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Abstract Inrecent decades, y-ray spectroscopy has under-
gone a major technological leap forward, namely the tech-
nique of y-ray tracking, and has attained a sensitivity that
is two orders of magnitude larger than that provided by
the former generation of Compton-shielded arrays. Indeed
the gain is comparable with the achievements since the
dawn of y-ray spectroscopy. Such sensitivity can be fur-
ther heightened by coupling y-ray spectrometers to other
detectors that record complementary reaction products such
as light-charged particles for transfer reactions and scattered
ions for Coulomb excitation measurements. Nucleon trans-
fer reactions offer an excellent mean to probe the energies
of shell model single-particle orbitals and to study migration
in energy of these orbitals as we venture away from stabil-
ity. Such measurements can also estimate the cross sections
of processes relevant to stellar evolution and nucleosynthe-
sis. The measurement of y rays in coincidence with par-
ticles provides also information on the decay channel for
unbound systems, which constitutes a useful input for astro-
physics and nuclear structure near the drip-lines. Coulomb-
excitation studies make it possible to infer collective struc-
ture in nuclei and to extract deformation properties of, in
particular, open-shell systems. Here, selected examples will
be presented, highlighting the power of these types of experi-
ments when y -ray observation is included. The development
of the experimental methods is reviewed, showing the results
achieved before the advent of y-ray tracking. Examples of
more recent experiments that have successfully exploited y -
ray tracking with AGATA are then presented as showcases
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for the outstanding performance of the composite detection
systems. The outlook for experiments using newly developed
devices such as GRIT and other detectors such as SPIDER
is described.

1 Introduction

Single-nucleon transfer reactions provide a powerful experi-
mental tool to selectively populate the nuclear states of inter-
est. These states have a structure that is given by the original
nucleus as a core, with the transferred nucleon in an orbit
around it. Nucleon transfer is thus an excellent way to probe
the energies of shell model orbitals and to study the changes
in the energies of these orbitals as we venture away from
stability.

Traditionally, for a nucleon transfer reaction such as (d, p)
or (p, d) or (d, t), the emphasis has been primarily on mea-
suring the light ejectiles, the protons or deuterons or tritons.
This is because the energy of the proton in a (d, p) reac-
tion, for example, gives information about which state in the
final nucleus is populated. Further, the angular distribution
is characteristic of the angular momentum transferred to the
target nucleus by the nucleon. The combination of energy and
angular momentum distribution enable the reconstruction of
the level scheme that can be then compared with theoretical
models. At a practical level, if the transfer takes place upon a
short-lived radioactive nucleus, it must be performed with the
radioactive species as the projectile and with a light nucleus
(p, d, t, 3He, “He, 6’7Li) as the target, a situation known as
inverse kinematics. This generally means that the resolution
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in excitation energy (based upon the energies and angles of
the emitted protons from (d, p) for example) could be much
worse than required due to the target thickness. Gamma-ray
measurements can solve this problem.

Thus, there are two very important reasons for measur-
ing y rays, as well as particles, in transfer: allowing differ-
ent excited states to be distinguished using precise energy
measurements when they are unresolved in the particle spec-
tra and constraining the total spin of the final states, rather
than just the transferred angular momentum, by interpret-
ing the y-ray decay scheme. This makes the detection of y
rays a critical ingredient of direct reaction experiments and
AGATA [1] excellent performance can enhance such stud-
ies significantly. The excellent energy and angular response
is sufficient to perform lifetime measurements of states in
the femtosecond range, using the Doppler shift Attenuation
method (DSAM), as will be discussed in Sect. 4.2.

Low-energy Coulomb excitation (i.e. using beam ener-
gies of a few MeV per nucleon) is the only experimen-
tal method that can be used to determine spectroscopic
quadrupole moments of short-lived excited nuclear states,
which are directly related to their deformation. Moreover,
it is unique in its sensitivity to relative phases of electro-
magnetic matrix elements involved in the excitation process.
From extensive sets of E2 matrix elements, determined in
Coulomb-excitation studies together with their relative signs,
it is possible to deduce shape parameters (82, y) of individ-
ual states using the quadrupole sum rules approach [2,3]. The
sensitivity to both overall deformation of collective nuclear
states, as well as their non-axiality, makes this experimental
technique an ideal tool to study shape coexistence and shape
evolution throughout the nuclear chart. Moreover, Coulomb-
excitation cross sections to populate opposite-parity states
can be related to E3 strengths, providing information on
octupole collectivity.

Low-energy Coulomb-excitation studies employing
AGATA benefit from its excellent Doppler-correction capa-
bilities, as well as from a reduction in the peak-to-background
ratio provided by the y-ray tracking approach. This is par-
ticularly important for weak decay branches, observed on
the Compton background of the dominating y-ray transi-
tions resulting from single-step excitation. Moreover, the
greater granularity and efficiency with respect to previous-
generation y-ray spectrometers allow particle-y-y coinci-
dences to be used for a clean separation of transitions forming
doublets in singles y-ray spectra. This will facilitate studies
of nuclei that possess many y-ray transitions in a narrow
energy range, which is in particular the case of odd- A nuclei.

For intermediate-energy Coulomb-excitation measure-
ments, which use beam energies of tens or hundreds MeV
per nucleon, AGATA provides an even greater gain. Under
such conditions, its unprecedented Doppler-correction capa-
bility and efficiency will make it possible to reach very exotic
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nuclei that currently are not accessible to y -ray spectroscopy,
leading to the identification of their lowest excited states and
providing information about their collectivity.

2 The era before y-ray tracking

Direct reaction studies have been performed so far by taking
advantage from the first generation radioactive beam facil-
ities and detection setups composed of Compton-shielded
y ray arrays, segmented silicon detectors and, where avail-
able, large acceptance magnetic spectrometers. Gamma-ray
tracking was not available, but the work exploited segmented
germanium arrays such as EXOGAM [4] at GANIL, MINI-
BALL [5] at CERN/ISOLDE and TIGRESS [6] at TRIUMF.
The electrical segmentation provided position information
for the y -ray detection, which was vital to recover energy res-
olution when the velocity of the emitting nucleus approached
~ 10% of c.

2.1 TIARA-EXOGAM-VAMOS campaigns also including
MUST?2 at GANIL

The TIARA silicon array [7,8] was designed specifically
to be operated with EXOGAM so that the power of
high-precision y-ray spectroscopy could be combined with
charged-particle spectroscopy to study direct reactions with
radioactive ion beams (RIB). In order to achieve sufficient
efficiency, four EXOGAM detectors were arranged with their
front faces as close as possible to the target (at 50 mm). The
silicon geometry is thus extremely compact between angles
of 35° and 145° and the energy spectra from the EXOGAM
clover detectors (with four-fold segmentation within each of
the four leaves of the clover) were subject to considerable
Doppler broadening. This pioneering setup was installed in
2003 and was directed towards a study of 25Ne via (d, p) [9]
with a pure beam of 24Ne from SPIRAL [10,11]. For such
a reaction, the protons of interest emerge backwards of 90°.
The results pointed to a rise in energy of the neutron vds,»
orbital and the emergence of N = 16 as a magic number as the
Island of Inversion at 3> Mg was approached. At the limits of
detection, certainly, but it was possible to analyse quadruple
2 Ne-p-y-y coincidences to confirm the y-decay scheme and
infer the spins of states [12]. The VAMOS magnetic spec-
trometer [13] was placed at zero degrees to record beam-
like particles with full particle identification. The original
TIARA setup was extended subsequently, with the addition
of MUST? telescopes [14] in the forward direction and this is
shown in Fig. 1. This setup was able to discover the unbound
intruder vfy,, state in 27Ne, also using the (d, p) reaction.
Further, however, the bound vp3,> intruder state at 765 keV
was positively identified using a combination of both the y -
ray information and the proton angular distribution [15]. In
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Fig. 1 The TIARA-MUST2-EXOGAM-VAMOS set-up at GANIL.
From left to right, the SPIRAL beam enters via a the TIARA back-
wards annulus and b octagonal barrel - surrounded by ¢ EXOGAM
clovers - and followed by d the MUST?2 forward telescopes. The clovers
are placed at 90 degrees and S0 mm from the beam-spot on target for
maximum detection efficiency. Beyond MUST?2, particles entered the
VAMOS magnetic spectrometer. Figure adapted from Ref. [18]

contrast, a previous study that was unable to detect the pro-
tons found that using just the y rays did not give a definitive
identification [16]. It is notable that the TIARA proton-y
results were obtained with a beam intensity from SPIRAL of
just 2500 particles/s, indicating a bright future using a highly
efficient array such as AGATA and the more intense beams
from the newly emerging facilities. Another experiment with
this setup employed a beam of 2°0 from SPIRAL to study
bound and unbound states in 21O via (d, p) [17] and simulta-
neously 190 via (d,t) [18,19]. In both cases, the y rays were
essential: in 2! O they showed that a particular unbound level
selectively decays to the excited 27 state of 2°0, thus helping
to pin down its spin, and in '°O the population of the ground
state and the 89 ke V first excited state could be distinguished.

2.2 T-REX at CERN/ISOLDE

A compact array of silicon detectors, T-REX [20], was devel-
oped for use with reaccelerated beams from the ISOLDE
facility at CERN. The array could be mounted inside the
MINIBALL [5] segmented y-ray spectrometer. The T-REX
array (see Fig.2) has quite restricted resolution in excita-
tion energy because of the particular geometry of the strips
but it has nevertheless produced some outstanding results
that highlight the power of combining high-resolution y-ray
detection with charged particle detection in direct reactions.
Using an innovative target of tritium loaded into a thin foil
of titanium metal, the (t, p) transfer reaction adding two neu-

Fig. 2 The T-REX array is built to fit inside the compact germanium
array MINIBALL at CERN/ISOLDE. At the left, a the beam enters the
vacuum vessel to impinge at the target b, that is mounted in a ladder.
At backward angles ¢ an annular Si strip detector and one of two boxes
of silicon detectors can record protons from reactions such as (d, p) and
(t, p). In another box of Si detectors forward of 90° the elastically scat-
tered target particles (e.g. d or t) can be detected. T-REX has generally
operated without any detector at zero degrees for beam-like particles.
Figure adapted from Ref. [20]

trons to 3Mg was studied [21]. This led to the discovery of
an excited 0T state at just 1058 keV excitation energy, consis-
tent with a shape-coexistence scenario. The extensive array
of radioactive species that can be accelerated at ISOLDE
allowed the programme to extend upwards in mass towards
closed-shell ®8Ni and 78Ni isotopes.

The importance of y-ray information for discerning
between states that were unresolved in the particle spectrum
was clearly demonstrated in a (d, p) study of 9'Ni [22] pre-
senting particle energies versus y-ray energies, similar to
a spectrum from SHARC shown in Fig. 3). Another study
employed the (d, p) reaction with a beam of 78Zn to study
797n and hence neutron orbitals near doubly magic 78Ni [23].
Although the particle energy resolution was severely com-
promised, the data allowed the population on the second ds /2
neutron orbital, which was tentatively identified. The argu-
ments relied on high quality y-ray data, again indicating that
AGATA has much to offer for this kind of study.

2.3 SHARC at TRIUMF

Another of the particle arrays developed for transfer reac-
tion studies is SHARC [24], which fits inside the TIGRESS
array [6] of segmented clover Ge detectors at TRIUMF. A
very challenging experiment, which depended intrinsically
on having high-resolution y -ray data together with the parti-
cle data, was mounted to study 26N, the isotone of 2°Ne stud-
ied earlier with TIARA. Since 2°Na is an odd-odd nucleus,
the level scheme is rich with states, many of which are closely
spaced in energy. The analysis [25] relied on using the y -ray
information to select individual states.
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Fig. 3 Plot showing excitation
energy in 2°Na (as determined
from the energy and angle of
protons from (d, p)) versus the
much more highly resolved
y-ray energies from the decay
of the corresponding states (as
determined by Doppler
correcting the measured
energy). The experiment is
described in Ref. [25]; this
figure is adapted from one in
Ref. [26] that reports further
analysis of the same data
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Another separate but equally important feature of the anal-
ysis was that the y-ray energies enabled the excitation ener-
gies to be determined accurately. In fact, in the 2°Na study it
was possible to extract angular distributions for protons by
gating on appropriate y-ray transitions. However, in experi-
ments with poorer statistics the angular distributions required
that ungated particle spectra were fitted for different angular
bins. In such a case, it is vital to know the precise energy
of every contributing state so that the fitting is properly con-
strained, and this requires y-ray measurements.

2.4 The MUST2-TIARA-EXOGAM campaigns performed
on LISE at GANIL

In spring 2009 a campaign of experiments was performed
at GANIL focusing on the measurement of the (d, p) reac-
tion induced by radioactive beams produced and separated
by the LISE spectrometer. The shell-structure of neutron-
rich nuclei around N = 20 and N = 40 were investigated
using the 3si(d, p) at 19 MeV/u and 68Ni(d, p) reactions
at 28 MeV/u, respectively and the ®'Fe(d, p) at 27 A MeV
was studied in order to provide a determination of the direct
component of the ®“Fe(n, y ) radiative capture cross-section of
astrophysical interest. For (d, p) measurements at the above
energies, a good angular coverage of the backward hemi-
sphere for the recoil protons is mandatory. Moreover, to cope
with the absence of spectrometer for the detection of heavy
residues, a good identification of the recoil protons is cru-
cial. Therefore four MUST?2 telescopes [14] were installed
in the TIARA [7] vessel to cover the backward angles, see
Fig. 4. The MUST? telescopes were composed of the stan-
dard 300 pm-thick high granularity DSSD followed by a
second layer consisting in the Smm thick Si(Li) detectors.
The latter layer provided a residual energy measurement for
particle identification and a sufficiently large increase of the
dynamic range, at the expense of a 40% drop in geometrical
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efficiency due to the limited surface of the Si(Li) detectors.
For the detection of y rays in coincidence with the recoil
protons, four segmented Ge EXOGAM [4] detectors were
placed around the target in two different configurations. For
the 60Fe(d, p) measurement, the EXOGAM modules were
placed at Scm from the beam axis. The target was shifted
4.2 cm upstream from the centre of these detectors in order
to optimize the angular coverage of the MUST2 DSSD whilst
keeping a y-ray detection efficiency of 7% at 1 MeV. In the
case of the 34Si(d, p) and 6ONi(d, p) reactions, the target
was shifted 9 cm upstream from the center of the EXOGAM
modules so as to avoid them shadowing part of the MUST2
detectors. The resulting y efficiency was 3.8% at 1 MeV.
Heavy residues emitted near zero degrees were detected in
a 1.5cm-thick plastic detector. In the case of the 34Si(d,
p) study, an ionisation chamber was placed upstream with
respect to the plastic, so allowing for the selection of the Si
residues. The results obtained for the 3*Si(d, p) reaction are
reported in Ref. [27]. Energies and spectroscopic factors of
states populated in 3>Si have evidenced a reduction by about
25% of the vp3/2-vp1/2 spin-orbit splitting, while the vf7 -
vfs,, spin-orbit splitting seemed to remain constant. These
features were attributed to the properties of the two-body
spin-orbit interaction. Concerning the %Ni(d, p), a strong
population of the 9/2% ground-state was observed and the
extracted spectroscopic factor was found to be in agreement
with shell-model calculations. At higher excitation energies,
a broad bump centered at around 2.5 MeV and containing a
sizeable amount of £ = 2 state, attributed to the population of
the ds/, orbital has been observed [28]. However, the poor
energy resolution due to the target thickness together with the
weak sensitivity of angular distributions on the transferred-¢
did not allow the components involved to be disentangled.
A new measurement will be performed at GANIL/LISE in
the near future with the MUGAST-EXOGAM setup. Finally,
from the %°Fe(d, p) study, the direct capture component con-
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Fig. 4 The TIARA-MUST2-EXOGAM set-up at GANIL. From left
to right, the CATS beam tracking detectors, the TTARA backwards end-
cap and barrel followed by the MUST?2 forward telescopes. EXOGAM
clovers are placed at 90 degrees close to the target position to enhance
the detection efficiency

tribution to the %°Fe(n, y) capture reaction, thought to be the
main process for the destruction of ®°Fe inside massive stars
during convective He and C shell burning, was estimated
to be negligible, pointing to the dominance of the resonant
capture [29].

The LISE campaign of 2014 employed a set-up, see Fig. 4,
evolved from that used in 2009. The beam was tracked to the
target by two CATS [30] devices. A set of 4 MUST?2 tele-
scopes in the forward direction were combined with TTARA
in the backward direction and the TIARA barrel around 90
degrees for particle detection. The MUST?2 detectors placed
at 18 cm from the target were covering from 8 to 40 degrees
whereas the ball was covering the most backward angles from
144 to 169 degrees. Four EXOGAM clovers were surround-
ing the target at 90 degrees at a distance of 5.5 cm. The con-
figuration gives a photopeak efficiency at 1.3 MeV of 8%.
This large efficiency is obtained at the expense of the angu-
lar resolution. Indeed with a beam velocity of g = 0.25, the
Doppler broadening is AE/Ej is 0.09.

This campaign addressed two different physics cases: the
search for neutron-proton (np) pairing through two-nucleon
transfer in the fp-shell [31] and the investigation of the low-
lying states in !”C in the context of the N = 14 shell closure
[32]. Both required the combination of particle and y-ray
measurements in coincidence to unambiguously assess the
states populated in the transfer reaction.

Neutron-proton pairing is a unique feature of the nucleus
where two different fermion fluids can form pairs of neutron-
proton. These pairs can occur either in the isovector (T =
1) or isoscalar (T = 0) channel. This phenomenon manifest
itself mostly in the N = Z nuclei due to the large overlap
between the neutron and the proton wavefunctions. High-
Jj orbitals are also more favourable as the typical number of
pairs entering into play depends on the degeneracy of the spe-
cific orbitals involved. The signature of the departure from

the single particle structure and the onset of superfluid phase
is given by the increase of the cross-section for two-nucleon
transfer between the ground states of nuclei A and A+2 with
a maximum reached at mid-shell. In the case of np pairing,
starting from an even-even A nucleus (J = 0T, T = 0), two
states can be populated (J = 07, T = 1) and J = 17, T = 1).
The ratio of the cross-sections o (07) /o (17) reflects the rel-
ative strength of the isoscalar and isovector channels. The
goal of the experiment was to measure two-nucleon transfer
(p,>He) on an open shell nucleus, >>Fe and a doubly magic
nucleus *°Ni to give the trend of the ratio over the f-shell.
As the residual nuclei are odd-odd nuclei, the high density of
states requires the combination of particle and y-ray detec-
tion in order to identify the populated states. Due to the
very low cross-section (few tens of microbarns), thick targets
(7mg/cm? CHj targets) were used which leads to an excita-
tion energy resolution of about 1.4 MeV. Given that the low
lying level scheme of the residual nuclei is known, the y-ray
spectra obtained by gating on the region of interest of the exci-
tation energy allowed to determine the cross-section for each
state and to remove the contribution from the top-feeding
levels. The angular distribution was only extracted for the
ground state due to the lack of statistics for the first excited
state and were well-reproduced by second-order DWBA cal-
culations using two-nucleon amplitudes provided by shell
model calculations using the GXPF1 interaction. The cross-
sections determined experimentally were compared with the
same calculations. No evidence for an isoscalar deuteron-like
(J = 1,T = 0) pairing condensate was found.

The study of the evolution of the shell model in the light
neutron-rich nuclei has shown the emergence of N = 14
and N = 16 a sub-shell closures, with 220 and 2*O being
doubly-magic nuclei. However, the N = 14 gap does not per-
sistat Z = 6 in the carbon chain [33]. This may be explained
in terms of proton-neutron interactions and the absence of
p1/2 protons in carbon. Shell model calculations based on
phenomenological two-body interactions have struggled to
reproduce the structure of both the neutron-rich C and O iso-
topes. The investigation of the low-lying single particle states
of !7C through the one-nucleon transfer reaction '°C(d, p)
provides further detailed spectroscopic information to test
the shell-model interactions. As the energy resolution of
TIARA could not resolve the three states of interest, the
coincident y-ray measurement was used to select the pro-
tons from transfer to each populated state. It was found that
the 3/2" ground state has a very small spectroscopic factor
so that the vds/, strength is carried by unbound states. In
contrast, the two first excited states exhaust a large fraction
of the available single-particle strength expected for a pure
(v1ds/2)2 neutron configuration in l6¢ ground state: &~ 70 %
for the (v1ds2)orbital and ~ 100 % for the (v2sy,2) orbital.
The size of the N = 14 gap can be estimated from the exci-
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tation energies of the two first excited states and gives —0.12
MeYV, indicating the absence of an N = 14 gap.

3 Advances with AGATA

The advent of y-ray tracking technology assisted by the
development in large-area uniform and highly segmented sil-
icon detectors and the presently ubiquitous digital electronics
has produced great advances in sensitivity and, therefore, in
the range of physics accessible. In the following, the use of
current detection systems aiming at cutting-edge measure-
ments will be presented as a showcase of the unprecedented
performances of modern set-ups.

3.1 The AGATA-MUGAST-VAMOS campaign at GANIL

The MUGAST-AGATA-VAMOS set-up (Fig. 5) combines
the MUGAST Silicon array [34] with AGATA array [35]
and the large acceptance VAMOS spectrometer. It offers the
unique opportunity to perform exclusive measurements with
the radioactive beams produced by the SPIRALI facility at
GANIL and to use solid or cryogenic targets like the HeCTOr
3He target [36]. Five experiments were performed during the
campaign addressing physics cases related to the study of
unbound nuclei and their one- and two-proton decay, nuclear
astrophysics and reactions relevant for type I X-ray bursts,
proton and neutron spectroscopy at N = 28 and lifetime
measurement of states populated by transfer. Neutron, pro-

\ ——

\ o \ ‘.‘ i
0 oz

Fig. 5 The MUGAST-AGATA-VAMOS set-up at GANIL. From left
to right it is possible to see the AGATA array covering the backward
hemisphere with respect to the bean direction, from left to right in the
figure. In the centre, the reaction chamber hosting the MUGAST array
and compatible with the cryogenic target on the upper part, is visible.
Finally, on the right-most part the entrance of the VAMOS magnetic
spectrometer starts to be seen
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ton and alpha transfer were investigated as well as resonant
elastic scattering with beam intensities from 10% pps up to
108 pps showing that the system is very versatile.

The MUGAST array comprises 4 MUST2 telescopes
in the forward direction coupled with up to 7 trapezoidal
500 um thick DSSDs in the backward hemisphere and an
annular detector for the most backward angles and a square
300 um thick DSSD at 90 degrees. It covers from 8 to 50
degrees in the forward direction and from 100 to 170 degrees
in the backward angles with a geometrical efficiency of 70%
in average.

A major challenge in the coupling of silicon arrays to
y-ray arrays is the transparency. The photopeak efficiency
at 1.4MeV was measured to be 4.9(1)% with 41 fully
operational crystals placed at 182 mm from the source and
7.1(1)%after neighbouring crystal add-back procedure was
applied. Moreover, the comparison with the plunger device
chamber shows that the MUGAST chamber and detectors
do not induce additional absorption for y-ray energies above
200keV and are ~10% more transparent than a plunger set-
up at 100keV.

The VAMOS magnetic spectrometer provides full iden-
tification of the heavy residues from the reaction as well as
full rejection of parasitic reactions such as fusion-evaporation
when combined with MUGAST identification of light parti-
cles. With the configuration used during the campaign, the
efficiency in the determination of the magnetic rigidity is
90%, taking into account the drift chamber detection and the
reconstruction method efficiencies (time-of-flight or energy
loss versus total energy or mass, charge and total energy).
The detection efficiency of the ionisation chamber is better
than 92% for each section of the detector.

The triple coincidence measurement is an asset as it pro-
vides full characterisation of the nucleus of interest through
its y decay but also its particle decay, the entry point for
the y decay through particle measurement, excellent back-
ground rejection, precise monitoring of the target thickness
and Doppler correction from the two-body kinematics of the
reaction.

In AGATA, the Doppler correction of in-flight emitted y
ray is usually performed event-by-event using the first hit
interaction position with the positions and energies given by
the pulse shape analysis algorithms, and the averaged 8 of
the beam. In the case of the measurement of 19O(d, p) reac-
tion, a resolution (FWHM) of ~10keV is obtained for the
1.673MeV y-ray transition from the de-excitation of the 2;r
state in 20O using an average beam velocity of 12.6%. The
VAMOS spectrometer could only be used as a ToF separator
due to the high intensity of the impinging beam. However, the
combination with MUGAST brings in this case an alterna-
tive and powerful method for Doppler correction based on the
two-body kinematics by using the momentum of the heavy-
ions deduced from the precise position and energy measure-
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ment of the light charged particle. Given the high granularity
of MUGAST, this method improves the resolution and gives
in the same conditions 7.1 keV.

The major challenge with high intensity beams (up to
108 pps) is the particle identification by time-of-flight.
Beam tracking devices cannot be used and the time-of-flight
relies on the RF from the beam with a resulting resolu-
tion of ~2.5 ns for SPIRAL1 beams. Therefore, the tim-
ing between MUGAST and VAMOS was investigated for
the first time, by reconstructing the trajectories of heavy-
ions in VAMOS. The final time-of-flight resolution was
1.4 ns, mainly due to the 1ns jitter of the MUGAST sig-
nals, that farther extends the particle identification to higher
energies.

3.2 Transfer reaction spectroscopy
3.2.1 Search fory rays from the unbound > F nucleus

The nucleus 13F is unbound and is located two neutrons away
from the proton drip-line. Contrary to naive expectations, the
widths of the 15F excited states do not broaden with higher
excitation energy. In particular the negative parity states of
I5F are at least one order of magnitude narrower than the
ground state (1" 2+ ~ 500keV). This could be a consequence
of the proximity of these states to the nearby 1, 2 and 3 proton
decay thresholds [37-39].

The observation of radiative transitions between unbound
states is a rare phenomenon that has only been observed in
very few experiments [40,41]. Due to their longer lifetimes,
narrow states should be the perfect experimental candidates
to observe such y-ray transitions. As a consequence, the sec-
ond excited state of I°F, the 1/2 state, with a width of 36 ke V,
seems to be an ideal case.

The presence at GANIL of the state-of-the-art experi-
mental setup composed of MUGAST, VAMOS and AGATA
made possible the invariant mass measurement of '5F excited
states. The two proton decay of the 5/2~ and 3/27 states
were measured from the triple coincidence of two protons
in MUGAST and "N in VAMOS [39]. The decay of 1/2~
state in '5F was populated with the 'H(40, py)'*O reac-
tion using the triple coincidence of one proton in MUGAST,
140 in VAMOS and y-ray in AGATA. Presently, no y ray,
consistent with the expected E, ~ 3500 keV £ 500 keV
state, was observed. Considering the detection efficiency of
MUGAST, VAMOS and AGATA and taking into account the
beam intensity (monitored during the experiment) and the tar-
get thickness (92.3(9) wm) a preliminary upper limit for the
width and branching ratio can be obtained I}, < 4.4(1.5) eV
and BR, < 0.02(1) %.

3.2.2 Spectroscopy of bound states produced in transfer

The MUGAST setup with AGATA and VAMOS is ideally
suited to transfer reaction studies in general, and two of
the measurements performed serve to highlight the immense
benefit of AGATA’s excellent Doppler correction (and hence
energy resolution):

- 47K(d, p)48K for nuclear structure, and
— 150(7Li, t)19Ne for nuclear astrophysics,

both of course in inverse kinematics.

The study of “8K takes advantage of the unique situa-
tion in the neutron-rich potassium isotopes where the odd
proton is surprisingly found in the 7s;/; orbital, with the
mdsz/ orbital filled (this is known from magnetic moment
measurements [42]). The transferred neutron in the (d, p)
reaction populates empty orbitals in the fp-shell above the
vy, orbit, providing a rare opportunity to probe the interac-
tions between protons and neutrons in such disparate orbitals.
This information will be vital when experiments can study
the lighter isotones in detail. The results, still preliminary,
show how the excellent y-ray energy resolution allows the
relatively complicated spectrum of odd-odd *®*K to be untan-
gled [43]. An example is shown in Fig. 6.

The study of '°Ne addresses a famous and important prob-
lem in nuclear astrophysics. The capture reaction (¢, y) on
150 to make '"Ne forms a bottleneck at the start of the rp-
process that drives X-ray bursts, when hydrogen-rich mate-
rial encounters the surface of a neutron star. The production
of heavy elements depends on the rate of the alpha capture
reaction by >O compared with its rate of beta-decay. The
alpha capture rate in turn depends upon the partial width for
alpha decay, I, of any resonant states just above threshold,
atenergies reached by alpha-particles in the hot environment.
The state in °Ne at 4.03 MeV has long been known to be the
dominant contributor to the rate but the crucial value of I,
has eluded accurate measurement. This is because the 4.03
MeV state almost always decay by y-ray emission and the
alpha-particle decay is a vanishingly small component of the
total decay. In the present experiment [44] the idea is that (a)
the 4.03 MeV state is populated in a reaction that has a cross
section that directly measures I, and (b) if the state is popu-
lated then it will decay by y -ray emission. Hence, the number
of y rays observed at 4.03 MeV is a direct measure of I, as
long as the reaction mechanism is reliably understood. The
reaction employed was (’Li, t) to transfer an alpha-particle
cluster on to 130,

The energy spectrum of y rays recorded using AGATA is
shown in Fig. 7 and represents preliminary results from Ref.
[45]. The region where the 4.03 MeV y-ray peak would fall
is expanded. The spectrum is extremely low in background
due to the triple coincidence requirement: the experiment
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Fig. 6 In the left panel, a

zoomed region of the y-ray
energy spectrum is shown and
on the right there is an excitation
energy spectrum derived from
the measured protons. The y
rays were in coincidence with a
particle in the MUGAST array
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computed excitation energy
spectrum is shown in the
background in a light colour,
corresponding to the data from
all protons in MUGAST in
coincidence with VAMOS. The
coded symbols show the M.
individual contributions made 12 14 16 138
by states that decay via the

indicated y-ray transitions.
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Fig. 7 Preliminary y-ray energy spectrum from the reaction “Li('30,
t y)lgNe [45]. The analysis selected 19Ne—t—y triple coincidences. The
value for the cross section, after being confirmed and interpreted using
reaction theory, will yield a value for the partial width for alpha-decay,
I, of the 4.03 MeV state. This partial width is critical in determining
break-out from the hot-CNO cycle on the surface of neutron stars, and
therefore the probability of thermal runaway towards an X-ray burster

detected the triton in MUGAST, the 1°Ne in VAMOS and the
y rays in AGATA. The three counts in the region of interest,
if taken at face value, would correspond to the extremely
small cross section of 3.6 ub for the 4.03 MeV state. Further
analysis will be required in order to refine this preliminary
value and to provide an estimate of the uncertainty.

The two spectroscopic transfer studies above were both
performed with reaccelerated radioactive (ISOL) beams. It
is of interest also to know how a y-ray tracking array such
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as AGATA can improve these studies using fragmentation
beams. A transfer experiment has however been performed
using the y-ray tracking array GRETINA [46] which in the
USA is present implementation of the complete 47 GRETA
array which is under construction. The experiment itself [47]
was again astrophysically motivated and ingeniously used
the (d, p) neutron transfer reaction on the 0 ground state
of 26Si in order to study proton capture onto the isomeric
excited 0T state of 20Al, the isobaric analogue of the 265
ground state: a mirror reaction on a mirror nucleus to reach
the identical final state in 2’Si. The y-emitting nuclei were
moving at 0.25¢ and the y rays of interest extended up to
energies above 6 MeV. Two factors limited the precision of
the angular determination for y rays: firstly, the localisation
of the y-ray interaction via tracking techniques was not yet
fully implemented and secondly the beam spot on target was
extended due to the use of dispersion-matched focusing into
the magnetic spectrometer mounted beyond the target. The
energy resolution of the Doppler-corrected peaks as shown
in Fig. 8 is nevertheless impressive.

3.2.3 Transfer reactions with >He cryogenic target

Direct reactions offer a unique insight into the nuclear struc-
ture and the underlying shell effects in a nucleus. The com-
bination of the AGATA spectrometer with segmented silicon
detectors, a magnetic spectrometer, and a cryogenic target
opens the possibility of in-depth studies of isotopes faraway
from the valley of S stability.

In particular, the 46Ar(3He, d)47K direct reaction was
exploited to infer relative spectroscopic factors for the
proton-transfer to the low-lying single-particle (SP) states
of K. In the shell-model picture, spectroscopic factors of
SP states represent a direct link with the concept of shell
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Fig. 8 Gamma-ray energy spectrum from reaction products moving at
0.25¢ through the GRETINA y -ray tracking array [46]. The transitions
are from excited states in 27Si. The reaction was (d, p) transfer induced
by a beam of 2°Si made by projectile fragmentation at the NSCL facility,
MSU. The energy resolution FWHM obtained in the 6.5—7.0 MeV
region was =~ 0.7% (see text). Figure adapted from Ref. [47]

occupancy. In the case of interest, the experiment focused
on extracting the probability of populating the 1/27% (g.s.)
and 3/2% (360 keV of excitation energy) of *’K to obtain
information on the proton contribution in the ground state of
46 Ar. Additionally, the direct population of the 7/2~ second
excited state (2020 keV) was observed. From the nuclear
structure point of view, “*Ar has been a hot topic due to
the discrepancy between shell-model calculations and life-
time measurements of the quadrupole transition probabil-
ity (B(E2)) between the g.s. (0T) and the first excited state
(27) [48]. The overestimation of this quantity by the shell
model with the SDPF-U interaction has been linked to the
proton component of the wave function [49].

The radioactive “°Ar isotopes were produced from the
fragmentation of a primary “8Ca beam impinging on a
graphite target. The extracted isotopes were post-accelerated
at an energy of 9.9 MeV/u and delivered to the experimental
hall with an average intensity of 4 x 10* pps. The exper-
imental setup consisted of VAMOS, AGATA, MUGAST,
the beam tracker CATS2 and a gaseous *He cryogenic tar-
get HECTOR. This last is composed of a 3-mm thick cell
with 3.8 um HAVAR containment windows cooled to 7 K
to achieve an effective density, suitable for low-intensity
radioactive beams, of ~ 1.5 x 1073 g/cm?, equivalent to
~ 5.0 x 1073 g/em’.

The setup allowed for the detection and identification of
both the heavy fragment, in VAMOS, and the deuteron, in
MUGAST. The angular distribution, compared by means of a
likelihood maximization, allowed the extraction of the prob-
ability of populating the g.s. (¢ = 0) and the 3/2% state
(¢ = 2). Figure9 shows the sensitivity of the setup to two
different types of transfer.
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Fig. 9 (Top panel) Monte-Carlo simulation of the experimental
response of the setup for the three different transfer channels performed
with Geant4 and based on finite-range DWBA calculations. (Bottom
panel) Monte Carlo Geant4 simulation of the response of AGATA to
the population of the 3/2% and 7/2~ states of 'K

At the same time, the possibility of detecting y rays emit-
ted by the excited levels of *’K offers some virtually inde-
pendent verification of the experimental outcome. The full
potential of the AGATA tracking spectrometer was exploited
as the long-lived populated states (77,2(3/ 2T) = 1.1(3) ns
and (T1,2(7/27) = 6.3(4) ns) decayed on average beyond
the target position and towards the entrance of the magnetic
spectrometer. The response of the spectrometer is sensitive
to the different lifetimes and can be precisely estimated with
Monte Carlo Geant4 simulations, at odds with conventional
collimated Compton-shielded HPGe detectors, that would
not be able to detect y rays from such a long-lived state.

Triple y-d-*'K coincidences between AGATA, MUGAST,
and VAMOS showed the emission of a few 360 keV y rays.
The emission can be related to a direct population of the state
(¢ = 2 transfer) or to the feeding from the 7/27 state (¢ = 3).
The combination of the high resolution of AGATA with
the event-by-event Doppler correction provided by VAMOS
allowed for a narrow gate in correspondence of 360 keV
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which revealed the excitation energy linked to the emission
of these photons and thus the populated level.
Additionally, the AGATA-VAMOS coincidence was exploi-

ted as an independent assessment of the probability of pop-
ulating via £ = 2 of £ = 3 transfer. Figure9 (bottom panel)
shows the effect on the response caused by the difference
in efficiency owing to the different lifetimes. The Doppler
broadening of the 1660 keV y ray is caused by the uncer-
tainty on the position of decay of the isotope.

3.3 Nuclear lifetime measurements via transfer

Direct transfer reactions, where one, two nucleons or a cluster
are exchanged between projectile and target, are promising
tools for the measurement of the lifetime of nuclear excited
states. The lifetime of most low-lying nuclear excited states
lies in the range between few fs (10~15 s) and few ns (107 )
and can be measured with techniques that rely on the Doppler
shift of the energy a y ray when it is emitted by a nucleus in
flight. Such measurements are affected by systematic errors
when possible slow feeding transitions on the state of interest
cannot be properly controlled. In this case, the lifetime of the
state is overestimated and, as a consequence, the associated
transition probability underestimated.

If a particle detector is in coincidence with the y-ray spec-
trometer, one can in some cases reconstruct the excitation
energy of the nucleus of interest and suppress the contribution
of feeding transitions with appropriate gates. This is normally
the case for binary reaction as transfer ones. In multi-nucleon
transfer reactions with heavy ions, usually the identification
of one of the reaction products is obtained by means of a mag-
netic spectrometer, like VAMOS at GANIL or PRISMA at
LNL. In this case the control on possible feeding transitions is
made difficult by the resolution in Total Kinetic Energy Loss
(TKEL), which is of the order of few MeV, and the fact that in
these reactions both reaction partners are excited, so the mea-
sured TKEL distribution represents the contribution of both
excitation energies. In direct transfer reactions the detection
of the light ejectiles in a detector (usually a Silicon array)
in coincidence with the y-ray array allows to reconstruct the
excitation energy of the heavy recoil with resolutions rang-
ing from tens to hundreds of keV, depending on the specific
case. In addition direct reactions provide greater selectivity
and higher cross sections for a specific set of excited states.

With the improvement of the performances of y-ray and
particle detection arrays in terms of efficiency, selectivity
and resolution, the experimental investigation of nuclei far
from the stability has moved to more exotic isotopes and
to the study of nuclear properties that are less accessible. In
fact, until recent years experiments involving direct reactions
using RIB were restricted to nuclear spectroscopy, but now
they are being extended to lifetime measurements using tech-
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niques such as the Recoil Distance Doppler-Shift (RDDS)
method [50] and the Doppler Shift Attenuation Method
(DSAM) [51].

3.3.1 Lifetimes in*°0

With the new generation of y-ray arrays and the leap in sen-
sitivity, experimental nuclear physics has reached a level of
precision that allows the comparison with state-of-the-art ab-
initio calculations also for rare exotic systems.

In this context, the oxygen isotopic chain represents an
ideal region for the comparison. This region has attract inter-
est in the past around the anomaly of the neutron dripline.
In fact, if standard shell-model calculations predict the 280
(Z = 8, N = 20) to be the last bound isotope, it was observed
experimentally that 2*O is the heaviest bound oxygen iso-
tope. This anomaly was explained by Otsuka and collabora-
tors [52] by adding the contribution of three-body forces in
the calculations, that have the effect of changing the single-
particle energies of the sd orbitals and correctly reproducing
the observed dripline. In recent years, ab-initio calculations
have started including three-body terms: the 2°0 nucleus rep-
resents a textbook case. In fact, this isotope, being only two
neutrons apart from the last stable isotope, is easily acces-
sible experimentally. The non-yrast states, 2; and 31+, are
based on a mixed configurations of (ds /2)3(s1 /2)1 orbitals
and their properties such as the excitation energy and the
reduced transition probabilities are expected to be influenced
by the three-body forces.

The 2°0 nucleus was populated in a direct reaction where
a single neutron was transferred from the target to the beam
isotope. The radioactive ion beam of '°0O was provided by
the SPIRAL1 complex in GANIL and post-accelerated to an
energy of 8 AMeV, with an average intensity of 4x 10° pps
and a purity above 99%. The beam impinged on a deuter-
ated polyethylene target (CD;). Two types of target were
employed: a self-supporting 0.3 mg/cm?-thick CD, target,
for spectroscopy measurements, and a CD; target of the
same thickness deposited on a 24.4 mg/cm?-thick degrader
of 197 Au, employed to perform lifetime measurements using
the DSAM.

The beam-like recoils were emitted at forward angles
and detected using the VAMOS spectrometer, while pro-
tons emitted at backward angles were detected using the
MUGAST array. The time-of-flight measurements between
VAMOS, MUGAST and the radiofrequency of the cyclotron
were employed to separate the events of interest, namely the
transfer reaction events, from the parasitic reactions such as
fusion-evaporation and fusion-fission on the carbon and gold
nuclei of the target and degrader. From energy and angular
information of the proton detected with MUGAST, it was
possible to reconstruct the kinematics of the beam-like part-
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ner: in particular, the energy, the velocity vector and the exci-
tation energy.

Finally, the y rays emitted by the *°O nucleus were
detected by the AGATA array, placed at backward angles
with respect to the beam direction. By combining the infor-
mation on the velocity vector of the beam-like partner and
the position of first interaction of the y ray in AGATA, it was
possible to perform a Doppler correction on a even-by-event
base, using the velocity at the reaction point.

The combination of the high selectivity of VAMOS and
MUGAST and the good Doppler correction energy recon-
struction led to extremely clean spectra with a high peak-to-
total ratio that allowed the identification of weak y -ray transi-
tions that were never observed before. By applying selective
gates on the excited states reconstructed with MUGAST, it
was possible to perform y-particle spectroscopy and recon-
struct the level scheme of the nucleus.

The dataset collected using the self-supporting CD, target
was employed not only for the spectroscopic study of the
nucleus, but also to validate the kinematic reconstruction of
the heavy partner and optimize the realistic parameters for
the Monte Carlo simulation, such as the intrinsic resolution
of the germanium detector, the smearing of the particle and
y rays and the measured angular distributions of the excited
states [53,54].

Then a series of realistic simulations have been performed
by varying the lifetime of the states of interest and the energy
of the transitions in a sensible range. The normalised simula-
tions were then compared with the experimental spectra using
the least- x> method to identify the minimum and extract the
lifetime of the states, as shown in Fig. 10. The statistical errors
were determined by using the Ax? = 1 constraint. A similar
approach has been used in Refs. [55,56].

In order to eliminate the influence of the observed and
unobserved feeders, a gate on the excitation energy of the
200 has been applied in order to select only the events com-

ing from the direct population of the state of interest. The
importance of this gate, that is possible thanks to the use of
direct reaction, is proved by the fact that by applying the same
analysis method without the gate, the lifetime of the 2; state
results to be 30% longer, introducing a systematic error.

3.3.2 Lifetimes: preparation for SPES@LNL

The AGATA spectrometer was in 2021 reinstalled at LNL [57],
where it was for the first time operational and successfully
run for a 2-year-long campaign during 2010-2011 [58] witha
variety of auxiliary detectors [59]. Recently, the full AGATA
performance was exploited at LNL to measure the lifetime
of intruder states in the nucleus 37S (Z =16, N = 21), atthe
upper border of the N = 20 Island of Inversion [60]. In this
nucleus, at variance with its isotone 3 Ar with Z = 18, sig-
nificant y-decay branchings between the so-called intruder
states, built on 2p — 1h or 3p — 2h excitations above the
N = 20 shell gap, and normal states were observed. In par-
ticular, the 3p — 2h 7/2, intruder level at 2023keV has a
strong E2 decay, with a branching ratio of about 35 %, to the
spherical 1p 3/2 level at 646keV which is not reproduced
by state-of-the-art Shell Model calculations. This may rep-
resent a sudden increase in the collectivity of the intruder
configuration, or a mixing of the spherical 3/2| state with
intruder configurations. The determination of reduced transi-
tion probabilities can shed light on the nature of such excita-
tions and help characterise the beginning of the development
of the Island of Inversion.

Intruder states in >’S were populated via the direct transfer
reaction d(36S, 37S)p. The 3°S beam, delivered by the TAN-
DEM accelerator at an energy of 164 MeV (~4.5MeV/u)
and average intensity of 0.1 pnA, impinged on a 500-p.g/cm?
thick CD, target. The ejected protons were detected in the
SPIDER detector [61] placed at backward angles and cover-
ing an angular range in 8, from 124° to 161°. SPIDER con-
sists of seven trapezoidal Si detectors segmented into eight
annular strips and arranged in a conical geometry, The y
rays coming from the de-excitation of 3’S were detected in
coincidence in the AGATA spectrometer.

The expected lifetimes of the states of interest lie in very
different ranges, tens or hundreds of ps for the 2p — 1h 3/2T
intruder state and hundreds of fs for the 3p — 2k 7/2; state.
In this experiment both lifetimes could be measured simulta-
neously by combining the DSAM and RDDS methods. The
CD, layer was evaporated on a Au backing of ~ 5mg/cm?
and installed on the Plunger device, which allowed to vary
in a controlled way the distance between the CD,+Au target
and a Ta stopper of 30mg/cm?. The slowing down of the
378 ejectile in the Au backing allows to measure the shorter
lifetime of the 7/2, state with the DSAM technique. The
ion then de-excites travelling the distance between the target
and the stopper. By computing the ratio between the num-
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ber of y rays emitted in flight and stopped as a function of
the target-to-stopper distance, one can determine the long
lifetime (~ 100ps) of the 3/27 state.

The top panel of Fig. 11 shows, as an example, a pre-
liminary experimental y-ray energy spectrum obtained by
requiring a coincidence with SPIDER. The y-ray energy of
the 3/2 — 7/2 transition at 646 keV, Doppler-corrected on
an event-by-event basis considering the energy of the proton
measured in SPIDER, is plotted versus the angle between the
y ray and the 3’S ejectile. The in-flight component, associ-
ated to y rays emitted before the ion has reached the stopper,
appears here at the correct energy and is well separated from
the stopped component, associated to y rays emitted after the
ion has reached the stopper. The continuous angular distribu-
tion, made possible by the tracking capabilities of AGATA,
gives also the possibility to perform a 2D analysis to deter-
mine the lifetime [62].

The bottom panel of Fig. 11 shows two simulated y-ray
energy spectra for the 7/2, — 7/2,¢ for different assumed
lifetimes of the level. Given the short lifetime predicted for
this level, it is important to control possible feeding transi-
tions coming from higher-lying level. This is done by detect-
ing the recoil protons in SPIDER and reconstructing the exci-
tation energy E distribution. The E resolution is ~500keV,
sufficient to suppress the contribution of the main feeding
transitions.

These techniques will be employed in the near future with
the new SPES RIB. Increased y-ray and particle detection
efficiency is required to cope with the low-intensity exotic
RIB, which might be orders of magnitude less intense than
in the present case.

3.4 Coulomb-excitation measurements using AGATA

The history of Coulomb-excitation measurements with AGA-
TA dates back to the very first physics experiment with
this array, which took place in April 2010 and aimed at
investigation of a highly-deformed structure in 4*Ca [63,64]
At this time, only three AGATA triple clusters were avail-
able, and scattered beam particles were detected by three
position-sensitive Micro-Channel Plate (MCP) detectors of
the DANTE array [59], covering angles from 105 to 142°.
The measurement provided magnitudes and relative signs of
numerous E£2 matrix elements coupling the low-lying states
in #>Ca. The shape parameters obtained for the 0; and 22+
states confirm that the excited structure possesses a strik-
ingly large elongation, similar to that established for superde-
formed bands in this mass region, and a slightly non-axial
character. In contrast, those for the ground state are consistent
with large fluctuations about a spherical shape. This general
picture is well reproduced by state-of-the-art model calcula-
tions, although it is important to note that some discrepancies
remain.
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Fig. 11 (Top) Two-dimensional spectrum of the Doppler-corrected y -
ray energy of the 646-keV transition vs the angle between the y ray and
the 37 recoil. The straight structure at 646 keV represents the in-flight
component, the other one is associated to y rays emitted by stopped
ions. (Bottom) Simulated Doppler-corrected y-ray energy spectra of
the 2023-keV transition for two different lifetimes of the 7/2, state

During the AGATA campaign at GANIL, Coulomb-
excitation data were collected as a by-product of experiments
performed at near-barrier beam energies. For example, in a
fusion-fission experiment using a '>#Xe beam on a >*Fe target
[65], “safe” Coulomb excitation of the beam on a"*''W target
contaminant was observed, and its analysis yielded spectro-
scopic quadrupole moments in '2*Xe [66]. An ongoing anal-
ysis of slightly “unsafe” Coulomb-excitation data on '%°Cd,
collected during an experiment aiming at lifetime measure-
ments in 10%-1985n [67], shows sensitivity to E3 strengths in
this nucleus [68]. Both these measurements used VAMOS,
covering laboratory angles around 20-30°, for particle iden-
tification.

There is strong interest in Coulomb-excitation measure-
ments using AGATA with stable beams from the Legnaro
accelerator complex, and already three such experiments
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have been performed during the LNL campaign. They had a
common focus on the shape-coexistence phenomenon, but
investigated its manifestations in different regions of the
nuclear chart. Several structures suspected to have different
deformations were populated in 7*Se and ''°Cd, while the
study of “Zr is expected to provide a precision test of the
type-II shell evolution predicted by Monte-Carlo Shell Model
calculations [69]. All these measurements used a modular
silicon array SPIDER for particle detection. As multi-step
excitation probability increases with the scattering angle, its
backward configuration, covering from 61, 4 p angles between
124° and 161°, provides an enhanced sensitivity to higher-
order effects in Coulomb excitation, such as spectroscopic
quadrupole moments and relative signs of electromagnetic
matrix elements.

Figure 12 presents a partial spectrum resulting from
Coulomb excitation of a 7*Se beam on '2°Sn and 2°8Pb tar-
gets. The obtained energy resolution after Doppler correction
is improved with respect to earlier Coulomb-excitation stud-
ies with GALILEO [70,71] and the Compton background is
decreased, resulting in a clear observation of weak transitions
such as 8?‘ — 67, and in particular 2;' — 2;

4 Outlook to exploit AGATA capabilities

In the near future it is anticipated that the AGATA spectrom-
eter will be deployed with cutting-edge instrumentation, like
for example GRIT (see sect 4.4) in its ultimate configuration,
to take advantage of the new RIBs delivered at the second
generation ISOL facility SPES. The sensitivity of the joint
setup will be of the utmost importance to detect the feeble
signals of exotic systems and it will be further boosted by
the availability of dense and pure cryogenic or jet targets as
discussed in the following paragraphs.

In multiple-step Coulomb excitation the unrivalled resolv-
ing power will permit the observation of weak transitions
via multiple-coincidence measurements. Such weak decay
branches may have important influence on the excitation

1400
Energy [keV]

L | L R | L L |-
600 800 1200

process, and their determination will enable correct descrip-
tion of second-order processes in Coulomb-excitation, thus
increasing sensitivity to spectroscopic quadrupole moments
of excited states. In transfer reactions, the joint sensitivity
of y-ray, particle and (as required) ion chamber detectors
will ensure the use of triple coincidences even with rare low-
intensity RIBs. In lifetime measurements, the angular res-
olution of the tracking array, paired with highly-segmented
complimentary detectors, will reduce the statistical uncer-
tainties by means of the enhanced sensitivity; in addition,
the opportunity to constrain the entry level in the excitation
energy of the system will minimise the influence of higher
lying states in the lifetime determination.

4.1 New cryogenic, jet, jelly targets

The weak intensity of re-accelerated unstable beams needs
thick light targets to achieve sufficient luminosity for particle
and y-ray spectroscopy following direct transfer reactions.
As an example, considering a beam intensity of 10* pps and
a reaction cross section of 1 mb, a target thickness of 1020
at/cm” would be required to achieve about 100 particle-y -ray
coincidences in ten days of beam time.

A gas target at cryogenic temperatures can provide the
necessary density while keeping the small dimensions com-
patible with the AGATA-GRIT experimental setup. The
CTADIR project, financed by the Italian National call
PRIN2017 for funding, aims at building a >*He target operat-
ing at 9 K and 1 atm pressure [72]. The cylindrical target cell
has a diameter of 1 cm, a thickness of 4 mm and is confined
by two Havar windows, which can be made as thin as 2 yum.
The target body is aluminum to minimize y-ray absorption
and the cryogenic source is provided by a Gifford McMahon
device with a 2 W cooling power at 4 K in its second stage.
The connection between the cryocooler second stage and the
target body is assured by a copper cold finger adapted to be
compatible with the GRIT geometry. Densities as high as
4 — 5. 10%° at/cm? can be achieved.
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It is also proposed the use of the CHyMENE semisolid
1.2H target [73], which is a windowless target made of a 50-
100pm hydrogen film extruded into the reaction chamber,
with densities around 2 - 10?%at/cm?.

When using stable beams, or very intense unstable beams,
above 107 pps, a gas jet target can also be considered. The
SUGAR target [74] can reach a thickness of 10'8at/cm? and
is planned to be used with AGATA with stable beams in the
framework of the second LNL campaign.

4.2 Lifetimes as a key new feature

Lifetime measurements are key to access the properties of the
quantum mesoscopic system that is the atomic nucleus. The
decay probability from excited states is directly related to the
reduced transition probability that links the initial and final
state via the electromagnetic operator. For low-to-moderate
product velocities known with sufficiently low uncertainties,
the leading factor in the sensitivity to lifetime measurement is
the angular resolution of the gamma-ray spectrometer, either
for RDDS or DSAM technique covering time ranges from
a few hundreds of ps down to below 1 fs. This is shown in
Fig. 13 where the continuous angular measurement led to
an unprecedented sensitivity. The opportunities opened up
by using AGATA at the second generation ISOL facilities
(SPES,HIE-ISOLDE, etc.), promising a leap in the purity,
intensity and energy, will be of great impact. Striking exam-
ples are the proposed measurements of yrast and yrare states
in light nuclei, presently a playground for new ab-initio the-
ories moving from QCD EFT, that are relevant for nuclear
physics and astrophysics investigations. In the nuclei at or
nearby shell closures in the heavy N = 50 or 82 neutron-
rich regions, lifetime measurements will pair with single or
few-nucleon transfer-reaction cross sections to probe the sin-
gle particle nature of the relevant excited states.

4.3 Future Coulomb-excitation studies with AGATA at
Legnaro National Laboratories

Coulomb excitation is likely to become one of the pillars
of the AGATA campaign with exotic beams from the SPES
facility. For these studies, SPIDER will be installed in the
forward hemisphere. As the total Coulomb-excitation cross
section is given by the product of the excitation probability
and the Rutherford cross section, it is necessary to make
use of the important enhancement of the latter at forward
scattering angles in order to maximise the counting rates with
RIBs, even though lower multi-step excitation cross sections
are expected in this configuration.

Possible physics cases are explored e.g. in Ref. [76]. A
region of particular interest will be the neutron-rich Kr and
Rb nuclei, expected to be produced at SPES with intensities
considerably higher than those currently available at other
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Fig. 13 Matrix of the y-ray energy vs 6 of the first interaction point for
the reaction '* N (d,n)'>O. Angular position of the first interaction point
6, with respect to the beam direction, sorted as a function of the energy
of the reconstructed y ray. The narrow straight lines correspond to the
emission at rest from the AmBe(Fe) source, while the broad “tilted”
lines are gamma rays emitted while the excited nucleus is moving in
the Au layer. Figure adapted from Ref. [75]

European RIB facilities. These studies will search for signa-
tures of configuration inversion and shape coexistence near
N = 60 via detailed measurements of transition probabilities
and spectroscopic quadrupole moments. Moreover, investi-
gations of the role of triaxiality in heavy Se and Ge nuclei in
the vicinity of the N = 50 shell closure will provide impor-
tant benchmarks for beyond-mean-field and large-scale shell-
model (LSSM) calculations.

In the longer term, it is anticipated that Coulomb excita-
tion at energies around 150 MeV per nucleon will play an
important role in the future AGATA campaign at FAIR. This
would involve studies of the evolution of quadrupole and
octupole collectivity in the regions around the doubly-magic
13251 and 2%8Pb nuclei, as well as in the regions of rapidly
changing nuclear shapes and shape coexistence, for example
around Z =70 — 76 or N = 60 [76].

4.4 GRIT outline design and capabilities

Generally for direct reaction studies with low-energy ISOL
beams, the main observables to be measured are the exci-
tation energies of the populated states, and the correspond-
ing differential cross-sections (angular distributions). Inverse
kinematics experiments consist in measuring the light recoil-
ing particle produced by reactions between an radioactive
beam particle and a light target (p, d, t, “He,.. .). The above
observables can be deduced from the kinetic energy and
scattering angle of the recoiling particle. The detection in
coincidence of y rays emitted in the decay of the popu-
lated states of interest allows a large gain, typically a fac-
tor 100 with AGATA, in excitation energy resolution, while
allowing y -ray spectroscopy measurements (e.g. lifetime and
polarisation measurements) which give access to additional
nuclear structure information. Obviously, such particle-y
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coincidence measurements pose a great deal of integration
constraints for the particle detector at play. The GRIT Euro-
pean collaboration has proposed to build a new silicon detec-
tor array for optimal study of direct reactions at the European
nuclear physics facilities. This new device consists of a new
type of compact, high granularity, 4m acceptance Silicon
array, with new digital electronics allowing seamless inte-
gration inside AGATA, as well as in the PARIS scintillator
detector [77]. GRIT is a portable device for campaigns at
various facilities (GANIL, SPES, ISOLDE, FAIR) in combi-
nation with AGATA or other gamma-ray detectors (PARIS,
EXOGAM, GALILEO, ...).

The conceptual design of the device has been driven by
the aspiration towards a 47 angular coverage in both par-
ticles and gamma-ray detection. The current assembly for
the detector, see Fig. 14, is a conical-shaped set of 8§ trape-
zoidal telescopes in both the forward and backward hemi-
spheres with respect to the beam direction, assembled with
a ring of squared-shape two-layer silicon telescopes around
90 degrees. The 4m solid angle coverage is achieved with
the help of annular detectors as end caps to cover the most
backward and forward angles. These latter detectors will be
designed so as to cope with both the ISOL beams as well as
slowed down in-flight beams produced by FAIR at GSI or
RIBF at RIKEN. The outer diameter of the device including
its frontend electronics and dedicated reaction chamber will
be compatible with mounting inside AGATA. Custom devel-
opments of digital electronics, featuring a 200 MHz sampling
rate, will allow particle identification from pulse shape anal-
ysis (PSA). In a longer term, the pursuit of an R&D program
to extend the capability of particle identification of the GRIT
array via PSA [78-83] embedded in the electronics is desir-
able. In this view, the use of advanced algorithms, Al [84],
firmware and computing hardware, such as GPU, could be
used to accelerate and make more efficient the analysis of
PSA based discrimination.

4.5 Future campaigns with GRIT

The first experimental campaigns with the ultimate GRIT
setup are planned to be held with the new RIB delivered by
the SPES accelerator facility at LNL. As a point of reference,
SPES will deliver 132Sn at 10 MeV/u, with an expected beam
rate of 3.107 pps, ideal for direct reaction studies. The cou-
pling of GRIT and AGATA is well advanced; see Fig. 15.
A zero-degree detection system for the measurement of the
heavy residues is currently being developed at LNL. The
new beams delivered by SPES using UCx primary target
are fission fragments and the region of the doubly-magic
1328n is illustrative of the physics program envisioned by
the GRIT collaboration. In this region of the nuclide chart,
the measurement of one- and two-neutron transfer reac-
tions is proposed for investigating the shell structure around

Fig. 14 CAD drawing of the ultimate GRIT array. Annular, trapezoidal
and square detectors can be seen from left to right, together with the
cooling blocks, green in figure. GRIT is designed so that it can be
mounted inside the AGATA array (see Fig. 15)

Fig. 15 CAD drawing of the provisional configuration of AGATA and
GRIT at LNL. The GRIT particle array is visible in the centre of the
figure and it is surrounded by the AGATA spectrometer. As discussed
in the text, a cryogenic target is also compatible with the setup and, in
the figure, it is inserted vertically above GRIT

N = 132, and its consequences for the r-process (case of low-
spin orbitals). A simulation can be seen in Fig. 16, where
the four panels show the angular distributions for the low-
lying states populated in the reaction '32Sn(d, p) for a A¢
=1, 3, unitary spectroscopic factor and typical SPES inten-
sity. For comparison with the existing experimental data see
Ref. [85].

The versatility of GRIT in terms of targets will be ben-
eficial. In addition to the standard CH; and CD, targets
(commonly used for (d, p) and (p, d)...studies), triton tar-
gets can be exploited. The use of *He, “He targets (such
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Fig. 16 Simulated angular distribution for the low-lying states consid-
ering GRIT at SPES for the reaction '32Sn(d, p)

as the cryogenic CTADIR system described in Sect. 3.2.3)
will allow probing of proton shells using the (*He, d) and
(t, “He) reactions which add and strip protons, respec-
tively. High-momentum proton and neutron orbitals can be
investigated in turn by means of the (*He, “He) owing to
the well-established selectivity of the He probe for high-
¢ transfer. Finally cluster transfer studies will make use of
7Li foils. Also in the N = 132 region, neutron-neutron
pairing in neutron-rich nuclei, of relevance for the time
evolution of neutron stars, is planned to be investigated
using the (t, p) reaction. The microscopic structure of
the pygmy dipole states can be probed by (d, py) mea-
surements using the PARIS array for an efficient detection
of high-energy y-rays in coincidence with recoiling pro-
tons.

5 Summary and conclusions

In the last decade, significant experimental improvements in
y -ray spectroscopy, namely the y -ray tracking, led to a large
increase in measurement sensitivity. Such sensitivity can be
further heightened by coupling y-ray spectrometers to other
detectors that record complementary reaction products such
as light-charged particles for transfer reactions and scattered
ions for Coulomb excitation measurements.

In this paper, selected examples have been presented high-
lighting the power of these types of experiments when y -ray
observation is included. Results achieved before the advent
of y-ray tracking are discussed and compared with more
recent experiments that have successfully exploited y-ray
tracking, in particular, with AGATA. The outlook for experi-
ments using newly developed devices such as GRIT and other
detectors such as SPIDER was also described.

In conclusion, the advent of y-ray tracking spectrome-
ters, such as AGATA and GRETA, together with the coupling
to other auxiliary detectors greatly improved the capability

@ Springer

to measure tinier and tinier cross sections in rare nuclear
physics systems. Such opportunity is opening a new era of
precision measurements at the current stable and radioac-
tive beam facilities operating world-wide. This could pro-
vide, jointly to theoretical progresses boosted by new com-
putational approaches, high-power and quantum computing
among all, a coherent comprehension that extends from finite
nuclear systems to nuclear matter and, ultimately, stars and
galaxies.
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