chlo and Si detectors are delivered by 6 CAEN
A2519CA 8-channel modules [29] able to power up to +15 V and
5 A for each channel.

In total 16 HV CAEN modules are necessary to supply high and low
voltages to the full INDRA setup as it was in 1993.° The crate is housed
in the bays with the electronics in the experiment room (see Fig. 3),
and all settings are fully remote controlled via Gigabit ethernet network
using the GECO2020 software provided by CAEN. An interlock system
is used to automatically cut the photo-multiplier voltage supply in case
of vacuum failure.

2.3. Cabling and signal routing

For sake of simplicity and since the cabling and routing inside
the vacuum chamber are very compact and integrated, it was pre-
ferred not to change their layout. This also means that the connection
feedthroughs on the flanges were kept as they were designed back in

® For the current setup, 5 modules are required for CsI/PM HV, 1 module
for Si polarization, and 2 modules for Si preamplifier low voltages.

the 1990s. On the contrary, the external (in air) cables and connectors
were all rebuilt from scratch.

Before dismounting the old external cables and electronics a huge
effort was made to document the whole connection layout, detector
signals, ground lines, high and low voltages, pulser lines, flanges (with
a mix of 53-pin and 29-pin connectors) ... pin by pin on the various
feedthroughs. The whole documentation has been rewritten taking
into account the specifics of the new electronics and power supply
modules. Once this work was complete, the new external layout design
started. A new interface between the electronics inputs and the mixed
signals/power supply exiting from the flanges on the vacuum chamber
has been engineered. It consists of four router boxes for the CsI(TD),
two boxes for the Si/Chlos and an additional one for low voltages.
Their goal is to dispatch and reorganize the signal inputs-outputs that
are mixed on the same cable/connector (arriving at the rear of the
boxes: see Fig. 3(c)) in a more user friendly way, by type of detector,
power supply, pulser inputs and location (by INDRA ring) on the front
side. The signal routing boxes were built by ATOS company [30] and
all inside cabling/routing and connector housing was designed and
installed at LPC Caen.

In total 174 cables, each made up of 8 individual coaxial ca-
bles, connect the chamber feedthroughs to the signal routing boxes,
each between 8 and 11 metres long, according to the location of the
feedthrough on the vacuum chamber. These were provided by Ivry
Interconnect Services (2IS), now part of Agilink Group [31]. Cables
were prepared individually onsite in the D5 cave, using both new and
reconditioned connectors from the original electronics. Indeed taking
care of correct grounding, signal and power supply transmission, the
Socapex [32] connectors used previously were still the best solution,
able to handle at the same time signals of a few kV (CsI(T]) PM
HV supply) and a few mV (e.g. silicon detector preamplifier signal).
On the other hand, new multi layers PCBs were designed for the
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Fig. 4. Experimental data from two experiments: E789 [7] using the original VXI-based DAQ system, and E818 [12] using the new mesytec digital electronics. The time between
two successive acquired events, 4t, is plotted as a function of the number of DAQ parameters in the first event, with a logarithmic colour scale representing the number of
events (note the factor of 20 difference in the y-axis scale between E789 and E818). The red lines represent 1st order polynomial fits to the minimum value of 4t for each event

multiplicity. The parameters of the fits are given in Table 1.

connectors according to the new layout design insuring good quality
grounding and low electronics noise. In total, close to 2 km of cable
were necessary, along with nearly 250 different connectors. Finally,
the cables connecting the CAEN modules to the routing boxes were
supplied by CAEN, and the cables connecting the MDPP modules were
supplied by mesytec.

The whole ensemble (electronics modules, power supply, VME chas-
sis, routing boxes...) is placed inside two cooling cabinets (dimensions:
H=21xD=1.2 x W= 1.0 m) regulating the temperature at around
20 °C and able to dissipate 2.0 kW at maximum. They are equipped
with doors with glass windows on the front side ensuring good visibility
on the electronics modules, and were supplied by ATOS company (see
Fig. 3).

3. Measured performance improvements
3.1. Dead time

The first major improvement to the performance of the INDRA
DAQ observed with the new digital system concerns the acquisition
dead time. Let us first distinguish the two types of “dead time” which
may affect any experimental measurement. The first, which we will
call Intrinsic Dead Time (IDT), corresponds to the minimum time
required by the electronics to treat a triggering event and subsequently
be ready to treat a new event. IDT may increase with the number
of fired channels, and thus the number of modules/parameters to
read out after treatment, but is independent of the nature of the
measurement (reaction rate, beam current, trigger rate, etc.): it is an
intrinsic characteristic of the electronics. The second type, which we
will call Measurement Dead Time (MDT) is a direct result of the DAQ
system’s IDT and can be quantified by the fraction of time during any
experimental measurement in which the DAQ is unavailable to acquire
new events or by the ratio between the total number of triggers and
the number of validated triggers. On the contrary to IDT, MDT will
depend on the nature of the measurement: in general it will increase
with reaction/trigger rate and the average number of fired channels per
event.

The IDT of the system can be measured if each event is assigned an
absolute timestamp of sufficient resolution. Both the first experiment
coupling INDRA and FAZIA in 2019, E789 [7], using the original
VXI DAQ system, and the first experiment using the new mesytec
digital DAQ electronics, E818 [12] used the same CENTRUM module
to provide timestamps to both arrays (see 2.1.4). Therefore we can
measure and compare the absolute IDT of the old and new DAQ systems
using the data from the two experiments.

Table 1

A Measured intrinsic dead time (IDT) for the original (old) DAQ electronics and
the new setup using mesytec modules: comparison of minimum incompressible time
between two acquired events and time required for the readout of each additional
DAQ parameter.

A Minimum 4r [ps] Readout time [ns]

old DAQ
new DAQ

136.8 +0.7
14.65 +0.03

2098 + 11
39+04

The comparison is presented in Fig. 4. For each successive pair
of events & and & in the data, we calculated the inter-event time
At from the difference in the timestamps of the two events. This
time difference is plotted as a function of the total number of DAQ
parameters in event &. When considering the inter-event time Ar it
is important to recall that the frequency of the GANIL cyclotrons is
typically of order 10 MHz, therefore the minimum time between two
beam packets is of order 100 ns; inter-event times of the order of ps
are therefore solely due to the limitations of the electronics. Longer
inter-event times are due to the statistical nature of the reactions: in the
absence of any particular time structure of the beam, the time between
two events which occur with a given fixed probability (total reaction
cross-section for a given combination of beam and target) should follow
an exponential distribution, as for any Poisson process.

As can be seen in Fig. 4, for both DAQ systems there is a clearly
defined minimum inter-event time which increases linearly with the
number of DAQ parameters of the event (which is closely related to
the number of fired detectors and/or the number of detected particles
(multiplicity) of the event). However, there is an order of magnitude
difference between the absolute minimum inter-event time observed
for the smallest events with the two DAQ. This has been quantified by
performing fits to the minimum 4t for each event multiplicity with a 1st
order polynomial. The results are presented in Table 1 where the IDT
of both systems is quantified in terms of the minimum incompressible
time between two acquired events containing a single fired detector,
and the extra time required for each additional parameter.

With the original DAQ the dead time was at least ~140 ps, increasing
up to ~500 ps, with the readout of each additional parameter adding ~2
ps to the total dead time” (it should be noted that each fired detector
adds 3 DAQ parameters). By comparison, the IDT of the FAZIA array is
~10 ps. For this reason in the coupled trigger logic of E789 [7] INDRA
events had to be validated by a trigger from FAZIA, i.e. only events in
which FAZIA fired were accepted: reactions where only INDRA fired

7 This measured value corresponds exactly to the value given in [5].
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were rejected at the trigger level, in order to avoid the relatively huge
dead time this would bring. This could be justified as the main goal
of the experiment was an exclusive measurement of both Z and A for
residues of 336*Ni quasi-projectiles [33], which only FAZIA can achieve.

For the new DAQ system the measured IDT is only ~15 ps, which
corresponds to the readout delay programmed in the trigger logic of
the MVLC plus the minimum MDPP readout time (see 2.1.2). Each
additional parameter then adds only ~40 ns to the total dead time,
or ~120 ns per fired detector, with the result that the IDT is not only
far smaller in absolute value but also far less multiplicity dependent
than before (the variation is only from ~15 to ~20 ps). As a result, for
the second experiment coupling INDRA and FAZIA, E818 [12], the two
DAQ now having very similar IDT, it was no longer required to veto
any combination of the event triggers, and indeed it is now possible to
operate INDRA-FAZIA in common dead time.

The measurement dead time (MDT) of each DAQ system was mea-
sured during both E789 and E818. In both cases, scalers were used to
count, during each run:

- for E789, the total number of ticks of the internal clock of the
VXI trigger module, and the number of ticks occurring while the
trigger was in dead time;

« for E818, the total number of trigger requests received by the
MVLC module and the total number of validated triggers.

MDT has been calculated in both cases using the ratio of these quanti-
ties for each run.

As MDT depends on the nature of the measurement, in order to
compare MDT for the two experiments we have used data from runs
with the most similar conditions, i.e. runs without beam, using «
sources and with or without the CsI scintillators included in the trigger.
The results are shown in Fig. 5 as a function of the acquisition rate
during each run.

Runs with very different acquisition rates and MDT are observed for
the E789 data: the lowest for a single-sided « source irradiating only
the silicon detectors between 14 ° and 45 °, the highest using a double-
sided source irradiating not only the silicon detectors but also the CsI
scintillators from 45 ° to 176 °, with in addition detection of cosmic
rays in all Csl detectors of the array. The MDT increases linearly with
the acquisition rate, as indicated by the linear fit represented in Fig.
5 by a dashed line. Extrapolation of this fit suggests a MDT of 100%
for acquisition rates greater that 4 kHz; unsurprisingly, such rates were
never reached with the old electronics.

On the contrary during E818 only runs using the double-sided «
source and with all silicon and CsI detectors included in the global
trigger were recorded, for which an acquisition rate of ~5 kHz could be
comfortably sustained by the new electronics, while the measurement
dead time remained low, ~5 %.

3.2. Isotopic identification of intermediate mass fragments

We have observed a major improvement in the isotopic identifica-
tion of intermediate mass fragments achieved in Si-CsI telescopes with
the new set up. In previous INDRA experiments, isotopic identification
was principally achieved only for the lightest nuclei (Z < 5) stopping
in Csl crystals, using pulse shape discrimination of the CsI light output.
The AE signal from the silicon detectors on rings 1 to 9 was almost
never successfully used to provide isotopic identification of fragments®,
for several reasons. Firstly, the gain of the preamplifiers previously
used was adapted for a maximum of 4 GeV energy deposition, in

8 During the 5th INDRA campaign (2001), an attempt to compromise by
keeping large Z identification capacity while increasing preamplifier sensi-
tivity was made by replacing a few silicon wafers on each ring with thinner
150 pm detectors, but the resulting increase in straggling effects on the energy
deposit also inhibits isotopic identification.
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Fig. 5. Measurement dead time (MDT) as a function of acquisition rate measured
during various runs from E789 and E818 with single- or double-sided a sources, and
with or without Csl detectors triggering on particles from cosmic rays and/or a source.
The dashed lines are linear fits to the dependency of the MDT on acquisition rate for
each experiment.

order to cover the full range of fragments produced with the heav-
iest beams at GANIL, up to Z = 50, and the 12 bit resolution of
the analogue electronics did not then permit discrimination between
different isotopes of the same element. Secondly, the total light output
of the CsI detectors was not directly measured before, but numerically
reconstructed from the ‘fast’ and ‘slow’ components recorded by the
dedicated VXI modules (integration gates 0-400 ns and 1600-3100 ns
respectively [34]). The MDPP-QDC modules used with the CsI detectors
are set for ‘fast’ (0-400 ns) and ‘total’ (0-3.5 ps) gates, therefore we
now have a far more direct measurement of the total light output,
reducing uncertainties due to reconstruction approximations. The other
major contributing factor to the improvement in the isotopic resolution
comes from the automatic baseline restoration provided by the MDPP
modules. This reduces noise and improves resolution by suppressing
any fluctuating offset on an event-by-event basis. With the previous
electronics, it was only possible to perform an average correction by
performing dedicated noise measurement runs (pedestal measurement)
during the experiments.

For the first experiment with the new electronics, using beams of
36Ar or 8Ni at 74 MeV/nucleon and a further test beam of 84Kr at
68 MeV/nucleon, the sensitivity of the preamplifiers of the silicon
detectors on rings 6 to 9 was increased by a factor of 4 based on the
expected yields of relatively light (Z < 20) fragments at these angles
(between 14 and 45 degrees in the laboratory). In addition, the silicon
detectors of rings 6 and 7 were replaced with new 300 pm thick sensors
provided by Micron Semiconductors Ltd.

Fig. 6 presents an example of AE-E correlations obtained with a
typical Si-Csl telescope for the 84Kr beam impinging on a 124Sn target.
Also shown in the figure is the identification grid used to linearize the
data [35], with lines drawn to follow the correlation for one isotope for
each Z in the AE-E plane. Examples of linearized data, the distribution
of the particle identification (PID) coordinate, for several elements are
presented as histograms in Fig. 7.

For each element Z for which isotopic identification is possible,
several peaks appear in the PID spectra corresponding to different
isotopes of mass A. We have performed multi-gaussian fits to these
linearized spectra, using the following function:

Ny
Y0 = Y NG, [(A),0) + Bx) eb)

i=1

where:

* x is the PID coordinate;
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Silicon AE [arb. units]
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Csl E, ¢ [arb. units]

Fig. 6. Raw data obtained for the 8*Kr(68 MeV/nuc.)+ 124Sn reaction with telescope 3
of ring 6 covering laboratory polar angles 6 = 14~20° and azimuthal angles ¢ = 45~60°.
Black dots joined by lines represent the identification grid with one line per Z for Z > 2
used to linearize the data and produce the PID spectra.

* y(x) is the yield for a given PID coordinate x;
* N, is the number of gaussians/isotopes in the spectrum;

* G(x, X, 0) is a normalized gaussian distribution with centroid/mean
% and standard deviation o (the same o is used for all isotopes A;
of a given element Z for a given telescope, but ¢ varies from one
element to another and one telescope to another);

* N; is the yield for each isotope;

* f(4;) is a function with 3 free parameters which parametrizes
the dependence of the position of the centroid of each gaussian
x; = f(A;) on the isotope mass 4;,

F(A) = ag +aj A; + a, A2

» B(x) is an ad hoc empirical background function used to account
for experimental noise (continuous distribution of points in be-
tween the isotopes for different Z in Fig. 6). In the present case,
an exponential background was found to be suitable.

The results of the fitting procedure are superimposed on the data
presented in Fig. 7 where the background contribution B(x) has been
removed. An important advantage of this method is being able to
identify isotopes with very low statistics, not immediately visible in
the data. For example, the PID spectrum for carbon isotopes, Z = 6,
displays 3 clear peaks and a shoulder for PID values around 5.8-5.9,
corresponding to isotopes A = 11 — 14; the fit is however greatly
improved by adding 2 further contributions at lower (A = 10) and
higher (A = 15) PID values. The A = 10 isotope contribution is so
small that it is only really visible using a logarithmic scale (inset in the
figure). Similar results are observed for the oxygen isotopes, where in
addition to the 3 main peaks (A = 16— 18) the fit permits the additional
assignment of isotopes A = 15 and A = 19, and for neon isotopes, for
which a slight shoulder and long tail at the largest PID values can be
assigned to the most neutron rich isotopes, A = 23 and A = 24.

In the offline analysis [36] the PID of each reconstructed particle
is used to assign its mass number following a statistical prescription
which respects the raw yields found from the fit and includes rejection
of spurious background noise. The probability that a particle with given
PID has mass A4; is given by

N.
P(A;|x = PID) = —G(x, f(A)).0) (2)
y(x)
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Fig. 7. Linearized PID spectra (see text) obtained for Z = 6,8, 10 fragments stopping
in telescope 3 of ring 6. Histograms represent the data, the red line is the fit using
Eq. (1), the dashed curves represent the individual gaussians used for each isotope. For
carbon isotopes, the inset presents the data with a logarithmic yield axis, in order to
see the very low statistics A = 10 isotopes.

whereas the probability that the ‘particle’ is in fact just noise is given
by

B(x)
y(x)
Each particle is therefore either assigned an isotopic mass number
A; with probability Eq (2) or rejected as unidentifiable noise with
probability Eq (3). The PID spectra in Fig. 7 were built using identified
reconstructed particles, hence the background contribution has already
been subtracted.

P(noise|x = PID) = 3
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Fig. 8(a) shows the proportion of telescopes on each of rings 6 to
9 for which isotopic identification was achieved, as a function of the
fragment charge, Z. It can be seen that isotopic identification up to
oxygen (Z = 8) was achieved for the majority of telescopes on all
rings, whereas at the most forward angles (rings 6,7), where the yield
of heavier fragments is more important, identification up to neon (Z =
10) is common, while for ring 6 even magnesium isotopes (Z = 12)
were identified in 50% of cases. It should be noted that although the
detectors of rings 6 & 7 were brand new, those of rings 8 & 9 were
mounted since at least 2007, if not before, and yet in both cases isotopic
identification up to Z = 8 was achieved for the first time in these
telescopes.

In order to quantify the quality of isotopic identification for all
telescopes, we introduce a figure of merit (FoM) [37] based on the
ratio between the separation of two adjacent centroids (isotopes) x;, x ;
compared to the full-width half maximum of the peaks,

Xj—X; X;—X;

M, ;= = @
2y2In2(e; +0;) 4V2In2e

where 6; = ¢; = o is the common gaussian width used to fit the

isotopes of each element for each telescope, Eq. (1). This ratio has
values M,; > 0.5 for peaks in PID spectra separated by more than the
full width of the peaks at half-maximum.

As each element is associated with several isotopes/peaks, in order
to calculate a representative FoM for each Z, we have calculated a
mean value of M;; using 3 isotopes, with indices i = iy — 1, ipyx and
imax + 1, where i, is the index of the isotope with the largest yield in
the fit of Eq. (1). Then we calculate for the figure of merit

i
1 & M

FoM = - _— 5)
2 i=i§—l Ai+l - Ai

where the denominator handles the case of adjacent isotopes with
non-consecutive mass numbers (e.g. ”Be and °Be).

Figs. 8(b)—(e) then show the FoM value achieved for fragments by Z
for the four rings equipped with Si-Csl telescopes. In each case the mean
value for all 24 telescopes of the ring is given by the solid line, while
the coloured area represents the range of FoM from the worst (smallest)
to the best (largest) value for the ring. The results show a quite
homogeneous mean identification quality for all Z and (at least) rings 6
and 7. A more important variation of identification quality is observed
for the older silicon detectors of rings 8 and 9. However it is important
to underline that previously, only Z identification was achieved with
these telescopes; during E818 we obtained isotopic identification up
to oxygen using the same old silicon wafers. Since these tests were
performed, the silicon wafers of these rings have also been replaced
with new detectors, therefore in future we expect a similar uniformity
of isotopic identification for all rings.

4. Summary and outlook

After 25 years of operation with dedicated, custom DAQ electronics
based on the VXI standard developed at the beginning of the 1990s,
INDRA now has new digital electronics using off-the-shelf modules
provided by mesytec GmbH & Co. KG. At the same time, all low- and
high-voltage supplies, in-air cabling and signal routings have also been
replaced. The implementation of the new system is far more compact
than before, occupying a single VME crate, and has resulted in an
order of magnitude improvement of the DAQ dead time, facilitating
the coupling of INDRA with other arrays, especially FAZIA. For E789
INDRA was basically a slave to FAZIA, with the result that the effective
global trigger was a multiplicity of 2 fired telescopes in FAZIA, i.e.
at very forward angles, below 14°. As detailed in [38], such trigger
conditions exert a large bias on the impact parameter distribution of
the acquired reactions, making a model-independent reconstruction of
the experimental centrality using the method of [39] almost impossible.
For the E789 data it was only possible because a subset of the same
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Fig. 8. Isotopic identification performances: (a) proportion of modules per ring with
isotopic discrimination as a function of the fragment charge, Z; (b-e) Z dependence
of the quality of identification (FoM, see text) for INDRA rings 6 to 9, the polar angle
coverage of each ring is given in the legends. The solid lines display the average FoM
while the filled area limits shows the best and worst modules.

reactions (°8Ni+58Ni collisions at 32 and 52 MeV/u) had already been
measured in 1994 using INDRA with a minimum bias trigger (multiplic-
ity over the full angular range). From E818 onwards, operating INDRA
and FAZIA together in common dead time means that we recover
a minimally biased impact parameter distribution for the measured
events, and the method of [39] can be applied even for reactions not
previously measured with INDRA alone.

The digital signal processing with its automatic baseline restoration
has significantly increased the energy resolution, allowing isotopic
(Z and A) identification of nuclear fragments up to Z = 10~12 for
the first time with INDRA. A first experiment using the new setup
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was successfully conducted in 2022, and further experimental cam-
paigns coupling INDRA and FAZIA at GANIL are underway. The first
of these took place in Spring 2025, including experiment E884 which
aims to extend the study of [40] which was made using data from
E789. In [40] a specific study was made of events in which excited
nickel-like quasiprojectiles undergo binary break-up in the exit channel,
producing two intermediate mass fragments with Z > 5. The study
indicated a longer timescale for these reactions, changing the degree
of isospin equilibration and providing new constraints for isospin-
dependent transport models. However, during E789 INDRA provided
no isotopic identification for Z > 5 fragments, therefore the study had
to be limited to the 40~50 % of break-up events where both fragments
were detected in FAZIA [40]. The results of E884 will extend this study
to a range of reactions using a beam of 7°Zn projectiles at 35 MeV/u
impinging on targets of2” Al, 79Zn and 2°°Bi, and including the full set of
break-up events even when one of the two fragments is detected and
isotopically identified in INDRA. Such studies are only now possible
with INDRA-FAZIA.
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