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27Na from 14C¿14C, and the NÄ16 shell gap
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For the first time a comprehensive level and decay scheme has been obtained for aT5
5
2 nucleus in thes-d

shell (27Na) by using a radioactive beam and target. Particle-g and p-g-g coincidences were measured
following the 14C(14C,pg)27Na reaction atElab522 MeV. The results do not support an inversion of the 2s1/2

and 1d5/2 orbitals, as previously proposed forTz>3, but they do suggest an increasedN516 gap between the
2s1/2 and 1d3/2 orbitals due to the neutron excess. A consistent interpretation of the level scheme in terms of the
s-d shell model using the USD Hamiltonian is possible below 4 MeV, but differences increase at higher
excitation energies. Another interpretation is that the influences of both thep1/2 and f 7/2 intruder orbitals
increase simultaneously with increasingT, an effect not included in the USD Hamiltonian.
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The development of large-basis shell model calculati
has greatly improved the description of the structure of
clei in the s-d shell, particularly with the use of the USD
Hamiltonian of Brown and Wildenthal@1#. These calcula-
tions have been quite successful over a wide range of s
including the rotational bands near the middle of thes-d
shell @2,3#. In fact they predicted very well the recently ob
served first 101 level in 24Mg @4#.

Although the USD Hamiltonian has been fitted and tes
over a wide range of spins, the same is not true for isos
The vast preponderance of the measured levels used to
termine the USD Hamiltonian were taken from nuclei w
nearly equal numbers of neutrons and protons@5#. Only a
very few T52 levels and noT5 5

2 excited states were in
cluded in the fit. Likewise, few experimental tests have be
made of the model predictions for higher isospin, althou
the need for reliable models for the structure of nuclei
from stability will be extremely important for future radio
active beam facilities.

An important question in this regard is how the sh
structure changes with isospin. TheN520 shell gap was
shown to disappear in neutron-rich32Mg @6,7#, and a new
shell gap atN516 has been proposed forTz>3 @8#. The
origin of the new magic number may lie in neutron ha
formation which lowers the energy of low-angular mome
tum orbitals such ass1/2, leading, for example, to the abno
mal 1

2
1 ground state of15C. Evidence for just such an in

crease in neutron skin thickness with increasing neut
number across the Na and Mg isotopes has been prese
@9,10#. Another indication of a possible shell closure atN
516 is the nearly spherical (Q527.2 mb) ground state
~g.s.! of T5 5

2
27Na @11# surrounded by more deformed pro

late shapes forN,16 andN.16.
To investigate the effects of an emerging shell gap,

well as of other possible high-isospin phenomena, on
structure of anN516 nucleus, we have used a neutron-ri
14C beam and target in conjunction with a moderng detec-
tion array to study27Na. It has led to the first detailedg
decay scheme for aT5 5

2 nucleus in thes-d shell. Previ-
ously, only a few excited states had been observed in27Na
0556-2813/2002/65~5!/051302~4!/$20.00 65 0513
s
-

ns

d
n.
de-

n
h
r

l

-

n
ted

s
e

using the 26Mg(18O,17F) reaction@12,13#. Lack of knowl-
edge of the spins, decay modes, or reaction selectivity
vented any reliable identification of these levels with mod
predictions.

In the present work, particle-g coincidences were mea
sured from the reaction of a radioactive, albeit long-live
14C beam on a14C target. The14C beam was produced b
sputtering Cs from an enriched Fe3C sample@14# in a dedi-
cated, removable ion source. Because oscillatory struc
has been seen in the elastic scattering of14C on 14C @15#,
several beam energies from 18 to 33 MeV were explored.
energy of Elab522 MeV was chosen for the productio
measurement, because it led to the most favored popula
of 27Na. A beam current of about 5 pnA was incident on t
600 mg/cm2 self-supporting enriched14C target for a run-
ning time of 18 d.

Charged particles from the reaction were detected
identified using a Si detector telescope consisting o
5000 mm E detector and a 150mm DE detector placed a
0° relative to the beam and subtending 0.82 sr of solid an
A 27 mg/cm2 Au foil was placed between the target an
detector to stop the14C beam. Three Compton-suppress
clover detectors and one Compton-suppressed high pu
germanium detector~HPGe! were placed at 90° relative to
the beam to measure coincidentg rays. Six more suppresse
HPGe detectors were placed at 35° and 145°. Add-b
mode was used in the analysis of the clover detectors
improve their efficiency for higher-energyg rays.

The reaction was entirely dominated by two-neutr
emission back to stable26Mg. g decays could be seen for th
first time in 27Na only by gating on the weak (,0.1%)
proton emission channel. Examples ofg spectra in coinci-
dence with protons are shown in Fig. 1. In order to avo
misidentifying 25Na lines @from 12C(14C,p) due to a small
12C target contamination# and 26Na lines ~from 27Na→n
126Na) as 27Na ones, both thet-g and d-g coincidence
spectra were carefully examined to identify all25,26Na g
decays.

The primary information for the placement of27Na lines
in the level scheme comes from the energies of the proton
©2002 The American Physical Society02-1
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coincidence with them. This determines the excitation ene
of the parent state of ag line to a few hundred keV, limited
by straggling in the Au beam stop foil, kinematic broadeni
from the large particle detector solid angle, and low sta
tics. Some examples of proton spectra in coincidence witg
lines are shown in Fig. 2. The highest proton energy co
sponds to the excitation of the state emitting thatg transi-

FIG. 1. Portions of theg spectrum in coincidence with protons
Part of thep-g-g spectrum gated by the 62 keV transition is show
in the inset.

FIG. 2. Proton spectra in coincidence with individualg lines in
27Na.
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tion. p-g-g coincidences would be invaluable in building th
level scheme, but only a few could be seen because of
weakness of the reaction leading to27Na. p-g-g coinci-
dences with the 62 keV transition are shown in the inset
Fig. 1. Coincidences were also seen between the 539
2129 keV lines. Further valuable evidence for placemen
the level scheme comes from the multiple decay paths a
ing to the same excitation energy.

The level and decay scheme for27Na deduced from the
present work is shown in Fig. 3. The levels inferred from t
previous (18O,17F) reactions are shown on the left side. Bo
experiments observed a peak which corresponds to
2191–2224 keV doublet. Other likely correspondences
1720–1725 keV, 1860–1815 keV, and 3820–3837 keV.
further evidence has been seen for the 800~100! keV peak
@12#. Because of the limited resolution in the particle cha
nel, it was not possible to determine to which member of
g.s. doublet decays proceeded in the absence of other in
mation, such asp-g-g coincidences or energy sums. Su
decays are shown on the right side of the level scheme w
the g.s. doublet as one broad destination.

A spin of 5
2 was determined for the ground state~g.s.!

from laser spectroscopy of the atomicD1 line @16#. Positive
parity was established by the observation of allowedb de-
cays to the3

2
1 and 5

2
1 states in27Mg @17–19#. The relatively

strong 62 keV line and its coincident proton energy prove
existence of a 62 keV level which could not have been
solved in the (18O,17F) reactions. This level appears anal
gous to the 90 keV3

2
1 state in25Na. The g.s. doublet can b

understood from the couplings of threed5/2 protons. Based
on the lowest 01, 21, and 41 states in the nearest know
two-proton system,24Ne, this leads to5

2
1, 3

2
1, and 9

2
1 states

at 0, 48, and 3017 keV, respectively@20#. The full USD shell
model calculations also predict a52

1 ground state and a 14
keV 3

2
1 level. Altogether, these make an assignment of3

2
1 to

the 62 keV level quite certain.
Beyond the g.s. doublet,Jp assignments become weake

Further comparisons with neighboring25Na do not help be-
cause it is poorly known and the structure changes too
with N. The observedg decays provide spin limitations, an
a few two-point angular distributions could be measur
with the limited statistics available. These are shown in F
4 along with typical theoretical ones for the spins given
Fig. 3. They show that the angular distribution for the 16
keV line is isotropic and those for the 2129 and 2224 k
~62 keV! lines are consistent withE2 (M1) decay. Other
spin suggestions will be discussed below based on mo
comparisons.

Shell model calculations usingOXBASH @21# with the
USD interaction@1# provide some interpretation of the stru
ture of 27Na. The calculated levels are shown on the rig
side of Fig. 3. Only higher spin states are shown at hig
excitation energies for clarity. Suggested corresponden
with experimental states are listed in Table I, as discus
below.

Above the g.s. doublet, three states are predicted arou
MeV, but four were observed. Three of the experimen
states decay to the32

1 level and cannot have spins above7
2

1.
2-2
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FIG. 3. Level and decay scheme of27Na based on the present work. Previously reported levels are shown in columns A@12# and B@13#,
while shell model predictions are on the right. The widths of the transition arrows are proportional to their intensities.
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This leaves the 2224 keV state as the only candidate to
respond to the predicted92

1 level at 2197 keV. Both the
number of higher lying states which decay to the 2191 k
level and the proximity in energy favor identification wit
the predicted7

2
1 state at 2091 keV. Of the remaining 172

and 1815 keV levels, one could be the predicted1
2

1 state at
1630 keV and the other may be an intruder. In a compan
study to Ref.@13#, it was shown@22# that the (18O,17F) re-
action populatespp1/2 hole states well, so the 1725 ke
level seen in Ref.@13# may be the1

2
2 intruder state. The

corresponding state lies at 2.64 MeV in23Na, but is not
known in 25Na. This would leave the 1815 keV level as th
predicted1

2
1 state. The opposite parity assignment to the t

spin 1
2 states is also possible.

FIG. 4. Two point angular distributions of transitions in27Na.
The lines indicate isotropic and typicalM1 andE2 angular distri-
butions.
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The next two states predicted by the shell model,5
2

1 at
2671 keV and3

2
1 at 3121 keV, may correspond to the pa

ents of the 2729 and 3017 keV decays. Above this, m
states are predicted than have been observed, andg decay
patterns become more important in identifying states.
instance, the preferential decay of the 3657 keV level to

TABLE I. Suggested comparisons between observed energy
els in 27Na and those predicted by thes-d shell model using the
USD interaction.

SM Ex SM Exp.Ex ~SM – Exp!
~keV! Jp ~keV! ~keV!

0 5/21 0.0 0
14 3/21 62 -48
1630 1/21 1815 -185
2091 7/21 2191 -100
2197 9/21 2224 -27
2671 5/21 2729a -58
3121 3/21 3017a 104
3675 9/21 3657 18
3923 5/21 3837 86
4393 7/21 4235 158
4795 3/21 4716 79
5339 13/21 5190 149
5845 11/21 5408 437
6133 11/21 5704 429
6211 5/21 6518a -307
6560 9/21 5948 608
6931 9/21 6158 773
9750 17/21 9186 564

aLevel excitation energy may be 62 keV higher.
2-3
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2

1 state suggests a moderately high spin and probable i
tification with the predicted second92

1 state at 3675 keV, for
which a 68% decay branch to the first9

2
1 state is predicted

A number of low energy decays occur among a group
levels between 5408 and 6741 keV where higher energy
cays to lower lying levels would be energetically favore
Generally similar decay patterns are predicted for a grou
shell model states, and the suggested identifications
based on the decay pattern correspondences, rather tha
ergy correspondences, because the decays are so distin
As a result, the predicted energies are several hundred
higher than the observed ones. There are predicted s
close in energy to the observed ones, but not with stro
low-energy decays.

Protons in coincidence with the 3996 keV line imply a
excitation energy far above the neutron decay threshold
6.75 MeV, and penetrability calculations show that states
spin less than17

2 \ would decay almost entirely by neutro
emission. This leads to an identification with the17

2
1 shell

model state predicted at 9750 keV. A17
2

1 state would decay
to the 13

2
1 state, for which the 5190 keV level is the be

candidate. This yrast sequence, with some resemblence
rotational band, drops below the shell model predictions, p
haps due to increasing influences of thef 7/2 shell.

In summary, the level scheme of27Na shows that the 2s1/2
orbital has not dropped below the 1d5/2 one atT5 5

2 since the
g.s. doublet is well explained by the coupling ofd5/2 protons
in both the simple proton-only coupling model and in the f
USD shell model calculations. The lowest1

2
1 state lies at

1815 or possibly 1725 keV. However, the 2s1/2 orbital may
have dropped enough to create a significant shell gap aN
i.

C
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516. The nearly spherical shape implied by the measu
quadrupole moment and the lack of good rotational struct
in Fig. 3 at lower energies provide evidence for anN516
gap. Further support comes from the measured position
the lowest5

2
1, 3

2
1, and 9

2
1 states in27Na which imply @20#

21 and 41 states at 1484 and 2924 keV inT53, N516
26Ne. This is a perfect vibrational spacing, consistent w
spherical shape and a shell gap atN516.

A consistent interpretation is possible for the first 4 Me
of excitation of 27Na within the shell model using the USD
interaction if one of the states is app1/2 intruder hole state.
At higher energies either the predicted energies or decay
terns do not agree as well with experiment as for nuclei w
smallerT. This could be an indication that the reduced ne
tron binding and increased radius introduces new phy
such as a widening shell gap atN516, especially if the
intruder state lies higher. Or the larger deviations at hig
energies could result from an increasing influencen f 7/2 con-
figurations. If so, then the effect of higher isospin is that bo
the lowerp1/2 shell and the higherf 7/2 shell become impor-
tant simultaneously asZ approaches the former andN, the
latter, an effect that is not included in the USD interacti
based on lowT nuclei. In any case, further detailed studies
high T nuclei promise new insights into the role of shell ga
in nuclear structure.
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