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Thick-target inverse-kinematics proton scattering from *°Ar and
the N = 28 shell below ¥Ca
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Low-lying excited states of “‘Ar have been studied via inverse-kinematics proton scattering with a thick
target. Coupled-channels calculations have been used to extract the deformation length of the 2] state. This
result, combined with existing Coulomb excitation data, yields a ratio of the neutron-to-proton transition matrix
elements of M,/M, = 1.19(25)N /Z, showing a departure from the proton dominance observed in the N = 28
isotones above *3Ca. The status of the N = 28 shell below *3Ca is discussed.
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I. INTRODUCTION

A wealth of theoretical work exists in the literature on the
status of the N = 28 shell below **Ca. Mean field calculations
[1-5] predict a strongly quadrupole-deformed ground state for
443 and a very shallow oblate minimum in the potential energy
surface for “°Ar. Shell model calculations [6-9] indicate only
weak, if any, erosion of the N = 28 shell. They reproduce
the experimentally observed 2 excitation energies, but yield
B(E2) values for “°Ar which are too large by a factor of
roughly 2. Despite the increase of approximately 400 keV
in 2] excitation energies from N =26 to N =28 in the
sulfur and argon isotopes and a drop in the slope of the
two-neutron separation energy S,y in the argon isotopes at
N =28 [9], there is some experimental evidence for the
breaking of the N = 28 shell below **Ca. A deformed ground
state of S is indicated by B-decay studies [10,11], and the
excitation strength of the 2] state of B(E2; 05 — 20 =
314(88) ¢ fm* measured via Coulomb excitation [12] of *4S
is not significantly below those of the neighboring sulfur
isotopes 40425 However, in “°Ar, the excitation strength
B(E2;0f, — 2) =218(31) ¢* fm* of the 2 state, measured
via Coulomb excitation [13], is significantly lower than that of
the 2/ states of the neighboring neutron-rich argon isotopes
40,4244 A all of which have values above 300 ¢% fm* [14,15].
This could be attributed to the persistence of the N = 28 shell
in “°Ar. However, an electromagnetic probe such as Coulomb
excitation only provides the proton transition matrix element
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M ,. A comparison of the neutron and proton transition matrix
elements can further clarify the status of the N = 28 shell in
4SAT,

The ratio of neutron to proton transition matrix elements is
related to the neutron and proton deformation lengths §,, and
8, via[16]

M, _ Ns,

M, Zs,

ey

In the simplest picture of low-lying collective excitations,
protons and neutrons have equal deformation lengths, and
hence we expect M,/M, = N/Z. However, shell structure
leads to departures from this simple prediction. As was first
pointed out by Bernstein, Brown, and Madsen [16,17], in
a nucleus with a closed neutron (proton) shell, we expect
valence protons (neutrons) to dominate low-lying collective
excitations, which should therefore have M,/M, > N/Z
(M,/M, < N/Z). Deformation lengths measured with a
pair of complementary experimental probes having different
sensitivities to protons and neutrons can be combined to
obtain M,, /M. This approach has been shown to be a reliable
indicator of shell closure over a broad range of single-closed-
shell nuclei [16-18].

The advent of radioactive beams has made it possible
to perform both Coulomb excitation [19,20] and proton
scattering in inverse kinematics [21,22] at intermediate beam
energies. Hence, it is now possible to disentangle proton and
neutron contributions to low-lying excited states of exotic
nuclei. Inverse-kinematics proton-scattering measurements
have typically involved detection of scattered protons in
coincidence with recoiling beam particles. A thin target must
be used in order to limit the angular straggling of the scattered
protons, effectively placing a lower limit on beam intensity
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on the order of 10* pps. A thick-target technique has been
introduced by Iwasaki et al. [23] in which position-sensitive
y-ray detectors are used to measure inelastic scattering in
coincidence with recoiling beam particles. This technique
affords superior energy resolution and can extend the reach
of proton-scattering measurements to beam intensities on the
order of 10 pps. Moreover, deexcitation y rays can reveal
the presence of intermediate states not directly populated by
the reaction, providing additional information about the level
structure.

In the present work, we present a thick-target inverse-
kinematics proton-scattering measurement of the quadrupole
deformation length of the 07, — 2 excitation of **Ar and
combine our result with the most recent Coulomb excitation
result [13] to obtain M, /M,. A variety of measurements
have yielded M, /M, < N/Z for the 21+ states of °Ti, 22Cr,
and *Fe, the stable even-even N = 28 isotones above **Ca
[16,17]. However, our result of M, /M, = 1.19(25)N /Z for
the 2/ state of *Ar indicates a greater neutron contribution
to the excitation. We discuss the status of the N = 28 shell
at Z = 18 in light of this result. In addition, we tentatively
identify the 3| state and extract the octupole deformation
length of the 0F; — 3| excitation.

II. EXPERIMENT

The experiment was performed at the Coupled Cyclotron
Facility of the National Superconducting Cyclotron Lab-
oratory at Michigan State University. A 110 MeV/nucleon
“8Ca primary beam was fragmented on a 376 mg/cm? °Be
primary target at the midacceptance target position of the
A1900 fragment separator [24]. The momentum acceptance
of the A1900 was set to 0.5%. A secondary beam of “°Ar
fragments, with an energy of 76.4 MeV/nucleon, an intensity of
8300 pps, and a purity of about 99%, was incident on
191 mg/cm? polypropylene [(C3Hg),] and 211 mg/cm?
graphite secondary targets at the target position of the S§800
magnetic spectrograph [25], which was used to identify and
determine the scattering angles of beam particles on an
event-by-event basis. Data were collected for approximately
9.3 h with the polypropylene target and 3.6 h with the carbon
target.

Deexcitation y rays were detected by SeGA (segmented
germanium array), an array of fifteen 32-fold segmented
coaxial HPGe detectors [26] arranged in two rings centered
at 37° and 90° relative to the beam axis. The centers of the
detectors were 24 cm from the center of the secondary target.
The segmentation of SeGA enabled event-by-event Doppler
reconstruction of y-ray energy spectra in the reference frame
of the scattered projectiles. The scattered beam velocities used
in the Doppler reconstruction of y-ray spectra were varied to
match the centroids of the 1558 keV photopeaks in the spectra
collected by the 37° and 90° rings of SeGA. Velocities of v/c =
0.362(1) and v/c = 0.365(1) were determined by this method
for the polypropylene and graphite targets, respectively. These
correspond to midtarget beam energies of 68 MeV/nucleon in
the polypropylene target and 69 MeV/nucleon in the graphite
target. Prompt and nonprompt y-ray spectra were produced
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FIG. 1. Background-subtracted y-ray spectra measured in co-
incidence with “°Ar particles scattered from the 191 mg/cm?
polypropylene target. Top panel shows Doppler-corrected spectrum
(v/c = 0.36); bottom panel, laboratory-frame spectrum (v/c = 0).
GEANT3-fit spectrum appears as a solid curve in each panel.

via software gating on particle-y timing spectra. Each prompt
gate was 150 ns wide, and the corresponding nonprompt
gate was a combination of portions of the timing spectrum
to either side of the prompt gate having a total width of
150 ns. The nonprompt y -ray spectra contained no discernible
peaks and were produced for the purpose of subtracting
the random component of the background in the fitting
process, described in detail below. Background-subtracted
laboratory-frame (v/c = 0) and projectile-frame (v/c = 0.36)
y-ray spectra measured in coincidence with “°Ar particles
scattered from the polypropylene target are shown in Fig. 1.
These spectra correspond to 2.67 x 10% incident *6 Ar particles.
The spectra arising from 1.03 x 10 “® Ar particles incident on
the graphite target are shown in Fig. 2.

III. ANALYSIS AND RESULTS

GEANT3 [27] simulations of the SeGA response were used to
extract total y -ray yields from the measured spectra. The sim-
ulations successfully predict photopeak efficiencies obtained
from stationary calibration sources within 5%. Simulations
of the y rays observed in the projectile frame, and the
4438 keV peak in the laboratory-frame spectrum, correspond-
ing to the 2? — O;S. transition of '2C, were included in
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FIG. 2. Same as Fig. 1, but for the 211 mg/cm? graphite target.

the fitting process. For each y ray, a separate simulation
of the response of SeGA to 107 events was produced. A
linear combination of these simulated spectra, the measured
background spectrum, and an exponential function were fit
to the measured prompt y-ray spectrum. The exponential
function was included to account for the empirically observed
prompt component of the background. The coefficients of
the linear combination and the parameters of the exponential
function were varied using a log-likelihood maximization
procedure to obtain a best fit. The resulting fits are shown
as solid curves in both the projectile- and laboratory-frame
spectra in Figs. 1 and 2. The cross section for producing
each y ray with the graphite target was used to correct the
corresponding cross section measured with the polypropylene
target to obtain the proton-scattering cross section. In addition,
spectra gated on scattering-angle slices were fit to produce
angular distributions of inelastically scattered *°Ar particles
discussed below.

Seven peaks corresponding to y-ray energies of 726(5),
1118(7), 1558(9), 2307(13), 2530(16), 2692(16), and
3430(26)keV are evident in the projectile-frame spectrum
of Fig. 1. The 1558 keV y ray, the dominant peak in
the spectrum, corresponds to the 2] — O+ transition. The
energy obtained here is in reasonable agreement with that
of the majority of published measurements [13,15,28,29] but
discrepant with the value of 1577(1) keV obtained via deep
inelastic heavy-ion scattering [30]. We place the observed
y rays in the proposed level scheme shown in Fig. 3. Energies
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FIG. 3. Proposed level scheme of “°Ar with y-ray energies and
relative intensities from the present work.

and relative intensities of deexcitation y rays, deduced level
energies, and branching ratios are listed in Table I. The
1118 keV y ray likely corresponds to the 1140 keV transition
seen in coincidence with the 2] — O, transition in the frag-
mentation study of Ref. [28], and the 2307 and 2692 keV y rays
likely correspond to the 2322 and 2710 keV y rays observed
in the same study. Yields of the 726, 1118, 2307, 2692, and
3430 keV y rays detected in events with a y-ray multiplicity
of two support the placement of the corresponding transitions
above the 2 — Og transition in the level scheme. The
multiplicity- three yields of the 1118, 1558, and 2307 keV
y rays are significantly above the levels expected because of
coincidences with background y rays, while those of the 726
and 2692 keV y rays are not large enough to determine whether
they are involved in three-step cascades. On the basis of energy
sums, we place the 1118-2307 and 726-2692 keV cascades
parallel to the 3430 keV transition, and multiplicity gating
indicates that this parallel structure feeds the 2] directly. The
energy of the level at 4982(12) keV is the uncertainty-weighted
average of the energy sums of the 1118-2307-1558 keV, 726—
2692-1558 keV and 3430-1558 keV cascades. The states most
strongly populated by inelastic proton scattering are typically
low-lying, collective quadrupole and octupole excitations (for
example, see Refs. [31-34]). We suggest an assignment of
J* =37 for the level at 4982 keV based on the strength

TABLE 1. Energies of deexcitation y rays, intensities relative
to that of the 2] — 0;.& transition, deduced level energies, and
branching ratios from the present work.

Eevel (keV) E, (keV) I, (%) Branching ratio (%)

1558(9) 1558(9) 100 100

3866(16) 2307(13) 14(4) 100

4088(18) 2530(16) 7.2(26) 100

4251(18) 2692(16) 4.4(36) 100

4982(12) 726(5) 7.1(18) 25(6)
1118(7) 14(4) 50(9)
3430(26) 6.9(35) 25(9)
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with which it is populated, but we cannot exclude possible
J™ = 2%, 4% assignments. In Ref. [28], an angular anisotropy
measurement of the 2322 keV y ray (corresponding to the
2307 keV y ray observed in the present work) indicates a
AJ of 0 or 2 for this transition, and it was placed above
the 2 level on the basis of y-ray multiplicity. Based on
systematics, we expect the intermediate state populated by
a two-step cascade connecting a 3| level to a 2;“ level to have
either J* = 2% or J* = 4%. The assignment of AJ of 0 or 2
to the 2307 keV is consistent only with the bottom member
of such a cascade, leading to the ordering of the 1118-2307
cascade and the assignment of J* = (27, 4™) to the level at
3866 keV. We place the 2692 keV below the 726 keV transition
in the 726-2692 keV cascade on the basis that it is difficult
to explain the intermediate state at an excitation energy of
2.3 MeV given by the opposite ordering. The 4?’ and 2;
excitation energies predicted by the mean field calculations of
Ref. [1] and the large scale shell model calculations of Ref. [6]
all lie above 3 MeV. In the proposed level scheme, the 726,
1118, and 3430 keV y rays deexciting the J™ = (37) level
at 4982 keV are most likely E1 transitions. The measured
intensities of these y rays and the nonobservation of an
E3 transition to the ground state are consistent with the
recommended upper limits on B(E1) and B(E3) values for
the mass region [35]. Finally, the 2530 keV y ray may
correspond to the 2515.5 keV y ray seen in coincidence with
the 2+ — 0+ transition in the 8 decay of 46C] [29]. On this
basis, we tentatlvely place the 2530 keV transition directly
above the 2] state.

We measured a cross section, corrected for feeding, of
11(2) mb for exciting the ZT state. The excitation cross section
of the 3] state, corresponding to the total cross section for
producing the 3430, 1118, and 726 keV y rays, was4.5(11) mb.
We did not observe y rays on top of the 3| state, so no feeding
correction was made. Deformation lengths have been extracted
from measured excitation cross sections using the coupled-
channels code ECIS95 [36]. The thick-target method of inverse-
kinematics proton scattering does not yield elastic-scattering
angular distributions, and hence we are unable to determine
optical potential parameters empirically. Instead, we have
relied on a global nucleon-nucleus potential. Global potentials
(see, for example, Refs. [37-39]) are based on measurements
of stable nuclei for which proton angular distributions covering
wide scattering-angle ranges are available. They have not
been extensively tested for very neutron-rich nuclei. However,
the global potential of Bechetti and Greenlees [37] has been
successfully applied in studies of neutron-rich sulfur and
argon isotopes [40,41]. The Bechetti-Greenlees potential is
based on proton-scattering measurements with beam energies
less than 50 MeV/nucleon and is therefore unsuitable for the
present work. Instead, we have used the global potential of
Koning and Delaroche [39], which is based on a larger set of
measurements covering energies up to 200 MeV/nucleon. We
find &, = 0.88(9) fm for the 0+‘ — 2+ excitation and &3 =
0.63(8) fm for the 0; — 37 exc1tat10n using the vibrational
model. Several theoretical studles [1-5] have indicated a shal-
low oblate minimum in the potential energy surface for *6Ar
at a deformation consistent with the quadrupole deformation
|B2] = 0.186(13) measured via Coulomb excitation [13]. To
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FIG. 4. Angular distributions of scattered *° Ar particles measured
in coincidence with y rays deexciting the 2 and 3~ levels. Smooth
curves are ECIS95 calculations described in the text.

account for a possible static quadrupole deformation, we
performed a rotational-model calculation, which yielded a
deformation length of §; = 0.90(9) fm. The reduced radius
of the real potential used in the ECIS calculations was r, =
1.19fm, giving quadrupole deformations of 8, = 0.206(20)
and |B;| = 0.212(20) corresponding to the vibrational-model
and rotational-model deformation lengths, respectively.

Laboratory-frame angular distributions of scattered 6Ar
particles measured in coincidence with y rays deexciting the
27 level at 1558 keV and the 3~ level at 4982 keV are shown
in Fig. 4. The 2] angular distribution was obtained from the
yield of the 1558 keV y ray measured in coincidence with each
scattering-angle slice, corrected for feeding by subtraction of
the yields of the 2307, 2530, 2692, and 3430 keV y rays.
The angular distribution for the 3~ level corresponds to the
combined yields of the 3430 keV y ray and the 1118—
2307 keV and 726-2692 keV cascades, where the cascade
yields were obtained by averaging the yields of the y rays
involved. Each data point corresponds to a slice of solid angle
dQ2 = 27 sin O AQ with AG = 0.25°. The smooth curves in the
figure are ECIS95 calculations smoothed to match the angular
resolution of the S800 spectrograph. In the bottom panel,
calculations assuming J* = 2%,37, and 47 for the level at
4982 keV and giving the measured total cross section are
included. The measured angular distribution is most consistent
with our assignment of J* = 37 to this level.

In the notation of Ref. [17], the deformation length
measured using a probe F with a mixed sensitivity to protons
and neutrons is related to the neutron and proton deformation
lengths via

bINS, +bh 78,

— R 2
bIN + b5 Z @
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where b (b)) are the external-field neutron (proton) inter-
action strengths of the probe. Deformation lengths measured
with a pair of experimental probes having different neutron
and proton interaction strengths can be used to disentangle the
neutron and proton deformation lengths 8, and §, which in
turn can be used to calculate the ratio of neutron to proton
transition matrix elements M, /M . An electromagnetic probe
such as Coulomb excitation is sensitve only to protons (b, = 0
and b, = 1), giving gm = 6,. Following Bernstein ez al. [16]
for a case in which electromagnetic and proton-scattering
deformation lengths are used, Egs. (1) and (2) combine to

give

M”Zb_P[MQ_i_b_”E)_l] (3)

M, b,| 6 b, Z
The ratio b, /b, is approximately 3 for proton scattering below
50 MeV and approximately 1 at 1 GeV [17], but it is not
well determined at intermediate beam energies. Values of
(M,/M,)/(N/Z) for the 2 state of *°Ar calculated assuming
both b,/b, =1 and b,/b, =3 with the proton-scattering
deformation lengths from the present work and the proton
deformation length determined via Coulomb excitation from
Ref. [13] are shown in Table II. The uncertainties given in
the table reflect the experimental uncertainties in §(,,,, and
d,. Including uncertainties, the results in Table II span the
range 0.94N/Z <M, /M, <1.44N/Z. We adopt a value of
M, /M, = 1.19(25)N / Z, which covers this range.

IV. DISCUSSION

Experimental results for the ratio of M,/M, to N/Z
obtained with Eq. (3) and the absolute B(E2,0] — 2{)
excitation strengths are compared to shell model calcula-
tions in Fig. 5. The (M,,/M,)/(N/Z) values for A = 48-54
are derived from electromagnetic deformation lengths from
Ref. [14] and proton-scattering deformation lengths from
Refs. [33] and [42]. The B(E2 1) values are the adopted values
from Ref. [14].

Shell model calculations were carried out with the
harmonic-oscillator model space of pf for neutrons, sd for
protons in “®Ar, and pf for protons in A = 50-54, with the
shell model codes OXBASH [43] (A = 46, 48) and MSHELL
[44] (A = 50, 52, 54). For “°Ar we use the sd-pf effective
interaction developed in Ref. [45], and for A = 48-54 we use
the pf GXPF!1 effective interaction from Refs. [46,47].

The proton and neutron E2 matrix elements are obtained
with the generalized effective charge model [48]; M, =
Ap(1+6,,)+ Aydp,and M, = A, (1 4 8,,) + A8y, where

TABLE 1I. Values of (M,,/Mp)/(N/Z) for the 2} state of “Ar
calculated using the proton-scattering deformation lengths from
the present work and the proton deformation length measured via
Coulomb excitation from Ref. [13].

by/b, =1 by/bp, =3
Vibrational model 1.16(22) 1.12(16)
Rotational model 1.22(23) 1.16(17)
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2?’) values [14] (bottom panel) for the 2T states of even-even
N = 28 isotones. The value of (M,,/M,)/(N/Z) for *Ar (e) is from
the present work, and those for A = 48—54 (o) are derived from
deformation lengths given in Refs. [14,33,42]. The solid and dashed
lines are shell model calculations described in the text.

A are the E2 matrix elements obtained in the model space,
and 4, takes into account the polarization of the core nucleon
¢ with the valence nucleon v. We assume effective charges
appropriate for a *°Ca core where from (N, Z) symmetry we
have §,, = §,, = e, — land §,, = §,, = e,.

The model-space matrix elements A were obtained with
harmonic-oscillator radial wave functions. Two sets of ef-
fective charges were used; e, = 1.5¢,¢, =0.5¢ and e, =
1.2e, e,, = 0.8e. The former set is the standard isoscalar choice
that can be related to the mixing of the isoscalar giant
quadrupole resonance into the model-space wave functions.
The latter set contains a significant isovector component re-
lated to mixing with the isovector giant quadrupole resonance
[49] and is close to that suggested from a recent study of mirror
nuclei in the pf shell [50].

As can be seen in the bottom panel of Fig. 5, the B(E2 1)
value from the shell model is rather insensitive to the set of
effective charges used, while in the top panel, the ratio of the
matrix elements shows a pronounced dependence and proves
to be a valuable experimentally accessible quantity to study
effective charges. The choice e, = 1.2¢ and e, = 0.8e clearly
leads to a better description of the ratio of the matrix elements.
However, the comparison of experimental and theoretical
B(E2 %) values reveals striking discrepancies for “°Ar and
0Tj (see Fig. 5) pointing to deficiencies of the present effective
interactions which are most apparent in the structure of the
two N = 28 isotones just two protons outside doubly magic
“8Ca. The smaller-than-expected B(E2) values indicate that
the coupling of the neutron excitations in “¥Ca is not as large
as expected, perhaps an indication of a larger v f7,2-vp32 shell
gap in *8Ca than assumed in the models. A more detailed
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FIG. 6. Energies of the 2] states (top panel) and 37 states (bottom
panel) of even-even S, Ar, Ca, Ti, and Cr isotopes from Refs. [51-55]
and the present work.

comparison with theory will require a microscopic calulation
of the four core-polarization parameters d., (and their orbital
dependence) appropriate for a **Ca core.

The energies of the 2] states and 3] states of the even-even
neutron-rich S, Ar, Ca, Ti, and Cr isotopes are shown in
Fig. 6 [51-55]. The 2| energies show a dramatic increase in
the doubly magic nucleus “®Ca flanked by a smaller, relatively
uniform increase in the other N = 28 isotones, as expected
based on the shell closures at Z = 20 and N = 28. The E;-

energies in 48Ca, OTi, and >2Cr fall within a VEry narrow
range centered at about 4500 keV, with no distinguishing
increase at Z = 20. This can be explained in terms of the
details of the shell structure. The 3| states of the N =28
isotones with Z > 20 must be primarily proton excitations
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because of the large energy required to promote f7,, neutrons
to the go/» intruder orbit. There is experimental evidence that
the 37 states of ¥Ca and °Ti are primarily (7rs1,2) " (7 f7/2)
excitations [31,33]. This would explain the similar 3| energies
of these nuclei. Moreover, the assumption that 1p-1h proton
excitations to the f7/, shell dominate in the neutron-rich N =
28 isotones is consistent with the increase in the fragmentation
of low-lying octupole strength with increasing Z (increasing
f2/2 occupancy) observed in the proton-scattering study of
Ref. [31]. We have tentatively identified the 3| state of
46 Ar at 4982 keV with a deformation length of 83 = 0.63(8),
similar to those of the 3| states of neighboring N = 28
isotones *8Ca, 3°Ti, and 32Cr which fall between 83 = 0.61 and
83 = 0.76 [31,33]. The excitation energy of this state lies about
500 keV above those of the neutron-rich even-even N = 28
isotones with Z > 20, indicating a change in the underlying
configuration of the 37 state with the removal of two protons
from the Z = 20 shell.

V. SUMMARY

We have studied low-lying states of “°Ar via thick-target
inverse-kinematics proton scattering. The deformation length
of the 05, — 2] excitation has been measured and combined
with the most recent Coulomb excitation result to obtain a
value of M,,/M, = 1.19(25)N / Z indicating a greater neutron
contribution to this excitation than in those of the N =
28 isotones above “®Ca. This result is consistent with a
quadrupole-deformed ground state. Although the spherical
shell at N =28 may vanish below “*Ca, the systematic
behavior of the known two-neutron separation energies and 2,
state energies in this region indicate a persistent vf7,2-vp3,2

energy gap.
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