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Shape Coexistence and the N 5 28 Shell Closure Far from Stability
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The masses of 31 neutron-rich nuclei in the range A � 29 47 have been measured. The precision of
19 masses has been significantly improved and 12 masses were measured for the first time. The neutron-
rich Cl, S, and P isotopes are seen to exhibit a change in shell structure around N � 28. Comparison
with shell model and relativistic mean field calculations demonstrate that the observed effects arise from
deformed prolate ground state configurations associated with shape coexistence. Evidence for shape
coexistence is provided by the observation of an isomer in 43S.

PACS numbers: 21.10.Dr, 21.60.–n, 27.30.+ t, 27.40.+z
The stability of nuclei arises from a delicate balance be-
tween nuclear, electromagnetic, and weak forces in the nu-
clear medium. The challenge of a precise modeling of the
underlying laws motivates an intense direct investigation
of nuclei far from stability that was made possible by the
availability of secondary radioactive beams of steadily in-
creasing intensity. In particular, the evolution of shell clo-
sures far from stability is a subject of much actual debate
[1,2]. Deformations, shape coexistence, or variations in
the spin-orbit strength as a function of the neutron to pro-
ton ratio could provoke the modification of magic num-
bers. Such behavior has consequences in other domains,
as seen, for example, in nucleosynthesis, where a quench-
ing of shell effects, and consequently of spin-orbit split-
ting, can provide for a better agreement between model
calculations and observed abundances [3]. A breaking of
magicity has already been observed at the N � 20 shell
closure where an island of inversion in shell ordering has
been shown to exist [4–6]. More recently, the determi-
nation of the lifetime [7] and of the deformation of 44S
[8] has indicated the existence of a similar effect at N �
28. Interestingly, this is the first shell closure that arises
from the spin-orbit splitting, which is responsible for the
1f7�2-2p3�2 shell gap.

Experimentally, nuclear binding energies are very sensi-
tive to the existence of shells and may provide clear signa-
tures of shell closures [9]. It was in this spirit that a mass
measurement experiment using a direct time of flight tech-
nique was undertaken to investigate the N � 20 and 28
shell closures for nuclei from Ne (Z � 10) to Ar (Z � 18).
The nuclei of interest were produced by the fragmentation
of a 60A MeV 48Ca beam on a Ta target located in the
5062 0031-9007�00�84(22)�5062(4)$15.00
SISSI device. In order to combine the production of nu-
clei of interest with a broad range of reference masses, the
production target, which rotated at �2000 turns�min, was
composed of sectors of different thicknesses of 550 �89%�,
450 �10%�, and 250 mg�cm2 �1%�. The mass is deduced
from the relation Br � gm0y�q where Br is the mag-
netic rigidity of a particle of a rest mass m0, charge q, and
velocity y, and g is the Lorentz factor. This technique has
already been used at Ganil to measure the masses of a large
number of neutron-rich nuclei [4,10]. The 82 m long flight
path between a start detector located near the production
target and a stop detector at the final focal plane of the high
resolution spectrometer SPEG facilitated the time-of-flight
measurement. The magnetic rigidity was measured in the
dispersive section of the SPEG spectrometer using a po-
sition sensitive detector [11]. Unambiguous particle iden-
tification was provided by a four-element silicon detector
telescope. A mass resolution corresponding typically to
63 MeV of the mass excess was obtained.

Depending on the statistics, a final precision in the mass
excess ranging from 100 keV for thousands of events to
1 MeV for tens of events was obtained. The present mea-
surements included the detection of delayed g rays from
isomers by a 4p NaI array surrounding the detector tele-
scope. Of the newly measured nuclei, only 43S exhibited
a small (�1%) isomeric contamination, which was too
weak to influence significantly the derived mass. As noted
above, a large number of well known nuclei transmitted in
a single setting provided a calibration from which the new
masses were deduced.

A crucial problem in direct mass measurements is the
choice of reference masses and the estimation of the
© 2000 The American Physical Society
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systematic errors. We used as references only masses
where three or more independent and coherent mass
determinations were available. Further details of the
analysis can be found in Ref. [12]. The present results and
recently published mass determinations [13] allowed us to
analyze unpublished data [14] from Ref. [4], where a lack
of reference masses did not allow masses to be extracted
for nuclei heavier than A � 37. The results of the present
and the reanalyzed data are given in Table I. Listed are
all nuclei in the region covered by our measurements
where less than three independent measurements were
available. As can be seen, the precision for 19 masses was
considerably improved, often by a factor of 2 or more.
Twelve masses were measured for the first time, eight of
them with a precision of better than 1 MeV. The errors
cited contain the statistical error and a systematic error,
based on the extrapolation procedures. No statistically
significant discrepancies with previous measurements and
between the two new sets of results were observed. In the
last column of Table I the weighted mean values of the
different mass determinations are given and these values
are used in the following discussion.

The separation energy of the two last neutrons corre-
sponding to a derivative of the mass surface, S2n, derived
from the current (Table I) and previous measurements [13]
are displayed in Fig. 1. The Ca isotopes show the behavior
typical of the filling of shells, with the two shell closures
at N � 20 and 28 being evidenced by the corresponding
sharp decrease of the S2n, and a slowly decreasing S2n as
the 1f7�2 shell is filled. The K and Ar isotopes show a
similar behavior. The Cl, S, and P isotopes, however, ex-
hibit a pronounced change of slope around N � 26.

A more direct way to see shell effects on nuclear masses
is to substract the “macroscopic” contribution. Here we
have used the finite range liquid drop model of Ref. [15].
The difference—the microscopic or the shell correction
energy—is plotted in Fig. 2, together with predictions of
the shell model [6,16]. As in Fig. 1, the qualitatively dif-
ferent behavior of the S and P isotopes as compared to
the Ca isotopes is clearly evident. The Ca isotopes show
TABLE I. Experimental mass excesses (6 uncertainties in keV). The first column is from the present experiment, the second
column is from reanalyzed data [14], the third column is the weighted mean value of the first and second columns, the fourth column
is from the compilation of Audi et al. [13], and the last column is the weighted mean of the third and fourth columns.

Present Reanalysis [14] Mean�Pres. 1 Rean.� Ref. [13] Weighted Mean

29Ne 18 070 (380) 18 020 (300) 18 050 (240)
30Ne 23 900 (790) 22 240 (820) 23 100 (570)
32Na 19 540 (470) 18 300 (480) 19 020 (350)
33Na 24 560 (1080) 25 510 (1490) 24 880 (880)
34Mg 9220 (330) 8450 (260) 8760 (210)
35Mg 17 540 (1000) 17 400 (1600) [4] 17 500 (850) 17 500 (850)
36Mg 23 220 (1500) 23 220 (1500)
36Al 5720 (290) 5920 (270) 5830 (200)
37Al 10 150 (420) 9600 (540) 9940 (330)
38Al 16 750 (860) 14 200 (1400) 16 050 (730) 16 050 (730)
39Al 21 400 (1470) 21 400 (1470)
38Si 23820 �300� 24200 �170� 24110 �150� 23740 �270� 24020 �130�
39Si 2060 (460) 1770 (500) 1930 (340) 1930 (340)
40Si 5760 (690) 4930 (940) 5470 (560) 5470 (560)
41Si 13 560 (1840) 13 560 (1840)
38P 215 010 �290� 214 820 �130� 214 850 �120� 214 470 �140� 214 690 �90�
39P 212 920 �260� 212 940 �130� 212 940 �120� 212 650 �150� 212 830 �90�
40P 27640 �300� 28200 �190� 28040 �160� 28340 �200� 28160 �130�
41P 24930 �390� 25520 �280� 25320 �230� 24840 �470� 25230 �210�
42P 1440 (590) 240 (690) 930 (450) 930 (450)
43P 5770 (970) 3930 (1510) 5230 (820) 5230 (820)
40S 223 200 �320� 222 770 �180� 222 870 �160� 222 850 �230� 222 870 �130�
41S 219 030 �310� 219 100 �140� 219 090 �130� 218 600 �210� 218 970 �110�
42S 218 060 �330� 217 640 �140� 217 700 �130� 217 240 �330� 217 650 �120�
43S 212 020 �430� 211 930 �230� 211 950 �200� 212 480 �840� 211 980 �200�
44S 28350 �580� 29790 �540� 29120 �400� 29120 �400�
45S 23100 �2680� 23360 �2290� 23250 �1740� 23250 �1740�
43Cl 224 230 �310� 224 300 �280� 224 270 �210� 224 030 �160� 224 120 �130�
44Cl 220 630 �340� 220 210 �120� 220 260 �110� 219 990 �220� 220 200 �100�
45Cl 218 490 �430� 218 340 �130� 218 350 �120� 218 910 �650� 218 370 �120�
46Cl 213 920 �1610� 214 900 �800� 214 710 �720� 214 710 �720�
47Ar 224 750 �1270� 225 910 �100� 225 900 �100�
5063



VOLUME 84, NUMBER 22 P H Y S I C A L R E V I E W L E T T E R S 29 MAY 2000
FIG. 1. Experimental S2n values in the region of the N � 20
and 28 shell closures. The circles correspond to values from
Ref. [13], the bold circles to values for which the precision was
improved, and the filled circles to masses measured for the first
time (Table I).

pronounced shell correction minimas around N � 20 and
28. The S and P isotopes do not exhibit such effects at
N � 28, and instead show a discontinuity in the slope at
N � 26. The observed trends are well reproduced by large
scale shell model (SM) calculations undertaken within the
sd-fp model space [6]. We obtained a similar agreement
in relativistic mean field (RMF) calculations [12,17].

Minimization of the potential energy in the RMF model
was performed with constrained quadrupole deformations.
The results of such calculations including even odd nu-
clei is shown in Fig. 3 for the S isotopes. Interestingly,
beginning at N � 23, two local minima were found, cor-

FIG. 2. Shell corrections as defined in the text of the mass
of Si, P, S, Cl, and Ca isotopes. The points correspond to
experimental values (see caption of Fig. 1 for details), the lines
to shell model calculation [6,16].
5064
responding to prolate and oblate configurations. Further-
more, for N $ 27, the difference in binding energies for
the two solutions suddenly decreases, thus suggesting the
coexistence of nearly degenerate different shapes. Similar
conclusions have been reached for even-even nuclei in this
region by [1,18–20]. Up to now, however, no experimen-
tal evidence for shape coexistence in this region has been
available, in spite of much theoretical effort [21].

Shape coexistence is often associated with isomerism
(see, for example, Ref. [22]). We observed, as described
above, an isomeric state in 43S. In a subsequent experi-
ment employing a much shorter flight path (�43 m) [23],
the energy of the g rays and the half-life were measured
by delayed coincidences between two Ge detectors and
a Si telescope. A single transition with Eg � 319 keV
and a lifetime of 478(48) ns was observed (Fig. 4). The
isomeric transition must thus lead directly to the ground
state or a very low-lying state (Ex # 50 keV). For E1 and
M1 transitions such a long lifetime would correspond to
a very large hindrance factor and only an E2 transition is
compatible with the observation. In this case a B�E2� of
0.517�0.052�e2 fm4, or 0.04 Weisskopf units, is deduced.
Such an isomeric state is predicted by SM calculations
similar to those of Ref. [6] as a shape isomer whereby the
weak strength of the transition arises from the two very
different wave functions involved.

A recent measurement of the Coulomb excitation of
43S revealed a new level at 940 keV with a B�E2� of
175�69�e2 fm4 [24]. The SM predictions are compared
to experiment in Fig. 4. As can be seen, both the transi-
tion strengths and the energies of the levels are well repro-
duced. In the case of a closed f7�2 shell, the ground state
of 43S would correspond to a 7�22 neutron hole. The SM,
however, predicts an inversion of the 7�22 and the 3�22

levels with the former being the isomeric state. Analysis
of the SM wave functions reveals that 48% of the 3�22

ground state corresponds to coupling of a neutron to a de-
formed core of protons in a 21 state. A similar conclusion
was reached by [25]. RMF calculations (see Fig. 3) predict

FIG. 3. Quadrupole deformations for S isotopes obtained in
the RMF model by maximization of the binding energy. The
numbers in the figure are the excitation energy in MeV of the
oblate with respect to the prolate configurations.
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FIG. 4. Experimental spectra for the isomeric state in 43S. The
lower inset compares the SM predictions and the experimental
values; the numbers besides the transitions are B�E2� values in
units of e2 fm4.

prolate deformed ground states in this region. In addition,
deformation is suggested by the measured B�E2� values
[8,24]. The discontinuity observed at N � 26 (Fig. 1) can
now be understood in a simple Nilsson picture. For a pro-
late deformation of b2 � 0.2, a large gap appears between
the lowest three orbits and the fourth orbital arising from
the 1f7�2 and higher orbitals. Consequently, a pseudoshell
closure due to deformation can be considered to appear at
N � 26. Oblate deformations would not be compatible
with these observations.

As can be seen in Fig. 1, interesting new results have
been obtained too, for Ne to Al isotopes. In particular, the
steep decrease of the S2n for 35,36Mg suggests that the Mg
isotopes may become unbound at a much lower neutron
number than the predicted value of N $ 28 [2,26].

In summary, we have measured the masses of 31 neu-
tron-rich nuclei (12 for the first time) in the vicinity of the
N � 20 and 28 shell closures. The measurements demon-
strate that the shell structure for Cl, S, and P isotopes is
modified and a pseudoshell closure arising from deforma-
tion appears at N � 26. These findings were reproduced
by shell model and relativistic mean field calculations. The
models predict the appearance of prolate deformations of
the ground state in this region and, in particular, the coex-
istence of different configurations. Evidence for this co-
existence was provided by the observation of an isomer in
43S that is well described by shell model calculations. Any
future mass measurements beyond N � 28 will be of in-
terest as they should provide information on the associated
shell gap.
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