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Abstract

GALILEO, a new 4π high-resolution γ-detection array, based on HPGe detectors, has been de-
veloped and installed at the Legnaro National Laboratories. The GALILEO array greatly benefits
from a fully-digital read-out chain, customized DAQ, and a variety of complementary detectors
to improve the resolving power by the detection of particles, ions or high-energy γ-ray transi-
tions. In this work, a full description of the array, including electronics and DAQ, is presented
together with its complementary instrumentation.
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1. Introduction1

GALILEO is the resident array for advanced in-beam γ-ray spectroscopy studies constructed2

and installed at the Legnaro National Laboratories (LNL), INFN, Italy. Gamma-ray spectroscopy3

realised with GALILEO takes advantage of reactions induced by the stable beams delivered by4

the Tandem-ALPI-PIAVE accelerator complex [1] and by radioactive beams that will be pro-5

vided by the SPES facility [2] in the near future. GALILEO is a 4π high-resolution array which6

combines the GASP [3] High-Purity Germanium (HPGe) tapered detectors and HPGe capsules7

of the EUROBALL [4] Cluster detectors mounted in a common cryostat accommodating three8

encapsulated HPGe crystals, the so-called GALILEO triple-cluster (GTC) detectors.9

The geometry of the array is designed to maximize the photo-peak efficiency under typical10

in-beam medium-high γ-ray multiplicity conditions, achieving a value of 4.5% at 1332 keV.11

The HPGe detectors are surrounded by anti-Compton shields to reach a peak-to-total ratio (P/T)12

of about 50% for the whole array using a 60Co source. A thick Pb shield improves Compton13

rejection, avoiding direct γ-ray interactions in the BGO shields.14

A large selection of ancillary detectors has been developed to be coupled to GALILEO in15

order to improve its sensitivity. This allows the investigation of a wide variety of physical16

phenomena, including shell evolution, shape coexistence and deformation in neutron-rich and17

neutron-deficient nuclei, isospin symmetry breaking at zero and non-zero temperatures, alpha18

clustering and near threshold states, or properties of the nuclei of interest for the astrophysical19

slow and rapid neutron-capture processes (s- and r-process).20

In this article, we present the GALILEO array, its ancillary instrumentation and perfor-21

mances. The article is organised as follows: Section 2 describes the GALILEO infrastructure,22

in Section 3 the custom electronics developed for the HPGe read-out is detailed, while the data23

acquisition environment is outlined in Section 4. Performances and simulations of the array are24

given in Section 5, while the ancillary detectors that can be coupled to GALILEO are presented25

in Section 6.26

2. GALILEO Infrastructure27

The GALILEO project has been divided in two phases: GALILEO Phase I, consisting of up28

to 25 single GASP HPGe tapered detectors, equipped with anti-Compton shields, and GALILEO29

Phase II, where 10 triple cluster detectors were added to the Phase I, reaching the project nominal30

efficiency and solid angle coverage.31

2.1. GALILEO Phase I32

The GALILEO γ-ray spectrometer, in its Phase I realization, was composed of 25 Compton-33

suppressed HPGe tapered detectors placed at 235 mm from the interaction point, as shown in the34

top panel of Fig. 1. The total measured photo-peak efficiency was ∼2.1% at 1332 keV and the35

P/T ∼55%. The energy resolution was 0.17% at 1332-keV transition of 60Co calibration source36

(FWHM = 2.3 keV).37

The HPGe detectors and their anti-Compton shields were the same of the γ-ray array GASP38

[3, 5]. They are composed of a coaxial hyperpure crystal with ∼82 mm length and ∼ 72 mm39

diameter. The crystals are tapered in the front ∼30 mm of their length, with a cone of 10°. The40

average relative efficiency, defined for the 1332 keV radiation with respect to a 3×3 inch NaI(Tl)41

scintillator at 250 mm from the source, is 82%.42
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Table 1: Position and efficiency of the HPGe detectors in the two GALILEO configurations: second column shows the
number of detectors at each azimuthal angle (third columns), while the fourth column shows the efficiency for each group
of detectors.

Configuration Number of det. Theta [deg.] Efficiency [%]

Phase I

5 152° 0.42
5 129° 0.42
5 119° 0.42
10 90° 0.84

Phase II

5 149° 1.17
5 118.5° 1.17
10 90° 0.84
5 61° 0.42
5 51° 0.42
5 28° 0.42

The anti-Compton shield of each GASP detector is composed of eight optically isolated BGO43

crystals, 195 mm long, coupled to eight photomultipliers tubes. BGO crystals have an average44

energy resolution of 18% at 661.6 keV, with a noise level lower than 15 keV.45

In the Phase I configuration, the 25 tapered detectors were positioned in rings at 152°(546

detectors), 129°(5 detectors), 119°(5 detectors) and at 90°(10 detectors) with respect to the beam47

axis, as listed in Tab. 1. Each ring was supported by a movable portal that entail an opening of48

the array along the beam axis. The 3D CAD rendering of the full configuration is shown in the49

top panel of Fig. 1, where, aided by the exploded representation, the single portals hosting the50

HPGe detectors are clearly distinguishable. The beam enters from the left side of the figure. The51

two forward portals were removed for the Phase I to accommodate large-size complementary52

detectors to provide the necessary selectivity for studying, for example, neutron-deficient nuclei53

populated in fusion-evaporation reactions where γ rays are typically measured in coincidence54

with light-charged particles and neutrons.55

Ancillary detectors coupled to GALILEO Phase I were EUCLIDES [6] for the detection of56

light-charged particles emitted in fusion-evaporation reactions, GALTRACE [7] for light parti-57

cles emitted in direct reactions, SPIDER [8] for ion detection, Neutron Wall [9] for neutrons, the58

Cologne-LNL plunger [10, 11], and LaBr3:Ce [12] detectors (see Sec. 6). The GALILEO phase59

I has been running from 2015 to 2020 with more than 30 experiments performed [13, 14, 15, 16,60

17, 18, 19, 20, 21, 22, 23, 24, 25].61

2.2. GALILEO Phase II62

The phase II of the GALILEO expands the project with the addition of ten triple cluster63

detectors (GTC) and their associated anti-Compton shield (GTC-AC), using existing HPGe and64

BGO crystals from the EUROBALL array [4, 5] (see Fig. 1, bottom).65

The placement of the ten GTC in the array has been chosen to increase the efficiency at66

angles other than 90°. This implies that Phase II geometry is greatly advantageous for lifetime67

measurements using techniques based on Doppler shift.68

Each crystal of the GTC detectors has a relative efficiency of 60% and is individually encap-69

sulated. The encapsulation is realised by an aluminum case of 0.7 mm thickness which provides70

a separation between the capsule and cryostat vacuum, and a safe handling of the detector. Each71
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capsule is 78 mm long with a diameter of 70 mm, and is tapered in its frontal face. For the72

realisation of the GALILEO triple detectors, three individual capsules are accommodated into a73

common cryostat, and surrounded by a custom-designed anti-Compton shield using BGO crys-74

tals of the 7-fold Cluster detectors of the EUROBALL array. Each anti-Compton shield consists75

of 9 crystals coupled to twelve photomultipliers.76

At variance from the 90-degree ring and forward hemisphere, the lead shield is not used77

for the GTC detectors, while Hevimet collimators are mounted on the front face of the BGO78

detectors in order to avoid direct interactions in the crystals and enhance the P/T ratio.79

The 3D rendering of the GTC detectors is shown in Fig. 2, together with a detailed view of80

the geometry of the GTC-AC shields. A gap of 20 mm is present between the front face of the81

HPGe detectors and the BGO shielding.82

The final GALILEO Phase II configuration is composed of: 5 GTC detectors placed at83

149° and 5 GTC at 118.5°, in addition to 10 GASP tapered detectors at 90°, 5 GASP at 61°,84

5 GASP at 51° and, finally, 5 GASP at 28°. GTC are placed at 245 mm from the target. Polar85

angles and efficiency for each ring are listed in Tab. 1.86

The overall gain in efficiency for GALILEO Phase II is more than a factor of two with respect87

to the Phase I, increasing from 2.1% to 4.5%.88

2.3. GALILEO mechanics89

The two phases of the GALILEO project share the same mechanical infrastructure, that is90

distributed in separate and independent parts: two shells, upstream and downstream, and a ring91

between them, whose geometrical centre represents the centre of the array. The upstream shell is92

a solid hemisphere accommodating up to 15 single crystal detectors in the Phase I, and 10 GTC93

detectors in the Phase II, while the downstream shell is divided in two sub-units, allocating 1094

and 5 tapered detectors respectively.95

The central portal hosts the Pb collimating shield for the detectors located at 90°and the96

scattering chamber, which consists of three separate units, resembling the outer structure: two97

portions of a sphere with a non-uniform radius of ∼12 mm, and a central ring with a radius of98

11.6 mm. The scattering chamber is made of thin 2 mm aluminium of series 6000, in order to99

limit the absorption of low-energy γ rays.100

The support of the detectors on the central portal can be adapted to host different kind of101

detectors, such as 3×3 inch LaBr3:Ce detectors for the measurement of high-energy γ rays.102

The beam-dump is placed downstream at ∼3 m from the measuring position, thus reducing103

the background. Two pumping units are placed upstream and downstream to allow reaching an104

operational vacuum of 10−6 mbar in the scattering chamber.105

A specific remote system has been designed to allow the change of the target without opening106

the scattering chamber. The remote target loading system is based on a moving chariot pulled107

by a closed-loop stainless-steel wire. The wire is set in motion by two pulleys, one placed at108

the far end of the beamline (in front of the beamdump) and the free-running one at the entrance109

of the scattering chamber. The target is placed on an extended stick which is designed to arrive110

at the centre of the scattering chamber. A stepper motor acts on the far-end pulley to move the111

chariot from and to the scattering chamber. Proximity sensors provide a feedback signal to the112

motor. Up to 10 targets/frames can be stored in a dedicated buffer vacuum chamber perpendicular113

to the beamline, which can be isolated from the main vacuum by a manual all-metal vacuum114

valve. When a target or frame is to be used, it is moved from the loader to the chariot using a115

manipulator.116
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Figure 1: (Color Online) Design drawing of the GALILEO Phase I (top panel) and II (bottom panel) configurations of
the GALILEO array. The exploded representation allows to see the portals hosting groups of detectors, and the opening
along the beamline. Elements such as manifolds for LN2 distributions and the downstream beam dump are also clearly
visible in the drawings. The beam axis follows from the left to the right in both panels.
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3D images of the downstream beamline modified to accommodate the remote handling sys-117

tem are shown in Fig. 3: the top panel shows the layout of the chambers and of the manipulator.118

The stick holding the target is visible to the far right of the figure, while the bottom panel high-119

lights the buffer vacuum chamber and the support structure within the beamline elements.120

The holding structure of devices which needs to be placed inside the scattering chamber (i.e.121

EUCLIDES, GALTRACE, SPIDER and plunger) is maintained by two short-rail insertions in122

the central part of the scattering chamber, one at the top and one at the bottom of the central ring.123

Such insertions are also used to hold a single-stick target holder useful for calibration purposes124

and in case the remote-target system is not exploited.125

3. Electronics126

The Front-End Electronics (FEE), developed in collaboration with the Advanced GAmma127

Tracking Array (AGATA) [26] collaboration, is composed of two main blocks: the analog part128

with the preamplifiers, and the digital part composed of the digitizers and the preprocessing129

electronics.130

3.1. Preamplifiers131

The output of the HPGe detectors is read out by charge-sensitive preamplifiers employing132

a fast-reset technique for dead time and dynamic range optimization [27, 28]. This technique133

consists of a fast discharge of the pole-zero capacitance when the preamplifier output signal is134

larger than a programmable threshold. As the length of the saturated pulse is proportional to the135

height of the input pulse, the dynamic range of the preamplifiers is thus increased. The differen-136

tial output of the preamplifiers and the differential signals coming from the BGO scintillators are137

arranged into 6-way cables connected by MDR connectors at the input of the digitizer modules.138

The digitizer module has been developed for the upgrade of electronics of the AGATA array139

[26], and is composed of eight electronic boards: six Digi-Opt12 boards [29] and two Control140

Cards [30, 31, 32].141

3.2. Digitizers and signal processing142

The Digi-Opt12 board is a low power 12-channel digitizer board with optical output that143

performs a digitization of the differential input signals at 100 Msps with a resolution of 14 bits.144

The digital output is sent to a 12-fiber optical cable by means of high-speed serial links, encoded145

with the JESD204A protocol [33] and operating at 2 Gbps each.146

Each channel has two programmable input ranges, corresponding to energy ranges of 0-147

7 or 0-20 MeV for γ rays interacting in the HPGe detectors equipped with the GALILEO-type148

preamplifiers, described in the previous subsection. In addition, the analog offset of each channel149

is also programmable from the slow control system and a synchronization signal can be injected150

at the input of the Analog-to-Digital Converters (ADC) to compensate different channel latencies151

due to unbalanced digital paths. The sampling clock, synchronization signal and slow-control152

buses are provided from a custom backplane connector on the rear side of the digitizer. The153

Control Card has three main tasks: receives (from the preprocessing electronics) and broadcasts154

(to the three associated Digi-Opt12 boards) the sampling clock and synchronization signals, and155

performs the slow control of the associated Digi-Opt12 boards and the Control Card itself. The156

board is equipped with a Xilinx Spartan-6 Field Programmable Gate Array (FPGA) to fulfill157
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these tasks. Special care has been taken to minimize the jitter and skew of the sampling clock158

and synchronization signals.159

Concerning the slow control, a set of synchronized registers placed in the Control Card and160

preprocessing FPGA have been linked to the physical slow-control buses in order to drive each161

device in the electronic chain from the slow control (SLC) interface. A command line interface162

(CLI) allows to communicate with a specific board or to broadcast signals to several back-end163

chains, i.e. digitizer and preprocessing electronics. The SLC has been developed around a SOAP164

server/client system. The SOAP server is directly running on the server hosting the preprocessing165

electronics, while the client could be run on any computer, thus allowing to centralize the SLC166

of all the GALILEO electronics on a unique place.167

The communications between the digitizer module and the preprocessing electronics are per-168

formed by optical links, whereas the boards within the digitizer module are linked by means of169

custom communication backplane. The digitizer module is divided in two parts as each Control170

Card manages three Digi-Opt12 boards. The digitizer module is cooled by two fans that provide171

low mechanical noise, while the power consumption of the whole digitizer unit is less than 90 W172

for 72 digitizing channels, i.e. 1.25 W/channel.173

The preprocessing board is a custom PCI express board, namely the Global Gigabit Processor174

(GGP), that receives digital data from the digitizer module, processes and routes them to the175

hosting PC by means of a 4x PCI express link. A GALILEO GGP is shown on Fig. 4. The176

data from 36 high-speed links at 2 Gbps are processed in a Xilinx Virtex-6 FPGA, where signal177

processing, timestamping and data formatting take place. Events validated by the GTS will be178

sent to the hosting PC via the PCI express link at a sustained rate of 400 MB/s.179

After JESD204A protocol decoding, the input data are fed to an embedded First-In First-180

Out (FIFO) queue in order to compensate the different channel latencies. Samples then get181

processed in a first-level trigger generation module using fast moving window deconvolution182

in order to limit the influence of electronic noise and baseline fluctuations on the trigger. If183

the resulting signal exceeds a programmable threshold a trigger activates the energy computation184

mechanism and the capture of the trace, e.g. recording the trace (signal) in a time window around185

the triggering sample, generally set to 1 µs. The trigger module sends a trigger request to the186

Global Trigger and Synchronization (GTS) system, which is in charge of the synchronization of187

the whole array and of other detectors in the setup [34, 35].188

The energy of the triggered γ ray is computed from the input pulse using a Moving Window189

Deconvolution (MWD) algorithm [36], tuned with a set of programmable parameters defined190

at the level of the slow control system. The energy computation block also includes a baseline191

restorer module that improves the performance of the system when working at high counting192

rates [37].193

The 36 ADC channels of one GALILEO digitizer can be arranged within the GGP pre-194

processing boards depending on the connected detectors. Due to the FPGA limited dimensions,195

up to 27 independent triggering channels can be dealt with. Channels can be redistributed within196

so-called domains consisting of one master and n-slaves. The number of channels within the197

domains has been set as a variable parameter in the FPGA programming code, making the gener-198

ation of specific firmware easier. The selection of the master trigger within the domain is a SLC199

parameter.200

For the GASP detectors, the 36 channels are grouped in domains of 2 channels: the first201

acting as master trigger and the second as slave. The nine BGO crystals of each anti-Compton202

shield are instead grouped in a buffer box, with individually adjustable gain for each channel203

and up to three differential outputs. Each output can be configured to correspond to the sum of204
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a certain sub-set of the anti-Compton shield photo-multiplier tubes. The resulting differential205

signal is acquired as the slave of the surrounded HPGe detectors. In the case of the GTC, the 36206

channels are organized in domains of 4 channels, where the trigger is performed on the sum of207

the three HPGe channels and the BGO shield signals is treated as for the GASP detectors and208

acquired as a slave.209

Upon a trigger request, the GTS system provides a timestamp value and replies to the request210

within a 20 µs time window. In the typical running condition of the GALILEO array, the GTS211

system is used in trigger-less operation mode, meaning that all the requests are validated. The212

computed energy and waveforms are stored in Random Access Memory (RAM) while waiting213

for the validation, before being packed and sent to the PC.214

The preprocessing board hosts the GTS leaf services that integrate the card within the global215

triggered timing system. It provides a phase-aligned 100 MHz clock to its leaves (preprocessing216

boards) with sub-nanosecond precision. This clock is also sent through dedicated optical links217

to the digitizer module with deterministic latency and hence to each ADC in the system. As218

discussed in the previous section, the deterministic latency is obtained by injecting a synchro-219

nization signal at the input of the ADCs, also provided synchronously by the GTS system and220

arriving at the digitizer module from another dedicated optical link.221

4. Data Acquisition222

The GALILEO DAQ is based on the XDAQ framework [38], a software suite that has been223

designed and developed to match the requirements of distributed data acquisition application sce-224

narios of high-energy physics experiments. The basic unit provided by XDAQ is an executable225

process, which can run one or more applications.226

Specific XDAQ applications are developed for the GALILEO DAQ. The XDAQ infrastruc-227

ture provides data transport protocols, useful to implement the event building phase, and a set of228

access libraries dedicated to control custom hardware.229

XDAQ executables are highly configurable through an XML configuration file, loaded at230

execution time. It determines the libraries to be loaded, the applications to be instantiated, the231

application parameters and the network connections to collaborating applications. Through this232

mechanism the DAQ system can be adapted to the required performance, partitioned in order to233

perform (test-) runs in parallel, or re-structured in case of hardware faults.234

In order to handle the GALILEO data flow, multiple XDAQ applications with different func-235

tions have been developed: read-out units, filter units, builder units and merger units. All the236

applications are written in C++ and compiled for Scientific Linux 6 and CentOS 7 operating237

systems.238

4.1. Read-out Units239

One Read-out Unit (RUs) runs on each front-end PCs equipped with the custom preprocess-240

ing boards. A total of 4 read-out PCs are available for the GALILEO HPGe detectors, while241

additional 8 are fully equipped and available for the ancillary detectors. Specific read-out units242

have been developed for the read-out of analog VME electronics, namely the CAEN V775 and243

V785 TDC and ADC as for the Neutron Wall (see section 6) and digital VME electronics, namely244

the CAEN digitizers from the first generation namely the V1725 (250 Msps) and V1730 (500245

Msps).246
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4.2. Local Filter Units247

Local Filter units (LF) have the purpose of running dedicated algorithms on the acquired248

data. Different filtering can be applied, like Digital Constant Fraction Discriminator (DCFD),249

Pulse Shape Analysis (PSA), Compton-scattering and pile-up rejection, or other online analysis250

codes. At this level the events are coded in frames which consist of a five 32-bit word header,251

followed by up to eight 32-bit words, configurable by the users.252

4.3. Builder Units253

After this first level of filtering, the data frames are sent to a Builder Unit (BU) which per-254

forms the time ordering of the incoming signals and creates a complete event within a config-255

urable time coincidence window, set to a standard value of 500 ns. Depending on the beam256

characteristics, i.e. continuous or pulsed beam, and physics case (prompt spectroscopy, isomeric257

decay, etc.). The lower limit the width of the time window is generally varied between 300258

and 1000 ns. To limit the memory occupation, each Builder Units handles up to two LFs. On259

the GGPs, idle signals are generated to keep the triggering rate at a programmable frequency to260

avoid the blocking of the BUs due to missing triggers on the electronic input channels. Within a261

reconstructed event, the LF data frames are appended into a dedicated variable length frame with262

a five 32-bit word header.263

4.4. Merger Unit264

The Merger Unit (MU) collects and combines data from all the builder units. Additional265

branches, for which no builder units are requested, can be directly sent to the merger.266

4.5. Global Filer Unit267

Finally a Global Filter unit (GF) was implemented to perform a last stage of data filtering268

before storing the data on disk. In particular, the GF performs a software trigger algorithm able269

to select events based on the fold of the different arrays and time coincidence between GALILEO270

and ancillary detectors was implemented to select the events written on disk.271

All DAQ applications can dump data on disk on request. Even if this feature is important272

in the debugging, commissioning phase, or specific experiment-dependent requirements, it may273

represent a bottleneck for the overall DAQ performances. In standard experiments, only the GF274

unit, running directly on a server connected via a dedicated Fiber Channel link to an MD3600275

storage system, is writing data on disk, thus optimizing the event storing performance. In typical276

running conditions with a trigger rate below 20 kHz per crystal, dead time is steadily below 5%.277

Servers hosting the Read-out and the Local Filter Units are located in the experimental hall,278

close to the detector, while the event reconstruction (BUs, MU) and event selection (GF) appli-279

cations run on a host located in the laboratory computing room. The two areas are connected280

through a dedicated 10 Gigabit network.281

All DAQ applications provide web GUIs to monitor their status. They also provide spy events282

on request, so that client applications can perform online analysis on a subset of acquired events,283

for monitoring purposes.284

Figure 5 shows a simplified block diagram of the DAQ configuration. RU, BU, MU and285

GF are used either for GALILEO or its ancillaries, while the LF unit is dedicated to specific286

tasks depending on each array. The DAQ configuration is scalable to include a larger number of287

electronic channels for HPGe detectors or other GALILEO ancillaries.288
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5. GALILEO Array Performances289

In this section, the performances of the array, in terms of P/T and γ-ray detection efficiency,290

are presented. Detailed Monte-Carlo simulations, performed with the GEANT4 toolkit [39] and291

the AGATA simulation package [40] will be discussed. Complete simulation of the GALILEO ar-292

ray and its ancillaries have shown to be helpful for the analysis of the performed experiments [8].293

5.1. Efficiency294

As it is shown in Fig. 6, and commented in section 2, the gain in efficiency between Phase I295

and Phase II is about a factor 2, owing to the addition of GTC detectors. The absolute full-energy296

peak efficiency for GALILEO Phase II is 4.1% for 1.3 MeV γ rays before add-back in the triple297

cluster. Including the add-back, a 20% increase in photo-peak efficiency for the triple cluster298

is obtained allowing to reach a 4.5% total efficiency at 1.3 MeV. From the comparison with the299

experimental data measured with standard γ-ray sources (152Eu, 137Cs, 60Co, 88Y), the simulation300

describes well the performances of the array at energy above 200 keV. Discrepancies between301

the simulated and measured photo-peak efficiency are observed at low energies, mostly arising302

from the fact that the charge collection is not included in the simulation, thus not reproducing the303

known inhomogeneity of the electric field on the first layers of the crystal.304

5.2. Peak-to-total and Compton-Rejection305

To reject Compton-scattering events, GALILEO detectors are equipped with BGO anti-306

Compton shields. As discussed in the description of the mechanics of GALILEO, Pb shielding307

and Hevimet collimators are implemented in the structure to avoid direct interaction of the γ rays308

in the BGO shield.309

In order to improve the P/T ratio, the Compton-scattering rejection for the GALILEO array310

is performed in two steps. In a first stage, the events in time coincidence (100 ns) between BGO311

and HPGe detectors are discarded at LF level, allowing to reduce the data bandwidth on the312

acquisition system. For all the remaining events, time and energy information of the BGO-shield313

are written to disk and an additional condition can be applied by the user to optimize the P/T314

keeping the efficiency under control. Results of the Compton suppression procedure are shown315

in Fig. 7, where a spectrum before and after Compton-scattering rejection is presented, together316

with the scattered γ rays. The measured P/T using a 60Co source for the tapered crystal lies in the317

range between 55-60%. For the triple cluster, including the add-back procedure a P/T of 45-50%318

is obtained. Fig. 8 shows the evolution of the P/T ratio of the tapered crystal as a function of the319

energy. To better reproduce experimental data, light threshold detection on the AC shield can be320

adjusted.321

6. Ancillaries322

Ancillary detectors are essential instruments in γ-ray spectroscopy studies, allowing the in-323

vestigation of specific reaction channels. GALILEO can be coupled to a continuously increasing324

variety of complementary instrumentation to detect both light-charged particles and heavy ions,325

neutrons and high-energy γ rays.326

The signals from ancillary detectors are generally processed through the back-end and DAQ327

infrastructure of the GALILEO array. This implies that wave-forms are digitized with 100 MHz328

sampling rate and 14-bit conversion precision. At need, the custom GALILEO digitizers can be329
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replaced by commercial ones, synchronized and timestamped using the GTS system described in330

Sec. 4. The information obtained by numerical treatment of the digital samples, for example time331

and energy values, are then sent to the data acquisition framework based on XDAQ architecture.332

Valuable information can be obtained when high resolution γ-ray spectra are measured in333

coincidence with high-energy γ-rays, light-charged particles, high heavy ions and/or neutrons. In334

Coulomb excitation reactions for example, the detection of heavy-ions is necessary to reconstruct335

the kinematics and extract cross-sections of the excited states of interest.336

In fusion-evaporation reactions, detection of the emitted particles and/or of the evaporation337

residue (ER) detection allows to largely improve the γ-ray spectra and extract structure properties338

of the nuclei of interest.339

6.1. High-energy γ rays340

When the number of the states populated in a reaction is limited, e.g. when studying light341

nuclei or even-even nuclei in proximity of the shell closures, or in the case of studies of high-342

lying resonant states (Giant Resonances), the resolution of the γ-ray detectors might not be the343

primary asset, while it is crucial to maximize the detection efficiency.344

Ten LaBr3:Ce detectors (3”×3”) [12] can be added to the GALILEO HPGe detectors to this345

scope, at a distance varying between ∼120 mm to ∼200 mm with respect to the target position,346

and at 70° with respect to the beam line. When placed at 200 mm from the target position, the347

LaBr3:Ce array has a full-energy peak efficiency of 2.3% at 1.3 MeV, and a simulated efficiency348

of ∼0.8% at 16 MeV. The 3D rendering of LaBr3:Ce (depicted in red) detectors in GALILEO349

Phase I, located at 70° is shown in Fig. 9. The LaBr3:Ce array can also replace HPGe detectors350

on the 90° ring.351

The implementation of the fast signals coming from the LaBr3:Ce detectors into the DAQ of352

GALILEO was compared to a standard analog chain. The fast signals coming from the LaBr3:Ce353

detectors are formed by the custom-designed module LaBr-PRO [41]. For each detector, this354

module provides a logic signal corresponding to the zero-crossing of the CFD and two energy355

signals (fast and slow integration). Since the pulse shape analysis is not of interest for our appli-356

cations, the choice was made to send to the digitizers the CFD and energy signal corresponding357

to the slow integration. Triggering on the logic signals and performing a digital CFD on these358

logical signals, a time resolution of ≈850 ps was obtained at the 60Co. This was compared to359

the time resolution obtained by sending the same CFD signals to TAC (Time to Amplitude Con-360

verter) modules and then digitizing the output of the TACs, obtaining similar performances, ≈700361

ps. It is worth pointing out that the detectors used in this case are not optimized in any way for362

fast-timing measurement. Similar performances to a standard analog chain have been registered363

also with respect to the energy resolution, of about 3% at 661.6 keV for both digitized signals.364

To further improve the performances of these detectors and their applications, a read-out us-365

ing commercial digitizers, provided by CAEN, with sampling frequency up to 500 Msps was366

implemented. The read-out is fully integrated in the XDAQ acquisition and allows the complete367

coupling to the GALILEO array. A 100 MHz Low-Voltage Differential Signal (LVDS) clock368

signal is sent from the VME GTS-carrier directly into the CAEN digitizers assuring the clocks369

synchronization of the two systems. Since the CAEN clock counter (timestamp) is reset at each370

start and stop of the DAQ, while the GTS clock counters is programmed to go around a 48-bit371

value, a determination of the offset between the two system is necessary. The AGAVA mod-372

ule [26], developed to couple VME read-out with the AGATA infrastructure, is used to perform373

this operation. The logic signal used to start the commercial boards is sent to the trigger-in of374
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the AGAVA board, allowing to determine the GTS t0 timestamp. Fluctuations of the offset of ± 1375

clock cycle over the different start/stop cycles have been observed but can be corrected offline.376

The automatic determination of the offset between the two read-outs, allows to fully integrate the377

CAEN electronics in the XDAQ acquisition chain. Using this dedicated digital electronic read-378

out both energy and time resolution are equal to what can be obtained using dedicated analog379

read-out. This read-out was also tested with fast-responding scintillators, e.g. PARIS [42, 43]380

and FATIMA [44, 45] for which time resolution of ∼250 ps is obtained using the V1730 digitiz-381

ers [46].382

6.2. Light-charged particles383

Light charged particle-detector arrays (Z ≤ 6) are used with GALILEO in two different con-384

figurations: large angular coverage, on one side, and high energy and angular resolution, on385

the other. The two particle arrays available for GALILEO are EUCLIDES and GALTRACE,386

described in the following and represented in Fig. 11. EUCLIDES is designed to enhance the387

channel selection in fusion-evaporation experiment. The high granularity and resolution of GAL-388

TRACE, on the contrary, is exploited for direct-reaction spectroscopic studies.389

- EUCLIDES is a 4π light-charged particle detector, made up of 40 two-stage ∆E-E tele-390

scopes, arranged in a 42-faces polyhedron composed of 30 irregular hexagonal and 12391

regular pentagonal faces. The forward-most part is composed of 5 hexagonal telescopes392

electrically segmented in 4 sectors with equal geometrical areas.393

The geometrical efficiency of the array is about 81%. The total efficiency for the full EU-394

CLIDES array was derived using the average experimental values, assuming an isotropic395

distribution of the emitted particles and neglecting the probability of multiple hits in each396

detector. It accounts to 60% and 40%, for protons and alpha particles, respectively.397

The design, characteristics and performance of the EUCLIDES array are presented and398

discussed in a dedicated paper [6].399

- GALTRACE is a highly-segmented silicon detector for light particles and ions [7]. It400

consists of a series of silicon layers in ∆E-E telescope configuration, whose thickness is401

200 µm and 1.5 mm, respectively. Each detector, 50x20 mm2 in size, is segmented in402

60 pads, 4x4 mm2 each, in order to achieve an angular resolution of few degrees when the403

detector is placed at a distance & 50 mm from the target position. GALTRACE is equipped404

with integrated preamplifiers developed by the INFN electronics group of Milano [47].405

The ASIC preamplifiers have 8 anodic channels each, plus one cathodic channel. The406

cathode is powered separately and can be shut off if not used. The cathodic channel is407

used as trigger. The read-out of one complete ∆E-E telescope requires 64 preamplifier408

anodic channels and 2 cathodic channels, therefore making use of 8 ASIC preamplifiers.409

The preamplifier board makes use of a fast-reset circuit similar to the one employed on the410

GALILEO preamplifier boards. The signals are transported out of the reaction chamber in411

single-ended mode. A short connection to the single-ended to differential (SeDiff) modules412

allows for long connections to the GALILEO digitizers in the back-end. These boards are413

compliant with preamplifier standards in terms of dynamic range, bandwidth and noise.414

The quality of preamplifiers and the short connections entail the possible use of pulse-415

shape analysis [48, 49] to resolve the reaction channel.416
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Array Detection δθ [°] Ω/4π [%] Efficiency [%]
EUCLIDES p, α 2.5÷5 81 60 (p), 40 (α)

SPIDER HI 1.5÷3 20.2 ∼17
GALTRACE p, α, LI ∼2 ∼20 ∼18

LaBr3:Ce high-E γ rays ∼10 2.2
Neutron Wall n 10 25 20 (1n), 1 (2n)

RFD HI 0.1 ∼0.1 20÷50

Table 2: Main characteristics of GALILEO complementary instrumentation in terms of radiation detection, angular
resolution, geometrical and absolute efficiency. See section 6 for further details.

6.3. Heavy ions417

As for light-charged particles, GALILEO can be coupled to two different heavy ion detectors:418

covering the backward hemishpere with the SPIDER Si-detector array and forward angles with419

the RFD array.420

- SPIDER [8] (Silicon PIe DEtectoR) is an array of segmented silicon detectors developed421

by INFN Firenze in collaboration with INFN LNL, INFN Padova and INFN Milano for422

low-energy Coulomb excitation measurements. It is composed of trapezoidal silicon detec-423

tors (300 µm thick) segmented in 8 independent strips. The array provides excellent energy424

resolution (0.5% for α-particles at 5.5 MeV). This permits to account for the energy losses425

in the target and derive its thickness [50] via the optimization of the Doppler correction of426

the γ-ray spectra. Such information is essential in Coulomb excitation experiments with427

stable beams to derive the absolute cross section.428

When coupled with GALILEO, SPIDER is shaped into a cone-like configuration com-429

posed of 7 detectors positioned at a distance of about 85 mm from the target (see Fig. 11430

right-most panel).431

In this configuration, the array angular coverage is 17% of 4π (total solid angle). The432

polar angle coverage is from 124 to 161 degrees with respect to the beam direction. A433

3D-printed aluminium holder allows for an easy mounting of SPIDER in the GALILEO434

vacuum chamber, and a dedicated PCB interfaces the array with the same FEE/BEE of435

EUCLIDES. At present, SPIDER is employed for experiments with stable beams [51]. It436

is mounted at backward angles to limit the radiation damage and to enhance the probability437

of multi-step Coulomb excitation and the sensitivity to second-order effects. In the near438

future, low-energy Coulomb excitation studies will greatly benefit from the radioactive439

beams provided by SPES. For these experiments, SPIDER will be mounted at forward440

angles to compensate for the low intensity of the ISOL beams.441

- RFD [52] consists of 18 fast scintillators distributed around the beam axis. They detect442

electrons stripped as ion cross a mylar foil placed in front of each detector. RFD detects443

forward focused recoils, measures their time of flight and position angle in event-by-event444

mode, thus providing a velocity vector for a single ER. The γ-recoil time coincidence445

condition and the selection of the ToF range, which is specific for ER, allows to suppress446

γ-rays from competing reaction channels, such as fission and transfer processes, Coulomb447

excitation, and disentangling possible products coming from target contamination, etc.448
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Typical ER detection efficiency of RFD is 20-50% and depends on the reaction kinematics.449

It can be optimized by adjusting the flight distance from the target.450

In order to limit the counting rate, which can easily reach MHz, signals of the RFD have451

to be vetoed using the radio-frequency signals delivered by the XTU Tandem bunching452

system. The vetoed signals from the RFD detectors are fed to the MegAmp NIM modules453

developed by INFN Milano [53]. Each module can host up to 16 channels and give an454

energy signal and a TAC signal providing a common external stop signal. The output of455

the MegAmp amplifier is then fed into the Single-Ended-to-differential modules developed456

for the GALTRACE array to be transported to the GALILEO digitizers.457

The mechanical coupling of RFD to GALILEO is shown in the 3D rendering reported in458

Fig. 10.459

6.4. Neutrons460

Neutron Wall [9] is an array of organic Bicron BC501A liquid scintillators. The array consists461

of 15 hexagonal detectors (H) and 1 pentagonal detector (P). H detectors present 3 segments462

per unit, each one filled with 3.2 liters of liquid scintillator. The P detector is composed by 5463

segments, 1.1 liters each. In the GALILEO configuration, there is a total of 45 detector segments464

for a volume of liquid scintillator of about 150 liters.465

The detectors are mounted in a closely packed configuration forming a pseudo-spherical shell466

that covers about 30% of 4π solid angle. Neutron Wall is mounted in the forward hemisphere,467

with GALILEO detectors occupying the backward hemisphere, as shown in the top panel of468

Fig. 9. The distance from the target to the front face of the detectors is about 500 mm. Measured469

efficiency is 20% and 1% for 1n an 2n detection, respectively.470

In the future the use of Neutron Wall and NEDA [54] in combination with GALILEO is also471

envisaged.472

6.5. Lifetime and electromagnetic moment measurements473

Lifetime and electromagnetic moments provide a stringent test of nuclear models. High pre-474

cision measurements are of key importance in the understanding of nuclear forces, in particular475

for the role of isospin mixing or quadrupole-pairing interplay. In order to get access to level life-476

times in the range of the fs to the ns, the GALILEO array can be coupled to several ancillaries.477

A dedicated plunger device has been developed in collaboration with the IKP (Cologne) [10]478

to cover the ps to the ns range.479

The possibility of performing fast-timing measurements with the inclusion of a number of480

the fast-responding LaBr3:Ce detectors of the FATIMA collaboration is also made available. The481

integration of these detectors has been discussed before in this section.482

7. Conclusions483

The GALILEO γ-ray spectrometer has been developed and it is presently installed at the484

Legnaro National Laboratories, INFN. In the final phase, it consists of 55 HPGe detectors: 10485

triple clusters and 25 single crystals, arranged in 6 rings at 150°, 116°, 90°, 61°, 51°and 28°with486

respect to the beam optical axis.487

The read out chain is composed by differential charge-sensitive fast-reset preamplifiers, dig-488

itizers boards and preprocessing cards which receive digital data and route them to the hosting489

computers.490
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The data acquisition system of the GALILEO array is based on XDAQ platform developed491

at CERN for distributed acquisition system.492

The GALILEO spectrometer can be assisted by a variety of complementary instrumentation493

to detect light-charged particles and ions, neutrons, high-energy γ rays and measure electromag-494

netic moments.495

The array has been successfully commissioned and is under operation running scientific cam-496

paigns to investigate neutron-deficient and neutron-rich nuclei in various regions of the Segré497

chart, using stable and, in the near future, radioactive beams from the SPES facility.498
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Figure 2: (Color Online) (Top panel) 3D rendering of GTC detector, seen from the back: the LN2 dewar is depicted in
light green while the HPGe capsules are shown in gray. (Bottom panel) Detailed view of the AC shields: the picture on
the right shows, in yellow, the 3D rendering of the configuration of the BGO crystals, which are then enclosed in the
endcap visible on the left.
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Figure 3: (Color Online) (Top Panel) 3D rendering of the downstream beamline including the remote handling system:
one can note the manually controlled manipulator, represented in blue and extending above the beamline, and the chamber
dedicated to the targets perpendicular to the beamline. At the far end one can see the stick extending towards the scattering
chamber. (Bottom Panel) Detail of the interchange section and of the target chamber. In order to highlight construction
elements the vacuum chambers are transparent.
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Figure 4: (Color Online) Picture of a Global Gigabit Processor (GGP) PCIe board. Digital signal are sent from the
DigiOpt-12 boards to the GGP using the three MPO-12 optical fiber cables connected to the three lower SNAP-12
transceivers on the picture. The two additional ones (QSFP) are used for the clock distribution (top most) and the
communication with the control board inside the digitzer (second transceiver).
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Figure 5: (Color Online) Block diagram representation of the DAQ, see text for details. Double (orange) arrows are for
the optical links between the digitizer and the pre-processing board, full arrows are InfiniBand link while dashed (green)
lines are for Ethernet links. The scheme represents the simplified version of the normal operation for GALILEO phase
I. The DAQ can be scaled up to 12 Local servers to cover all the envisaged ancillaries. In this case up to 4 Builder Units
can be inserted with up to 4 read-out units per Builder.

200 400 600 800 1 000 1 200 1 400 1 600 1 800 2 000

10−1

100

101

Energy (keV)

ε p
h

(%
)

GASP detector
GTC detector

GALILEO Phase I
Phase I sim.

GALILEO Phase II
Phase II sim.

Figure 6: (Color Online) Comparison between the photo-peak efficiency of the tapered crystal (blue pentagons) and triple
cluster crystal (red squares). Error bars are included in the points. For completeness the total efficiency of GALILEO in
the phase I (dotted line) and Phase II (dashed line) are also reported. Simulated efficiencies of the two configurations are
reported in green colors. See text for details.
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Figure 7: (Color Online) γ-ray spectra obtained with a 60Co source placed at the center of the GALILEO array. The
spectrum before Compton-scattering rejection (blue line) is compared to the one after Compton-scattering rejection
(red). The events considered as Compton-scattered events (see text for details) are also represented (green). In the insert
the energy region below the 60Co source lines is depicted in linear scale to better assess the quality of the Compton
background suppression.
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Figure 8: (Color Online) Evolution of the simulated P/T ratio as a function of the γ-ray energy for the tapered crystals.
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Figure 9: (Color Online) 3D rendering of the GALILEO array, Phase I configuration, coupled to LaBr3:Ce detectors
placed at 70°. The LaBr3:Ce detector rendering, in red, includes also the housing of the photo-multiplier tubes. To the
right of the figure the arrangement of the Neutron Wall with its mechanical structure is also visible.

Figure 10: (Color Online) 3D rendering of the GALILEO array, Phase I configuration without backward ring, coupled
with the Recoil Filter Detector (RFD). In the lower-right corner, the extended beam dump is also visible.
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Figure 11: (Color Online) Light-charged particle and heavy ions silicon detectors, EUCLIDES, GALTRACE and SPI-
DER (from left to right), available to be combined with GALILEO for fusion-evaporation, direct and Coulomb excitation
reactions.
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