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Measurements of de—excitation gamma-rays in coincidence with target-like residues produced in
deep inelastic transfer reactions of 2*3U on a *®Ca target at an energy near the Coulomb barrier
are presented. A systematic analysis of the measured low lying states in the odd and even neutron-
rich Ca isotopes shows the absence of a predicted shell closure at N = 34 in neutron-rich calcium

isotopes.

PACS numbers: 21.60.Cs, 25.70.Lm, 23.20.Lv, 27.40.4+z

Energy shells or periodic enhancements of level densi-
ties from its mean value, as a function of energy, is a gen-
eral feature arising from quantum effects in finite size sys-
tems ranging from atoms, nuclei to metallic clusters. Ad-
vances in the measurements of the size of large metallic
clusters provided opportunities for the search of the exis-
tence of “super shells” and for “magic” numbers different
from those in atomic and nuclear physics [1]. The im-
proved 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 which can explain and
predict features of nuclei far from stability [3-6].

With the addition of protons in the 7lf7/, 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 2p3 5, 2p; /5 and
1f5/5 in 49Ca to 2p3/9, 1f5/2 and 2p; /5 in 5TNi [7]. Sim-
ilar migration of single particle levels for changing N/Z
asymmetry gives rise to weakening of known shell clo-
sures at N = 8, 20, 28 and the appearance of new ones,
such as, N = 14, 16, 32. The recent prediction [5] of the
existence of a “magic number” at N = 34 (first predicted
more than thirty years back [8]) initiated a large experi-
mental effort [9-12] (and references therein), in neutron-
rich nuclei around Ca. These measurements confirmed
the existence of a sub shell closure at N = 32 (between
the ps/o and p;/, orbitals) but no evidence for the ap-
pearance of a new gap at N = 34 was reported in Ti and
Cr isotopes [9-11]. 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 T' =1

term of nucleon-nucleon interaction in the evolution of
shell structure far from stability.

Calculations using the two most recent shell model in-
teractions, GXPF1A [5] and KB3G [3] and its modifica-
tion KB3GM [13], derived for nuclei having their valence
nucleons in the pf-shell are in good overall agreement
with the measured level schemes [9, 10]. The GXPF1A
interaction is obtained from a systematic fit to experi-
mental data starting from a realistic interaction, while
the KB3GM is obtained from empirical modifications of
the monopole part of the realistic nucleon—nucleon in-
teraction. Shell model calculations using the GXPF1A
interaction predicted a new shell closure at N = 34 (be-
tween the py /o and f5/, orbitals), making 55Caszs a new
doubly magic nucleus. Contrary to the above, the use of
KB3G/KB3GM interaction do not predict the appear-
ance of this shell closure [13]. It should be noted that
both interactions predict the low lying states in the Ca
isotopes to be dominated by valence single neutron exci-
tations.

The rapidly decreasing cross section associated with
the increasing N/Z values for 53°4Ca makes them diffi-
cult to characterize. Both the lack of experimental obser-
vation of ®*Ca and the small probability to populate the
f5 /o state in °3Ca through (-decay make it difficult to
directly verify this prediction. Therefore, in the present
work excited states corresponding to dominant neutron
single-particle configurations in neutron-rich isotopes of
Ca (59~52Ca) have been populated and identified to ob-
tain directly the difference in energy between the p; /o
and f5/5 orbitals and thus the shell gap at N = 34.

The measurements were made at GANIL using typical
beam currents of ~ 2 pnA of 23U from the CSSI cy-
clotron at an energy of 1.310 GeV incident on an isotopi-
cally enriched (96%), 1 mg/cm? thick, “®Ca target. The
resulting target-like residues produced in deep inelastic
transfer reactions [2] were detected and identified using
the large acceptance spectrometer VAMOS [14]. The co-
incident prompt y-rays from the target-like residues were
detected using 11 segmented clover detectors of the EX-
OGAM [15] array (photopeak efficiency ~ 9% at 1 MeV)
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FIG. 1: (color online) A typical spectra for a single Si detector
in the focal plane of the spectrometer. Energy loss detected
in an ion chamber versus the derived mass over charge for
a selected charge state, Q@ = 20. The position of %3Ca is
indicated by the circle and the various nuclei are indicated.

surrounding the target. The optical axis of the VAMOS
spectrometer was placed at 35 degrees (near a calculated
grazing angle) with respect to the beam axis. The reac-
tion products were identified from two-dimensional ma-
trices of energy loss (AFE) and mass-over-charge (A4/Q)
for each charge state. Figure 1 shows a typical identi-
fication matrix for one section of the focal plane clearly
demonstrating the unambiguous identification (Z, A) of
the various target-like residues. Further experimental de-
tails and results are given in Ref. [16]. As can be seen
from Fig. 1, 53Ca is the most neutron-rich isotopes of Ca
produced in the present work (N/Z ~ 1.65). The angle
between the segment of the clover detector and the re-
constructed velocity from the VAMOS spectrometer was
used to correct for the Doppler effect on an event by event
basis. The resulting v-ray spectra in coincidence with
the neutron-rich Ca isotopes identified in VAMOS, are
shown in Fig. 2. Low statistics in the gamma spectrum
of 33Ca prevented a clear identification of the position of
its excited states.

In the present work y—y coincidences and relative in-
tensities were used to obtain the level schemes. Due
to the fast falling and low production cross sections, a
limited use of y—y coincidences could be made in ®'Ca.
The relative intensities of various transitions as a func-
tion 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 con-
strained from the measured kinetic energy of the target-
like residue in the focal plane. Such a method, to the
best of our knowledge, has been employed for the first
time. In 5°Ca the 1978.2(0.6) keV ~-ray was observed in
coincidence with the 1026.2(0.3) keV transition and has
been assigned to arise from the decay of a 2; and not
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FIG. 2: Doppler corrected y—ray spectra obtained in EX-
OGAM in coincidence with VAMOS for different isotopes of
Calcium a) °°Ca, the inset shows the high energy part of the
spectra b) *'Ca and c) *?Ca.

from a 0 state [17], based on the higher expected en-
ergy of the 07 in ¥Ca. Other transitions seen in Ref. [2]
and also in the present work are not shown in Fig. 3. In
51Ca the 1943.4(5.7), 1466.3(1.6) and 843(27) keV tran-
sitions were not observed earlier. A direct feeding of the
27 state in 52Ca found in the present work, was not ob-
served in Ref. [18]. As seen from Fig. 2, a striking fea-
ture of the present work is the relatively large intensities
of the 2971.4(0.6) keV, 1426.1(3.2) keV ~y-rays in *°Ca
and °2Ca respectively. The ~y-rays have been assigned
to the de—excitation of the octupole core excited state at
around 3.9 MeV (37) [2, 18]. The equally strong feed-
ing of the state at a similar energy in *!Ca decaying by
the 1466.3 keV transition suggests it to be an equivalent
state.

A restrictive level scheme obtained from the present
work for the neutron-rich isotopes of °°~52Ca along with
shell model calculations using the GXPF1A interaction
is shown in Fig. 3. High lying states identified with the
37(2%, 4T) states in *®Ca involving proton (neutron)
core excitations across the Z = 20 (N = 28) gap are
also shown. In the following qualitative discussion, sim-
ple shell model analysis in terms of a sequential occu-
pancy of the shell model states, the doubly closed shell
nature of 35Casg and the neutron single particle energies
in 49Ca are used to identify and interpret the expected
dominant neutron configurations of the observed low ly-
ing states in 9~52Ca. These are then used to obtain an
estimate of the shell gap at N = 34. The validity of the
above approach was confirmed by performing large scale
shell model calculations using the GXPF1A, KB3G and
KB3GM interactions.

The ground state of ®*°Ca corresponds to a pair of va-
lence neutrons in the p3/, orbit coupled to J" = 0T and
a closed *Ca core. The breaking of this pair will give



61 16
57417
/57112
r 2p,,— 1f, / ]
1/2 5/2
! 52—4"
5l , 15
Pl 49 T— () (48— 9%~ o)
45y 37 2 at a5 gt /! j
Foaz —~ i p2x4" 45 47~ 45 —g* , 192 A = o,
+ + + Zofse 43 =1 ©rz
< o A0— 8 p2,x2* 4.0 (25 42—2 @
o 4r . f, 40 ——5/=-" % 2 p? x3~ 4.0 =T 3 . =) N pi, X3 4.0 3" 14
— ’ a2 337 3.8 17— (7/2™") — 5,7 o
s 3.8 2 P3 ) 2 /) .38 /2
= 1.9 MeV . 5 < _
> | PyuP,, 35— (11) Pofse 3.5 LR~ 507, © 1
= Q5 i 34T 75 71— 8
= 3 P31 3 ~33—17I S
£ 3t S e = s Plapus 91 (01 Iy
I e PPy, 30 30—1 pZ,p,, 2.9 5 32 N
= &) S \ .
£t S5 , Pt PLPy, 26 21, N
g oo“ PPy, 2:4 /27~ 2.2 — 50" Y %% H E+
R by, 20— 12T, 5 5 21— ' 12
N _ =
T17—1p pgrzpl/z 17 ’\m 2 \
L @ . ]
SN N O
s .-12—2" 5 ‘12 —1/7 Q
1 pz, 1.0- L o™ 18 1
N
N
O] -
L i
ot o—o" 0—3"  0—3/" 2 0 o* —o* 3 0 - 4 0—to* —ot
EXP Psz Exp 2 GXPF1AZ Psz EXP GXPE1A Psz EXP 2 GXPE1AZ Psz EXP GXPEIA
48 ) 50 5T 52
20C858 20C850 20C840 20C8g; 2023,
1f5/2 1f5/2 1f5/2 1f5/2 1f5/2
2p1/2 2p1/2 2p1/2 2pl/2 2p1/2
2py; 2p,;—@ooo 2p,;—0®c° 2p,;—000° 2p,, —000e

FIG. 3: (color online) A restrictive level scheme of the Ca isotopes obtained from the present measurement. The data for 1+
in ?52Ca and 24 in *°Ca are from Ref. [12, 17]. The neutron separation energy S, and the natural occupancy of the neutrons
in the ground state is also shown. The open circles represent the unfilled states. The curved arrows connect states differing
only with the promotion of a single neutron from p;/s to f5/o orbit with no change in the (pg/27 n = 0,2) neutrons. The

corresponding difference in energies are labeled (see text).

rise to a 27 state at ~ 1 MeV consistent with the known
pairing energy. No other states with only two neutrons
in the p3/, orbital are possible. The next natural excita-
tion arises from the promotion of a neutron to the p; /o
orbital. This state is expected to be at 2 MeV above
the 2] state in analogy with the the first excited state
in #°Ca. Only two states, namely the 1+ and 2%, can be
obtained from this p3/op;/2 configuration. The require-
ment of anti-symmetrization causes the spatial overlap of
the wave function of two particles in the p3/, and p; /o
orbits in the 17 state to be inhibited relative to that in
the 27 state [19]. This leads to the 2% being more bound
relative to the 1% state. Based on the energy of the
lowest excited states in “®Ca, the core-excited states are
expected to contribute around 4 MeV. The assignment
of a 37, 25 and 4% states [2, 17] is consistent with this
expectation. The state at 4.9 MeV is identified with the
p3/2fs/2 excitation. This is based on its position being
~ 4 MeV above the 2] (p§/2) state and ~ 2 MeV above

the 25 (p3/2p1/2) consistent with that in **Ca. The ob-
served direct transition to the ground state precludes a
0T or 4T assignment to this state.

In 52Ca the pj3 /2 orbit is fully occupied in the ground
state, preventing further re—coupling of these nucleons,
thus accounting for the absence of state analogous to the
21 in %°Ca. Hence the energy of the first 2% in °2Ca
is determined by the excitation of a neutron from the
p3/2 to pi 2 orbital and consistent with those in 49,504,

The second excited state is analogous to the 11 in ?°Ca.
The tentative assignment of the level at 4.0 MeV to be a
37 [12, 18] can be made firm, based on a uniformly strong
feeding of these states in all the neutron-rich isotopes
of Ca as discussed earlier. The knowledge of the above
states is now used to describe the structure of 5 Ca.

The ground state of ®*Ca can be described as three
neutrons occupying the pz,p orbit leading to the only
possibility of a 3/27 state. The excitation of a single
neutron from the ps/; to py/p orbital with the remain-
ing two neutrons coupled to J™ = 07 leads to the first
excited 1/27 state. The observed excitation energy for
this state (1.7 MeV) is ~ 300 keV smaller than the value
expected from the energy difference between the two low-
est 2% states in °°Ca or that of the corresponding single-
particle states in “°Ca. This arises from the decreased
pairing of the pg /2 configuration in the ground state as
compared to that in the first excited state. Only two ad-
ditional states namely the 3/2~ and 5/2~ can be formed
from the p§/2p1/2 configuration as in °°Ca, where the two
neutrons in the ps/, orbital recouple to J™ = 2. The
5/27 state is lower in energy relative to 3/27 in analogy
with the corresponding 17 and 27 states in *°Ca. Higher
lying states are expected to be formed either by excita-
tion of one neutron to the f55 state or by core excitations.
The 5/2; state arises from excitation of one neutron to
the f5/o orbit with the remaining ps/, neutrons coupled
to J™ = 0T. This state is expected to be ~ 2 MeV above



the 1/27 state (from 4°Ca and °°Ca); the observed en-
ergy difference is ~ 1.8 MeV (as indicated in Fig. 3). The
breaking of the ps o pair in the p3 Jof5/2 configuration will
result in a multiplet of states (1/27 < J™ < 9/27), due
to the coupling of the f5/, and the 2% (9/27 is expected
to be the lowest of the multiplet). This 9/2~ state is
expected to lie ~ 0.7 MeV above the 5/25 state aris-
ing from the difference in corresponding p§/2p1/2 states;

1/27 and 5/27 in agreement with the observed differ-
ence of ~ 0.8 MeV. The observation of the y—transitions
(1943 keV, 843 keV) corroborates the above assignment
thus excluding the states at 3.5 MeV and 4.3 MeV to be
associated with excitation of the core. In analogy with
%0Ca, the remaining states at 3.4 MeV and 3.8 MeV can
be identified with excitations of the “8Ca core, i.e. the
(pg/2 7_/12, 7/27) and (p§/2 x 37, T/2%) respectively.

The configurations of levels in terms of the valence
neutrons and “8Ca core-excitations have been discussed
above and states having p; /2 (p§/2, J7) and f5 /2(p3 /5, J7)
configuration have been identified. The energy difference
between these states is shown to have an almost constant
value of ~ 1.9 MeV (indicated in Fig. 3). This can be
taken to represent the gap between the p; /o and f5 /5 neu-
tron orbitals. Small corrections to the derived gap can
arise from the differences in the residual interaction of the
P12 or f5/; neutron with the (p§/2, J™) spectator config-

uration. A simple extrapolation to *>Ca will imply that
the corresponding 5/2~ state (f5/2(p§/2, 0%)) to be ~
1.9 MeV above the 1/27 ground state (pl/g(pg/Q, 0h)).

Similarly, the first excited state in ®*Ca is expected to
be slightly higher than this value due to the additional
stability of the ground state (p§/2,0+)(p§/2, 07), sim-
ilarly to 52Ca. A similar analysis can also be applied
to the model predictions [5] for the various levels shown
in Fig. 3. The corresponding energy differences between
the py/p and f5/5 orbitals are ~ 2.3, 2.7 and 2.6 MeV in
49Ca,0Ca and °'Ca respectively. These are consistent
with the calculated energies of the 5/27 state in **Ca
and that reported in Ref. [5] for the first 2% at 2.9 MeV
in ®*Ca. The equality of the predicted energies of these
states in 93:54Ca suggest the cancellation or/and the ab-
sence of neutron-neutron correlations in **Ca.

Further, as can be seen from Fig. 3, a comparison
of the experimental results with the predictions of the
GXPF1A interaction shows a systematic lowering (by
~ 0.6 MeV) of states with a |p3/api/2, 17) parent-
age of the wave function (the 17 states in ®*°2Ca and
1/27, 3/27 in the ®'Ca ). Such a behavior is expected
to arise from an increased binding due to an incor-
rect (p3/ap1/2, 17|V|ps/ap1/2, 17) two body matrix el-
ement. This was verified both by a comparison of the rel-
evant matrix elements in both the interactions and their
effect on the relevant levels in °3:°*Ca. Additionally the
states involving a ‘p3/2f5/2, J’T> parentage can be seen

to be calculated systematically to have a smaller bind-
ing energy compared to the experimental levels by a few
hundred keV. It can be seen that due to these reasons,
the predicted energy spacing between the p;/, and fy/o
orbitals [5] is too large compared to that experimentally
obtained, thus giving no real strong hint for the appear-
ance of a N=34 “magic” gap. The present work also
shows that the importance of the study of odd nuclei
(such as 51Ca in the present case) to constraint extrapo-
lations of shell model interactions.

In summary, a shell model interpretation of the mea-
sured levels of the neutron-rich isotopes of Ca shows that
energy spacing between the 2p, , and 1f5/2 neutron or-
bitals is almost constant going from 4°~52Ca and when
extrapolated to 3%4Ca, shows that N = 34 cannot be
considered as a new magic number as predicted earlier.
The present work also presents new limits of experimen-
tal sensitivity, reached using deep inelastic transfer reac-
tions, to access to a wide variety of states with different
configurations including odd nuclei, necessary to study
structural changes far from stability.
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