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Evolution of the N=28 shell closure far from stability

O. Sorlin

Grand Accélérateur d’lons Lourds (GANIL), CEA/DSM - CNRS/IN2P3
Buvd Henri Becquerel, BP 55027, F-14076 Caen Cedex 5, France
E-mail: sorlin@ganil.fr

The present contribution focuses on three recent experimental achievements obtained
at the GANIL facility on the study of the N = 28 shell closure south to the doubly maic
nucleus %g Ca. First, the single particle energies of the neutron fp states in 47 Ar have been
determined by transfer (d,p) reaction using a radioactive beam of %gArzg. A reduction
of the N = 28 gap and of the SO splittings of the f and p states is found. Second, an FE0

isomer has been discovered in ‘1%828 which is suggestive of a shape mixing. Third, the

energy of the first 27 state of ﬁ Siog has been obtained through in-beam ~-ray emission

induced by a 2 protons knock-out reaction. Its low value, 770(19) keV, points to a large
deformation there. The gradual change from spherical to deformation in the N = 28
isotones from Z = 20 to Z = 14 is ascribed to specific proton-neutron interactions and
to enhanced quadrupole correlations. A global description of all the physics involved at
N = 28 is derived along with experimental results.

Keywords: Shell closure, transfer (d,p), spectroscopic factor, single particle energy, isomer
EO0, in-beam spectroscopy, tensor force, spin-orbit interaction

1. Introduction

The magic number 28, revealed for instance in the doubly magic nucleus 35Ca, is
the first originating from the spin-orbit (SO) coupling in atomic nuclei. The SO
interaction lowers the f7/ neutron orbit just into the middle of the gap between
the sd and fp oscillator shells, resulting in a neutron magic number at N = 28
between the f7 /5 and p3/, orbits. The sequence of the neutron orbits around N = 28
exhibits 2 pairs of spin-orbit partners f7/2, p3/2, p1/2 and f5 /2, ranked as a function
of decreasing binding energies. The evolution of the N = 28 shell gap is therefore
potentially linked to changes in the SO splitting. Variation of these neutron orbits
south to *®Ca as protons are progressively removed from the quasi-degenerate s; /2
and d3/, orbits can be traced back to the nuclear forces V?" involving protons and
neutrons in the sd and fp shells, respectively.

In case of a reduction of the N = 28 shell gap quadrupole collectivity (E2) is
likely to be favored across it, i.e. between the occupied (f7/2; £ = 3) and valence
states (pi1/2, p3/2; £ = 1) which differ by two units of angular momentum. As this
peculiar quadrupole symmetry exists as well for protons in the sd shells, the rigidity
of the $4S2s and $2Siag isotones against quadrupole deformation depends on the size
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of the spherical proton (Z = 16, 14) and neutron N = 28 shell gaps.

The present review focuses on recent experimental achievements obtained at the
GANIL facility the last few years on the evolution of the N = 28 shell closure. Dif-
ferent methods have been used, such as (i) the neutron stripping reaction 1$Ar(d,p)
to determine the neutron single particle energies of the f and p states in $3Ar,! (ii)
the delayed electron spectroscopy to find a shape isomer in 25,2 (iii) the in-beam
y-ray spectroscopy to determine the energy of the first 2% state in 12Si.> The salient
features from these experiments are described in the following paragraphs.

2. Study of the neutron single particle states in 4" Ar

A pure “®Ar radioactive beam of 10.2(1) A-MeV was delivered by the SPIRAL fa-
cility? at a mean intensity of 2-10* pps. It was guided with a parallel optics onto
a 0.38(6) mg/cm? thick CDs target in which the 6Ar(d,p)*”Ar transfer reaction
took place. The position of the beam on the target was obtained event by event
with a resolution (FWHM) of 1 mm using a position-sensitive Multi Wire Propor-
tional Chamber (MWPC)? placed 11 ¢cm downstream from the target. The energy
and angle of the reaction protons were measured with the MUST detector array®
comprising eight highly segmented double-sided Si detectors covering polar angles
ranging from 110 to 170° with respect to the beam direction. The transfer-like prod-
ucts 47 Ar(*0Ar) were selected and identified by the SPEG” spectrometer in the case
of a neutron pick-up to bound(unbound) states in 47 Ar.

The excitation energy spectrum of Fig. 1(a) was obtained using the proper
kinematics relations. It has been fitted using a sum of 9 gaussian curves of width
0=175 keV. The Q value of the transfer reaction to the ground state (GS) of *7Ar
is Q=1.327(80) MeV, leading to a mass excess Am(*"Ar)=-25.20(9) MeV. The
present mass excess value gives rise to an N=28 gap of 4.47(9) MeV in %6 Ar, which
is 330(90) keV smaller than in *8Ca.

Experimental proton angular distributions are shown in Fig. 1 for the ground
state (top) and for the second excited state (bottom). From a comparison to Dis-
torted Wave Born Approximation (DWBA) calculations using the DWuck4® code
and the optical potentials of Ref.,%10 the transferred angular momentum ¢ and the
vacancy (2J + 1)C2S, [C%S being the Spectroscopic Factor (SF), J the total spin
value] of individual orbitals in 4" Ar have been determined. Similar procedure has
been applied to all other peaks,' which are not shown here. The first two peaks were
attributed to ¢ = 1 transfer to p tates, and the third one to an ¢ = 3 transfer to
the f7/ state. The angular distribution of the three peaks around 3.4 MeV (Fig. 1)
was reproduced with a combination of /=3 and ¢=4 components. The {=3 part is
most likely contained in the first two peaks as the /=4 transfer to the gy, state
is located at ~4 MeV in other N=29 isotones. An ¢=4 value was unambiguously
attributed to the 5500(85) keV state.

For a closed-shell nucleus, the total vacancy is expected to be equal to 2J +1 for
the valence orbitals (such as the GS), and 0 for occupied ones (such as the f7/5 orbit).
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Fig. 1. Left: Background subtracted inclusive spectrum fitted by means of 9 gaussian, Right :
Experimental proton angular distributions of the ground state (top) and of the second excited
state (bottom) in 47 Ar. The curves correspond to DWBA calculations assuming transfer to p and
f states are shown for comparison.

The GS vacancy value of 47 Ar, (2.44(20)), is significantly smaller than its maximum
value of 4. As a matter of comparison, that of °Ca is 3.36(14) using similar global
optical potentials. This means that a fraction of neutrons is already occupying the
valence ps/o orbit in the 46 Ar nucleus core. It turns out that the missing vacancy
value (1.56) of the p3/o GS counterbalances the excess (1.36 instead of 0) of the
1740 keV state, meaning that some of the f7,5 neutrons have moved to the ps/o
orbital in “6Ar. This confirms that some amount of neutron particle-hole excitation
is already occuring across N = 28 in 46 Ar. This process likely due to the reduction
of the N = 28 shell gap and to the increase of correlations. It will be reinforced if
further reduction of the N = 28 shell gap occurs for lower Z values.

The structure of 47 Ar was calculated in the Shell Model (SM) framework using
the ANTOINE code'! and the sdpf interaction'? to which the relevant neutron-
proton monopole interactions VP were modified'3 to reproduce the experimental
binding energies and spectroscopic factors of the known p states in 4>47Ar!3-1% and
47,49Ca.16 By applying this constraint, the full particle strength of the Vfr/2, VD32
and vpy 2 and v f5 5 orbits has been determined in *7Ar. The resulting Single Parti-
cle Energies (SPE) are compared to those of the 3)Ca isotone!”:18
the two isotones 2 protons have been removed, leading to a 'natural’ decrease of

in Fig. 2. Between

the binding energies of all fp states due to 'missing’ proton-neutron interactions.
Bearing in mind that the dsz/» and s,/ orbitals are quasi-degenerate in 48Ca,! the
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removal of 2 protons is equiprobable from these orbits. If the nuclear forces between
protons and neutrons involved for each orbits were similar in strength this decrease
would have been the same for all the f and p states. Rather their binding energy
vary differently. The orbits in which the angular momentum is aligned (¢;) with
the intrinsic spin, such as f7,5 and p3/3, become relatively much less bound than
the f5/2 and py/o orbits where the angular momentum and intrinsic spin are anti-
aligned (¢}). From these experimental trends, it is found that the proton-neutron
monopole matrix elements involving the d3,» and s/, protons with the neutron fp
orbits should contain a spin-dependent term V' in addition to the central part of the
interaction. Quantitatively, values of f/d’; 72 #,., have been determined to be +280 keV
(repulsive) and -210 keV (attractive) for the f5/, and f7,, orbitals, respectively. In
this case, the change of the f SO splitting was tentitavely attributed to the action
of tensor forces between the ds /o protons and the f neutrons.’** The change of the
p SO splitting was ascribed to the removal of a certain fraction of s; /5 protons, and
to a much weaker extent to the removal of d3/, protons. This latter constraint is
provided by the fact that the p SO splitting remains constant (~1.7 MeV) between
30Cag'® and $7S21%! after the removal of four protons from the dj /5 orbit. As the
protons s /o occupy the center of the nucleus, the change of the neutron p SO is
due to depletion of central density of the nucleus. This points to the central density
dependence of the SO interaction, which was usually thought to be a surface term
exclusively. Details on this interaction can be found in Refs.!*? For the p; » and p3 /o
orbitals, we have extracted Vsﬁ%p . of +170 keV and -85 keV, respectively. With
these effects, the spin-orbit splittings for the f and p states have been reduced by
about 10%"13 between 4°Ca and %7 Ar, by the removal of only two protons.

The variation of the single particle energies in term of monopole terms can be
pursued towards the {3Si nucleus in which, as compared to 39Ca, 4 protons have
been removed from the ds/; and 2 from the s; 5 orbits. Using the monopole matrix
elements derived in the interaction, a global shrink between the fp orbits is foreseen,
such as reductions of the (i) N = 28 gap by 330 x 3 ~ 1000 keV, (ii) f SO splitting
by 4(0.28 +0.21) ~ 2000 keV and (iii) p SO splittiing by 2(0.17 +0.085) ~ 500 keV.
This global shrink of SPE is expected to reinforce particle-hole excitations across
N = 28, which are of quadrupole nature. Consequently a progressive increase of
collectivity, or onset of quadrupole deformation would develop below Z = 18. A
search for a shape coexistence or mixing between a spherical and deformed state
was searched for in 13Ses to ascertain the hypothesis discussed above.

3. Electron spectroscopy of 448

In 42S9g the 27 energy and the B(E?2) value were found to be intermediate between
a deformed and a spherical nucleus.?? This situation is suggestive of a possible shape
mixing between two configurations, an assumption which can be confirmed by the
search for a low lying 05 state. A secondary beam of 4*S was produced by the
fragmentation of a **Ca beam at 60A-MeV into a Be target, and selected by the
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Fig. 2. Left : Neutron single particle energies (SPE) of the fp orbitals for the }5Ar2g and 55 Cagg
nuclei. Right : Schematic view of the proton-neutron interactions invloved to change the f (top)
and p (bottom) SO splittings.

LISE achromatic spectrometer. During this reaction mechanism part of the nuclei
can be produced in a 0; state, which can be isomer or not. To search for an isomer
transition, these nuclei were implanted in a thin mylar foil located at the center
of an array of four Si-Li and two Ge cristals detectors which aimed at detecting
conversion electrons and y-rays, respectively. Such a 0; state was discovered through
the detection of a delayed electron transition at an energy of 1362.5(1)keV? with a
lifetime of 2.3 + 0.5 ps. Combining the conversion-electron and ~-ray spectroscopy
it was found that the 0; state decays both directly to the ground state via internal
conversion, and to the 2f state at 1329 keV. This experiment has been repeated few
months ago to obtain more statistics and to be able to determine the ratio between
the two reduced transition probabilities, B(E2;07 — 2]) [obtained in Ref.23] and
B(E2;0 — 27) [determined in the present experiment]. The analysis is in progress.
Similar and large B(E2) values would reveal that the 0] and 05 levels have mixed
wave functions. A large reduced strength p(E0) would in turn point to the existence
of a spherical and strongly deformed configurations in #4S which co-exist before
mixing.

4. Determination of the 21 energy in 42Si

Excited states in the neutron-rich 145i isotopes have been recently discovered at the
NSCL 2?* and GANIL laboratories.®> These two experiments used nucleon removal
reactions from secondary beams centered around 2P and #4S at intermediate energy
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to produce the 4°Si and #2Si nuclei and study the y-rays from their de-excitation
in flight. The detection of the y-rays was achieved by arrays of detectors which
surrounded the production target in which the reaction occurred. In the case of
Ref.?* a segmented array of Ge detectors was used, leading to a photo-peak vy-ray
efficiency of about 3% at 1 MeV. An array composed of 70 BaF5 detectors was used
in Ref.? in order to obtain a higher photo-peak efficiency of about 30% at 1 MeV
and 20% at 2 MeV. Campbell et al.2* have determined the energy of the 2% state
in 19Siz6 at 986(5) keV. While the 2+ energies increase in Ca isotopes from N = 24
to reach a maximum around 4 MeV at N = 28, the 2T energies in the Si isotopes
start to deviate from those of the Ca isotopes at N = 26 (see Fig. 3) which hints
for a reduced N=28 shell gap.?* As 2 neutron excitations occurring before the
complete filling of the v f7,, shell can be generated inside the shell, they are not
that sensitive to the size of the N = 28 gap. Conversely, in {2Sisg the neutron f; /2
shell is a priori filled, and the 2T state comes mainly from particle-hole excitations
across the N = 28 gap. It is therefore extremely sensitive to any reduction of the
N = 28 shell gap. Bastin et al.® have established a 27 at 770(19) keV for the N = 28
nucleus #28i.

40001~ -
< 3000 Ca -
3
é/ L il
£ 2000 -
TR ]
- S
1000} oA
= S
| | 1
Y8 20 22 24 26 28 30

N

Fig. 3. Experimental E(Z;r) values in the 14Si, 16S and 29Ca isotopic chains as a function of the
neutron number N. Data are taken from the compilation of Ref.,?> except for 38Si,26 40Gj 24 42G; 3
and 408.27

As shown in Fig. 3 this dramatic decrease of 27 energy 42Si is a proof of the
disappearance of the spherical N = 28 shell closure at Z = 14. This extremely low
energy of 770 keV -actually one of the smallest among nuclei having a similar atomic
mass - cannot be obtained solely from neutron excitations. Proton core excitations
should play an important role, which could in principle be evidenced by measuring
the B(E2) values in the Si isotopic chain while reaching N = 28.
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The behaviors of the N = 20 to N = 28 isotones south of Ca isotopes are sig-
nificantly different and instructive. The N = 20 shell gap persists with up to the
removal of 4 and 6 protons to reach the quasi doubly magic $8Sa¢ and $3Siag nuclei,
respectively. For these nuclei the existence of significant proton sub-shell closures
at Z =16 and Z = 14 and the persistence of the N = 20 gap are warrants of their
rigidity against quadrupole excitations. Conversely, at N = 28 the studies of the
proton'® and neutron single particle energies 11718 have revealed a much different
situation. The combined compression of the energy of the proton and neutron orbits,
plus the favored quadrupole excitations across N = 28, produce a rich variety of be-
haviors and shapes in the even N = 28 isotones; spherical ®Ca; oblate non-collective
46 Ar; coexistence in 44S, and rotor oblate 42Si .3?8 This variety of shapes is also
supported by mean field calculations, relativistic2? or non-relativistic.3% 33 In these
models subtle changes in the potential energy surfaces arise from the choice of the
effective interactions, in particular for the %S nucleus. However the global trend to
deformation is found as the quadrupole symmetry between the occupied and valence
protons and neutrons orbits dominates over effects of the residual proton-neutron
interaction.

5. Summary

The spectroscopy of the neutron-rich N = 28 isotones has been investigated at
GANIL by various complementary methods, such as the neutron stripping (d,p),
electron spectroscopy, and in-beam 7-ray spectroscopy. By gathering all pieces of
information, a coherent description of the evolution of the N = 28 shell gap with
the physics processes involved has been proposed.

The N = 28 shell gap, as well as the neutron f and p SO splittings are signif-
icantly reduced. Reasons for this were attributed to a subtle combination of ten-
sor, central and SO forces. This global shrink of SPE favors the developpement of
quadrupole deformation south to **Ca. These reductions of SO splittings arise from
new effects that have been put forward these last few years both from theoretical
and experimental point of views. In intensity these reduction of SO splittings are
much larger than the ones expected by an increased diffuseness of the nuclear mat-
ter far from the valley of stability. They are opening up a new vista on the various
components giving rise to changes of the SO splittings in hitherto unknown parts of
the chart of nuclides. Noteworthy is the fact that similar physics processes (tensor
force and E2 symmetry) are expected to be at play in other doubly magic nuclei
formed by the SO interaction, such as {5Nizg and 15°Sns.
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