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Structure of TÄ2 24Ne from 14C on 14C
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The 14C(14C,a) reaction at 22 MeV was used to studyT52 24Ne. Charged particles were detected with a
Si detector telescope at 0°, andg transitions in coincidence were detected with an array of three Compton-
suppressed ‘‘clover’’ detectors and seven Compton-suppressed single Ge crystals. Thea-g anda-g-g coin-
cidence data were analyzed to study the structure of24Ne. Twenty-two newg lines were assigned to 14 new
levels. Angular distribution measurements provided spin assignments and restrictions to a number of levels.
Likely candidates were found for the lowest 51 and 61 levels. All but one of the 12 states predicted to lie
below 6 MeV by shell model calculations using the universals-d interaction were observed. The rms deviation
in excitation energies among these is 190 keV, and there is a tendency for the observed levels to lie somewhat
higher than the predicted ones. A comparison of the structure of24Ne with its neighbors suggests a significant
shell gap above thend5/2 orbital in agreement with the larged5/2-s1/2 gap implied by the effective single-
particle energies in the universals-d shell model interaction.

DOI: 10.1103/PhysRevC.68.034304 PACS number~s!: 27.30.1t, 23.20.Lv, 23.20.En, 21.60.Cs
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I. INTRODUCTION

Nuclei in thes-d shell with low isospinT (N'Z) have
been well studied, both experimentally and theoretically. T
region provides an excellent testing ground for struct
theory since there are enough particles to provide good
amples of collective motion and enable macroscopic ca
lations, yet few enough to permit wide basis microsco
calculations. Shell model calculations allowing all particl
beyond the16O core to occupy the fulls-d shell with an
interaction fitted to much of the experimentally known stru
ture in the shell, the universals-d ~USD! interaction, have
been very successful in describing a wide range of nuc
properties in this mass region@1#. For example, USD calcu
lations predicted well the recently observed first 101 state in
24Mg @2#. Both microscopic USD and macroscopic crank
Nilsson-Strutinsky model calculations have correctly p
dicted that the fully aligned13

2
1 and 17

2
1 states in25Mg lie

below the collective rotational states of the same spins@3,4#.
In contrast, experimental results thin out rapidly with i

creasing isospin. Only a fewT52 excited states are know
in the s-d shell, and the firstT5 5

2 g decay scheme~for
27Na) was presented in 2002@5#. Such studies are importan
for testing how the nuclear structure responds to increa
neutron-proton imbalance and how well models account
it. This is particularly true for astrophysical network calcul
tions which rely heavily on shell model calculations for t
properties of highT nuclei.

The T50 structure of24Mg has long been known to b
rather collective. Earlier, it was thought that this collectiv
should extend to other isospin states of theA524 system,
including T52 24Ne, especially since the lighter even N
isotopes exhibit rotation-like spectra. Although24Ne is diffi-
cult to reach experimentally, challenging experiments us
0556-2813/2003/68~3!/034304~10!/$20.00 68 0343
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the 22Ne(t,p) reaction began to reveal a more vibration-lik
level scheme. This suggested that, with a closed neutrond5/2

shell, the structure of24Ne with two active protons should
closely resemble that of18O with two neutrons in thes-d
shell. However, shell model calculations with an earlier v
sion of the USD interaction provided good agreement w
what was experimentally known then and indicated that
structure is more complicated than any of these simple
tures@6#. Many questions remain about whether a more
tensive level scheme of24Ne would continue to agree with
the USD calculations based on the lowT structure ofs-d
shell nuclei or might point the way to changes in the mo
leading to better understanding of more neutron-rich nuc

All of the prior works on the excitation spectrum of24Ne
have used the (t,p) reaction, beginning with a pioneerin
(t,p) measurement@7#. Eight excited states were observe
up to 6 MeV. Spins of 2\ were assigned to the first tw
excited states at 1981 and 3871 keV in an early (t,pg) an-
gular correlation experiment using a NaI scintillator as theg
detector@8#. A ( t,p) angular distribution measurement a
signed ,52 ~and hence positive parity! to the 3871-keV
level and 01 to the 4765-keV state@9#. In the same work, a
p-g angular correlation study of the unresolved 1981-k
doublet established 41 for the 3962-keV third excited state
Lifetimes were measured for the 1981-keV 21

1 and 4765-
keV 02

1 states and a limit was set for the 3871-keV 22
1 level

using the Doppler shift attenuation method@10,11#. A more
recent (t,p) angular distribution measurement@12# has iden-
tified 29 excited states up to 11.47 MeV with spin restrictio
on a number of states and an assignment of 01 to a state at
5.70 MeV from a distorted-wave Born approximation ana
sis of the proton angular distributions.

The recent availability of a radioactive, albeit long-live
©2003 The American Physical Society04-1
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14C beam and a14C target in conjunction with a moderng
detector array has allowed the possibility of exploring t
structure ofT52 24Ne with a heavy-ion reaction for the firs
time. It offered the possibility to better understand the role
increasing isospin in theA524 system and of more detaile
tests of theories for the structure of nuclei with greater n
tron excess.

II. EXPERIMENTAL TECHNIQUE

The nucleus24Ne was populated in the14C(14C,a) reac-
tion at Elab522 MeV with beam intensities averaging
31010 particles/s from the Florida State University Supe
conducting Accelerator Laboratory. The14C beam was pro-
duced in a dedicated Cs sputter ion source with an enric
Fe3C sample@13#. A self-supporting14C foil 600 mg/cm2

thick was used as the target. Charged particles from the
action were detected and identified with a 5-mm-thickE de-
tector and a 150-mm DE detector placed at 0° relative to th
beam and subtending 0.82 sr of solid angle. A 27-mg/cm2 Au
foil placed between the target and particle detectors was u
to stop the14C beam. The FSU array of Compton-suppress
Ge detectors was used to detect coincidentg rays. Three
four-crystal clover detectors and one single-crystal dete
were placed at 90° relative to the beam. Two single-cry
detectors were placed at 35° and four more at 145°. A
back mode was used for the clover detectors except for
angular distribution analysis. Signals in theE detector in
coincidence with anyg detector provided the trigger for dat
acquisition.

A. Particle-g coincidences

The 14C(14C,2n)26Mg reaction accounted for about 98%
of the total reaction cross section. Lines from24Ne could
only be seen in coincidence witha particles, which were
well separated from the other light charged particles in
E-DE plane. A portion of theg spectrum in coincidence with
a particles is shown in Fig. 1 as an example. The22Ne lines
result from a small12C contamination on the target. Th
contamination has been observed in other reaction chan
as well @5#, but does not pose a problem because the le
scheme of22Ne is well known and the reaction on12C has a
different Q value.

The a-g correlations provide valuable information abo
the placement of new energy levels andg transitions. One
way of examining these correlations is illustrated in Fig.
Two regions of theg spectrum are shown in coincidenc
with four different ranges ofa particle energies. The highes
a energy range~shown on top! corresponds to the excitatio
energy region of the first 21 state at 1981 keV. Only the
1981-keV transition is visible in this spectrum. The nexta
gate corresponds to the 4-MeV-excitation-energy region
includes decays from the second 21 state~1890 keV! and the
first 41 state ~1981 keV!, as well as subsequent 21

1→01

decays~1981 keV!. More 24Ne g lines appear in the lowe
energya gates, corresponding to higher regions of excitat
energy.
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Note that because decays from higher lying states ten
cascade through lower energy levels, decays from th
lower energy levels appear in coincidence with a wide ran
of a particle energies. For example, the 1981-keV doub
grows in relative intensity with lowera energies~higher
excitation energies!. Thus, when examining thea-g correla-
tions by gating ong lines, the highest coincidenta energies
correspond to direct population of the state emitting theg
ray. This is illustrated in Fig. 3 which shows thea spectra in
coincidence with a number of differentg lines. Thea par-
ticles in coincidence with the 1981-keV line from the lowe
excited state in24Ne extend to the highest energy. Therefo
the highest coincidenta energies indicate the placement
eachg decay line.

The kinematic relation betweena energy and excitation
energy is shown by nearly straight lines in Fig. 4 for t
(14C,a) reactions on both14C and the contaminant12C. The
data points are plotted at the measured maximuma energies
Ea and the excitation energiesEx inferred from the level
scheme and decay energies. The excitation energies o
22Ne levels and the lower24Ne levels were previously
known. For new24Ne levels, this graph provides placeme
information and a consistency check.
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FIG. 1. Portions of theg spectrum in coincidence with a limited
range ofa energies. Transitions in24Ne are labeled by their ener
gies in keV, while those labeled by ‘‘22Ne’’ result from the 12C
contamination on the target. The peak labeled by ‘‘****’’ is a
unresolved combination of several lines from 3654 to 3677 k
This spectrum and all the otherg spectra in this paper have bee
corrected for Doppler shifting.
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Although particle-g coincidences provided the exper
ment trigger, a moderate number ofa-g-g coincidences
were also recorded. These provided additional evidence
placement of theg lines in the level scheme. Some examp
of the a-g-g coincidences are shown in Figs. 5 and 6. T
previously known coincidence of the 1981-keV line with
self can clearly be seen in Fig. 5.

B. Angular distributions

It was possible to obtain two-point angular distributio
for many of theg decays. While a minimum of three poin
is needed to determine botha2 and a4 coefficients of the
Legendre polynomials of order 2 and 4 expected for dipo
quadrupole radiation, the two-point angular distributions s
provide useful information for assigning spins. Sin
cos2(35°)5cos2(145°), theg detectors at 35° and 145° wer
combined to produce one spectrum in a special sorting
measuring angular distributions. The effects of different
gular distributions can be seen in Fig. 7 where the sa
regions of theg spectra at 35°1145° and 90° in coincidence
with a particles of any energy are compared. The 708-k
line is weaker and the 730- and 767-keV lines are stronge
90°.

The four individual Ge crystals in each clover detector
about the same size as the single-crystal detectors, so
efficiency of all the detectors should have a similar variat
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FIG. 2. Portions of theg spectra in coincidence with four adja
cent ranges ofa energy corresponding to four regions of excitati
energy in24Ne. The peaks are labeled as in Fig. 1.
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with energy. A special sorting was made of just the 90° d
tectors in which multiple hits in a clover detector were v
toed, rather than added together. Although this led to the
of some counts, the veto mode avoided treating the clo
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detectors~all positioned at 90°) as larger Ge crystals who
efficiency would not decrease as rapidly with energy
would that of the individual crystals. Thus the relative no
malization of the 90° versus 35°1145° detectors should b
independent of energy. This normalization was determi
from the 2784-keVg line depopulating the 02

1 state at 4765
keV whose angular distribution must be isotropic. The n
malization was found to be consistent with that determin
from the decays of some12

1 states in25,27Na ~from thet and
p coincidences! whose angular distributions must also be is
tropic in the absence of polarization.

The angular distributions were fitted assuming a Gaus
distribution of magnetic substate populations with a width
s51.6\. This value ofs was determined by fitting angula
distributions of known transitions in22Ne arising from the
12C contaminant on the target.

III. RESULTS

The construction of the level scheme for24Ne, shown in
Fig. 8, will be discussed in this section. The comparison w
USD shell model calculations, shown on the left side of F
8, will be discussed in the following section.

Although it was not possible to measure lifetimes in t
present work, there is no evidence for reduced Doppler sh
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3677 keV.
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ing on any peaks, which implies that all lifetimes must
less than about 1 ps and the observed decays must pro
by E1, M1, and/orE2 radiation.

A spin of 2\ was assigned to the first excited state
24Ne at 1981 keV from a (t,pg) angular correlation experi
ment@8#. Positive parity was established by the measurem
of a mean lifetime of 0.89 ps@10#, which implies a reason-
ableE2 strength of 7.2 W.u., but an unreasonably largeM2
strength. Our angular distribution measurement of 1.30~8!
for the ratio of yield at 35°1145° to that at 90° is quite
consistent with this assignment.

A spin of 2\ was also assigned to the second excited s
at 3871 keV from the (t,pg) angular correlation@8#. An ,
52 assignment in a (t,p) angular distribution experiment@9#
implies positive parity. As shown in the top left panel of Fi
9, the presentg angular distribution for the 1890-keV line
provides an excellent fit to that expected for a 2→2 decay
with a mixing ratio ofd520.18, which is quite consisten
with the value ofd520.15(15) reported in Ref.@8#.

J54 was assigned to the third excited state at 3962 k
from a simultaneous analysis of the unresolved 4→2 and 2
→0 decay angular correlations@9#. The doublet nature of the
1981-keVg line is demonstrated in Fig. 5, where a 198
keV line clearly appears in the 1981-keV gate. While the
→0 decay can be isolated by ana energy gate, as shown i
the top panel of Fig. 2, it is very difficult to isolate the
→2 decay. However, no differences have been observe
the centroids of the 1981-keV line in different gates, so it
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likely that the two lines differ by less than 1 keV in energ
An ,50 (t,p) angular distribution@9# established 01 for

the fourth excited state at 4765 keV. Little was previous
known about the fifth excited state at 4886 keV except for
presence as a shoulder on the peak for the 4765-keV sta
(t,p) spectra and an observation of its dominant decay to
21

1 level. This decay mode~2905 keV! has been seen in th
present work, and no other decay branches could be
served. Fits to its angular distribution are shown in the
right panel of Fig. 9 for possible spins of 1\ through 4\. A
spin hypothesis of 0\ ~not shown since onlyd50 is pos-
sible! gives a poor fit withx2;10. The fit for 1\ is poor for
all d values, as is that for 4\ at d50, which is the only
physically reasonable value. This leaves spins of 2 and\.
The nonzero mixing ratio for 3\ and lifetime limits men-
tioned earlier rule out a mixedE1/M2 decay mode and thu
rule out 32. The angular distribution of the 767-keV lin
feeding into this state rules out 2\, leaving an assignment o
31 for the 4886-keV state.

A spin of 2\ was assigned to the 5576 keV level in Re
@9#, and the measured angular distribution of its 3595-k
decay line is consistent with 21. The nonzero mixing ratio
rules out 22. A weak (t,p) peak at 5.641~25! MeV was
tentatively recognized in an early experiment@7#, while a
peak at 5.70~6! MeV was unambiguously assigned,50 in
the latest work@12#. With the higher resolution of the Ge
detector array, we have observed two states in this regio
5631 and 5653 keV. The 5653 keV state cannot be the1

level seen in (t,p) because of its decay to the 41 state. Also
the angular distribution of the 1760-keV decay of the 563
ion are
 

FIG. 8. Level and decay scheme of24Ne based on the present and previous work. Shell model predictions using the USD interact
shown on the left.
4-5
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keV state@ratio51.21(8)# is not consistent with the isotro
pic one a spin 0 state must have. Thus it appears that
third 01 state was not populated strongly enough in
present reaction to be visible.

The 5631-keV state decays nearly equally to the first
second 21 levels. Fits to the angular distribution of the 176
keV decay are shown in Fig. 10. A spin hypothesis of\
gives a poor fit at the only physically reasonabled value of
0. Spins of 2 and 3\ both give good fits at reasonably sma
mixing ratios. The nonzero values of these mixing ratios i
ply positive parity sinceM2 decay would not be consisten
with the lifetime limits mentioned earlier. The angular dist
bution of the 730-keV transition feeding into this state ru
out spin 2, leaving an assignment of 31 for the 5631-keV
level.

Fits to the 767- and 1690-keV decays of the 5653-k
state are shown in Fig. 9. Both spins of 3 and 4 give good
to the angular distribution of the 1690-keV line, while the
for spin 2 at zero mixing ratio is marginal. Only spin 4 giv
a good fit for the 767-keV angular distribution for the sm
values ofd expected for this relatively low energy transitio
in which E2 decay should be weak. Thus the 5653-keV le
has spin-parity 41, since the nonzero mixing ratio for th
1690-keV decay would imply an unreasonably largeM2
strength.

The 6026-keV state probably corresponds to the one
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served at 6.030~18! MeV @7# or 6.07~6! MeV @12#, and a
spin-parity of (21) was suggested in the latter study. Th
angular distribution of the 4045-keV decay line is consist
with 21 with a nonzero mixing ratio which rules out 22.
The 6361-keV state likely corresponds to the (t,p) peak at
6.37~6! MeV in Ref. @12#. Possible spin-parities of 21 or 32

were suggested for this state@12#, but the limited features in
the (t,p) angular distribution make an assignment difficu
and the 41 curve fits about as well. Angular distribution fit
for the 708-, 730-, and 2398-keV decays of the 6361-k
state are shown in Fig. 10. Clearly, only spin 4 gives go
fits for all the lines and the nonzero mixing ratio for th
2398-keV line implies positive parity. Also, the 730-keV a
gular distribution rules out 2\ for the 5631-keV level, as
mentioned earlier.

Above this, the level density increases, and it becom
more difficult to determine the correspondence betwe
states observed in the present work and those seen in
(t,p) reaction @12#. An exception is the likely correspon
dence between the strong (t,p) peak at the 8.04~6!-MeV
~whose angular distribution implies 21 or 31) and the 8039-
keV state. Thea-g-g coincidences provide additional ev
dence for the placement of some of the higher lying sta
Some examples are the 3286-, 3595-, 3654-, 3677-, 37
and 4045-keV lines in Fig. 5. The 1092-, 1981-, and 278
keV lines in the 1178-keVa-g-g gate shown in Fig. 6, in
addition toa cutoff energies, provide the placement of th
6745- and 7923-keV levels. Note that the 2784-keV lin
represent the second doublet in this nucleus, after the 19
keV lines. The decays of these two states by relatively l
energy transitions~1092 and 1178 keV! suggest higher spins
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FIG. 10. Same as Fig. 9 for otherg lines.
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since many other higher energy decays would be ope
lower spin states. It was not possible to extract a relia
angular distribution for the 1092-keV line, but that of th
1178-keV transition, shown in Fig. 11, implies a pure dipo
decay. Likely spins for the 6745- and 7923-keV states will
discussed in the following section.

Fits to the angular distributions of the 2362- and 328
keV decays of the 7248-keV state are also shown in Fig.
Together they are consistent with spin-parity values of 21,
31, 32, or 41. The 7638- and 7739-keV states are a
candidates for higher spins, since they decay exclusively~as
far as we can tell! to the lowest 41 state. The fits to the
angular distribution of the 3777-keV decay of the 7739-k
level, shown in Fig. 11, are consistent with 31, 41, or 51,
but not with 61, which must haved50. It was not possible
to measure the angular distribution of the 3677-keV deca
the 7638-keV state because of other nearby lines.

The observedg decays and the lifetime limits provid
restrictions on the possible spins, even when reliable ang
distributions could not be obtained. For example, the dec
of the 6858-, 6982-, 7388-, 8039-, and 8393-keV states to
lowest 21 level limit their possible spin-parities to 01, 1, 2,
3, or 41.

IV. DISCUSSION

A. USD shell model

As mentioned earlier, shell model calculations allowi
all particles outside the16O core to occupy the fulls-d shell
and using an effective interaction fitted to the structure
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FIG. 11. Same as Fig. 9 for otherg lines.
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many s-d shell nuclei~USD! have been very successful i
describing the positive-parity states in nuclei across the s
@1#. For T52 24Ne, the previously known states at 198
3871, 3962, and 4765 keV were included in the~USD! fit.

There is a rather clear correspondence of states belo
MeV with the shell model predictions~Fig. 8!, although most
of these~along with many from other nuclei! were included
in the fit to the interaction. The root-mean-square~rms! de-
viation between the five predicted and observed states is
keV, which is quite typical of the agreement seen in others-d
shell nuclei.

Another observable which can be compared to model p
dictions is the decay pattern. Observed and predicted de
branching ratios are compared in Table I. There is go
agreement in the decay patterns up to 5 MeV excitation
ergy, although this is partly constrained by the limited nu
ber of levels to which the states can decay. The largest
ference is for the decay of the 5631-keV 31 state. The small
branching ratio to the 1981-keV 21 level is determined in
the theory by a very smallB(M1) value of 0.000 39mN

2 ,
whereas theB(M1) strength for the 31

1→21
1 transition is

0.029mN
2 . A very small remixing of the two 31 states would

raise theB(M1) value for the 32
1→21

1 transition to 0.004mN
2

and account for the nearly 50% decay branch observed.
If the 01 state observed in the (t,p) reaction @12# at

5.70~6! MeV, but not seen in the present work, is include
then six states are observed and predicted by the USD
culations between 5 and 6.5 MeV. The spin assignments
cussed in the preceding section lead to a one to one co
spondence with the shell model states~as shown in Table I!
and an rms deviation of 230 keV, which is somewhat high
than that of the states below 5 MeV~and none of these state
was included in the fit to the interaction!. The correspon-
dence between predicted and observed decay patterns is
for the 5576-, 5653-, and 6026-keV states, but poor for
5631- and 6361-keV ones. The reason for the poor ag
ment is not clear. Even if one ignores the spin assignment
is not possible to rearrange the correspondence between
perimental and theoretical states to significantly improve
agreement in decay patterns.

In the region of 6.5–8 MeV, nine states have been
served in the present work, while 16 are predicted in the s
model calculations and additional intruder states are a
possible. Thus, a full identification between predicted a
observed states is not possible. Some likely corresponde
can be pointed out, however.

The 6745- and 7923-keV states are excellent candid
for the predicted lowest 51 and 61 states at 6690 and 789
keV. Their energies and decay patterns agree well with s
model predictions.~Because of the 2784-keV doublet, on
approximate decay branching ratios for the 6745-keV s
can be determined from the 1178-keV gate.! Furthermore, no
state in the region other than the 61 one is predicted to deca
predominately to a level only about an MeV below it.

Identification of the 7248-keV state is much less cle
The predicted 31 state at 7240 keV would be a perfect mat
in energy, but no measurable decay branches are pred
for either of the observed decays to the lowest 31 and 41
4-7
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TABLE I. Comparison between the observed decay branching ratios~BR! of states in24Ne and those predicted by thes-d shell model
using the USD interaction. The last column shows the difference between the observed and predicted excitation energies.

Experiment Shell model
Ei Ji

p Jf
p Ef BR Ex BR DE

~keV! ~keV! ~%! ~keV! ~%! ~keV!

1981 21 01 0 100 2145 100 2164
3871 21 01 0 8 3742 6 129

21 1981 92 94
3962 41 21 1981 100 3996 100 234
4765 01 21 1981 100 4662 100 103

21 3871 ,3 0
4886 31 21 1981 100 4568 96 318

21 3871 ,3 4
5576 21 01 0 ,2 5339 1 237

21 1981 100 95
21 3871 ,4 4

5631 31 21 1981 49 5472 4 159
21 3871 51 92
41 3962 ,3 4

5653 41 21 1981 34 5645 23 8
21 3871 ,1 1
41 3962 58 56
31 4886 8 20

5700a 01 5841 (2141)
6026 21 21 1981 100 5957 93 69

31 4886 ,5 4
31 5631 ,2 3

6361 41 21 1981 ,4 5941 26 420
21 3871 ,4 3
41 3962 23 65
31 4886 ,14 3
31 5631 30 3
41 5653 47 ,1

6745 (51) 41 3962 65 6690 63 58
31 4886 ,5 6
41 5653 35 27
41 6361 ,5 4

7923 (61) 41 3962 ,18 7898 30 27
41 5653 ,3 7

(51) 6745 100 63

aReference@12#.
a
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ild
levels. The 41 state at 7394 keV is not far away with
predicted 96% decay branch to the first 41 level. This is
perhaps the best match among the shell model states, b
measurable branch is predicted to the 31

1 level. Another quite
viable possibility is that the 7248-keV level is an intruder 32

state.
The 7739-keV experimental state is another possible c

didate to correspond to the predicted 41 state at 7394 keV.
Compared to the 7248-keV candidate, the energy is far
away, but the decay only to the 41

1 level matches perfectly
The predicted 52

1 state at 7646 keV is a better match
energy for the 7739-keV experimental level with a predic
34% decay branch to the 41

1 state. However, no evidence ha
03430
no

n-

er

d

been seen for the predicted 60% decay branch to the3
1

level. The 7739-keV state is less likely to have negative p
ity because the mixing ratio of its decayg line is not con-
sistent with zero for any of the spin possibilities. The expe
mental 7638-keV state is also a candidate for the same s
model states. Again the predicted 7394-keV level is the o
nearby one whose decay pattern agrees and there are
other experimental candidates for this level.

B. Intruder states

The question remains of negative-parity intruder states
volving a particle or hole in an orbital below or above th
s-d shell. The possibility of such states introduces a w
4-8
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card into the interpretation of the level scheme. In22Ne, the
lowest intruder state is a 22 level at 5147 keV. Shell mode
calculations including thep1/2 orbital predict intruder state
to appear above 5.4 MeV@12,14#. No good candidate ha
been identified for this state. The 9.63-MeV state~which is
beyond the range studied in the present work! provided the
best evidence for negative parity in the (t,p) angular distri-
butions@12#. There was no clear evidence for negative par
below this, although a few angular distributions were n
inconsistent with negative parity. Some of the measureg
angular distributions also rule out negative parity, as d
cussed in the preceding section. Otherwise, an experime
determination of the parities of the states is not possible
the present work because the statistics are far too low
measure the polarizations of theg transitions using Compton
scattering and the energies of the transitions are all much
high to exhibit any measurable internal conversion. One c
didate for a 32 intruder state is the 7248-keV level, althoug
it could also be ans-d state.

C. Systematics

The energies of the lowest 21, 41, and 61 and the sec-
ond 01 and 21 states in the even Ne isotopes are compa
in Fig. 12. 22Ne exhibits the most rotation-like spectrum
this group and has the lowest 21, 41, and 61 levels. The
spacing of these states is also rotationlike in20Ne, but with
what would be called a smaller moment of inertia in a ro
tional interpretation. Also the second 01 and 21 states in
20,22Ne do not cluster near the lowest 41, as would be ex-
pected for a vibrator. By contrast,18Ne and 24Ne exhibit a
more vibration-like spectrum with a 41 energy approxi-
mately twice that of the lowest 21 state and the second 01

and 21 levels lie close to the first 41 one, as would be
expected for a two-phonon group. However, the position
the 61 state in 24Ne suggests that a more rotation-like b
havior may set in at higher spins.26Ne also appears to ex

28Ne
0
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FIG. 12. A comparison of the energies of the lowest 01, 21,
41, and 61 and second 01 and 21 states across the even Ne is
topes.
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hibit a vibration-like spectrum, although the spin assig
ments are not firm@15,16#, while the low energy of the first
(21) level in 28Ne @17# suggests a return to higher deform
tion. The overall pattern is consistent with filling of thed5/2
orbital. 18Ne, with a closednp1/2 orbital and emptynd5/2
one, exhibits low collectivity and more spherical propertie
Collectivity increases as thend5/2 orbital becomes partially
filled in 20,22Ne. Then collectivity decreases and mo
spherical behavior returns when thend5/2 orbital is filled at
24Ne. However, neutron excitations out of thed5/2 orbital
become possible at higher excitation energies and collec
ity increases. Thus the sphericity of24Ne provides informa-
tion on the shell gap above thend5/2 orbital.

The experimentally observed pattern is quite consist
with the shell gaps in the USD interaction. The neutron
fective single-particle energies from the USD interaction
the even neon isotopes are graphed as a function of neu
number in Fig. 13. The high energy of the emptyd5/2 orbital
for N58 would lead to lower collectivity in18Ne. As neu-
trons begin to fill thed5/2 orbital, collectivity depends more
on the spacing to the nexts1/2 orbital, which is moderate for
N510 and 12. The spacing reaches a maximum forN514
(24Ne), which again shows lower collectivity. Then the lar
gap between the filleds1/2 orbital and the emptyd3/2 one also
implies low collectivity for N516 (26Ne). The reduced
s1/2-d3/2 gap atN518 is consistent with the lower 21 energy
in 28Ne, although a greater influence ofp-f intruder configu-
rations also contributes to increased collectivity. The o
trend not reproduced is the increase in collectivity seen
perimentally fromN510 to 12, while the increasing single
particle gap would imply the opposite.

The lower level structure of18O is qualitatively similar to
that of 24Ne, with both presenting a vibration-like appea
ance. This similarity was expected based on the closed n
tron d5/2 shell in 24Ne. However, the similarities do not ex
tend to higher excitation energies. For example, the low
61 state in18O lies at 11.69 MeV, almost 4 MeV higher tha
in 24Ne. Also counterparts for the cluster of negative-par
states above 4 MeV in18O have not been observed in24Ne.
In retrospect, the similarities and differences between

FIG. 13. Variation of the neutron effective single-particle en
gies implied by the USD interaction for the neon (Z510) isotopes
as a function of neutron number.
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structure of these two nuclei are perhaps to be expected
low excitation energies both exhibit the spectrum of twod5/2
particles—protons for24Ne and neutrons for18O. Then at
higher energies, excitations of neutrons above thed5/2 orbital
lead to different positive-parity structure in24Ne, while ex-
citations of p1/2 protons into the emptyd5/2 orbital lead to
lower negative-parity states in18O.

V. SUMMARY

The combination of a radioactive, but long-lived,14C tar-
get and beam, along with particle-g and particle-g-g coinci-
dences from a moderng detector array, has provided su
stantial new insight into the structure ofT52 24Ne. Because
of the overwhelming neutron decay back towards stabi
electromagnetic transitions in24Ne were only visible in co-
incidence witha particles from the14C(14C,a) reaction.
Correlations betweena andg energies and somea-g-g co-
incidences provided the placement of the newly obser
transitions in the 24Ne level scheme. Two-point angula
distributions led to a number of spin assignments a
restrictions.

All but one of the 12 states predicted to lie below 6 Me
by the USD shell model calculations have been observe
the present work. The missing 03

1 level was seen in an earlie
(t,p) work @12#. The agreement in energy is rather typic
for shell model results nearer stability, but there is a syste
atic tendency for the experimentally observed levels to li
little higher in energy than the calculated ones. A compari
of predicted and observed decay branches shows good a
ment for most of the states, but again significant disagr
ments for several.

These results are similar to those recently reported fr
the first study of the level scheme of aT5 5

2 s-d shell
nucleus, 27Na @5#. Together they may suggest the need
restudy the interaction as it applies to nuclei farther fro
stability. For example, single-particle energies shift with ne
i.

t-

t-

.
is

ur
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tron excess, as has been observed in other mass regions@18#
as well as in thes-d shell.

Above 6.5 MeV, the lowest 51 and 61 states have very
likely been identified. Their energies and decay patte
agree well with shell model predictions. Beyond these, o
about half the predicted number of states has been obse
between 6.5 and 8 MeV and correspondences are m
tentative.

No negative-parity intruder states have been clearly es
lished although some are generally expected above 5.5
MeV. Some candidates remain, but negative parity has b
ruled out for many of the states observed through nonz
mixing ratios which would imply too strongM2 transitions.

A comparison of the structure of the even Ne isotop
suggests a significant shell gap above thend5/2 orbital in
24Ne. One sign of this is the spherical, vibration-like stru
ture of 24Ne below 5 MeV, which has a fillednd5/2 shell.
This is rather similar to the structure in18Ne, which has a
closedp1/2 shell and emptynd5/2 orbital, and different from
the rotation-like structure of the intervening isotopes20,22Ne
which have a partially fillednd5/2 orbital. Further evidence
comes from similarities with the lower structure of18O, as
described in the preceding section. The neutron effec
single-particle energies deduced from the USD interaction
show a larged5/2-s1/2 gap, as well as other features whic
correspond to the experimentally observed variation of c
lectivity across the neon isotopes.
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