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Abstract High-energy γ rays are emitted either in the
decay of nuclear discrete states (generally located in the prox-
imity of the particle-emission threshold) or in the electromag-
netic decay of collective states. The branching ratio is rather
small, therefore in alternative/coincidence with high-energy
γ rays one could have neutron or charged-particle emission.
The precise measurement of these branching ratios allows
a more comprehensive description of the nucleus and, in
particular, the selection of the nuclear models which better
describes the interplay between the different acting forces
and couplings. In the case of the electromagnetic decay
of collective states, the precise identification of the popu-
lated low-lying states allows the measurement of their wave-
function and/or of their ‘bulk’ properties. This information
provides, also in this case, a stringent test for the nuclear
models. In both cases, to compensate these small branching
ratio, a large number of detectors and an accurate selection
of a small region of the phase space are needed. AGATA
is considered to constitute an optimal array for this kind of
measurements. In fact, AGATA, because of its high granu-
larity and its excellent energy resolution, can detect the high-
energy γ rays emitted in a specific decay path or associated to
specific reaction channels, shapes, deformations. In the intro-
duction, some details on the measurement of high-energy γ

rays using HPGe detector are discussed. The sections of this
paper focus on the measurements of high-energy γ rays to
obtain the photon strength function, the nuclear level density
and to identify extreme shapes in highly excited nuclei.
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1 Introduction: high-energy γ -ray detection

It is well known that the probability of interaction of γ radi-
ation in matter mainly depends on both the atomic number
and volume of the detector, its density and, obviously, on
the energy of the γ radiation. Therefore, the measurement of
high-energy γ rays is usually performed with inorganic, large
volume fast scintillators because of their larger full-energy
peak efficiency and excellent time resolution. However, in
some cases, AGATA, with its segmented HPGe, can provide
an equal, if not better, information. In other cases AGATA
will offer a possibilities to set very clean conditions (gates)
on discrete transitions, without which obtaining informations
from the scintillator spectra will be not possible.

Each AGATA crystal has a dimension (it can be described
approximately as a cylinder 9 cm long and 8 cm large with a
central hole 1 cm large and 8 cm long) that can fully stop most
of the low-energyγ rays and some of the medium energy ones
(in general, those which mainly interact through Compton
or photoelectric interaction). As the energy of the γ radia-
tion (e.g. Eγ > 6 MeV) increases, the average depth of the
first interaction increases and, for γ radiation of the order of
15 MeV, it reaches a depth of approximately 10 cm.

The efficiency of a large volume scintillator array is,
therefore, expected to be higher than that of AGATA sim-
ply because the active volume of a scintillator can be much
larger than that of HPGe crystal. An estimate of the effi-
ciency of GRETA at 15 MeV was published in Ref. [4].
It was estimated to be of the order of 2%. A more recent
simulation, shown in Fig. 1, compares the full-energy peak
efficiency for high-energy γ rays in AGATA and in PARIS
[1,2]). It it evident that, at 15 MeV, the efficiency of 4π

PARIS (which is composed by scintillators 8 inches long) is
4–5 times larger than that of AGATA. Because of the previous
points, more than the absolute Full-Energy Peak efficiency
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Fig. 1 Calculated efficiency for high-energy γ rays in the range from
6 to 15 MeV of AGATA 4π (namely, 60 triple clusters) and PARIS
[1,2] 4π (namely, 150 phoswiches in a minicube geometry) [3]. Note:
the values reported in this plots are only indicative, as the real data will
depend on adopted geometry and tracking algorithms used

and energy resolution, for experiment involving the detec-
tion of high-energy γ radiation, the key factor of AGATA is
its unique ability to cleanly select particular reaction chan-
nels, shape/deformation, angular momentum, γ multiplicity,
coincidence pattern or a very small region of the phase space
of the decay paths. This very precise information could be
given by the AGATA array and/or by the use of additional
ancillary detectors (e.g. detectors for neutrons, for charged
particles, mass spectrometers like e.g. PRISMA at LNL and
VAMOS at GANIL, etc. ).

In the specific case of discrete high-energy γ transitions
the possibility to detect them with a resolution of the order of
15–20 keV or less with HPGe detectors allows their identi-
fication with better precision than large volume scintillators
could do. In fact, the energy resolution of scintillators spreads
the counts in a large energy window preventing the identi-
fication of discrete transition in the context of experiments
devoted to high-energy γ ray measurements. It is also impor-
tant to use an extremely accurate energy calibration (with a
precision of the order of 1 part every ten thousand). In fact,
one should overlap few counts measured in different detec-
tors of the AGATA array. Alternatively, one could align the
AGATA crystals using a discrete high-energy γ ray from a
calibration reaction or from a ‘composite’ source (for exam-
ple the AmBeNi or the AmBeFe sources or from the reaction
12C(p,p’γ )12C) producing γ ray with energy in the proximity
of the searched γ transition.

The time resolution is instead intrinsically related to the
time needed to collect the information carriers. In an AGATA
crystal this time is related to the collection of e-h pairs [5].
The typical time resolution of an AGATA crystal is of the
order of 15 ns (the time resolution of a fast scintillator like

LaBr3:Ce can easily be 1.5 ns or lower). A time resolution of
1 ns implies the inability to localise the γ emissions within a
15 cm sphere radius. A time resolution of 10 ns implies that
the sphere has 1.5 m radius. The difference in time of flight
(TOF) between a γ ray and a neutron (assuming that the
detector is about 20 cm away from the target and assuming
a neutron of 4 MeV of kinetic energy) is about 6 ns. To dis-
criminate these neutrons at three standard deviations, a time
resolution (FWHM) lower than about 2 ns is required. A time
resolution (FWHM) greater than 5 ns makes any kind of neu-
tron discrimination using Time of Flight rather impossible.
Tracking, if properly tuned, might help in neutron discrimina-
tion as described in reference [6]. Even though very conserva-
tive tracking parameters, very accurate GEANT simulations
and high statistics are required, tracking could significantly
improve the signal to background ratio and partly compen-
sate the not ideal AGATA time resolution [6,7].

Since the excitation energy of a nucleus which emits a
high-energy γ ray, could easily be larger than the particle
separation energy, high-energy γ rays could be emitted either
in alternative or in coincidence with neutrons. In the case of
the measurement of high-energy γ rays forming continuous
spectra all neutron induced events must be rejected (in the
detectors which are expected to measure high-energy γ rays)
and thus AGATA, with its time resolution, does not offer this
possibility. Conversely, fast scintillators with large volumes
provide a ‘nanosecond’ time resolution (required for effective
TOF measurements) or, alternately, detectors characterized
by n-γ sensitivity via pulse shape discrimination (e.g. CLYC
scintillators [8]) can identify and reject them.

If the TOF technique is used, the scintillators should be
located in the forward direction, at least at approximately
20–25 cm from the target. If possible, they should not substi-
tute an AGATA detector but they should be placed in empty
spaces. In the case pulse shape discrimination is used, the
detectors should be placed very near (some cm) to the target.
Also in this case, one should avoid to shadow the AGATA
crystals. These general rules must also consider the require-
ments of the physics case which could provide some specific
detector’s configurations.

The possibility to improve the time resolution of an HPGe
detector has been investigated and a time resolution up to
about 3 ns was found (using Pulse shape discrimination algo-
rithms) but this at the cost of rejecting about 90% of the
events [9]. This solution cannot be always adopted in a typ-
ical nuclear structure experiment searching for rare decays.
However, this technique can be employed to reject unwanted
events related to possible artefacts, beam halos or beam satel-
lites.

Experiments involving the detection of high-energy γ rays
with HPGe detectors were performed in the past. Among
them those reported in references [10–13] used (i) a single
coaxial HPGe detector, (ii) Euroball Cluster detectors and
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(iii) AGATA triple clusters. As expected, the limited size of
an HPGe detector strongly affects the absolute ‘full-energy
peak’ efficiency. However, it was possible to increase the rela-
tive photopeak efficiency by adding the HPGe energy signals
to the energy deposited in the anti-Compton shields [10] or
placing more than one HPGe crystals in a single cryostat (as
per Euroball [11,12] and the AGATA array [13])

In most of the previous works the calibration and response
were deduced using a 15.1 MeV γ ray emitted in the reaction
11B(d,nγ )12C. However it was noted that when the γ multi-
plicity is equal to one (as in the case of the above reaction) the
extracted full-energy peak efficiency is different than that of
reactions with γ multiplicity larger than one. In particular, it
is expected that the AGATA full-energy peak efficiency (after
tracking) for high-energy γ rays strongly depends on the γ

multiplicity. In references [14–16] the general performances
of the AGATA array are listed.

2 Structure of the Pygmy Dipole Resonance

The investigation of the dipole response of atomic nuclei
plays an important role in nuclear physics since many
decades, with applications, e.g., in the context of understand-
ing astrophysical objects such as neutron stars and the nucle-
osynthesis of heavy elements. The observation of substruc-
tures in the low-lying electric dipole (E1) response located
in the excitation-energy region of the low-energy tail of the
isovector Giant Dipole Resonance (IVGDR) [17] has trig-
gered a large number of experimental and theoretical stud-
ies. The enhanced accumulation of E1 strength in the vicin-
ity of the neutron-separation threshold has been observed in
many nuclei, and is nowadays often denoted as Pygmy Dipole
Resonance (PDR); see Refs. [18–21] for recent reviews.
First motivated by considerations within the hydrodynamical
model [22] and later also by studies of transition densities in
microscopic model calculations (e.g., [21,23,24] and refer-
ences therein), the PDR is often described macroscopically
as an oscillation of an isospin-saturated core against excess
neutrons.

Some microscopic models predict a connection between
the PDR strength and the neutron-skin thickness (e.g., [25]
and references therein) and isovector properties of the equa-
tion of state of nuclear matter (see, e.g., [26–30]).

Another consequence of the enhanced E1 strength in the
PDR region is its role in the synthesis of heavy elements
in extreme astrophysical environments such as neutron stars
and in the recently observed neutron-star merger event [31],
that showed to be a well-suited location for r-process reac-
tions. Due to its location in the vicinity of the neutron-
separation threshold, the PDR has an impact on predictions
of the nucleosynthesis in the r-process [32] and in neutron
capture reaction rates [33–37] in astrophysical network cal-

Fig. 2 Comparison of experimental and theoretical results for the
structure of the PDR of 140Ce from four different complementary reac-
tions. Reprinted from Ref. [44]. Figure is licensed under a Creative
Commons Attribution 4.0 license

culations. Despite all the experimental and theoretical efforts
in the past years, the interpretation of the PDR as a col-
lective neutron-skin oscillation is still under debate. Other
interpretations such as a toroidal nature that is linked to a
confined vortical flow within the nucleus [38,39] and a dom-
inant single-particle structure assigned to most of the PDR
states [40,41] are currently discussed.

To date, most studies of the low-energy electric dipole
strength were performed on stable nuclei using isovector
probes such as real [42] and virtual photons [20,43]. How-
ever, for an in depth investigation of the microscopic structure
and the nature of the PDR, extensive studies using different
reaction channels and complementary probes are crucial.

One milestone in the investigation of the PDR are exper-
iments with isoscalar hadronic probes like α particles and
17O ions. A structural splitting of the low-lying E1 strength
in numerous nuclei was observed in (α, α′ γ ) [45–47]
and (17O , 17O ′ γ ) [19,48,49] reactions using either single-
crystal HPGe or the highly-segmented tracking detector array
AGATA for the coincident γ ray detection. A prominent
example is shown in Fig. 3 for the case of 124Sn from
Ref. [48]. The 17O-scattering experiments benefited from the
excellent energy resolution and photopeak-to-total detection
efficiency of AGATA in the particle-γ coincidence measure-
ments.

The combination of various complementary datasets has
opened the possibility to detailed investigations of the PDR
in comparison to nuclear models [21,44]. Figure 2 illustrates
such “multi-messenger investigation” comparing measured

123



  168 Page 4 of 13 Eur. Phys. J. A           (2023) 59:168 

Fig. 3 Measured differential cross section in 124Sn(17O , 17O ′ γ ) reac-
tions using AGATA as γ spectrometer in comparison to data from (α, α′
γ ) and (γ , γ ′) experiments. Reprinted from Ref. [48]. Figure is licensed
under a Creative Commons Attribution 4.0 license

reaction cross sections and average branching ratios of PDR
states in 140Ce obtained from α, proton, and real-photon scat-
tering experiments [44] with corresponding calculations in
the quasiparticle phonon model (QPM) within a semiclassi-
cal approximation [121].

So far scarce information on the one-particle-one-hole
(1p-1h) and two-particle-two-hole (2p-2h) components con-
tributing to the overall structure of the PDR is available.
Hence, β-decay reactions populating PDR states and the
subsequent observation of their γ decay were added to the
collection of experimental observables [50,51] enabling the
study of 1p-1h or more complex configurations. In this
regard, nucleon-transfer reactions are excellent for studying
the single-particle structure of the PDR. Very recent (d,p)
[40] and (d,pγ ) [41] reactions were utilised to explore the
1p-1h contributions to individual 1− states of 208Pb and
120Sn, respectively. In particular, the 119Sn(d,pγ ) nucleon-
transfer reaction study highlights the importance for a con-
sistent treatment of nuclear structure and reaction theory to

Fig. 4 a Relative γ -ray yields from 119Sn(d,pγ ) and b en- energy-
integrated cross sections IS for 120Sn(γ , γ ′) reactions. The correspond-
ing theoretical results are displayed in (c) and (d). Reprinted with per-
mission from Ref. [41]. Copyright (2022) by the American Physical
Society

test the wave functions of potential PDR states illustrated in
Fig. 4 and discussed in Ref. [41].

Neutron 1p-1h components of potential doorway states
may influence contributions from neutron and γ channels
of neutron-capture reactions [52]. Furthermore, the detailed
structure of PDR states may strongly impact (n,γ ) cross sec-
tions and consequently isotope production in explosive stel-
lar environments, see, e.g., Refs. [34,53]. In this view, it is
of great importance to extend the experimental and theoreti-
cal studies of the structure of the PDR with complementary
probes as done for stable nuclei and for unstable neutron-
rich isotopes. These studies will provide stringent tests of
state-of-the-art nuclear structure theory and allow to further
develop the modeling of neutron-capture reactions in exotic
nuclei which play a crucial role in the nucleosynthesis as for
example in the r process.

As discussed above, one of the key methods to identify
1− states in a multitude of nuclear states with different spin
and parity quantum numbers, is the selection of the ground-
state γ decay following the nuclear excitation. It is noted,
that experiments with exotic neutron-rich nuclei imply reac-
tions in inverse kinematics. Because the γ rays are emitted
in-flight from the excited projectiles, a high-resolution track-
ing detection array paired with a superb photopeak-to-total
detection efficiency is key to perform the Doppler corrections
of the observed γ rays. These demanding requirements make
AGATA the detector array of choice for future experiments
with respect to revealing the structure of the PDR in unstable
neutron-rich nuclei.

Potential complementary investigations of the PDR in
exotic isotopes include experiments with virtual photons and
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Fig. 5 The high-energy γ -ray spectrum measured with BaF2 detec-
tors. The lines indicate the statistical model calculations for the target
emission (dotted line) and the beam emission not considering the PDR
(dashed line) and their sum (dot dashed line). Inset: GEANT simula-
tion for a γ transition at 11 MeV. The measured width is due to both
the energy resolution of the BaF2 detector and the Doppler broadening
effect. Reprinted with permission from Ref. [54]. Copyright (2022) by
the American Physical Society

nucleon-transfer reactions in the Ni-Zn and the Sn region.
This will allow for a thorough testing of nuclear structure
and reaction theories via the study of the evolution of the
PDR along the Ni, Zn, and Sn isotopic chains from stable
to unstable isotopes with a large variation of the neutron-to-
proton ratio. The virtual photon-scattering technique using
the RISING setup at the fragment separator of GSI success-
fully demonstrated the possibility to observe the PDR in 68Ni
[54]. Figure 5 displays the corresponding measured γ -ray
spectrum using 68Ni as incident beam.

Similar measurements with AGATA will provide promis-
ing opportunities for further studies of the PDR in the Ni-
Zn region at GSI/FAIR. Hence, it will allow extending the
nucleon-transfer reaction studies along the Ni and Sn isotopic
chains such as from 120Sn [41] towards 132Sn.

Possible setups to detect light ejectiles from nucleon-
transfer reactions are MUGAST [55] or in the future GRIT
[56], which is currently under development and in the test
phase (see e.g. [57]). Coupling the detection system for
heavy ions GRIT [56] to AGATA will allow for the coin-
cident detection of γ rays emitted in-flight. A coincident
measurement of both quantities, Ex with GRIT and Eγ with
AGATA, will allow for the selection of ground-state γ -ray
decays and thus predominantly 1− states in the correspond-
ing reactions. The GRIT-AGATA setup will open the possi-
bility to extend the study of the single-particle structure of the
PDR from stable to neutron-rich unstable nuclei via (d,pγ )
and (p,dγ ) reactions in inverse kinematics, for instance at
SPES [58] and GSI/FAIR [59], which will produce exotic
ion beams with high beam intensities. GRIT-AGATA@SPES

and GRIT-AGATA@FAIR will be a promising combination
to extend studies of the PDR to so far unreached regions on
the nuclear chart and extract novel information on the struc-
ture of low-energy E1 excited states and their impact on
the nucleo-synthesis of heavy elements beyond the Fe mass
region.

3 Nuclear level density and photon strength functions
using the Oslo method

High-energy gamma rays measured with AGATA can also be
used to extract the nuclear level density (NLD) and photon
strength function (PSF), using the Oslo Method [60,61]. The
Oslo method is a technique which allows for the simultaneous
extraction of nuclear level density and photon strength func-
tion from charged-particle-γ coincidences data. This method
probes the PSF below the neutron separation energy. One
important step of the method is to obtain the distribution of
primaryγ rays (the first-emittedγ rays in all decay cascades),
which contains information on the NLD and PSF.

Until recently, the experiments have been performed at the
Oslo Cyclotron Laboratory (OCL), which has an optimised
experimental setup for measuring light-ion induced reac-
tions. The outgoing charged particles are measured with the
Silicon Ring (SiRi) detector array and the emittedγ rays were
measured with the CACTUS array [62] and more recently the
upgraded OSCAR array [63], consisting of 30 large volume
LaBr3:Ce detectors. It would be very interesting to perform
similar experiments with AGATA, as the excellent energy
resolution and granularity of AGATA offers a great advan-
tage over the scintillator detectors, and we would expect a
much higher energy resolution for the photon strength func-
tion results.

The pygmy dipole resonance described in detail in the
previous section, has also been observed in all the Sn iso-
topes [64,65] measured using the Oslo method. This method
measures the total strength function and cannot distinguish
between E1 and M1, so it is assumed that the extra strength
on the tail of the GDR is E1 being in the energy range of the
pygmy resonance described in the previous section.

The NLD and PSF are key ingredients in Hauser-Feshbach
theory [66,67] to calculate nuclear reaction rates, for exam-
ple using TALYS [68]. This has recently been done for the
191Os(n,γ ) [69] and 126Sb(n,γ ) [70] reactions. By measuring
the NLD and PSF in charged-particle induced reactions, it is
possible to constrain calculations of neutron-capture reac-
tion rates in cases where direct (n,γ ) measurements are not
feasible.

An increased strength at around 3 MeV, interpreted as
the scissors resonance, has also been observed in several rare
earth nuclei [71–73], and in several actinide nuclei with much
larger strength than in the rare earth nuclei. Experiments on
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various Th, U, Np, and Pu targets yielded systematic studies
of level densities [74,75], the strength of the scissors reso-
nance [76–79], and the validity of the Brink-Axel hypothesis
[65,80]. Neutron capture cross section from evaluated data
libraries like the TENDL [81], JENDL-5 [82] and JEFF−3.3
[83], usually agree well with direct (n,γ ) measurements up to
neutron energies of 200 keV, where data are available. How-
ever, predictions for cross sections at higher neutron energies
differ significantly depending on the models used for the PSF.
Using the measured NLD and PSF as inputs in TALYS [68] it
is possible to constrain the neutron capture rates for neutron
energies from 200 keV to several MeV.

A low-energy enhancement of the PSF has been observed
first in Iron isotopes [84] and since then in many other nuclei
across the nuclear chart. From angular correlations measure-
ments it was shown to be of dipole character [85]. As already
pointed out, the results from the Oslo method are not able to
differentiate between the M1 and E1 components. However,
shell model calculations predicts the low-energy enhance-
ment to be M1 [86]. The low-energy enhancement in all the
measured molybdenum isotopes [87] seem to follow the same
energy trend. By assuming that the same energy trend con-
tinues towards neutron rich nuclei, the effect on the neutron
capture rates becomes important [88]. This effect motivated
experiments to measure the PSF in more neutron-rich nuclei.
The inverse-kinematics- and beta-Oslo methods [89,90] are
variants of the Oslo method developed specifically for exotic
nuclei, which will enable us to provide new data for nucle-
osynthesis processes involving neutron-rich nuclei. Again
with the excellent energy resolution and high granularity of
AGATA, this detector array would be ideal to apply the Oslo
Method in inverse kinematics experiments. Especially the
high granularity gives a great advantage over large scintilla-
tor detectors when it comes to perform Doppler corrections
to the γ -energies. To detect the outgoing charged particle
AGATA would need to be coupled to MUGAST [55] or in
the future GRIT [56] as already discussed in the previous
section.

The main systematic uncertainty of the Oslo method is
related to model assumptions about the spin dependence of
the NLD [91]. This uncertainty also affects the PSF and
neutron capture cross sections extracted from the data. The
excellent energy resolution of AGATA, with the possibil-
ity to measure resolved particle-γ -γ coincidences, offers an
unique opportunities to investigate the spin dependence of
the NLD.

Gating on discrete transitions along the yrast line the sta-
tistical γ rays originating from states of different spin ranges
will be selected, and the energy of the ejectile will provide
the excitation energy of the initial state. It is therefore pos-
sible to generate subsets of data corresponding to different
spin ranges, which will be analyzed separately using the Oslo
method, disentangling the spin dependence of the NLD and

PSF. The results will be used to validate and improve level
density models, to reduce systematic uncertainties of the Oslo
method, and to improve the predictive power of cross section
calculations based on experimental NLD and PSF obtained
using the Oslo method. AGATA could also be used in exper-
iments using heavy-ion beams, which transfer more angular
momentum, and which would yield to the total level density
without limitations in spin imposed by light-ion reactions.

Experiments using the Oslo method have so far been
limited to excitation energies below the neutron separation
energy. The excellent energy resolution of AGATA makes
it possible to study the competition between neutron and
γ emission above the neutron threshold by analyzing coin-
cidences with energy-resolved discrete transitions in the
nucleus of interest. Such measurements will provide direct
and quantitative information about the competition between
γ and neutron decay, which is highly important input for reac-
tion network calculations of nucleo-synthesis in stellar envi-
ronments. In addition, in favorable cases it might be possible
to extend the studies of the NLD and PSF beyond the neutron
separation energy. This would be an important achievement,
because it would allow to connect the PSF obtained with the
Oslo method with those obtained from (γ ,n) measurements.
Such a comparison would yield much more reliable results
for pygmy resonances located in the region of the neutron
separation energy.

4 Ground state and low-lying states decay of gaint
resonances

Giant Resonances (GR), collective modes of excitation in the
atomic nucleus have been extensively investigated for many
years, giving an exclusive look into the bulk properties of this
system. Their properties can be, for example, linked to basic
parameters of the nuclear equation of state (EoS) (cf. [92]).
Especially, the measurement of the γ decay of the isovector
giant dipole resonance (IVGDR) has proved to be a pow-
erful tool to access information about the angular momen-
tum and temperature evolution of the shape of the excited
nucleus [93]. It has been predicted recently [94], that the
comparison of the direct γ decay width to low-lying states
(first 2+ in the case of IVGDR and first 3− - for isoscalar
giant quadrupole resonance ISGQR) is a unique probe of the
resonance wave function, and a testing ground for nuclear
structure models. In addition, there were predictions show-
ing that γ decay of the isoscalar giant quadrupole resonance
(ISGQR) should also be sensitive to the deformation [95].
However, a more detailed understanding of the wave func-
tions of the GRs, as well as their decay properties is still
far from being satisfactory. And this is because so far only
two measurements of ISGQR gamma decay, and only to the
ground state, have been reported [96,97] for 208Pb. The rea-
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Fig. 6 Cross-section for the gamma photons emitted to the ground
state by 208Pb excited by protons. The existence of oscillations caused
by the GQR is evidenced by the area marked in red on top of the IVGDR
spectrum (green). Copyright (2022) by Institute of Nuclear Physics PAN

son for the lack of the experimental data is the difficulty
of the measurement: the γ decay above the neutron thresh-
old (in the case of 208Pb Sn = 7.368 MeV) is hindered by
the competing channel of neutron emission, and because the
branching ratio for the gamma decay of GQR is at least two
orders of magnitude smaller than the gamma decay of GDR
(see Fig. 6). This makes a problem of disentangling the con-
tributions of the two decays to the gamma-ray spectrum. So
far this was done by fitting the known GDR response to the
part of the spectrum which was expected to be free from the
ISGQR decay and by subtracting such a fit from the total
spectrum. One could expect that by coupling a modular ger-
manium array like AGATA and a high-energy detector (for
example by coupling AGATA to the PARIS scintillator array
[1,2]) a certain experimental progress can be achieved. First
of all those two types of gamma-decay (from IVGDR and
from ISGQR) are expected to have different angular distri-
butions: mainly dipole for IVGDR and mainly quadrupole for
ISGQR. Therefore by measuring the angular distributions of
the gammas in respect to the beam direction, and by adopting
a multipole decomposition analysis of the angular distribu-
tions (e.g. [98]) to the gamma spectrum, one will be able
to better distinguish between the IVGDR and ISGQR con-
tributions to the high-energy gamma spectrum. Moreover,
using AGATA and PARIS, one will be able to select the GR
gamma decays to specific discrete structures (2+, 3−), what
gives the possibility to measure the widths the decay of the
GRs to low-lying vibrational states. This in turn provides an
effective approach to access directly the microscopic struc-
ture of the Giant Resonances.

5 IVGDR on extreme shapes

If it is needed, in the same detector, to totally reject neutron
induced events by TOF technique and to measure the high-
energy γ ray spectrum, it is necessary to couple AGATA with
an array of fast and efficient detectors (for example large
volume scintillators).

In this type of measurements, an apparatus such as AGATA
is certainly able to select specific nuclear configurations leav-
ing the measurement of high-energy γ rays and the rejection
of neutron induced events to other fast and efficient type of
detectors. For example, by coupling AGATA with a large
volume scintillator array (e.g. PARIS), it will be possible to
measure the γ decay of the Isovector Giant Dipole Reso-
nance (IVGDR) in coincidence with (i) specific regions of
the phase space (that correspond to specific shapes or ori-
entations of the nucleus), (ii) super-deformed bands or (iii)
specific low lying transitions associated to particular shapes,
deformations or angular momentum.

In the case of the IVGDR built on a compound nucleus
produced through a fusion-evaporation reaction, the branch-
ing ratio of the IVGDR decay for the emission of γ radiation
at 8 MeV with respect to the emission of one neutron of any
energy is of the order of 10−3. For this type of measure-
ments, one needs a very efficient experimental apparatuses
for the detection of both high-energy γ rays and discrete low-
energy γ radiation. In addition, the setup should be capable
to totally reject the contribution of neutrons induced events.
A quantitative estimation of the probability to measure, in
coincidence, a 1 MeV γ ray in one AGATA cluster and a 15
MeV γ ray in a PARIS cluster is about 0.2%.

Recently, an experiment was carried out at the ALTO
accelerator of IJCLab where the 192Pt compound nucleus was
created using the reaction 18O + 174Yb with Ebeam = 82 MeV
(see Fig. 7 for a preliminary spectrum). After the evaporation
of 4 neutrons 188Pt is populated [99]. If 192Pt evaporates five
neutrons (populating 187Pt) no energy is left for the γ decay
of the IVGDR as Fig. 7 shows. The nucleus 188Pt presents an
axial deformation coexisting with a quasi-prolate one [100].

The coincident measurement of high-energy γ rays with
discrete transitions will provide information about the shape
and deformation of the ‘hot-nucleus’ which fed that particular
transition. If different structures of 188Pt are in coincidence
with different high-energy γ ray spectra, there is a clear evi-
dence of a preferred decay-path to feed specific shapes or
deformations in the residue nucleus. In this case it will be
possible to isolate a ‘particular’ shape or deformation by the
selection of preferential decay path.

Reference [101] reports a measurement in which the
IVGDR γ decay is in coincidence with a high spin isomeric
transition in 216Rn. This condition fix the minimum angular
momentum that the nucleus must have and, therefore, con-
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Fig. 7 The GDR gated on 4n channel 188Pt (filled red points) and 5n
channel 187Pt (filled blue points) [3]. The blue points have been obtained
selecting the high-energy gamma rays in coincidence with the 302 keV
line in 187Pt while the red points are in coincidence with the 405 keV
line in 188Pt [3]

tains a specific small region of the phase space at high angular
momentum.

Some years ago, a challenging measurement to search
for the IVGDR built on super-deformed (SD) structures
in 143Eu was made (using HPGe detectors) [102–104]. In
that measurement the compound nucleus 147Eu, leading to
the residue 143Eu at high spin was populated through the
fusion-evaporation reaction 110Pd + 37Cl with beam energy
of 165 MeV. The experiment was performed first at the
TANDEM laboratory in Risoe (using NORDBALL and the
HECTOR array [105,106]) and then, the same reaction was
repeated at the INFN National Laboratories of Legnaro using
EUROBALL and HECTOR [106,107]. Although the most
efficient apparatuses of the time had been used, the statistics
collected was not enough [19,108] to draw firm conclusions
(see Figs. 8 and 9) on the evidence of the dipole oscilla-
tion built on super-deformed configurations. This coupling
is interesting also because this mechanism was invoked to
justify the intensity of the super-deformed bands.

At the moment, the question of the population of the
super-deformed bands appears to be a problem needing fur-
ther investigation based on experiments with higher detec-
tion efficiency and selectivity. Future experiments should
have the ambition to address the question on whether or
not there is a preferential path for the population of these
structures. The preferential path is due to the component of
the IVGDR centered at around 10 MeV (30% of the total
IVGDR strength) characterizing the dipole oscillation along
the super-deformed axis,

In Fig. 1 of [109] it is shown with very simple arguments
that the transition probability of E1 statistical decay (hence
the gamma decay of the IVGDR) is about ten times greater
in the case of a highly deformed system. This increase in

Fig. 8 GDR gated on SD discrete transitions; the figure was taken from
reference [108] The figure is reproduced with permission from [108],
© 2001, by Elsevier

transition probability is due to the different density of levels
present in a super-deformed system compared to a system
normally deformed and to the fact that, since the IVGDR is
coupled to the nuclear deformation, the oscillation along the
major axis of a nucleus corresponds to the emission of γ rays
of about 10 MeV while in the normally deformed case γ rays
of 13–15 MeV are expected.

In addition, one could also deduce if a super-deformed
system has [109] a lower-level density as compared with
normal deformed states.

To address (and hopefully solve) the problem of the popu-
lation of the super-deformed bands, experiments for a variety
of nuclei and using arrays such as AGATA [14–16,110] and
PARIS [1,2] should be performed. The PARIS cluster has
about the same efficiency as 1.5 detectors of the HECTOR
array [106] and, assuming to have 12 PARIS clusters, the
increase in efficiency would be about a factor of 2 larger than
that of HECTOR [106] used in the past.

For the detection of low-energy transition from super-
deformed bands, to be measured in coincidence with high-
energy γ rays, the gain factor, as compared with old exper-
iments, is due to the increase of both the solid angle sub-
tended by all the AGATA clusters (3/4 of the whole solid
angle is covered) and of the acquisition rate. This will results
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Fig. 9 The GDR gated on TD and ND discrete transitions; the figure
was taken from reference [108] The figure is reproduced with permis-
sion from [108], © 2001, by Elsevier

Fig. 10 An example of coupling geometry of AGATA and the PARIS
array. As discussed in the text, the scintillators are placed in a forward
direction while HPGe are placed backwords

in a spectrum with statistics at least 20–40 times higher than
the one reported in reference [108] and thus the error bars
in spectra as those in Fig. 8 will be reduced at least by a
factor of 4–5). This estimate was extracted using the data
reported in reference [3,16,110]. With this reduced error a
better understanding of the population of the SD structures
can be achieved.

The Fig. 10 shows an example of how one can couple a
scintillator array like PARIS [1,2] to AGATA. As was done
with NORDBALL [105] and EUROBALL [107] in the past,
one must design a geometry which firstly should depend on
the physics case but that should also minimize the number of
removed detectors. In addition, one preferably should place
HPGe crystals in the backward angles to avoid possible neu-
tron damage. In fact, in general, scintillators are more resis-
tant to neutron damage than solid state detectors.

Another interesting phenomenon that can also be studied
by coupling AGATA array to a highly efficient fast scintil-
lator arrays (as for example PARIS) is the so-called Jacobi
shape transition: an abrupt change of the nuclear shape at the
highest spins from an oblate non-collectively rotating ellip-
soid via triaxial shapes to elongated collectively rotating pro-
late elipsoid [111,112]. Such a phenomenon is evidenced in
the Giant Dipole Resonance strength function as large split-
ting of the Lorentzian shape, with a low energy component
whose centroid energy is close or below the particle thresh-
old. Such phenomenon was already observed in a number of
light nuclei (around A = 45) [113–116], but it is expected
to be even more pronounced in medium mass nuclei. It was
also observed that this low energy component is correlated
with the cold structures of high deformations [117]. There-
fore, it was speculated that the extreme deformations of hot
compound nuclei might be preserved during the evaporation
process, so that the Jacobi shapes might be a gateway to the
super- or hyper-deformations [118]. This hypothesis is how-
ever still lacking a direct experimental proof [119].

An additional phenomenon, similar to the one previously
mentioned, predicted by theory, and not yet experimentally
verified, is the so-called Poincare shape transition [120]. At a
certain critical value of angular momentum, the system loses
stability against the left-right symmetry, and becomes pear-
shaped (or octupole). Such deformation shall result in even
more fragmented IVGDR strength, with components of low
energies, much below the particle threshold.

6 Conclusions

The investigation of high-energy γ radiation emitted by
excited nuclei during their decay towards the ground state
provides unique nuclear structure explorations and leads to
a wealth of important information to test nuclear models.
High-energy γ rays have different origins. One origin could

123



  168 Page 10 of 13 Eur. Phys. J. A           (2023) 59:168 

be the decay of a discrete state (see for example the 15.1
MeV 1+ state in 12C) generally located in the continuum or
in proximity of the particle binding energy. Another one is
the electromagnetic decay of dipole states either based on
ground state or on excited state as the compound nucleus
(like for example the IVGDR). Since the excitation energy
involved is in many cases larger than the particle separation
energy, the high-energy γ rays are frequently in competi-
tion and/or in coincidence with charged particles or neutron
radiation.

The very high granularity of AGATA, its superior energy
resolution together with the possibility to be coupled with
ancillary detectors, allow selective measurements as those
requiring the investigation of small regions of the phase
space. Experiments on the interesting open problems here
discussed, requiring high-energy γ ray detection will benefit
on the increasing number of AGATA detectors. The plan-
ning of the future program here presented will take this into
account, together with the aim to progress considerably on
these appealing topics.
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