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Abstract

The DEcay SPECtroscopy (DESPEC) setup for nuclear structure investigations was developed and commissioned at
GSI, Germany in preparation for a full campaign of experiments at the FRS and Super-FRS. In this paper, we report
on the first employment of the setup in the hybrid configuration with the AIDA implanter coupled to the FATIMA
LaBrs(Ce) fast-timing array, and high-purity germanium detectors. Initial results are shown from the first experiments
carried out with the setup. An overview of the setup and function is discussed, including technical advancements along

the path.

Keywords: «, B =y spectroscopy, digital electronics, fast timing, FAIR, DESPEC, NuSTAR

1. Introduction

45
Investigation of exotic nuclei far away from the valley

of stable isotopes is one of the key topics in the study of
the atomic nucleus during recent decades. The production,
detection, and measurement of short lived and rare nuclei
is an experimental challenge that can be addressed with
novel detection systems. A useful technique to obtain a
first insight for these investigations is decay spectroscopy
of stopped ions. The measurement of excited states in
the stopped ion (in the case of longer-lived ~ us isomeric
states) can be studied by observing the y-ray emission dur-
ing the de-excitation to the ground state. In addition, if
the stopped ion undergoes nuclear decay, excited states
both prompt and delayed temporally can be measured in
the daughter nucleus following charged and neutral parti-
cle decay. These methods are extremely sensitive (down
to few ions/day), as the measurement is essentially back-
ground free. Examples of such measurements can be found
in [1, 2.

The DEcay SPECtroscopy (DESPEC) setup is designed
with the goal of measuring exotic nuclei produced via frag-
mentation reactions separated and identified through the o
FRagment Separator (FRS) [3] located at the Gesellschaft
fiir Schwerionenforschung (GSI), and in future the Super-
conducting FRagment Separator (Super-FRS) [4] based at
the upcoming Facility for Antiproton and Ion Research
(FAIR) [5]. A discussion and timeline of the development
path of DESPEC can be found in references [0 [7, [§]. DE- 7
SPEC addresses a number of areas of interest in nuclear
structure physics, such as decay studies of near drip-line
nuclei with extreme neutron-to-proton ratios, in particular
towards the neutron-rich r-process line.

To achieve the primary physics goals laid out, DESPEC
takes advantage of the existence of nano-to-millisecond iso- ;5
meric states to enable spectroscopic information to be ob-
tained. Due to this sensitivity, DESPEC will also be able
to access species produced at very low yields (0.01-100/s).
Isomeric decays and measurements of decays following
and/or proton emission can provide the -ray ‘fingerprints’
which give the first glimpses on the internal structure of ®
nuclei. A systematic study of key experimental signatures,
such as the energy of the first excited state, the ratio of
the excitation energies or the decay probabilities of the

lowest-lying levels in even-even nuclei, can demonstrate
effects such as the erosion of the established magic num-
bers, and reveal the development and evolution of nuclear
collective excitations (see e.g. [9]).

A key component of the DESPEC setup is the Ad-
vanced Implantation Detector Array (AIDA) which can
register the implantation of ions, and correlate them spa-
tially and temporally with their subsequent charged par-
ticle decays (3%, «, proton, and internal conversion elec-
trons) and thus acts as an active stopper. AIDA is sur-
rounded by an arrangement of  ray and neutron detectors.
Ultimately the setup is flexible in terms of detector type
and arrangement, with a number of configurations avail-
able from an extensive suite of detector subsystems. Such
flexibility offers the advantage of selecting a given config-
uration to suit the physics case. The setup comprises:

e The Advanced Implantation Detector Array (AIDA) [I0,

1T), 2] highly-pixelated Double-Sided Silicon Strip
Detector (DSSD) stopper stack.

e An arrangement of high-purity germanium (HPGe)
such as the DESPEC Germanium Array Spectrom-
eter (DEGAS) [13, [14] surrounding the AIDA stack
for high-resolution ~y-ray detection.

e The FAst TIMing Array (FATIMA) composed of a
LaBr3(Ce) array [15] for y-ray fast-timing measure-
ments.

e The SPlastic fast-timing plastic scintillators installed
up and downstream of the AIDA DSSD stack for
[B-decay and excited nuclear state lifetime measure-
ments (in combination with FATIMA).

e An arrangement of neutron detectors with the BEta-
deLayEd Neutron detector (BELEN) [16] or the MOd-
ular Neutron time-of-flight SpectromeTER, (MON-
STER) [17] to study the 8-delayed neutron-emission
branch in detail.

e A v-ray calorimeter as the Decay Total Absorption
~v-Ray Spectrometer (DTAS) [I8, 19] for a full re-
construction of the B(GT) S-decay strength function
and the possible measurement of isomeric states with
high efficiency.
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To accommodate the DESPEC detectors, a combinedi«o
data acquisiton (DAQ) system is required for merging the
variety of separate, independently running detector sys-
tems.

In order to have a complete picture of the S-decay pro-
cess, both high-resolution and high-efficiency studies needus
to be performed. The first goals are achieved by exploit-
ing the combination of AIDA and HPGe detectors, coupled
to ancillaries such as FATIMA to enhance the sensitivity
to specific observables (the lifetimes of nuclear levels or
delayed neutron spectroscopy). The second approach isiso
based on total absorption spectroscopy. This can include
measurement of the neutron spectrum by MONSTER, or
the use of highly efficient scintillator detectors like DTAS
aiming at measuring the full decay cascade rather than in-
dividual ~-rays. 155

From day one of the FAIR research program, DESPEC
will be employed in the low-energy branch of the new facil-
ity: namely in the focal plane of the Super-FRS where the
spectroscopic ability of the setup can be fully realised withieo
higher intensity beams, purity of the ion species, and im-
proved transmission, giving access to new regions of exotic
nuclei for measurement. While waiting for the Super-FRS
to come online, the DESPEC setup is employed at the GSI
facility in the fourth focal plane (S4) of the FRS as part ofies
the GSI-FAIR Phase-0 experiments. Here, the DESPEC
collaboration is commissioning and investigating the capa-
bilities of the setup in advance, and continuing the current
drive in understanding the underlying structure of exotic
nuclei through a series of experimental campaigns (see e.g.170
reference [20]).

The initial focus of the experimental campaign between
2019-2021 was the discovery of structural properties of
N = Z nuclei, heavy neutron-rich nuclei in the region
around and above 2°®Pb; and nuclei in the proximity ofis
100811.

The purpose of this article is to provide a description
of each detection element to be employed with DESPEC,
and to present first experimental results that illustrate the
performance and use with the first iteration of the setup. s

2. Overview of the Setup

In this section, a description of the single subsystemsiss
used in the campaign 2019-2021 for high-resolution studies
is presented, plus additional subsystems the are planned
to be used in future DESPEC campaigns and have so far
been deployed at other facilities.

The DESPEC setup is located in the S4 focal plane ofisn
the FRS [3], which serves the purpose of the production
and in-flight separation of secondary fragment (or fission)
ions of interest. The FRS is coupled to the SIS18 syn-
chrotron, where the stable beam species accelerated up
to 1 GeV/nucleon are impinged upon thick targets rang-is
ing from 1 to 8 g/cm? Be and Pb material to produce

fragment ion species. The typical beam energies received
from the SIS18 range from 4.5 GeV /u for hydrogen, up to
1 GeV/u for uranium. After the target, a combination of
magnetic elements (dipoles, quadrupoles, and sextupoles),
degrader elements and slits ensure the selection and trans-
port of the fragments. Ion species up to a magnetic rigid-
ity of Bp=18 Tm can be separated using the Bp-AE-Bp
method [3]. A schematic of the FRS setup can be found
n [2I]. (Note: in the given reference the focal plane areas
are referred to as F1-F4, in our work we refer to the cor-
responding experimental areas S1-S4). The separator can
be used in monochromatic and achromatic modes depend-
ing upon the experimental requirements. A wedge-shaped
degrader at S2 is used to achieve either the achromatic or
monochromatic modes. Typically, the separator is oper-
ated in achromatic mode, where the final fragment posi-
tion is independent of the initial momentum and angular
spread, such that ions with the same Bp can be focused to
the same point at the focal plane.

Optimal reduction of contaminants arriving to the S2 dis-
persive focal plane is achieved by using X-directional slits
in focal plane S1. Passive elements through the separator
can help to reduce contaminants and select the species of
interest. These include X-directional slits, located at the
S1, S2, S3 and S4 focal planes, while an additional homo-
geneous degrader in S1 position is used in specific cases.
For better separation, and to minimize the production of
charge states while interacting with material in the sep-
arator, the energy of the fragments is typically kept as
high as possible, above 400 MeV /u at the entrance of the
FRS detectors in the S4 area. Therefore, the use of an S4
degrader is required to reduce the ion energy enough to
ensure implantation of the ions into the AIDA stack of Si
detectors.

Particle identification is achieved using the Bp-TOF-
AE method, for which both the exact reconstruction of
the position at S2 and S4 and the Time-Of-Flight (TOF)
between the two focal planes have to be measured with
precision. In the S2 and S4 focal plane areas, a pair of
TPC (Time Projection Chamber) position detectors, are
employed for precise position determination, matching the
requirement of 1 mm (FWHM) position resolution, crucial
for a correct reconstruction of the trajectories. Fast plastic
scintillator detectors in the two focal planes ensure the
measurement of the TOF.

High rates at the S2 focal plane might limit the perfor-
mance of the scintillator detectors. Therefore a segmented
plastic detector known as Finger composed of several plas-
tic scintillator elements, each one read individually and ca-
pable of high rate mode, is currently under development.
In addition this detector will give enhanced position reso-
lution, comparable or better than the TPC detectors.

The charge of the ions is measured with the help of
two Multiple Sampling Ionization Chamber (MUSIC) de-
tectors with a stripper foil in between. An additional scin-
tillator, located after the S4 degrader, helps with the iden-
tification of unreacted ions reaching the AIDA stopper.
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Figure 1: Colour online. Experimental setup used in the campaign in 2021, where the coupling of the EUROBALL detectors (with green
dewars) and the FATIMA crystals (in the grey aluminum cases) are clearly visible. The v-ray detectors are retracted from the AIDA snout

(enclosure containing the DSSDs) which is visible on the right.
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Figure 2: 3D rendering of the DESPEC hybrid setup including FA-?%
TIMA and HPGe detectors surrounding the AIDA snout.

Fig. [1] shows a photograph of the hybrid setup used”™”
in 2021 using the EUROBALL 7-fold clusters [22] coupled
to the FATIMA LaBr3(Ce) array. In Fig. [2 3D render-
ings of the mechanical setup are shown. The DESPEC
setup exploited in the 2019-2021 experimental campaigns
consisted mainly of the AIDA stack of Si detectors, sand-""
wiched between two plastic (SPlastic) detectors and sur-
rounded by a composite array of v-ray detectors. In the
following, a description of the components, including read-

out and performance, is given.
235

2.1. AIDA

The AIDA detector array is based on Double Sided
Silicon-strip Detectors (DSSD) characterised by a high de-
gree of pixelation. The energetic (100-200 MeV/u) ex-
otic heavy-ions, selected and transported by the FRS are
slowed by a series of degraders and implanted into a stack
of DSSDs with a variable number of layers, to ensure a
correct implantation depth for several species at the same
time. AIDA has been exploited in several other campaigns
such as at RIKEN. A detailed description and utilisation of
AIDA in these campaigns can be found in [10, 1], 12 23].
The implanted nuclei undergo radioactive decay emitting
low-energy [ and « particles, protons, neutrons and -y
rays. The charged particles are detected by the DSSDs.
Each unit is based on 8x8 cm? DSSDs with thickness of
1 mm, composed of 128x128 strips (16384 pixels), with
a 0.560 mm inter-strip pitch. The DSSDs are purchased
as single (8x8 cm?) wafer or triple (24x8 cm?) wafer de-
vices. Therefore, AIDA can be employed either as a ‘sin-
gle’ stack with the narrower 8x8 cm? wafers, or in a ‘triple’
stack configuration with the wider 24x8 cm? DSSDs, se-
lected depending upon the expected ion-implant distribu-
tion. Photographs of the single (top left) and triple (top
right) configurations mounted in the stack are shown in
Fig.|3] During the experimental runs, the stack of DSSDs
are enclosed within an external aluminum casing, known
as the AIDA ‘snout’. The dense pixelation allows for the
position in X,Y, Z (depth) where the nucleus has been im-
planted to be correlated to the subsequent decay particles.
The measurement of the time elapsed between the implan-
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tation and the subsequent decay returns the half-life of thezs
radioactive decay.

The energy deposited by the implant in the DSSD is
of the order of several GeV, while the energy of the sub-
sequent decay events is of the order of ~50 keV to a few
MeV. The average time between implantation and decayso
ranges between tens of ms to several tens of seconds. In
order to cope with the large number of channels and the
need to measure energies over a multi-order of magnitude
dynamic range, an Application Specific Integrated Circuit
(ASIC) chip was developed [24]. The system is able toss
measure charged particle energies over two (high and low)
energy ranges, autonomously switching between them. It
also has a fast recovery time of <40 ps. The operation of
the ASIC (including the slow-comparator-controlled ana-
logue multiplex and ADC readout) is synchronised by aswo
500 kHz clock. ADC data is timestamped using an inter-
nal 100 MHz clock and ADC data timestamps therefore
increment at 2 us intervals - sufficient for ion implantation-
decay-gamma correlations. Fast comparator data are also
available and timestamped using the internal 100 MHz
clock - the fast comparator timestamps therefore incre-
ment at 10 ns intervals. The higher bandwidth required
for a fast comparator necessarily means a lower signal:noise
ratio and therefore a higher energy threshold compared to
the slow comparator.

The AIDA hardware consists of a number of 64-channel
FEE64 modules that control and process the data from
4x16-channel AIDA ASICs. Each FEE64 operates as an
independent DAQ and can handle data rates of up to 500k
data-items/s. Each FEE64 also accepts a single external
NIM signal which is recorded and timestamped at 10 ns
resolution, allowing simple correlation data to be recorded.
Four FEE64 modules are necessary to read out one single-
wafer DSSD, while eight are necessary for one triple-wafer
DSSD. The current infrastructure is capable of supporting
16 FEE64 modules (4 single wafers, or 2 triple wafers)
with up to 24 FEE64s possible in the near future (3 triple
walfers).

Typically, the low-energy slow comparator threshold
for B-decays is around 100 keV. The measured ( efficiency
of 235% is strongly related to the software energy thresh-
old, the implantation profile, the S-decay end point en-
ergy, and the heavy-ion implant/veto conditions applied.
[-decay events are identified as clusters of adjacent ac-
tive pixels. The majority (> 85%) of decay-event clusters
consist of a single pixel, while most of the remainder are
made of two pixels. For implant-event clusters, it is more
common for two strips on each side to fire.

AIDA runs as a triggerless system [25], and the FEE64
DAQ produces time-ordered data items with a 64-bit White
Rabbit timestamp [26] using the Total Data Readout (TDR)
GREAT format [27]. The White Rabbit timestamp and
200 MHz clock are provided via HDMI cables from dedi-

cated White Rabbit receiver modules (VETAR2, PEXARIAS)

and distributed to all AIDA FEE64s via MACB clock dis-
tribution modules. All necessary clocks within the FEE64

are derived from, and synchronised to, the input 200 MHz
clock from the White Rabbit modules. This synchronises
the system both to other AIDA FEE64 modules as well as
the other DESPEC subsystems. The independent FEE64
DAQs run the MIDAS Data Analysis package [28]. MIDAS
forwards data over a dedicated gigabit ethernet network to
a high-performance workstation, which then merges the
data streams from all the FEE64 DAQs, producing a sin-
gle time-ordered data stream. This final datastream is
subsequently saved to local disk and forwarded over giga-
bit ethernet to an MBS foreign data receiver.

AIDA was employed for the 2019-2021 experiments at
GSI in both wide (6 DSSDs (3 side-by-side) in a two layer
stack) and single (3 DSSDs in a three layer stack) config-
urations. An example of the single stack AIDA employed
is shown in the lower photograph in Fig. [3] coupled to the
electronics.

i

Figure 3: Colour online. Top photograph left: The arrangement of
three layers of AIDA DSSD chips in the narrow configuration coupled
to one of the BPlastic detectors (on top), ready to be inserted into
the snout. Top photograph right: AIDA in the wide configuration.
Bottom photograph: The built AIDA detector system: the snout on
the left contains the several layers of the narrow 8x8 cm? DSSDs,
while the blue frame hosts the electronics. The blue pipes contain
the cooling medium for the electronics.
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2.2. BPlastic

BPlastic is a fast-timing plastic detector designed for
measuring [ particles with an energy range of ~80 keV to
8 MeV. The AIDA DSSD stack is sandwiched in between
two BPlastic detectors as can be seen in the top two pho-
tographs in Fig.[3] The downstream [Plastic detector can
be seen as placed above the DSSD stack. Each SPlastic
detector is composed of a quadrilateral 3 mm thick sheet
of scintillating plastic material (type BC-404 [29]) coupled
to 3x3 mm? silicon photomultipliers (SiPMs) SensL C-
Series [30] along the four sides. The excellent timing prop-
erties of such scintillating detectors allow high-precision
time information for decays originating from implanted
ions inside AIDA to be measured. The [ particles detected
with a preceding ion implantation registered in AIDA are
correlated with the SPlastic detector in order to achieve
fast-timing for short lived excited nuclear states, and (-
decay measurements. A time resolution of ~ 450 ps FWHM
for 511 keV 7 rays was measured using a 22Na source,
where the 511 keV photon emitted in the opposite direc-
tion was detected by a LaBrs(Ce) detector.

The SiPMs are attached to the scintillating material”
via an optical coupling pad that is kept in place using
a custom-fitted housing. Early iterations of the detec-
tor design included glued SiPMs, but this was found to
produce too much mechanical stress on the plastic. The
SiPM signals are read out by custom-made, shielded flat
cables and then pass through ‘booster boards’;, which pro-
vide an amplification factor of ~ 10. The amplified sig-
nals are then accessible by Lemo outputs and fed into
FPGA-based TAMEX cards with TwinPeaks front-ends,
developed in-house by the Experimental Electronics De-
partment at GSI [3I]. See section [2.3|for more details. ~ *®

The detector dimensions orthogonal to the beam direc-
tion, the number of SiPMs, and the SiPM-readout schemes
are flexible and can be tailored to the specific needs of the
experiment. To date, configurations of 8 x 8 cm? (single)
and 24 x 8 cm? (wide) have been in operation, in conjunc-
tion with the single and wide AIDA DSSD stacks, respec-
tively. For the single geometry, SiPMs were arranged such
that each group of four was coupled to a read out, result-
ing in a total of 16 channels (4 along each side). In the
wide geometry, SiPMs were grouped in pairs to increase
the granularity, such that each long (24 cm) and short (8
cm) edge comprised 48 and 16 SiPMs coupled to 24 and
8 read-out channels, respectively, resulting in a total of 64
channels.

The time differences between leading- and trailing-edge®®
discriminator threshold crossings (time-over-threshold, or
ToT) are proportional to the amount of light collected by
the SiPMs. A typical ToT distribution for a single SPlastic
channel measured in-beam is shown in black in Fig. |4} The
peak visible at channel ~70 corresponds to very high en-*®
ergy deposition and saturation of the SiPMs due primarily
to heavy-ion interactions. The broad, lower energy distri-
bution corresponding to 8 particles (wherein a coincident
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decay event was registered in both AIDA and FATIMA)
can be seen in the red spectrum.

Counts
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Figure 4: Colour online. Typical time-over-threshold (ToT) distri-
butions for a single SPlastic channel. The fragment setting was for
34Gi. Events associated with large energy deposition and saturation
of the SiPMs (predominantly due to heavy ions) are seen at channel
~70 in black. The red distribution shows events wherein a coincident
decay was measured in both AIDA and FATIMA.

The PPlastic detectors may also be used as implanta-
tion devices themselves, and can provide a high-efficiency
veto of unwanted light ions that may pass through the
AIDA DSSD stack without being stopped.

2.8. FATIMA

The FAst TIMing Array (FATIMA) [15] can be used
to determine the lifetime of nuclear states down to the
picosecond level, as well as measure longer-lived isomeric
states. This is achieved by measuring the time difference
between two detected ~ rays in a decay cascade. In addi-
tion, the time difference between a «y-ray in FATIMA, and
a (-particle detected by the Bplastic detector can be mea-
sured; in combination with HPGe detectors the § — v — ~
fast timing method can be applied [32].

The array used at DESPEC is a modular system of
LaBr3(Ce) crystals, each with 1.5” diameter and 2” length.
The array has been designed in a way such that the de-
tector number and size, as well as angular coverage, can
be customised according to an experiment. In the stan-
dard DESPEC configuration, FATIMA consists of three
rings with 12 detectors in each. The scintillators are cou-
pled to fast R9779 photomultiplier (PMT) tubes. Each
detector is equipped with a removable lead shield of 4 mm
thickness around the crystal to minimise scattering among
neighbouring detectors.

Signal processing and data acquisition are based on
VME and TAMEX electronics, in mutually independent
modes of operation. However, in both modes, the DAQ
triggers are generated only by the FATIMA detectors. This
is done to maximise the efficiency of collecting and mea-
suring isomers.

For the VME-DAQ), the detector dynode signals are
processed by V1751 CAEN digitisers. They are operated
using the Digital Pulse Processing — Pulse Shape Discrimi-
nation (DPP-PSD) firmware provided by CAEN. The digi-
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tiser offers a sampling rate of 1 GS/s, fast enough to allow
several samples on the signal rise time of the FATIMA
LaBrs(Ce) detector. The energy information is obtained
via signal integration above a dynamically determined base
line level (charge to digital conversion, QDC). For timeuss
pick off of the anode signal of the detectors, CAEN V812
constant fraction discriminator (CFD) modules are used.
For time measurements the CFD signals are fed into V1290
time to digital converters (TDC) modules. Each TDC
board has 32 channels which take ECL input. The timesn
resolution offered by CAEN TDC modules is 25 ps LSB
(least significant bit) with a 21 bit range. The manufac-
turer gives an RMS time resolution of 35 ps for the indi-
vidual final TDC measurement.

For the TAMEX-DAQ, an in-house developed pulse-ars
processing technology is used [31]. The department of ex-
perimental electronics at GSI has developed TAMEX cards
with TwinPeaks front-end (in addition for the Splastic de-
tector, see section , customised to FATIMA-PMT sig-
nal pulses. TAMEX are FPGA-based TDC modules withaso
a time resolution of 11 ps, which are used to measure the
leading edge of pulses, as well as the width of the pulses.
TwinPeaks offer a very compact design (16 LEMO chan-
nels per card), while using two discrete amplifiers to pro-
cess the PMT pulses. Each amplifier has a dedicated func-sss
tion. The high bandwidth amplifier is sensitive to small
amplitude pulses generated by the PMT, and the time-
over-threshold (ToT) times have a logarithmic dependence
on the detector pulse charge/deposited energy. The linear
amplifier offers a linear relation between deposited energyas
(~ pulse charge) and pulse width (ToT). The logarithmic
branch data are used to extract the timing information,
by calculating the time difference between leading edges
of pulses generated by consecutive 7 rays. The energy in-
formation of these pulses is calculated as the ToT, whichaes
corresponds to the widths of the pulses. TAMEX offers
the highly demanded features of low dead time (20 us),
high data throughput (=85 %) and long collection win-
dow (/320 us).

The time resolution for FATIMA obtained using the twoso
main 7-ray transitions from a ®°Co source was 320 ps
FWHM, with an energy resolution of 5 % at 511 keV. With
effective analysis techniques such as the mirror symmetric
centroid difference method [33], one can extract lifetimes
of states down to ~10 ps. 505

2.4. High-Purity Germanium

For DESPEC experiments that focus on fast timing
measurements of nuclear states e.g. with FATIMA, HPGe
detectors are required for monitoring the spectral composi-sio
tion of the decaying implants. For that purpose, only mod-
erate efficiency is needed and thus Ge-detector arrange-
ments using the open solid angle of FATIMA downstream
of AIDA can be used.
For the first DESPEC experiments, two arrays were avail-sis
able: up to 7 GALILEO [34][35] triple Ge Clusters (GTC)
forming a calotte at forward angles, and a setup of four

EUROBALL [22] seven-fold Clusters forming a cross in
the forward direction. The GTC detectors closely follow
the geometry of the DESPEC DEGAS detectors (see below
for more details) and thus enabled detailed investigation of
the response of such detectors with the environmental con-
ditions at the FRS. Fig. [f|shows the energy dependent effi-
ciency obtained with this setup using a '®?Eu source with
13 crystals, and extrapolated to 21 crystals. At 1 MeV the
measured efficiency in add-back mode was 1.5 %.

The experiments in 2021 employed the EUROBALL Clus-
ter array, which provided 28 crystals, subtending a larger
solid angle. With this setup the add-back efficiency at
1 MeV amounted to 3 %.

Both detector setups were read out by 14 bit 100 MHz
FEBEX digitizers developed at GSI [36]. An on-board
FPGA is used to apply a trapezoidal filter algorithm to
obtain energy information, while time information is deter-
mined from the on-board constant-fraction discriminator.
Synchronisation with the other subsystems is achieved by
White Rabbit timestamps. The energy resolution obtained
varied between 2.3 keV and 3.1 keV at 1.3 MeV. These val-
ues are comparable with the same electronics under lab-
oratory conditions for the chosen 10 MeV energy range.
The strength of the prompt radiation flash during implan-
tation varied as expected with the charge of the implanted
isotopes. It is interesting to note that besides the elec-
tromagnetic radiation, light particles were also observed.
They caused oscillations in the signals of the preamplifiers
lasting for up to 1 ms, and despite moderate intensities in
the few Hz region, crystals protruding into the beam accep-
tance region of the FRS showed signs of radiation damage.
Therefore, it is concluded that the light particles must have
energies of several 100 MeV. Most likely they are protons
and deuterons knocked out from the primary beam at the
production target of the FRS. Depending upon the FRS
setting, such particles may be transported to the S4 focal
plane. This occurred with all beam combinations, however
was most notable for the heavier beam reactions (*°*Pb
and above). In addition, the oscillations were observed in
experiments where the detectors were positioned closer to
zero degrees. In future this situation is likely to improve
due to the double stage separation of the Super-FRS.

For the planned high-resolution y-ray spectroscopy ex-
periments, the DESPEC Germanium Array Spectrometer
(DEGAS) will be used. DEGAS is a high-resolution, high-
efficiency HPGe array for the detection of electromagnetic
decays from exotic nuclear species [I0]. The design exploits
the EUROBALL cluster detectors, rearranged into clusters
of three detectors (triple clusters). For optimal solid an-
gle coverage, detector units comprise three crystals in a
common cryostat, electrically cooled to facilitate a com-
pact detector geometry. Electrical cooling also provides
the wanted flexibility to use DEGAS modules for other
FAIR experiments in liquid nitrogen-free zones. However,
in its first realisation, DEGAS will use liquid nitrogen as
a cooling medium.
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Figure 5: Colour online. Energy dependent full-energy peak (FEP)
efficiency in add-back mode of the GALILEO HPGe array used in
conjunction with FATIMA. Blue circles the efficiency for 13 GTC
detectors using a 52Eu source, black squares scaled to 21 detectors.
Fits to the data points are included to guide the eye.

To further improve the sensitivity of the array as com-
pared to RISING [37], shielding of the environmental back-
ground with active and passive components is planned.
Shielding directly behind the HPGe detectors will be based
on the concept of the EUROBALL ‘back-catcher’ veto
BGO scintillation detectors. In addition, side shields from
CsI(T1) crystals will fill the gaps around the HPGe setup.
Finally a lead wall will shield from background coming
with the beam. DEGAS is designed to cover an implan-
tation area of about 24x8 cm?, demanded by the wider
focal plane of the Super-FRS at FAIR and well suited for
the focal plane of the FRS.

The on-board electronics include low-noise pre-amplifiers
with overload recovery (in case of high-energy particle hits),
high-voltage generators, power management and temper-
ature controls. The slow control data is read out together
with the physics data stream through EPICS [38].

The compact configuration of DEGAS surrounding the
AIDA detector was optimised by Monte Carlo GEANT4
simulations as shown in the upper plot of Fig. [f] The
device has been simulated in different configurations (see
e.g. [13, 14, BI]). This final arrangement consists of 28
triple crystal HPGe detectors that surround the AIDA im-
plantation area of 24x8 cm?: 8 detectors on the back, 6 on
the top and bottom, and 4 on each side. In Fig. [7] shows
the full energy efficiency of this setup, 49 % at 200 keV
and 18 % at 1.3 MeV, assuming addback only within ase
Cluster. Based on recent measurements, dead time losses
up to 20 % need to be taken into account [I3].

In Fig. [6] the lower photograph shows the prototype of
the DEGAS triple detector. This detector revealed an en-
ergy resolution of 1.9 keV at 1.3 MeV ~-ray energy, demon-565
strating the high quality of the design. After successful
testing of the mechanical cooling scheme, the DEGAS de-
tectors are being assembled and the full realization of the

Figure 6: Upper plot: 3D rendering of the DEGAS setup comprising
28 triple Ge crystals surrounding the active stopper. Lower photo-
graph: Prototype of the DEGAS triple detector equipped with liquid
nitrogen cooling and external HV supply.

setup is expected in the near future.

2.5. DTAS

The Decay Total Absorption y-ray Spectrometer (DTAS)
is a high efficiency, close to 47 7y-calorimeter with the pri-
mary aim of measuring accurately the full S-decay inten-
sity distribution. References [I8] [19] provide an in-depth
discussion of the design and experimental characterisation
of the spectrometer. After a study of possible detector ma-
terials and geometries, a flexible modular design based on
the well-known Nal(T1) scintillators was chosen. Typically
sixteen modules with crystal dimensions 15x15x25 cm?
can be arranged surrounding AIDA (see upper photograph
of Fig. . For single 7 rays, the total detection efficiency is
larger than 80 % for E, < 200 keV and the peak efficiency
is larger than 60 % for 200 keV<E~y<1 MeV and drops
smoothly to 45 % at 5 MeV (see lower panel of Fig. .
The total efficiency for decay detection depends on the de-
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Figure 7: Colour online. Simulated peak efficiency for DEGAS as
function of the ~-ray energy. The three lines correspond to Ge sin-
gle crystal (blue triangle), Ge triple Cluster (red circles) and Ge
calorimeter (black squares) add-back modes. The red option is the
one implemented in the experiments, while the last one corresponds
to summing of the energies of all responding crystals of the array.

excitation path but is typically close to 100 %. The energy
resolution during experiments is kept at 6.9 % at 1 MeV
and 3.0% at 5 MeV due to a PMT gain correction system
based on a pulsed light source. The modularity of DTAS
provides information on energy and multiplicity distribu-
tions of decay cascades, which not only helps to constrain
uncertainties in the analysis, but also provides additional
relevant physical information. This expands the scope of
the spectrometer, which can be viewed in this regard as
a low resolution, high-efficiency y-ray detection array (see
lower panel of Fig. .

Background control and correction is an important is-
sue in this type of measurement. A heavy lead shielding
surrounding the setup reduces significantly the ambient
background, which becomes basically negligible after (-
tagging with AIDA. In the case of measurements of (-
delayed neutron emitters, neutron interactions in DTAS
occurring with a large probability can become an issue.
However this type of background can be efficiently sup-°*®
pressed using timing information [41].

The full assembly was commissioned using low energy
radioactive beams from the IGISOL IV facility at the Cy-
clotron Laboratory of the University of Jyvaskyla [19, 42],
and took data published in [41] [43] 44}, [45] [46]. A summary®®
of the results obtained in the IGISOL IV campaign can be
found in [47]. Recently the spectrometer, in combination
with AIDA, was installed at the RIBF facility in RIKEN
and performed a measurement of decays at and around
IOOSn m 615

DTAS will be used as a part of DESPEC in the 2022
experimental campaign.

2.6. BELEN

The BEta-deLayEd Neutron (BELEN) [16] detector is™
a moderated neutron counter for the measurement of neu-
tron emission probabilities after S-decay (5-delayed neu-
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Figure 8: Colour online. Upper photograph: View of one half of
DTAS set up with shielding. Lower panel: Comparison of Monte
Carlo simulated total and peak efficiencies for sum signals of bare
DTAS (red) and with the LBL-TAS single crystal spectrometer
(black) [40]. The impact of including AIDA is shown (filled circle).
Also depicted is the integrated single crystal peak efficiency (dashed
line).

trons). The BELEN detector consists of an array of pro-
portional neutron counters, embedded into a High Density
PolyEthylene (HDPE) moderator surrounding an implan-
tation detector. The neutron detection in the proportional
counters exploits the large cross section for thermal neu-
trons of the reaction 3He + ny, — 'H + 3H (+ 765 keV), in
order to achieve an overall high detection efficiency. The
polyethylene moderator plays a major role reducing the
higher energy -delayed neutrons down to the thermal re-
gion. The design concept behind the BELEN detector
is to achieve a maximum neutron detection efficiency as
independent as possible from the neutron energy (flat effi-
ciency). A flat efficiency means that systematic effects on
the determination of the [-delayed emission probability
due to the unknown energy spectrum of S-delayed neu-
trons are avoided. There are two versions of BELEN-48
specially designed to be used with AIDA for the DESPEC
experiment at FAIR. In both versions, the 48 3He-tubes
are distributed in three concentric rings embedded in a
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Figure 9: Colour online. Upper panel: Schematic of the cross and
lateral section of polyethylene matrix where the 3He proportional
counters are shown in red. Middle/lower panels: Neutron detection
efficiency for BELEN-48 detectors up to 5 MeV, obtained by Monteg,
Carlo simulations with MCNPX, in the standard configuration (mid-
dle) and optimised for low Qg,, windows (lower). See text for details.

moderator core of size 50x50x80 cm®. An extra HDPEep
moderator piece (20 cm thickness) is placed surrounding
the core and used as a shielding for background neutrons.
The BELEN-48 /DESPEC version is intended for the mea-
surement of nuclei with large Qg, windows (see middle
panel of Fig. E[) In this case, the moderator has a central
hole of 16 cm diameter which provides some flexibility for
the configuration of the implantation detector with otheress
ancillary systems. The impact of this design is shown in
Fig. [9 middle panel, with a flat neutron efficiency (45%)
for 100 keV-1 MeV. BELEN-48/US01 is an alternative
high efficiency version with a square shaped central hole
of 11.6 cm side. In Fig. [0 lower panel, a flat neutron effi-
ciency (65%) is achieved from 100 keV up to 500 keV. This
detector design is useful for experimental cases involving
low Qg, windows, when the expected neutron emission

10

energies are concentrated below 500 keV.

BELEN-30 was used at GSI for the first measurement
of B-delayed neutron emitters beyond N = 126 [49]. An
earlier version of the detector was used in measurements

at the IGISOL IV facility in Jyvéskyla [50].

2.7. MONSTER

The MOdular Neutron SpectromeTER (MONSTER) [17]
will be employed for the determination of the energy spec-
tra of S-delayed neutrons and their partial branching ra-
tios to the excited states in the final nucleus by applying
[-v-n coincidences. The neutron energy is determined by
the time-of-flight technique, thus the spectrometer must
be used in combination with a fast S-detector to provide
a start-up signal. In DESPEC, the SPlastic detector will
provide the start signal with an excellent time resolution
and reasonable efficiency.

The neutron spectrometer consists of cylindrical cells
of 200 mm diameter and 50 mm height, filled with BC501A
or EJ301 scintillating liquid. Each cell is coupled through
a light guide of 31 mm thickness to R4144 or R11833
PMT models. Details of the design can be found in refer-
ences [I7, [51]. The full spectrometer will consist of up to
100 cells placed at a flight distance that takes into account
the trade-off between efficiency and energy resolution re-
quired for each experimental measurement. The configu-
ration of the spectrometer array can be easily customised
according to the number of detectors and flight distance
needed for each experiment, thanks to the aluminum pro-
file rack-type stands used for the mechanical structure.

The detector response has been characterised both ex-
perimentally with mono-energetic neutron beams, and by
Monte Carlo simulations. The total efficiency has been de-
termined for the full spectrometer placed at different flight
distances, with a threshold of 30 keVee (electron equiva-
lent) — see Fig. The energy resolution has been cal-
culated for a realistic total time resolution of 1.5 ns and
assuming 2.5 cm as uncertainty in the flight distance.

A reduced version of MONSTER with 48 detectors was
used to measure the delayed neutron emission in the decay
of 8 As at JYFL in early 2019 as a first commissioning run,
and a four-detector set was employed close to the DESPEC
setup during a short commissioning run later in 2019, to
study the background in the experimental area.

3. Data Infrastructure and Processing

The DESPEC setup consists of a range of individual
subsystems, and therefore requires a complex data acqui-
sition framework. The key requirements include an inte-
gration of the various components and minimisation of the
dead time. The DESPEC objective is to follow the gen-
eral NUSTAR DAQ (or NDAQ) concept, described in the
NDAQ TDR [52]. The details provided here apply to the
common aspects of the overall system. An example of a
schematic of a typically employed arrangement is given in

Fig. [12
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Figure 10: Colour online. Upper panel: Total efficiency for full array;;s
setup (100 detectors) for a flight distance of 1.5, 2 and 3 m. Bottom
panel: Energy resolution estimated for different flight distance as-
suming an overall time resolution of 1.5 ns and a 2.5 cm uncertainty
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Figure 11: Upper photograph: MONSTER array characterisationrss
setup at Centro de Investigaciones Energéticas Medioambientales y
Tecnolégicas (CIEMAT). The detector cells are placed in the holding
structure. Lower photograph: Two individual MONSTER detector
cells.
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3.1. MBS
The DESPEC subsystems (excluding AIDA and MON-

STER) use the GSI-developed Multi-Branch-System (MBS) [55].

Each individual subsystem has its own MBS DAQ, which
are then merged using a timesorter event builder. For
events to be correlated using the White Rabbit timing [56],
the additional step of unpack and check every single bit
(ucesb) is required (see below). The timesorter requires
all connected DAQs to be responding and continuously
sending data. This is achieved with a synchronisation
pulser (2 Hz) and requires active monitoring of the sub-
system DAQs. The data in list mode format are stored to
tape and, in parallel, to the GSI Lustre file server via the
Lightweight Trivoli Storage Manager(LTSM)[54].

3.2. Event Timestamping

The global synchronisation of the various DESPEC
subsystems is achieved using White Rabbit timing, which
will be the standard at the future FAIR facility. Further
information regarding White Rabbit can be found in refer-
ence [56]. The White Rabbit timing epoch (absolute start
time) is midnight on January 1st, 1970, and is driven by
a 125 MHz clock and distributed to the DESPEC subsys-
tems via Ethernet. The timestamp accuracy can be up to
~ 1 ns and depends on the type of receiving board. The
VME systems (FRS and FATIMA-VME) use the VETAR2
timing boards, which provide an 8 ns timestamp accuracy.
The FEBEX (HPGe) and TAMEX (SPlast and FATIMA-
TAMEZX) systems employ a PCI-Express To Optical Link
Interface (PEXARIA) receiver [57], resulting in 1 ns ac-
curacy. AIDA connects to the White Rabbit system via
HDMI cable from a VME Timing Receiver for White Rab-
bit (VETAR2) [58] or PEXARIA receiver. A timestamp
precision of 10 ns is available for the FEBEX system used
with the germanium detectors. In addition, a CFD mode
is implemented wherein an additional interpolation of the
zero crossing allows for <10 ns timing resolution.

The MONSTER DAQ runs in triggerless mode although
a triggered version is also available. In addition, the DAQ
has been designed to run in standalone mode, or to be
merged with the rest of the DESPEC DAQ subsystems.
This is achieved using a 10 MHz clock and an external
synchronization signal for a time-stamping mark [59].

For DTAS and BELEN, the self-triggered digital data
acquisition system GASIFIC-7.0 [60] is used to register
DTAS signals. It is based on Struck SIS3316 digitizer
cards. In order to integrate this system into the DESPEC
DAQ (see Section [3]) the White Rabbit signal will be en-
coded within the 200 MHz clock pulses produced by a VE-
TAR2 module, which is then plugged as external clock to
the SIS3316 modules. New firmware has been developed
by Struck in order to decode and insert the WR timing in
the digitizer data stream.

To ensure constant synchronisation of the multiple sub-
systems, a module was developed that generates two out-
put pulses for every input pulse. The output pulses have
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Figure 12: Example of a typical DESPEC DAQ architecture. Data from the individual subsystems (orange squares on the left) are fed into
a timesorter for event building. From the stream server branch they are sent to the ucesb timesticher which serves to stitch subevents based
on the White Rabbit common clock. From there the data are streamed to the Go4 on-line analysis, both ucesb and Go4 are linked to the
World Wide Web via the Apache fastCGI webserver [53|. From the transport server they are stored to magnetic tape and to the Lustre file
server, in parallel, via Lightweight Tivoli Storage Manager(LTSM) [54]. From Lustre, the data can be accessed for near-line analysis on the

GSI cluster computing service in batch-mode processing.

one with minimal delay and one with a variable delay.
Upon activation, the pulse with variable delay occurs with
no delay with respect to the pulse with minimal delay, but
the delay of each subsequent pulse increases by an addi-
tional 50 ns. In this way, the output of the variable delay
for the N'" pulse occurs a total of (N-1)*50 ns after the
minimally-delayed output. After 32 (or 64) repetitions, the
cycle ends and the delay becomes 0 ns again. Each subsys-
tem receives a copy of the minimally-delayed output and
the variable-delay output. In this way, the synchronisa-
tion between subsystems can be verified by investigating
the time difference between the two signals.

3.3. Timestitching with ucesb

“Unpack and check every single bit” (ucesb) [61] is a
general-purpose data unpacker with powerful MBS pro-
cessing capabilities. For DESPEC, ucesb is used as an_
MBS post-processor to build AIDA events and to time-
stitch the data for subsequent analysis. It also functions
as a ‘FIFO’ server allowing many clients to connect to
the online data at once. The time-stitching process com-
bines ‘near’ events from different subsystems into a sin—785
gle MBS event, such that all the different subsystem data
may be accessed at once in subsequent analysis and ROOT
trees generation [62], simplifying the task considerably.
The algorithm to combine events operates by looking for
a gap in time to break up events: this is largely based on
AIDA'’s high self-trigger rate and its internal multiplexing.
At present, the algorithm combines events until a gap of
2 us is observed between events, shown in Fig.
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Figure 13: Schematic of the ucesb time-stitching algorithm. Events
from subsystems occurring less than a defined time (normally 2 us)
from the previous event are grouped together. Events themselves are
unmodified.

3.4. Data monitoring and near-line analysis

The quality of the incoming data is monitored using
software based on the GSI developed Go4 [63] analysis
based in ROOT [62]. With the online software one can
monitor the incoming data in real-time to keep track on
individual subsystems.

The Data Acquistion Backbone Core (DABC) frame-
work [64] enables the online DAQ rates to be accessible
via the World Wide Web via the Apache fastCGI web-
server [53]. This was particularly relevant for remote ac-
cess during the COVID19 crisis, in order to continue exper-
imental campaigns where only a limited team was available
on-site. The monitoring of the (near) real-time histograms
is done both on-site locally, and is available through the
World Wide Web using the JSROOT development [65],
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which acts to unpack the DABC objects.

The volume of incoming data is relatively large (ex-
periment dependent, but up to 100MB/s). Since this data
rate is computationally challenging to process in real time,

a near-line sort was developed in parallel, such that thessw
full data set can be analysed in a relatively short time. To
process the large data volumes, the GSI high-performance
computing cluster is utilised [66]. This utilises the Slurm
Workload Manager [67] such that list mode data files can
be submitted in parallel and merged after being sorted.
The long-term goal will be to produce software based on
the FairRoot development [68], which will be the standard
framework of physics data monitoring, analysis and simu-
lations for the FAIR project.
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4. First Applications and Analysis

A campaign of commissioning and day-one experiments
was performed using the DESPEC setup during 2019-2021.
A selection of results introducing the capabilities of the de-
vice is described in the following subsections, along with
the given setup employed. The studies were used both
to test the single detectors, their electronics, and to fully
integrate all the subsystems together in the same DAQ en-
vironment. In addition the goal was to obtain physics mea-8®
surements as part of the FAIR Phase-0 program. Nuclei
with previously reported isomeric states and/or -decay
branches were used to check the on-line and off-line analy-
sis programs and define best working conditions to ensure
ion-vy and ion-—- correlations. Further results from these®®
studies will be detailed in future dedicated publications.

For 2019/2020, one configuration involved coupling AIDA
to the FATIMA fast-timing array and additional high-
resolution HPGe detectors, GALILEO triple clusters (GTC).
The GTC detectors were placed at 280 mm from the cen-%7°
tre of the DSSD stack and the FATIMA detectors are at
160 mm. For 2021 the GTC detectors were replaced by
EUROBALL 7-fold cluster germanium detectors (EB). Ta-
ble [1] gives a reference list of the experiments, deployed
setup configuration, and synthesized nuclei evaluated in®®
this work to demonstrate the performance of the setup.

Exp.# | Date | This work Config.
1 2019 34Gi FATIMA
2 2020 | ?6Pd, *4Ru FATIMA+GTC pso
3 2021 188Tq FATIMA+2 EB Cluster

Table 1: List of experiments for reference in chronological order dis-
cussed in this article. (GTC - Galileo Triple Cluster, EB - EU-
ROBALL 7-fold Cluster)

885

4.1. Ion-isomer correlations: °° Pd and 88 Ta cases

96Pd is known to have an I™= 87 seniority isomer with
a 2.1 ps mean half-life (see for example [70L (711 [72], (73] [74] ) .e%0
To observe ion-vy correlations, during Exp.# 2, °°Pd was
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produced using a '?4Xe fragmentation reaction and im-
planted into AIDA. More than 10% °Pd implanted ions
were identified.

The DAQ collection windows were set to 0-20 us and 0—
400 ns, for the GTC and FATIMA respectively. The FRS
scintillator signal in the S4 focal plane was sent to both
the FATIMA and the GTC DAQs for efficient ion-7y time
correlations. To enhance the ~-ray decay lines over the
prompt radiation flash and background, v rays arriving in
a delayed interval of dT(FATIMA-FRS) = 40-400 ns and
dT(GTC-FRS) = 0-12 us after the start of the event were
considered. An additional cut on a 2D matrix of the en-
ergy vs. dT(GTC-FRS) for the prompt radiation flash was
applied for the GTC detectors.

In Fig. [14] delayed ~ rays in coincidence with “°Pd ions
selected in the FRS are shown for the GTC [L4h) and FA-
TIMA ) detectors. Gamma-ray transitions following
the decay of the 8 isomeric state are clearly visible in the
spectra. The additional lines in the FATIMA spectrum in
the range 150-280 keV stem from a neutron inelastic scat-
tering (n,n” v)[75]. The measured energy resolution in FA-
TIMA and the GTC detectors at 1415 keV was determined
to be on average 3% and 0.2% (FWHM), respectively. The
fit to the single exponential decay in ) yields a half-life
of 1.85(1) us thus is consistent with, but more precise than
the value given in [73] (1.75(6) ws) and the mean value
across several measurements in [69] (2.1(21) us), due to
enhanced statistics.

The full energy peak efficiency of FATIMA and the
GTC was determined by taking the ratio of counts be-
tween the y- coincident gated -y rays, and the singles y-ray
counts (corrected for internal conversion). This is shown
in Fig. [I5] These results helped to validate a GEANT4
simulation of the array detailed in [76]

A separate experimental run (Exp.# 3) was devoted to
the study of ion-isomer correlations in a heavier region of
the nuclide chart, around '#Ta produced in a fragmenta-
tion reaction with a 2°8Pb primary beam. In this case, the
Euroball 7-fold germanium clusters (EB) were employed.
An example of FRS ion-AIDA correlations is shown in
Fig. By selecting (i.e. coincidence gating) the 188Ta
ions identified in the FRS, the y-rays in coincidence can be
identified and thus the isomer can be extracted which de-
populates via a 292 keV ~-ray transition (Fig. )) with a
measured half-life Ty j,=3.1(1) us (Fig. )) This is con-
sistent with the value reported in [T7] (T} /2=3.7(4) ps).
Fig. [16f) and d) show the coincidence between '**Ta ions
in the FRS and the AIDA DSSDs, with a condition on
DSSD 1 and DSSD 2 that no ion is observed in a fur-
ther downstream DSSD within a given event (i.e. the ion
is stopped). As there is no further downstream detector
to DSSD3, Fig. [16k) shows the distribution of all coinci-
dent gated '®Ta ions in DSSD 3, stopped or traversing
through the detector. The conditions on all three DSSDs
ensure that the ions are correctly implanted into the ex-
pected position, which is in turn used for ion-y (isomers)
and -y correlations.
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Figure 15: Full energy peak efficiency measured in Exp.# 2, obtained
from  singles to y—+ coincidence ratios for FATIMA (black squares)
and GTC (red circles).

4.2. Longer ion-isomer correlations: °* Ru isomeric decays”™

9Ru has a previously reported 71(5) us isomer [78]
stemming from the I"=8" seniority isomer. In our work,
94Ru was produced as a fragment reaction channel in Exp.#
2.

Using the White Rabbit timing between FRS and
GTC/FATIMA events, it is possible to extract the v rays
beyond the standard DAQ time windows. This was done

925
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by opening a time window dT(y-FRS) 0-1 ms after the
detection of a *Ru ion in the FRS and AIDA (stopped),
and collating all v rays in this time frame as plotted in
Figs. [[7h) and b). Here, the electronics dead time of the
systems can be seen with ~400 ns—70 us dead time for
FATIMA (prompt collection time window 0-400 ns) and
~20us—60 ps for GTC (prompt time window 0-8 us).
The normalised background-subtracted energy projections
are shown in ) and d). From the two figures, the ~-ray
lines corresponding to *4Ru are clearly visible.

In addition, the isomeric half-lives can be extracted as
shown in Fig. [17) for FATIMA, and the inset in Fig[17d)
for the GTC. The dT(y-FRS) time window was selected as
0-450 ps (i.e.~6x Tj /) with coincidence gates on the 146,
311, and 756 keV ~-ray lines. Note that the 1431 keV line
is a doublet in FATTMA due to the electron capture decay-
ing 138La — '38Ba which populates an excited I"=27 state
and subsequently decays via a 1436 keV ~-ray transition.
The Ty,5=67(3) ps half life extracted from the minimisa-
tion fit is in agreement with the value given in [78].

For the I™=67 state, which is populated in decays of the
longer lived I™=8% state, the relatively shorter isomeric
decay (< the collection window time) can be extracted
by using the energy coincidence gated time differences be-
tween detectors in FATIMA as shown in Fig. [I7f). The
T} 2=64.5(13) ns half-life of the I™=6" state is measured
by using the dT between FATIMA detectors by coinci-
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respectively.

dence gating on the 311 keV (start) and 756 keV (stop) 4.3. Beta-delayed v rays: the decay of 3*Si — 34 P

transitions. The isomeric half-life obtained here is in agree- The DESPEC setup is designed to measure + rays from
ment with the Value{ measu.red in reference. [79] (65(2) ns) levels populated by 8 decay. For this, a combination of
and the y-ray energies are in agreement with [30]. s FRS, AIDA and ~-ray detectors are required. This can be

achieved using a multi-fold coincidence as follows:

e i) coincidence gating on the ion in the FRS (see e.g.

Fig. ,

e ii) selecting the implant in AIDA on a pixel by pixel
940 basis,

e iii) observing a decay in AIDA within a certain front-
back matched DSSD energy and time condition, and
maximum energy condition within a cluster of pixels
surrounding the implanted ion pixel,

o5 e iv) applying a time gate between the implanted ion
and subsequent 3 decay.

15
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ference. From an exponential fit to the decay curve, a half-life ofy,,
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As an example of this, v rays following the S~ decay
of 34Si — 34P are shown in Fig. The conditions ap-
plied were: 31Si FRS ion gated, dT(implant-decay)=0-
10 s, White Rabbit gate between AIDA and FATIMA, en-
ergy (>200 keV) and time cuts for the 8 decays in AIDA, a
punchthrough veto for ions using the downstream [-plastic
detector, AIDA decay multiplicity cut <10 and a 50 us
veto from the scintillator at S4. Note that during this
experiment only the FATIMA array was available.

The v-ray energies following these conditions can be
seen as the 1179 and 429 keV in Fig. 18| upper panel, cor-
responding to the I™= 1t —2% and 2+ — 17 transitions
respectively (see inset level scheme). The S-decay half-
life extracted from the implant-decay time (Fig. lower
panel) is in agreement with the value given in [81].

5. Summary and Outlook

The DESPEC setup discussed in this work has been
developed for the FAIR Phase-0 project and for first day-
one experiments at the new facility. A successful commis-
sioning campaign has demonstrated the capabilities of the
initial hybrid setup including ion-v, and ion-3-v correla-
tions using the FATIMA array coupled to HPGe detectors.
In addition, a suite of newly designed and constructed de-
tector systems allows for a comprehensive and expansive

16
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physics program to be performed with the overall goal
of addressing outstanding questions in nuclear structure
physics. For the future, new developments are planned to
optimise the setup in view of deployment at the low en-
ergy branch of the Super-FRS. Such developments are noteso
limited to, but include for example: Machine learning al-
gorithms for SPlastic position information, BGO shields
developed to suppress the Compton background of the
DEGAS array, upgrades to the online and offline analaoss
ysis within the FairRoot framework, and comprehensive
simulation software developments in GEANT4 (for which
work has already begun). A campaign of measurements is
planned with DESPEC for 2022 at GSI in a continuatiorio+
of the experimental program in the framework of FAIR
Phase-0.
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