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Shell evolution and the N = 34 “magic number”
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Measurements of de-excitation y rays in coincidence with target-like residues produced in deep inelastic
transfer reactions of >®U on a *®Ca target at an energy near the Coulomb barrier are presented. A systematic
analysis, within a shell model approach, of the measured low-lying states in the odd and even neutron-rich Ca
isotopes points toward a possible absence of a predicted shell closure at N = 34.
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Energy shells or periodic enhancements of level densi-
ties from their mean value, as a function of energy, are
a general feature arising from quantum effects in finite
size systems ranging from atoms and nuclei to metallic
clusters. Advances in the measurements of the size of large
metallic clusters provided opportunities for the search for
the existence of “super shells” and for “magic” numbers
different from those in atomic and nuclear physics [1]. The
improved sensitivity of experimental techniques, both with
low-intensity radioactive ion beams and high-intensity stable
beams, played an analogous role in the quest for understanding
the evolution of the ordering of single-particle (shell model)
states or new “magic numbers,” as a function of isospin in
nuclei far from stability [2]. Intense theoretical efforts are
underway to obtain new effective shell model interactions
that can explain and predict features of nuclei far from
stability [3—-6].

With the addition of protons in the 7 17/, orbital, moving
from Ca to Ni, the strongly attractive proton-neutron spin-flip
interaction [6] is known to modify the ordering of the levels in
the fp shell from 2p; 5, 2p; ,, and 1f5> in YCato 2p3),, 52,
and 2p, , in >'Ni [7]. A similar migration of single-particle
levels for changing N/Z asymmetry gives rise to weakening
of known shell closures at N = 8, 20, 28 and the appearance of
new ones, suchas N = 14, 16, 32. An experimental indication
of a subshell closure at N =32 (between the 2p;, and
2p, , orbitals) was first shown in 2Ca [8] and °Cr [9] from
measurements following B decay and in >*Ti [10] combining
results from B decay and prompt y spectroscopy using deep
inelastic transfer reactions. The existence of a gap at N = 34
was first predicted more than 30 years back [11]. A recent
prediction [5] of the existence of a “magic number” at N = 34
initiated a large experimental effort in neutron-rich nuclei
around Ca [12-15]. No evidence for the appearance of a new
gap at N = 34 was reported in Ti and Cr isotopes [12—-14].
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These nuclei are easier to study due to their lower N/ Z values,
but the presence of valence protons outside the Z = 20 shell
reduces their sensitivity to the neutron configuration (hence the
N = 34 closure) as compared to the more exotic neutron-rich
isotopes of Ca. The study of these neutron-rich Ca isotopes
also provides a good handle to explore the role of the 7 = 1
term of the nucleon-nucleon interaction in the evolution of
shell structure far from stability.

Calculations using the most recent shell model interactions,
GXPF1A [5] and KB3G [3], and KB3G’s modification
KB3GM [16], derived for nuclei having their valence nucleons
in the pf shell, are in good overall agreement with the
measured level schemes [3,5]. The GXPFI1A interaction is
obtained from a systematic fit to experimental data starting
from a realistic interaction, while KB3GM is obtained from
empirical modifications of the monopole part of the realistic
nucleon-nucleon interaction. Shell model calculations using
the GXPFI1A interaction predicted a new shell closure at
N = 34, based on an increasing energy gap between the p;
and f5 , orbitals, making 33 Cas4 a new doubly “magic” nucleus
[5]. Contrary to the above, the use of the KB3G/KB3GM
interaction does not predict the appearance of this shell closure
[5,16]. It should be noted that both interactions predict the
low-lying states in the Ca isotopes to be dominated by valence
single neutron excitations.

The rapidly decreasing production cross sections associated
with the increasing N/ Z values for 3%3*Ca make them difficult
to characterize. Both the lack of experimental observation
of 3*Ca and the small probability to populate the fs /2 state
in 3Ca through B decay [15] make the verification of the
above prediction difficult. Therefore, in the present work,
excited states corresponding to dominant neutron single-
particle configurations in neutron-rich isotopes of Ca (**~32Ca)
have been populated and identified to infer the difference in
energy between the p/, and f5, orbitals and thus the shell gap
at N = 34.

Deep inelastic collisions (DIC) near the Coulomb barrier
have been shown to be a powerful way to populate neutron-rich
nuclei far from stability [17]. Measurements using DIC have
been made recently to study neutron-rich nuclei in this mass
region both at Gammasphere with thick targets [10,13,18] and
at PRISMA-CLARA with thin targets in direct kinematics
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[14]. The present work reports results obtained from deep
inelastic reactions in inverse kinematics using the VAMOS-
EXOGAM setup.

The measurements were made at GANIL using typical
beam currents of ~2 pnA of >*U from the CSSI cyclotron, at
an energy of 1.31 GeV incident on a 1 mg/cm? thick, enriched
“8Ca target. The resulting target-like residues, produced
in deep inelastic transfer reactions [2], were detected and
identified using the large acceptance spectrometer VAMOS
[19]. The optical axis of the spectrometer was placed at 35°
(a calculated grazing angle) with respect to the beam axis.
The focal plane detection system consisted of two position
sensitive drift chambers separated by a distance of 1 m, a
secondary electron (timing) detector (SeD), placed between
the two drift chambers, and a segmented ionization chamber
followed by a 21-element Si wall. The measured positions
and angles x, y, 6, and ¢ at the focal plane and the magnetic
field combined with ion optics were utilized to reconstruct the
magnetic rigidity (Bp), the scattering angle, and the path length
for each fragment, on an event by event basis. The mass (A)
and mass over charge (A/Q), used to identify the charged
state of the nuclei, were obtained from the time of flight
(distance of ~7.5 m) and total energy and the reconstructed
Bp, respectively. The unambiguous identification (Z, A) of the
various target-like residues can be seen in Fig. 1, which shows
a typical identification matrix of energy loss and mass over
charge for one charge state, for a section of the focal plane.
As can be seen from Fig. 1, 3Ca is the most neutron-rich
isotope of Ca produced in the present work (N/Z = 1.65). The
coincident prompt y rays from the target-like residues were
detected using 11 segmented clover detectors of the EXOGAM
[20] array (photopeak efficiency ~9% at 1 MeV) surrounding
the target. The angle between the segment of the clover detector
and the reconstructed velocity from the VAMOS spectrometer
was used to correct for the Doppler effect on an event by event
basis. The resulting y -ray spectra obtained in coincidence with
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FIG. 1. (Color online) Energy loss versus the derived mass over
charge (A/Q) for a selected charge state, Q = 20. The position of
3Ca is indicated by the circle. The inset shows the corresponding
mass (A) versus mass/charge (A/Q) used to identify the charged
states. (See text.)
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FIG. 2. Doppler corrected y-ray spectra for different isotopes of
calcium identified in the spectrometer. (a) *°Ca, the inset shows the
high energy part of the spectra for two different (L, low; H, high)
excitation energy cuts; (b) >'Ca; (c) portion of 3!Ca y-ray spectra in
coincidence with the 2379 keV transition; and (d) *>Ca.

neutron-rich Ca isotopes identified in VAMOS are shown in
Fig. 2.

The level schemes for *~>2Ca obtained from the present
work are shown in Fig. 3. These are based on measured
y -y coincidences, relative intensities, and available data from
Refs. [2,8,15,21] and were also guided by simple shell model
arguments. The use of y-y coincidences was not possible in
32Ca because of the limited statistics. The relative intensities of
various transitions as a function of the excitation energy in the
fragment were used as an additional aid for the placement of
the y rays. The excitation energy of the detected fragment was
constrained from its measured kinetic energy. Such a method,
to the best of our knowledge, has been employed for the first
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FIG. 3. Level schemes of the Ca isotopes as derived in the
present measurement. The electromagnetic transitions are indicated
by arrows; the widths indicate their relative intensities.
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time. The inset in Fig. 2(a) shows a part of the y spectra for two
different (H, high; L, low) excitation energy cuts (normalized
to the number of counts in the cut). The spectra corresponding
to a higher excitation energy (H) show a relatively larger
yield for the known higher lying 4* state, which decays by a
3488 keV y ray, compared to that of the lower excitation energy
(L).In*Cathe 1978.2(0.6) keV y ray, observed in coincidence
with the 1026.2(0.3) keV transition, was assigned to the decay
of the 27 state. The other suggested assignment of 0" for this
state [22] requires an excitation of the two valence particles or
the excitation of the core and is expected at a much higher en-
ergy. In 3'Ca, the 1943.4(5.7), 1466.3(1.6), and 843(2.7) keV
transitions have not been observed earlier. A direct feeding
(around 30%) to the 2% state in 7>Ca, found in the present
work, was not observed in a two proton removal reaction [21].
Relatively large populations (normalized by the number of
fragments) of 0.26(1) and 0.24(4) for the 2971.4(0.6) keV and
1426.1(3.2) keV y rays for the decay of the known 3~ states
in °Ca and ?Ca, respectively, were observed in the present
work. The equally strong feeding 0.17(6) of the state at a
similar excitation energy (~4 MeV) in °'Ca decaying by the
1466.3 keV transition suggests it to be an equivalent octupole
state. Such a strong feeding of the octupole vibrational states
has been observed earlier in other deep inelastic transfer
studies [23].

In the following qualitative discussion, we utilize a simple
shell model description with a doubly closed core of %Cazg
and the neutron single-particle energies in ggCa to identify
the expected dominant neutron configurations of the observed
low-lying states in **~>2Ca. These are then used to experi-
mentally obtain and study the evolution of the energy gaps
between the py,, and fs;, states as a function of isospin to
address the question of a new shell gap at N = 34. Figure 4
shows restrictive level schemes of the Ca isotopes along with
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shell model calculations. The data for 17 states in °*32Ca and
2;“ state in *°Ca are from Refs. [15,22].

As shown in Fig. 4 the ground state of **Ca corresponds to a
pair of valence neutrons in the p3» orbital coupled to J™ = 0"
and a closed “8Ca core. The first excited state (27) is identified
with the breaking (=1 MeV) of this pair. The next excitation is
the promotion of a neutron to the py /> orbital, which in analogy
with the first excited state in *°Ca, is expected to be 2 MeV
above the 2T level. Only two states, namely, the 17 and 2"
states, can be obtained from this p3,,pi/» configuration. The
requirement of antisymmetrization causes the spatial overlap
of the wave function of two particles in the p3» and p; /, orbitals
in the 17 state to be inhibited relative to that in the 27T state [24].
This leads to the 2* level being more bound relative to the 17
state, as also predicted by the shell model calculation using the
KB3GM interaction. The state at 4.9 MeV, also observed in
B decay [22], is interpreted as 2+ and a p3 2f5/2 excitation. A
1" assignment is unlikely because of the weak population of
these (1) states in the present work. From the known energies
of the low-lying states in **Ca the assignment of 37, 27, and
47 states are consistent with their identification as excitations
of the core [2,22]. In >2Ca, as the p3,2 orbital is fully occupied
in the ground state, the energy of the first 27 state is determined
by the excitation of a neutron from the p3/, to py orbital. The
second excited state is analogous to the 17 state in NCa[15].
The knowledge of the above states is now used to describe the
structure of ! Ca.

In >'Ca, the three valence neutrons occupy the p3 /2 orbital,
leading to a 3/27 ground state; the excitation of one of these
neutrons to the py/, orbital (with the remaining two neutrons
coupled to J™ = 0%) leads to the first excited 1/27 state. The
next two excited states arise from coupling these two neutrons
in the p3, orbital to J* = 27, giving rise to the 3/2 and 5/2~
states. The 5/27 state is lower in energy relative to 3/27, as
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FIG. 4. (Color online) Restrictive level schemes of the Ca isotopes along with shell model calculations using KB3GM (K), GXPF1A (G),
and a modified GXPF1A (GM) interaction (see text). The curved arrows connect states differing only with the promotion of a single neutron
from py» to f5/, orbital with no change in the (pg/z, n = 0, 2) neutrons (see text).
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is the case for the corresponding 2 and 17 states in °Ca.
Higher lying states are formed either by excitation of one
neutron to the fs5), state or by core excitations. A 5/27 state
can arise from the excitation of one neutron to the fs5/, orbital
with the remaining ps,, coupled to J™ = 0. Such a state is
expected, from “’Ca and °Ca, to be ~2 MeV above the 1/2~
state and, as seen from Fig. 4, is observed ~1.8 MeV above
the 1/2~ state in °'Ca. The breaking of the p3/, pair in the
p% s2fs/2 configuration will result in a multiplet of states with
the 9/27 level expected to be the lowest. The position of this
9/27 state, based on the energy difference between the 1/27
and 5/2 states of the p3 /2P1/2 configuration is expected to lie

~0.7 MeV above the 5/2; state. The observation of both the
843 keV y ray corresponding to this expected difference and
the 1943 keV transition to the 5/2; level confirms this assign-
ment. This excludes the states at 3.5 and 4.3 MeV to be asso-
ciated with the excitation of the core. As discussed earlier, the
state at 3.8 MeV is identified as (p3 /2 % 37,7/2%)an octupole
vibration; the other state at 3.4 MeV (7/27) is identified with
excitations of the **Ca core having a pg‘ /2f7_/12 configuration.
The configurations of levels in terms of the valence neutrons
and *®Ca core excitations are discussed above and states having
the relevant py,»(p5 20 J ™) and f5,2(p4 /20 J™) configuration
have been identified. The energy difference of ~1.9 MeV
between these states represents the gap between the pj;
and f5/, neutron orbitals and is almost constant for all the
isotopes as shown in Fig. 4. Shell model calculations predict
a pure neutron configuration of greater than 75% for these
states. This high purity of the wave function justifies the
above approximation. In general, energy centroids obtained
using the distribution of single-particle strength are to be
used. Additional corrections to the derived gap can arise
from the differences in the residual interaction of the py/
or f5,; neutron with the (p} /2> J7) spectator configuration.

A simple extrapolation to >Ca would imply that the E(4")
state (1f5 /22p§ /2) is at ~4.5 MeV. This is close to the neutron
binding energy S, of 4.7(7) MeV [25] and this state could be
unbound. In 33Ca, the 5/2" state (fs/>(p} 12, 01)) is expected

~1.9 MeV above the 1/2~ ground state (p; /g(p‘31 /20 07)). The

first excited state in >*Ca is expected to be slightly higher than
this value because of the additional stability of the ground state
(P72, 0)(P35, 0T), similar to *Ca.

It can be seen from Fig. 4 that the energy differences
between the p;,» and fs;, states obtained from the shell
model calculations using the GXPF1A (KB3GM) interactions
are 2.7(2.2) MeV in ¥Ca and 2.6(1.5) MeV and 2.6(1.9)
MeV in 3'Ca. Thus the shell model calculations using
the KB3GM interaction predict the corresponding energy
differences ranging from 1.5 to 2.2 MeV and a relatively
constant but large difference using the GXPF1A interaction.
Both interactions are unable to reproduce the measured
difference in energy between these states. Further, a com-
parison of the experimental levels with the predictions of the
GXPF1A interaction in Fig. 4 shows a systematic lowering (by
~0.6 MeV) of states having a |p3/2p1 /2 1+> parentage of
the wave function (the 17 states in *32>Ca and 1/27,3/2~
states in °'Ca). Such a behavior can be traced back to a large
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FIG. 5. (a) Shell model calculations using KB3GM (K), GXPF1A
(G), and modified GXPF1A (GM) interactions for the lowest states in
3Caand **Ca (see text). (b) Effective single-particle energies (ESPE)
of the neutron p,,, and fs5,, orbits relative to the p3;, orbit in the Ca
isotopes.

binding of the (p3/2p1/2, 1+ V| P3/2P1/2, 1+> two-body matrix
element [V (17)] obtained for this interaction. It is possible
that this matrix element is not well determined in the fitting
procedure as its contribution to the natural parity states (in
particular in nuclei with Z > 20) is expected to be small. In
the GXPF1A interaction the matrix element V (17) has a value
of —0.159 MeV, which is relatively attractive and similar to
that of the V(27) matrix element with a value of —0.294 MeV.
The corresponding values in the KB3GM interaction are
+0.552 MeV and —0.288 MeV, respectively. The effect of
this difference between the two interactions was studied
from a modification of the GXPF1A interaction by setting
V(11) = +0.540 MeV so as to reproduce the experimental
E(1") in *°Ca. Calculations using this modified GXPF1A
(GM) interaction are also shown in Fig. 4. As can be seen
from the figure sizable shifts of the relevant energy levels are
obtained resulting in a better description of the Ca isotopes.
Shown in Fig. 5(a) are shell model calculations for the
lowest states in >3Ca and *Ca using the same interactions used
in Fig. 4. As can be seen in the figure the KB3GM (GXPF1A)
interaction predicts an energy difference of 1.2(2.9) MeV be-
tween the 1/2~ and the 5/2 states in >>Ca. The corresponding
calculations predict for the first 2+ state in **Ca a value of
1.8(2.9) MeV. The results of shell model calculations using
the modified GXPF1A interaction, which better reproduces
the experimental level scheme in Fig. 4, demonstrate that the
energy of the corresponding states in >*Ca and >*Ca are 1 MeV
lower then those predicted using the GXPF1A interaction.
Shown in Fig. 5(b) are the effective single-particle energies of
the neutron 2p, , and 1fs, orbits relative to the 2p;, orbit in
the Ca isotopes. The KB3GM (GXPF1A) interaction predicts
for the N = 34 gap a value of 1.5(3.6) MeV. It can be seen that
the modification of the (p3/2p1/2, 1Y |VIps2pie, 1*) matrix
element in the GXPF1A interaction reduces the predicted
gap at N =34 to 2.6 MeV. The above modification does
not account for the predicted higher excitation energy of
the levels involving the fs5,, orbit and, when considered,
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would lead to a further reduction in this gap. It should be
noted that the modification described above of the GXPFIA
interaction has an impact only on the predicted N = 34 shell
gap in Ca. Calculations using this modification were seen to
have a weak influence on the calculated yrast structures in
neighboring isotopes of Ti or Cr, thus maintaining the excellent
agreement of the calculations with the experimental data. It
is because of the above described reasons that the predicted
energy spacing between the p;,» and fs5,, orbitals using the
GXPF1A interaction is large compared to that experimentally
obtained. Thus the lack of evolution of the gap for increasing
isospin and the inconsistency of the prediction [5] with the
experimental data appear to contradict the existence of a new
“magic number” at N = 34.

In summary, this work presents new limits of experimental
sensitivity to access a wide variety of states with different
configurations necessary to study structural changes far from
stability. A shell model interpretation of the measured levels of
the neutron-rich isotopes of Ca shows that the energy spacing
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between the 2p, , and 1f5/» neutron orbitals is almost constant
going from *°~32Ca and, when extrapolated to >*>*Ca, shows
that N = 34 may not appear to be a new magic number.
Measurements of the lowest {5/, state in 33Ca and/or the first
2+ state in >*Ca would provide additional information for the
understanding of a N = 34 shell closure and help to improve
modern realistic residual interactions.
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