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Abstract
The structure of the neutron-rich nucleus 45Ar has been investigated through
the d(44Ar,45Ar)p transfer reaction. Radioactive beam of 44Ar at 10 A MeV
has been provided by the SPIRAL facility at GANIL. The protons
corresponding to a neutron pick-up on bound or unbound states mechanism in
45Ar nuclei were detected at backward angles by the detector array MUST. The
transfer-like ejectiles were detected in the SPEG spectrometer. Level scheme,
spin assignments and spectroscopic factors have been deduced for 45Ar and
compared to shell model predictions. These parameters will be subsequently
used to infer (n, γ ) cross sections in the Ar isotopic chain for astrophysical
purposes.

1. Introduction

Recent experimental data suggest an erosion for the N = 28 shell in very neutron-rich nuclei.
At N = 28, the onset of deformation occurs through particle–hole (ph) excitations as in
the N = 20 isotones. But contrary to the N = 20 region excitations across the N = 28
shell gap take place within the same oscillator shell, between orbitals f7/2 and p3/2 which
are strongly connected by quadrupole interactions. Thus, even a small amount of excitations
across N = 28 may lead to permanent quadrupole deformation. According to the β-decay
[1] and Coulomb-excitation [2] experiments, quadrupole ground-state deformation develops
already at Z = 16 four protons below the doubly magic 48Ca. Study of the neutron-rich 40−44S
using the in-beam γ -spectroscopy technique [3] suggested a deformed ground state for 40,42S
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and a mixed deformed configuration for 44S in accordance with both the mean field [4–8] and
the recent large-scale shell model calculations [9]. The role of proton collectivity contribution
by the decrease of the πd3/2-πs1/2 energy difference has been pointed out also in [3, 10–12].
All these theories suggest that the erosion of the N = 28 shell also takes place by the lowering
of the deformed intruder configurations. The recent finding of isomeric 3/2−

1 states in 45Ar
[13] and 43S [14] can be interpreted as the first experimental sign in this direction. The 3/2−

1
state lies at around 2 MeV in 47Ca, and decreases steeply below Z = 20 being eventually
the ground state in 43S. This state is a mixture of ph excitation across the N = 28 shell gap
mainly to the p3/2 state and coupling of the neutron hole f7/2 to the 2+ proton state. According
to shell model calculations the first 3/2− state in 45Ar and 43S collects 15% and 50% of 1p2h
component, respectively. In 45Ar most of the intruder strength is concentrated in the second
3/2− state at 1.2 MeV, which was experimentally not observed. Determination of the energy
and spectroscopic factors of the states in 45Ar will clarify how the N = 28 shell gap evolves
in neutron-rich nuclei. Information obtained through the (d, p) reaction also provides the
relevant parameters for determining the neutron-capture cross-section (n, γ ) in the neutron-
rich Ar isotopes around/at the N = 28 shell closure. This is of key importance to judge
whether the large overabundance of 48Ca over 46Ca with respect to the solar value in the EK
1-4-1 [15] inclusion of meteorite could be explained by a neutron-capture process scenario in
stars.

2. Experimental methods

The transfer reaction study has been performed at GANIL with the radioactive beam of
44Ar produced by the SPIRAL facility. This beam has been produced through the projectile
fragmentation of a 66 A MeV 48Ca primary beam of about 200 pnA intensity in a thick carbon
target located at the underground production cave of SPIRAL. The isotopes of interest were
produced into the target which was heated at 2000 K in order to favour their extraction. They
were subsequently ionized by an ECR source to the charge 9+ and accelerated by the cyclotron
CIME up to the energy of 10 A MeV. The beam intensity of 44Ar was 3 × 105 s−1, without
isobaric contamination. In addition to this, a stable beam of 40Ar has been produced by the
same devices at similar energy in order to validate our analysis of the pick-up (d, p) reaction
with a known case studied in direct kinematics [16]. The total number of 40Ar and 44Ar nuclei
passing through the target was 3 × 109 and 1010, respectively.

Neutron pick-up reactions (d, p) were induced by a 380 µg cm−2 thick CD2 target. To
minimize the angular divergence �θ prior and after the target for a given beam emittance
(�θ × d), the diameter d of the beam was chosen to be large (2 cm). The tracking of the
secondary beams was achieved by a position sensitive gas filled detector CATS [17] located
11 cm downstream the target. The weak angular divergence of the beam (�2 mrad) was
checked by inserting temporarily another CATS detector 1.5 m upstream the CD2 target. We
have reconstructed the impact points of the nuclei on the target with an accuracy of 0.6 mm
by a simple translation of the beam spot obtained with the CATS detector placed downstream
of the target.

Protons were detected at backward angles (between 110 and 170◦) using the eight highly
segmented MUST telescopes [18]. The first stage of a MUST module consists in a 300 µm
thick, 60 × 60 mm2 double sided Si-strip detector with 60 horizontal and 60 vertical strips.
Each strip was backed by a lithium drifted silicon diode (Si(Li)) of approximately 3 mm
thickness. The two-body pick-up reaction can then be characterized by measuring the energy
and the angle of the recoiling proton detected in the MUST detector with an energy ranging
from 300 keV to 6 MeV in the case of 45Ar and up to 8 MeV in 41Ar.
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Figure 1. Left: position of the nuclei transmitted in the focal plane of SPEG for the 40Ar (d, p)
41Ar reaction (top) and 44Ar (d, p) 45Ar (bottom). The part indicated with a grey line indicates
transfer above the neutron separation energy Sn. The right part shows the corresponding energy
spectra.

The beam-like transfer products were selected by the SPEG spectrometer and identified
at its dispersive focal plane through their position, energy loss and time of flight information.
At 10 A MeV, the Ar9+ isotopes were not fully stripped during their interaction with the target
and the CATS detector. We observed mainly two charged states Q = 18+ and 17+ in the
focal plane with respective intensities of 50% and 40% over the total number of Ar (figure 1).
The remaining 10% isotopes having a charge 16+ were not transmitted. Due to its high
count rate, the elastic scattering component was stopped into a thick plastic scintillator before
the focal plane of SPEG. Otherwise it would have resulted in a strong electronic pile-up
in the drift chambers of SPEG. Pick-up break-up component corresponding to transfer to
neutron-unbound states in 45Ar (41Ar) has also been observed in the focal plane. This is
evidenced by the detection of protons in MUST in coincidence with the low-energy tail of
44Ar (40Ar) nuclei in SPEG (figure 1). In order to obtain the energy spectrum of 45Ar (41Ar),
we have used the measured proton energy and angle in MUST in the relativistic kinematics
formula.
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Figure 2. Left: angular distributions for the g.s. (a), first (b) and second excited states (c) in
45Ar are shown in comparison to DWBA calculations assuming � = 1 or 3 distributions. Right:
experimental level scheme in 45Ar obtained from the present experiment is compared to shell
model calculations using the ANTOINE code [22]. Calculated and preliminary experimental
spectroscopic factors are indicated in parenthesis.

3. Experimental results

The energy spectra of 41Ar and 45Ar are shown in figure 1. Known energy peaks in 41Ar are
clearly visible, among which is the 1.357 MeV 3/2−

2 state with a large spectroscopic of 0.42(7)
[16]. Energy peaks are visible in 45Ar as the 3/2−

1 state observed by Dombrádi et al [13].
Well defined peaks are still visible above the Sn value. We note, however, that this spectrum
cannot be exploited above 8 MeV excitation energy in 45Ar because it corresponds to proton
energies which are too low to be detected at the most backward angles in the MUST detector.

The angular distributions in the centre of mass have been obtained for both nuclei in order
to determine the spin and spectroscopic factors of the levels. In 41Ar spectroscopic factors have
been deduced by fitting the experimental angular distributions to DWBA calculations using
the optical potentials in the entrance (40Ar+d) and exit channels (41Ar+p) determined in [16].
Good agreement has been found for the three first states which have enough statistics. For the
study of angular distributions in 45Ar, we have used the global optical potentials given in [19]
and [20] for the entrance and exit channels, respectively. All states up to 3 MeV have hitherto
been studied and a clear distinction between � = 3 and � = 1 distributions is seen as shown
in figure 2. They characterize neutron pick-up reaction to the f and p orbitals, respectively.
Preliminary analysis shows that states located at higher energies have an � = 3 or � = 4
angular distribution which correspond to pick-up to the f5/2 or g9/2 orbital, respectively. A
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clear energy peak is also seen about 500 keV above Sn. Experimental and hitherto calculated
levels in 45Ar compare well, as shown in the right part of figure 2. The energies of the two
first excited states have been determined more precisely by Mrazek et al [21] in the β-decay
study of 45Cl. However their spin values could not be deduced.

4. Determination of (n, γ) cross-section from (d, p) reaction

The information provided by (d, p) experiment could be used to determine neutron-capture
cross sections (n, γ ) on unstable nuclei. These values play an important role in modelling
the nucleosynthesis which develops in moderately neutron-rich environments, as during the
freeze-out of the rapid neutron-capture process (r process) or during weak r-process scenario
of typical neutron density 1018 cm−3. From measurements achieved with stable nuclei [23]
with Sn � 8 MeV it was found that a drastic decrease of the neutron-capture cross section
σn (by 2–3 orders of magnitude) occurs at the major closed shells. This is inferred mainly
by the sudden decrease of the reaction Q-value immediately after a closed shell. Calculated
values for nuclei in the vicinity of the valley of stability assume a predominant contribution
of capture above the neutron-emission threshold where the level density is high enough to
assume a statistical distribution of levels of various spin values. For neutron-rich closed-shell
nuclei the level density above the Sn value is drastically reduced and statistical calculations
are no longer valid. Rather a proper treatment of the few resonant states above Sn has to be
made. In addition direct neutron capture (through the E1 operator) to bound states can occur
when suitable orbitals with large spectroscopic factors are present. This part is dominant at
N = 28 for the doubly magic neutron-rich 48Ca nucleus due to the presence of a low-lying
3/2− state (� = 1) with a large spectroscopic factor [24]. Taking into account the spin-
conservation rules in the reaction the neutron is captured to the � = 1 bound state without
centrifugal barrier as �n = 0 (s-wave capture). The ratio between an s-wave (� = 1) and
d-wave (� = 3) direct neutron-capture rate is approximately 104 at a stellar temperature of
109 K. In 45Ar a level (� = 3 or 4) is still clearly identified above the Sn value, which indicates
that a statistical treatment cannot be applied anymore. Due to its large spin value, this level does
not contribute to the stellar reaction rate with a sizeable amount. The presence of low-lying
bound states 3/2− with sizeable spectroscopic factors (about 0.3 each) in 45Ar favours direct
capture cross section, as for 48Ca. This leads to a drastic increase of the (n, γ ) cross-section,
speeding up the neutron-capture rate as compared to what normally occurs at shell closures.
Important consequence of this large σn value is expected for explaining the abundance ratio of
48Ca/46Ca = 250 in certain refractory inclusions of meteorites. These neutron-rich stable Ca
isotopes could be produced during a neutron-capture and β-decay process (weak r process) by
their progenitor isobars in the Ar isotopic chain. Large neutron-capture rates around A = 46
would reduce drastically the amount of progenitors of 46Ca as the neutron-capture would
quickly shift the matter flow to A = 48. As a consequence 48Ca would be more abundant
accordingly as discussed in [25].
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