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Abstract

The structure of the N~28 45’§%Ar 27,28 nuclei has been investigated through in-
beam ~y-spectroscopy using the fragmentation reaction of a 60A-MeV *®Ca beam
on a thin Be target. v-ray energies, intensities, vy coincidences and y-ray angular
anisotropies have been measured. The level scheme of *>Ar is proposed for the first
time, while that of *6Ar has been extended to states above the previously known
2% first excited state. An isomeric state at 537 keV of 0.347032 ns lifetime has been
found in **Ar from the line-shape analysis of the y-ray connecting the first excited
state to the ground state. The experimental results are interpreted using shell-model
calculations.
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1 Introduction

Signatures of shell effects around magic nuclei manifest themselves in even-even nuclei
by the observation of a relatively high energy of the first 2% excited state and a weak
B(E2:0" — 2%) or of a sudden drop in the binding energies. All of these features are
found at all major shell closures. A change in these characteristics may question the
presence of shell effects.

One of the first indications of shell-closure weakening at a magic number was the observa-
tion of the low energy of the 2{ state in the N=20 nucleus 3?Mg [1]. Deviations from the
other two requirements were also shown. The increasing amount of information on N=20
nuclei suggest that the erosion of the N=20 shell is connected to anomalous lowering of
multi-particle-multi-hole intruder configurations. This results in the development of an
island of inversion around 3!Na.

1 present address: INFN-Laboratori Nazionali del Sud, via S.Sofia 44, 95123 Catania, Italy



Recent experimental data suggest a similar erosion also for the N = 28 shell in very
neutron rich nuclei. Actually, the onset of deformation in some of the N = 28 isotones
by neutron particle-hole excitations is more natural than that in the N=20 isotones. At
N = 28, excitations across the shell-gap take place within the same oscillator shell, be-
tween orbitals strongly connected by quadrupole interactions. Thus, even a small amount
of excitations across N = 28 may lead to permanent quadrupole deformation. According
to the B-decay [2] and Coulomb-excitation [3] experiments, quadrupole ground-state de-
formation develops already at Z = 16. Study of the neutron-rich 4°=#4S using the in-beam
y-spectroscopy technique [4] suggested a deformed ground state for “®42S and a mixed de-
formed configuration for **S in accordance with both the mean field [5-9] and the recent
large-scale shell model calculations [10]. The role of proton collectivity contribution by the
decrease of the ds/o-ms1/, energy difference has been pointed out also in refs. [11,12,4].

All these theories suggest that the erosion of the NV = 28 shell also takes place by lowering
of the deformed intruder configurations. A recent finding of an isomeric state in *3S [13]
can be interpreted as the first experimental sign showing in this direction. Determination
of the energy of the 3/2; state in **Ar and the 05 state in “®Ar may help to understand
how the melting of the N = 28 shell gap in neutron rich nuclei takes place.

From the B-decay study of *°Cl, Winger et al. [14] has already assigned some y-rays to
45 Ar, while the energy and lifetime of the first 27 excited state in *6Ar are known from
the Coulomb excitation experiment performed by Scheit et al. [15]. From deep inelastic
reaction, Fornal et al. have obtained a precise energy for this 2% state [16].

To obtain further information on the excited states in >*®Ar we have investigated these
nuclei at GANIL, by the in-beam ~-spectroscopy technique using the fragmentation of a
“8Ca beam. This method have been proven to be successful to study excited states of
exotic nuclei [17,18].

2 Experimental methods

A 8Ca2" beam of 60.3 MeV-A energy and 15 enA intensity was fragmented on a ?Be
target of 2.76 mg/cm? thickness. The emerging fragments were detected by the SPEG
spectrometer whose magnetic rigidity was optimized for the transmission of fully stripped
443 nuclei. At this Bp setting, the *3Ar'™" nuclei were transmitted in their Q=2Z-1
charged state within the 7% momentum acceptance of the spectrometer. Ionization and
drift chambers, as well as a plastic scintillator were placed at the SPEG focal plane, which
provided measurement on the energy loss (AE), the total energy (E), and the time-of-
flight (t.0.f) for the identification the fragments. The t.o.f of the fragments was corrected
according to their path lengths through the spectrograph. The AE-E selection was used
to distinguish between nuclei of different charge states with similar A/Q values. During
the experiment about 1.1-10% *Ar nuclei and 2.7-10° “® Ar nuclei were identified.

The fragmentation of the *Ca beam populates Ar nuclei in different excited states which
eventually de-excite by the emission of v-rays in flight. These y-rays were detected by 74
BaF,; and 3 segmented Ge clover detectors which surrounded the Be target. The BaFs



crystals were mounted symmetrically above and below the target at a mean distance of
16 c¢m, covering about 80% of the total solid angle. The 3 segmented Ge clover detectors
were placed at about 15 cm from the target at the angles of 85°, 122° and 136° with
respect to the beam direction. The ~y-ray spectra were corrected for the Doppler-shift
caused by the large fragment velocity (v/c = 0.34). The Doppler broadening due to the
finite solid angle of the detectors was decreased by utilizing the electronic segmentation
of the clover detectors. After these corrections a full width at a half maximum of about
35 keV was obtained at the y-ray energy of 1570 keV. The « rays were identified by use
of the high resolution spectra from the Ge detectors, while their coincidence relationships
were deduced using the relatively high efficiency of the BaFy detectors.

Angular distributions of the strongest vy-transitions were found to be non-isotropic. As
the clover detectors were placed at three different angles, we could determine the y-ray
intensity ratios for two pairs of angles. After normalization of these ratios to the 1570 keV
stretched E2 transition of ¢ Ar [15,16] the obtained anisotropy ratios have been found to
cluster into two groups. All the known stretched E2 transitions fall within the first group,
while the second group was formed by the anisotropy ratios of some transitions known to
have a dipole character such as in *'Cl. This difference in the anisotropy ratios suggests
that the stretched quadrupole and stretched dipole transitions can be distinguished. We
used this possibility to assign the spins of some of the excited states.

3 Experimental results

The ~-ray spectra obtained for *>#Ar by the use of the Ge clover detectors are shown in
Fig. 1. The inserts show the -7y coincidence spectra from the BaF, detectors obtained by
gating on the 1570 keV ~-ray in “°Ar and on the 537 keV v-ray in **Ar.

In the case of “Ar, the strongest 1570(5) keV + ray was observed both in Coulomb
excitation [15] and deep inelastic [16] experiment. The energy of the transition is in a
reasonable agreement with the more precise value of 1577(1) keV [16]. In addition to this
transition we firmly assign to this nucleus four v-rays of energies 1919, 2322, 2721 and
3507 keV. As it can be seen in the insert of Fig. 1 an additional transition of 1140 keV
energy, which was hidden under the Compton-edge of the 1570 keV ~-line, has been
attributed to this nucleus. The 1570 keV ~-ray is by far the most intense, which confirms
its assignment to the 2 to 0" transition in *Ar [15,16]. The 1140 keV transition is
feeding the 1570 keV level according the -y coincidence relationship, resulting in a state
at 2710 keV. The sum of the energies of the 1570 keV transition and of the 1919 keV
weak 7y ray gives the energy of 3489 keV. Within the experimental errors, this value is
similar to the weakly observed ~-transition at 3507(16) keV (see Fig. 1). This suggests
the existence of a state at 3507 keV. The fact that this level is connected to the first 2
and to the 07 ground state allows for (1*,2%) spin-parity assignment to that state, from
which possibilities the 27 is more likely. The relative intensity of the 2322 keV ~-ray is
higher in the coincidence spectrum with a vy-ray multiplicity condition higher then one,
than in the single (multiplicity equal to one) spectrum. It is, therefore, a member of a
~-ray cascade which could originate from a level located at 3892 keV. Finally, the weak
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Fig. 1. y-ray spectra of *>46Ar obtained by the use of Ge detectors. The spectra shown in the
insert have been obtained from the BaF9 detectors by gating on a 1570 keV (top spectrum) and
the 537 keV (bottom spectrum) -line.

2721 keV transition was tentatively placed on top of the 1570 keV state.

Angular anisotropy ratios are shown for the 2322 keV ~-ray in “®Ar in Fig. 2. These
ratios fall into the region of known E2 transitions. Since the angular distributions of the
stretched quadrupoles and of the non-stretched dipoles are similar, we cannot distinguish
them. Thus, we conclude that the 2322 keV transition connect states with a spin difference
of 2 or 0. Keeping in mind that the 1570 keV level has a 2" spin, it is surmised that the
3892 keV level would have a J™ = 0, 2,4 spin value. We could reject the 0 and 2 spin
values from the following arguments. In the case of a 0" spin, the 2322 keV transition
should have an isotropic angular distribution, and the anisotropy ratio should fall between
the AJ=1 and AJ=2 ratios. however, its mean value is centered in the AJ=2 zone as
shown in fig. 2, which makes the 0 spin value for the 3892 keV state unlikely. The non
observation of the direct decay of the 3892 keV state to the ground state as expected for
a typical 25 excited state makes the spin 2t assignment also unlikely. As deduced from
these considerations, the level scheme of the 6 Ar nucleus is shown in Fig. 3.

We assign to “?Ar four v-rays with the energies of 537, 1228, 1352 and 1914 keV among
which the 537 keV line is the strongest. The 537 and 1228 keV transitions have already
been observed in the 3-decay study [14]. From the present work, it is found that these two
~-rays are in coincidence. From ~-ray intensity arguments, it is deduced that the energy
of the first excited state is 537 keV and that the 1228 keV ~v-ray represents the decay
of an excited state at 1765 keV to the first excited state. On the other hand, both the
1914 keV and the 1352 keV ~-rays are not in coincidence with the 537 keV ~-ray which
suggests that they are connecting two different excited states to the ground state.

From (-decay studies, spin values of J=3/2 or 5/2 were deduced for the ground state
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Fig. 2. Anisotropy ratios deduced for the transitions of *>*6Ar. The shaded areas delimit
anisotropy ratios for different AJ=0,2 or 1 values. They were determined from the strongest
v-ray transitions observed in the experiment.

in *3Ar [19]. By comparing the 3 branching ratios and the corresponding log ft values
observed in 3-decay of *Ar and **Ar [19,20], it seems that °Ar rather decays to states
with higher spins than in the case of the decay of “*Ar. These differences in the 3 branching
ratios are consistent with the assumption of J* =(7/2)~ for the ground state of *>Ar. This
assumption is in agreement with the prediction of the shell model calculations.

Angular anisotropy ratios for the 1914 keV transition fall into the region of known E2
transitions, the ratio for the 537 keV transition lie nearby. Following the same arguments
as for 6Ar, we conclude that the 537 and 1914 keV transitions connect states with a
spin difference of 2 or 0h. We could propose the 3/2,7/2,11/2~ spin-parity values to both
states at 537 and 1914 keV. While the 1352 and 1914 keV transitions were not observed
in the 3 decay of *°Cl whose expected ground state spin value is low (J=1/2,3/2), the
537 and 1228 keV transitions were observed in the same S-decay [14]. Thus, the 1914 keV
state would have a higher spin value, while the states at 537 and 1228 keV should have
some lower spin value. On the basis of this argumentation the 3/2 spin assignment for the
1914 keV state, as well as the possible 7/2,11/2 spin values for the 537 keV state can be
discarded. A tentative spin (1/2,3/2) value can be assigned to the 1765 keV state, and a
higher (5/2-11/2) spin to the 1352 keV one. As the ground state spin is uncertain, all the
assigned spin values are considered to be tentative.

By analyzing the angular distribution of the 537 keV transition, it was found that the
v-line is about twice as wide at 85° than at 135° which is not the case for other lines
observed. When emitted from a short-lived excited level of few ps lifetime, the y-rays are
emitted in flight from the target position located at the center of the v-detector array.
We subsequently apply Doppler shift corrections to the energy of the emitted photon
according to the angle at which it is detected. In case of a ns-lifetime isomer, the state
decays all the way from the target to a few tens of cm downstream the target. Depending
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Fig. 3. Proposed level schemes of *>*6Ar from the present experiment. Along the 7-transitions
their energies (with uncertainties), multipolarities and relative intensities are given.

on where the y-ray is emitted the detectors see it with different angles. This of course
introduces an additional uncertainty which results in an additional Doppler broadening.
By comparing the line width of the v-peak with those simulated by assuming different
half lives, we could deduce a half life of 0.34703% ns for the 537 keV state in “>Ar as shown
in fig.4. This half-life value fits with a single-particle E2 transition, which confirms the
3/2" spin assignment of the state at 537 keV.

As a byproduct of this investigation we have obtained the +y spectra also of the odd 3%4143S
isotopes, with very low statistics, which allowed only for identification of a few transitions
in these nuclei. Namely, we observed the ~ ray with 904(7) keV energy in 3°S, with 451(3),
1120(14) and 1629(9) keV in 'S and with 1549(9) keV energy in **S in addition to the
known 940 keV transition.
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4 Discussion

Prior to the present experiment, the 2% energy and the B(E2) of “*Ar were already
known [15]. From these data it was deduced by Scheit et al. that *Ar could be con-
sidered as a vibrational nucleus [15]. According to mean-field calculations performed both
in relativistic Hartree-Bogolyubov [9] and Hartree-Fock-Bogolyubov [7,8] approximations,
the N=28 6 Ar nucleus exhibits a flat potential energy surface centered at a slightly oblate
shape. It is likely that vibration occurs around such shape. Starting with the potential
energy obtained from mean field calculation, the energy spectrum of “6Ar was calculated
by using the angular momentum projected generator coordinate method (GCM) [8]. This
model predicts the states 2, 05 and 47 states at respectively 1.8 MeV, 2.8 MeV and
4.5 MeV. The 05 energy is close to the level observed experimentally at 2.71 MeV. Other
excited states are slightly higher than the measured ones. This could be due to the fact
that the calculation neglects the angular-velocity dependence of the moment of inertia.
This dependence has been shown to amount to about 13% for 2 and 4 in the HFB
calculations of **S [4]. Applying a similar reduction to the moment of inertia makes the
yrast sequence closer to experiment in “6Ar.

Shell model calculations have been performed for **6Ar using the interaction given in
Ref. [21]. Calculations are compared with the experimental results in Fig. 5. All the
levels deduced experimentally have a theoretical counterpart in 6 Ar. Similar agreement
is found up to 2 MeV in *®Ar with the exception of one state which is not observed
experimentally. The calculated quadrupole moment of the 21 state in “6Ar is positive [10].
This corresponds to excitation of an oblate nucleus, which agrees with the mean field
calculations.

In order to analyze, how the N = 28 shell closure persists in “6Ar, we extract the Op0Oh
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Fig. 5. Comparison of the experimental level schemes of *>46 Ar with those obtained from large
scale shell model calculations.

and 2p2h neutron components of the 01 eigenstates of *6 Ar using the Lanczos Structure
Function method of ref [22]. This shows that the normal OpOh configuration strongly
dominates the ground state configuration with the 2p2h components being mainly located
in the second and third excited states. Thus, the shell model calculations suggest an
intruder configuration for the experimental state at 2.71 MeV, in accordance with the
results of the GCM calculations. The contribution of the intruder configurations to the
ground state wave function becomes significant in **S as a result of a further decrease in
the N = 28 gap energy [4].

As just discussed from the shell model point of view, the “ Ar ground state has a pure 0p0h
neutron configuration with respect to “®Ca. However, two effects could simultaneously
favor 2p2h excitations. First, calculations predict that the N = 28 gap between the p3/,
and f7/, orbitals is progressively reduced when removing protons from **Ca (4.73 MeV in
18Ca, 3.84 MeV in “Ar) therefore the neutron excitations across the gap cost less energy.
Second, the energy of the cross shell excitations is further reduced by an energy gain
obtained from the additional correlation between the protons and the newly generated 2
neutron particles and holes. The strength of the correlation energy is increasing towards
mid-shell, it is calculated to be 4.08 MeV in *8Ca and 5.98 MeV in *Ar. These values
reduce the net cost required to promote 2 neutrons in the ps/s shell. The emergence of an
intruder g.s. configuration would be found when this gain in correlation energy is larger
than the cross shell excitation. This feature eventually brings deformation to the nuclei.

According to the shell model, the N=27 isotones also reflect a regular transition from

sphericity to deformation in their low-lying spectrum. It is the excitation energy of the

%_ state which should be sensitive to the correlations and also to the N=28 neutron

gap. The systematics of the energy of the 3/2; states relative to the 7/2~ ones in N=27
nuclei is shown in Fig. 6. The 3/2] state lies at around 2 MeV in *’Ca, and decreases

gradually from each side of Z=20. Its excitation energy arises from its structure, which is
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a mixture of particle-hole excitation across the gap mainly to the p3/; state and coupling
of the neutron hole to the 2* proton state. One can get information on the strength of the
mixing from the life time of the 3/2~ state. When its configuration is mainly of intruder
origin, are strongly retarded, as it can be seen in the case of >!Cr and to a larger extent
in ®3Fe [23]. Although, the half life of the first 3/2~ state in *°Ar is relatively long, after
correcting for the energy scaling factor of Eg, it has a rather weak retardation compared to
33Fe. The ~1 Weisskopf unit experimental E2 strength corresponds to the situation in *°Sc
and agrees well with shell model predicting only a small intruder admixture. According
to the Lanczos Structure Function method, the first 3/2~ state collects about 15% 1p2h
component, while most of the intruder strength is concentrated in the second 3/2~ state at
1.2 MeV, which was experimentally not observed. The retardation of the E2 transition in
13§ is similar to that observed in ' Cr and is well described by the shell-model calculations
predicting a strong mixing between the intruder and normal configurations [21].

5 Conclusion

Using a novel technique based on the in-beam ~-spectroscopy used with fragmentation
reactions at intermediate energy, the level schemes of “Ar has been extended to higher
excitation energy and higher spin and a level scheme of >Ar has been suggested for the
first time. These results represent the missing link between the N=27,28 Ca and S nuclei,
making possible the systematic study of changes in their structure. The sudden lowering
of the energy of the first 3/2~ state in “>Ar gives additional credit to the believe that it
may become the ground state in **S [13] in agreement with the shell model prediction.
The way how ground state deformation develops in the N=28 isotones could be traced
back from the 05 states in even nuclei. In “6Ar, the 05 state at about 2.7 MeV is expected
to have a 2p2h configuration. In 1S, the unperturbed energy of the 07,2 states becomes
nearly degenerate resulting in strongly mixed 07 states in %S [4].
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According to theoretical models and experimental findings, the size of the N = 28 shell
gap seems to be reduced south to “®Ca. This may give rise to a new island of inversion
at low-Z, N = 28 nuclei. Whether it is the case does depend on the correlation energy
too. Its value would be reduced if a strong Z=14 sub-shell closure exists. The structure
of neutron-rich 14Si isotopes around N = 28 has to be explored in order to clarify the
situation about the N = 28 reduction and the emergence of a new island of inversion.
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