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Lifetime measurement after direct transfer reactions with AGATA at LNL
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Abstract. Lifetimes of nuclear excited states are important observables in nuclear structure studies, since they
can directly be related to electromagnetic transition matrix elements. The determination of transition proba-
bilities between nuclear states provides information on their microscopic structure and represents an important
benchmark for nuclear structure models. In recent experiments at INFN Legnaro National Laboratories, we
coupled the newly installed y-ray tracking spectrometer AGATA with light charged-particle detection systems
to perform lifetime measurements after one- and two-nucleon direct transfer reactions at 5-10 AMeV. In this
contribution, we will present two cases, related to the measurement of lifetimes in the femtosecond and pi-
cosecond range in 37S and *°Ni, on the basis of which the possibilities offered by this kind of set-up and some

preliminary results will be discussed.

1 Introduction

The AGATA y-ray tracking array [1] has been installed
at the INFN Legnaro National Laboratories (LNL) in
2021 and started its first physics campaign in May 2022.
In the current installation, AGATA is coupled to the
large-acceptance magnetic spectrometer PRISMA [2, 3].
Thanks to the excellent resolutions in mass A and charge
Z for heavy ions (30 < A < 140) offered by the mag-
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netic spectrometer, this coupling allows to perform y-ray
spectroscopy and lifetime measurement of nuclear excited
states after Multi-Nucleon Transfer (MNT) at energies
close to the Coulomb barrier or fusion-fission reactions.
Besides PRISMA, AGATA can be coupled to a series of
other ancillary detectors, such as Silicon arrays, MCP de-
tectors and scintillators [4]. This makes the set-up ex-
tremely versatile and expands significantly the types of re-
actions that can be studied. Fusion-evaporation, Coulomb
excitation, proton inelastic scattering and direct transfer
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reactions are some examples.

Direct transfer reactions, in which one or two nucleons are
exchanged between projectile and target, have been largely
studied since the early days of Nuclear Physics thanks to
their preference to populate states of single-particle na-
ture and their high sensitivity to the transferred angular
momentum, which allowed the determination of spin and
parity of ground and excited states in the final nucleus. In
some specific cases, these characteristics can make them
the reactions of choice also for lifetime measurements of
nuclear excited states. Coupling light charged-particle de-
tectors with y-ray detector arrays, one can achieve high
suppression of the background and large control on feed-
ing transitions thanks to the unmatched Q-value resolution
attainable with these reactions [5]. In addition, their selec-
tivity allows the study of states that are not easily accessi-
ble with other types of reactions. In particular, Coulomb
excitation is ideal to study collective yrast states; multi-
nucleon transfer (MNT) reactions populate mainly yrast
states with medium-to-high spin and only little transfer
strength goes to non-yrast states [6]; fusion-evaporation
and fission reactions generally populate higher-spin states
but, since the nucleus is populated at high excitation en-
ergies and it is difficult, in these reactions, to have full
control on the reaction Q value, the effect of the possi-
ble presence of long-lived feeding transitions on the life-
time determination may be hard to assess; finally, inelastic
scattering reactions allow for the population of both yrast
and non-yrast states, but the study of exotic nuclei with
such reactions requires the use of exotic beams. There-
fore, direct transfer reactions represent one of the best, and
in some cases unique, tools to perform y-ray spectroscopy
and lifetime measurement of selected non-yrast states in
unstable nuclei.

In this contribution we will focus on only two of the many
cases recently studied with AGATA at LNL, where life-
times of nuclear excited states were measured after one-
and two-nucleon transfer reactions. In particular, in Sec-
tion 2 we will present a (d, p) reaction in inverse kine-
matics to measure lifetimes of intruder states in 3’S, while
in Section 3 a lifetime measurement in the doubly-magic
6Ni nucleus via a two-proton transfer reaction with heavy
ions will be discussed. Although the analysis of these ex-
periments is ongoing, the possibilities offered by the cou-
pling of AGATA with different charged-particle detectors
in terms of selection and resolving power can already be
appreciated.

2 Lifetime measurements of intruder
states in ¥’S

The island of inversion (Iol) at N = 20 around *>Mg is one
of the most famous examples of a quadrupole-deformed
intruder configuration becoming the ground state, thereby
effectively making the N = 20 shell closure disappear. It
has been successfully described by shell-model calcula-
tions as the mixing of neutron np —nh configurations (with
nup to 8). These calculations indicate that the (sd)™"(fp)"
intruder configurations, at several MeV in the Z = 20

40Ca nucleus, gradually lowers in energy with decreasing
Z, as an effect of increasing quadrupole correlations in
combination with a decrease of the dsz;» — f7» N = 20
gap [7]. In this regard, the odd-even isotones at N = 21
have been studied extensively, because the appearance of
intruder states can be readily compared to single-particle
states in the fp shells, 1p states in the following, helping
to understand the mixing of intruder and normal configu-
rations [8, 9].

In N = 21 isotones, positive-parity (1/2* and 3/2%)
intruder states have 14 — 2p nature, while negative-parity
(3/27 and 7/27) intruder states have instead 2k — 3p as
dominant configuration. In PAr (Z = 18), the 3/2* and
1/27 states are found at energies of 1.5MeV and 2.4 MeV,
respectively, while the 22 — 3p 3/27 and 7/27 intruder
states are found at around 2.5MeV. In 'S (Z = 16),
such intruder configurations appear at lower energy, as
expected approaching the island of inversion. In this
nucleus a strong E2 branching is observed from the
intruder (7/27) at 2023 keV towards the a priori 1p 3/2~
state at 646 keV, which takes a large fraction of the ps3/,
single-particle strength [10]. Such branching is absent in
3 Ar and one may wonder whether its appearance in 3’S
is due to an unexpectedly large mixing between normal
and intruder configurations already at Z = 16, so quite far
from the center of the Iol. Shell model calculations with
the sdpf-u-mix interaction are in fact unable to reproduce
such branching.

The determination of the degree of mixing between spher-
ical and deformed intruder configurations can be obtained
measuring electromagnetic transition probabilities, in
particular electric quadrupole (E2) transitions which are
particularly sensitive to collectivity, between intruder and
spherical states. In the case of %S, the states of main
interest are the 1h — 2p 3/2% state at 1397keV and the
2h — 3p states 3/27 at 1992 keV and 7/27 at 2023 keV.
The lifetimes of these states are expected to lie in very
different ranges: the 3/2% state, which decays to the
646-keV state via an E1 transition of 751 keV, should lie
in 10-100 ps range, while the 3/27 and the 7/27 states,
where E2 and M1 transitions are competing, are instead
in the 50-500 fs range.

Lifetimes in the ps range are usually measured by means
of the Recoil Distance Doppler Shift (RDDS) technique,
placing a stopper or a degrader at a given and changeable
distance d from the target. Computing the number of ions
emitted in flight between target and stopper and at rest in
the stopper (or after the degrader), as a function of d, the
level lifetime can be determined. Lifetimes in the fs region
are instead measured via the Doppler Shift Attenuation
Method (DSAM), where target and degrader (or stopper)
are stick together and one looks at the line shape of
the y-ray transition of interest. The two techniques are
described in Ref. [11]. In the experiment here presented,
they were combined in a single measurement.

We employed the neutron adding reaction *0S(d, p)*’S
with a 3°S beam at 168 MeV (~4.7 MeV/u) with average
intensity of ~ 0.1 pnA. The beam energy was limited both
by the Tandem maximum voltage and the requirement that
the fusion barrier with Au was not overcome. The target
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was composed of a thin (0.5 mg/cm?) layer of deuterated
polyethylene (C,D,) evaporated onto stretched Au back-
ings of 4 and 6 mg/cm”. The low radiation hardness of
the C,Dy, target put a limitation on the maximum beam
intensity that could be delivered.

Figure 1. Picture of the plunger device installed in the AGATA
scattering chamber for the *S(d, p)*’S reaction with a 3°S beam
at 168 MeV.

The Au backings, on which the target material was

evaporated, were used as a degrader for the DSAM, while
a 30-mg/cm? thick Ta foil, placed at distances from 0.3 to
10 mm from the target, was used as a stopper for beamlike
ions. A photograph of the plunger mounted in the AGATA
scattering chamber is reported in Fig. 1.
The recoil protons were detected in the SPIDER silicon
detector array [12], covering a range of backward angles
from 124° to 161°, while the coincident y rays were
detected in AGATA. Figure 2 shows on the top the kine-
matic line (proton energy as a function of the scattering
angle 6) for protons detected in SPIDER in coincidence
with AGATA and on the bottom the resulting excitation
energy spectrum of the 3’S ejectile. This spectrum is
reconstructed from momentum conservation in the binary
reaction and is an indication of the transfer strength
distribution in the final nucleus. The two main structures
visible in both plots correspond to the strong transfers to
single-particle p3;; and pj, states at 646 and 2638 keV,
respectively. The main f7,, fragment, corresponding to the
ground state, is correctly suppressed by the coincidence
with y rays.

We can correlate the excitation energy of *’S with the
energy of deexcitation v rays in a matrix such as the one
shown in Fig. 3. The y-ray energy is Doppler corrected
on an event-by-event basis by taking into account the
detected proton energy in SPIDER and reconstructing the
velocity of the 3’S ejectiles, as illustrated in Ref. [13].
Transitions lying on the dashed diagonal are associated
to excited states decaying directly to the ground state, the
others are instead feeding lower-lying levels. The two
transitions with exactly the same energy (1992 keV), from
the 1992-keV 3/2~ state and the 2638-keV 1/2~ state,
can be distinguished only thanks to this correlation matrix.

-
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Figure 2. Top: Measured kinematic lines for the d(**S,p)*’S
reaction at 4.7 MeV/u. Bottom: resulting excitation energy spec-
trum of ¥7S. Both spectra have been obtained with a condition on
SPIDER and AGATA so the ground-to-ground-state transition is
suppressed. The two main structures correspond to the strong
transfers to single-particle ps;, and p;), states at 646 and 2638
keV, respectively.
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Figure 3. Matrix showing the Doppler-corrected y-ray energy vs
the excitation energy in 3’S. The strongest y-ray transitions are
labeled.

It is also very instructive to look at the difference in
transfer strength between the direct single-nucleon trans-
fer induced by a light projectile and the one-nucleon trans-
fer in collisions between heavy ions. One may in fact ex-
pect different patterns of populations in the final nucleus,
since heavy-ion reactions typically involve the transfer
of higher angular momenta. Figure 4 shows the levels
populated in the present experiment compared to those
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Figure 4. (Left) Levels in *’S populated in the present experiment. (Right) Levels in 3’S populated in the MNT reaction *°S+2%8Pb at
215 MeV (figure taken from Ref. [14]). In both figures, arrows are proportional to the intensity of the transitions.

populated in the multi-nucleon transfer (MNT) reaction
3654+208ph at 215MeV, ~25 % above the Coulomb bar-
rier [14]. One can clearly see how MNT tends to populate
yrast states at larger spin with respect to the (d, p) reaction,
also because, in reactions between heavy nuclei, it is more
likely that the transfer occurs after inelastic excitation of
the core. For instance, a significant transfer strength is
concentrated in a multiplet of states at ~3 MeV excitation
energy, most likely originating from the coupling of the
2% of 38, which lies at 3.29 MeV and is built on a proton
5| /2d3l ,, configuration [15], with the unpaired neutron in
the f7/2. The (d, p) transfer cross section to these states is,
obviously, very small.

Therefore, besides being an ideal tool to populate non-
yrast low-spin states, from Fig. 2 one can immediately see
that, in the direct transfer reaction, selective gates can be
set in the excitation energy distribution to select the en-
try point in the final nucleus. This results in clean y-ray
spectra and the possibility to exclude totally, or at least
partially, the feeding coming from higher-lying states.
From the large number of transitions observed in the
present experiment, several lifetimes can be determined
for the first time in 3’S, in some cases placing an upper
limit. The only level with a measured lifetime in this nu-
cleus is its first excited state, the 3/2~ at 646 keV, whose
B(E2 : 3/2] — 7/27) has a strength of about 3 W. u. and
corresponds to a half-life t;, ~ 134 ps [16]. Such lifetime
is within the sensitivity of our set-up and can be remea-
sured with the RDDS technique.

The lifetime analysis is still ongoing and will be subject of
a dedicated publication [17].

3 Lifetime measurement of the 27 state in
56Ni

The N = Z = 28 shell closure is the first one arising from
the inclusion of a phenomenological spin-orbit force in
the nuclear mean-field potential. In a simple shell-model
picture, SONi, with 28 protons and 28 neutrons, has a
doubly closed-shell configuration and is spherical in its
ground and first excited states. Theoretical [18] and

experimental [19] studies indicate that °Ni displays
instead a rather soft doubly-magic core.

In 3°Ni, orbitals above and below the shell closure have
the same (negative) parity, allowing the 2| state to be
formed by 1p—1h excitations. Therefore, in a pure isospin
symmetry picture, the 2] state should schematically be
composed of equal proton and neutron f7‘/12 pé /» EXcitations
and the corresponding B(E2; 0 — 27) should be larger
than in neighboring semi-magic isotopes, where neutrons
are dominating the wave functions of low-lying excited
states.

This is indeed predicted by the shell-model calculations
reported in Fig. 5, which calculate a parabolic trend of the
B(E2) in Ni isotopes across *°Ni, with a local maximum
at the shell closure.

The B(E2; 07 — 27) in Ni, a stable isotope, is known
with high precision from many different techniques. It
is well reproduced by the GXPF1A Hamiltonian, which
predicts the 27 level in 8Ni to originate mainly from
the coupling of neutrons in the fp shells above N = 28.
For the unstable °Ni isotope, the E2 strength measure-
ment is much more challenging. The reduced transition
strength B(E2; 07 — 27) in Ni has been experimentally
determined via different methods: relativistic Coulomb
excitation [19], proton inelastic scattering [20] and
lifetime measurement [21].

As shown in Fig. 5, the experimental results are com-
patible but present large error bars and, in addition, show
some tension with shell-model predictions. The experi-
mental trend of the B(E2) around °Ni is opposite to the
predictions of shell-model calculations, with a minimum
at °Ni instead of the predicted maximum. In addition,
the error bar associated with the lifetime measurement (red
point) extends down to a B(E2) value which is four times
smaller than the one predicted by SM calculations. A
smaller B(E2) value in °Ni compared to ¥Ni is at odd
not only with shell-model predictions, but also with the
intuitive argument on the proton contribution to the wave
function due to the isospin symmetry. Tentatively, a B(E2)
value in “°Ni smaller than in ®Ni could suggest a large
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Figure 5. Systematics of the reduced transition probabilities
B(E2; 0 — 27) in neutron-deficient Ni isotopes. The experi-
mental value for **Ni (black dot) is based on different measure-
ments and taken from the evaluation of Ref. [22].

isospin breaking, with a mainly neutron wave function of
its 2;' state, or a sudden increase of the N = Z = 28 shell
gap.

Excited states in *°Ni were populated via the two-proton
transfer reaction >*Fe('°0,'*C)*°Ni, with a '°0O beam at
80 MeV and average intensity of 2 pnA, delivered by the
TANDEM accelerator, impinging on a 0.5-mg/cm? thick
target of *Fe.

Figure 6. Picture of the experimental set-up for the
3PFe(1°0,'*C)*Ni reaction with the two OSCAR telescopes in-
stalled in the AGATA scattering chamber.

This reaction was shown to populate the 2] state in
36Ni with a cross section of approximately 100 ub/sr [23],
and other low- and medium-spin yrast and non-yrast states
with sizable cross sections [24].

The beamlike fragments were detected in the OSCAR
detector [25], composed of 2 segmented AE-E telescopes
(20um + 500 um) placed at forward angles, as shown
in Fig. 6. The -2p channel (C) was separated from the
Rutherford scattered beam ions and the pure neutron-

AE (MeV)

L L L | L | L | L
0 10 20 30 40 50 60
Eies (MeV)

Figure 7. AE-E,. matrix for a single OSCAR telescope (one
single strip and one single pad), showing the clear separation be-
tween Z = 6,7, 8 ions.

An important requirement in this measurement is the
need to select the direct population of the 2} state. Any
feeding from the long-lived 4] state 1.23MeV above,
with half-life t;, = 1.60(26) ps [26], would hamper the
measurement of the 27 half life, expected to be in the
range of 40-100fs. According to Geant4 simulations,
the use of the proposed thin target + backing and of
segmented Si detectors will allow to reach resolutions in
excitation energy of ~ 500 keV, which should be sufficient
to set proper gates to exclude feeding from higher-lying
states.
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Figure 8. Simulated y-ray spectra of the 2] — 07 transition in
56Ni for different half-lives of the 2] level, showing the sensitiv-
ity of the DSAM in the present experiment.

Considering the short lifetime of the 27 state (~50 fs)
and the low velocity of the *°Ni recoils (3 ~ 1%), the de-
cay first occurs in the target and eventually in a Nb backing
of 0.6 mg/cm?. The resulting line-shape of the fast transi-
tions of interest can then be compared to Monte Carlo sim-
ulations to extract the lifetime of the decaying state. This
experimental technique requires the full performance of
the AGATA y-ray tracking array. Figure 8 shows an exam-
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ple of simulated line-shapes for different possible lifetimes
of the 27 state, which turn out to be well distinguishable.
Analysis is still ongoing to extract the 27 lifetime and will
be discussed in a dedicated publication.

4 Summary and future perspectives

In this contribution, we presented different techniques that
have been employed very recently at INFN LNL to mea-
sure lifetimes of nuclear excited states in the femtosecond
and picosecond range. These states were populated in di-
rect one- and two-nucleon transfer reactions, by detecting
the light ejectiles in dedicated set-ups, such as silicon de-
tector arrays and AE-E telescopes, and the coincident y
rays in the y-ray tracking array AGATA. We focused in
particular on *’S, populated in a (d, p) reaction in inverse
kinematics, and *°Ni, studied via a two-proton transfer in
direct kinematics. Lifetimes are determined via the RDDS
and DSA methods, according to their different range of ap-
plicability.

Such techniques can find application not only with stable
beams, but also when, in the near future, re-accelerated
radioactive ion beams (RIB) from SPES [27] will be avail-
able at LNL with sufficient intensities. The possibility
to perform DSAM measurements with RIB has been re-
cently demonstrated [28], coupling AGATA to the array
of highly-segmented DSSSD detectors MUGAST and the
VAMOS magnetic spectrometer at GANIL [29]. The cou-
pling of high-efficiency and high-resolution compact ar-
rays of silicon detectors, such as GRIT [30], with state-of-
the-art y-ray tracking array as AGATA, will represent one
of the most competitive set-ups for this kind of measure-
ments in the years to come.
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