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The *C(*C,a) reaction at 22 MeV was used to stutly=2 2*Ne. Charged particles were detected with a
Si detector telescope at 0°, andtransitions in coincidence were detected with an array of three Compton-
suppressed “clover” detectors and seven Compton-suppressed single Ge crystads.yTdued «-y-y coin-
cidence data were analyzed to study the structur&é. Twenty-two newy 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 @nd 6' levels. All but one of the 12 states predicted to lie
below 6 MeV by shell model calculations using the univessdlinteraction 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 structuféNe with its neighbors suggests a significant
shell gap above thedg, orbital in agreement with the larges-S1», gap implied by the effective single-
particle energies in the universsid shell model interaction.
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. INTRODUCTION the ?°Ne(t,p) reaction began to reveal a more vibration-like
level scheme. This suggested that, with a closed neutggn
Nuclei in thes-d shell with low isospinT (N~Z) have  shell, the structure of*Ne with two active protons should
been well studied, both experimentally and theoretically. The;|psely resemble that of%0 with two neutrons in thes-d
region provides an excellent testing ground for structurehe||. However, shell model calculations with an earlier ver-
theory since there are enough particles to provide good ex5in of the USD interaction provided good agreement with

amples of collective motion and enable macroscopic calcug pat \as experimentally known then and indicated that the

lattions, yet few enough to permit wide ba§|s MICTOSCOPIC,; \ctyre is more complicated than any of these simple pic-
calculations. Shell model calculations allowing all particles

beyond the %0 core to occupy the fulb-d shell with an tures[6]. Many questions remain about whether a more ex-

interaction fitted to much of the experimentally known struc-iﬁnsggéevell S(ih?me OSANG dwoul(tihcolr:jt\_ll\rluf[e t(i agrefe V(‘j”th
ture in the shell, the universatd (USD) interaction, have "¢ caicuiations based on the lowstructure ors-

been very successful in describing a wide range of nuclea\?he”, nuclei or might point thg way to changes in t.he mode_l
properties in this mass regida]. For example, USD calcu- eading to bett_er understanding of more neutron-rich nuclei.
lations predicted well the recently observed first Iate in All of the prior works on the excitation spectrum 641\|g
24\ig [2]. Both microscopic USD and macroscopic crankedhave used thet(p) reaction, beginning with a pioneering
Nilsson-Strutinsky model calculations have correctly pre-(t.p) measurement7]. Eight excited states were observed
dicted that the fully aligned?* and i * states in?®Mg lie ~ Up to 6 MeV. Spins of 2 were assigned to the first two
below the collective rotational states of the same sfBpg.  excited states at 1981 and 3871 keV in an eat|p{) an-

In contrast, experimental results thin out rapidly with in- gular correlation experiment using a Nal scintillator as the
creasing isospin. Only a fe=2 excited states are known detector[8]. A (t,p) angular distribution measurement as-
in the s-d shell, and the firsiT=% y decay scheméfor  signed¢=2 (and hence positive pariyto the 3871-keV
2INa) was presented in 2008]. Such studies are important level and 0" to the 4765-keV statg9]. In the same work, a
for testing how the nuclear structure responds to increasing-y angular correlation study of the unresolved 1981-keV
neutron-proton imbalance and how well models account foeloublet established 4 for the 3962-keV third excited state.
it. This is particularly true for astrophysical network calcula- Lifetimes were measured for the 1981-ke\ 2nd 4765-
tions which rely heavily on shell model calculations for the keV 0, states and a limit was set for the 3871-ke¥/ Rvel
properties of highT nuclei. using the Doppler shift attenuation methfdd,11]. A more

The T=0 structure of>Mg has long been known to be recent ¢,p) angular distribution measuremdii®] has iden-
rather collective. Earlier, it was thought that this collectivity tified 29 excited states up to 11.47 MeV with spin restrictions
should extend to other isospin states of the 24 system, on a number of states and an assignment ot® a state at
including T=2 2*Ne, especially since the lighter even Ne 5.70 MeV from a distorted-wave Born approximation analy-
isotopes exhibit rotation-like spectra. AlthougfNe is diffi-  sis of the proton angular distributions.
cult to reach experimentally, challenging experiments using The recent availability of a radioactive, albeit long-lived,
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1C beam and &4C target in conjunction with a moderp 1000 x _—
detector array has allowed the possibility of exploring the w00l 8
structure ofT=2 2*Ne with a heavy-ion reaction for the first gool s & Eq 16.25-18.00 MeV
time. It offered the possibility to better understand the role of 200 | E
increasing isospin in th&=24 system and of more detailed ,, . 't
tests of theories for the structure of nuclei with greater neu-5 g
tron excess. 3 00T
O 400
300 |
II. EXPERIMENTAL TECHNIQUE 200
The nucleus*Ne was populated in th&'C(*C,«) reac- 100 1
tion at Ejp,=22 MeV with beam intensities averaging 3 9700 2900 3100 3300 3500 3700 3900 4100 4300
X 10'° particles/s from the Florida State University Super- 250 ——— &+

conducting Accelerator Laboratory. THEC beam was pro-
duced in a dedicated Cs sputter ion source with an enriched
Fe,C sample[13]. A self-supporting*“C foil 600 wg/cn?

thick was used as the target. Charged particles from the re-
action were detected and identified with a 5-mm-thickle-
tector and a 15Q:m AE detector placed at 0° relative to the
beam and subtending 0.82 sr of solid angle. A 27-mg/am

foil placed between the target and particle detectors was used
to stop the'“C beam. The FSU array of Compton-suppressed 50
Ge detectors was used to detect coincidgntays. Three

4877
5001

200

22Ne

150

COUNTS

100

four-crystal clover detectors and one single-crystal detector ol v

were placed at 90° relative to the beam. Two single-crystal 4700 4900 5100 5300 5500 5700 5900 6100 6300
detectors were placed at 35° and four more at 145°. Add- E, (keV)

back mode was used for the clover detectors except for the

angular distribution analysis. Signals in tlie detector in FIG. 1. Portions of they spectrum in coincidence with a limited
coincidence with any detector provided the trigger for data range ofe energies. Transitions iA’Ne are labeled by their ener-
acquisition. gies in keV, while those labeled by?®Ne” result from the *°C

contamination on the target. The peak labeled by “****" js an
unresolved combination of several lines from 3654 to 3677 keV.
A. Particle-y coincidences This spectrum and all the other spectra in this paper have been

The #c(*4C,2n)?Mg reaction accounted for about 98% corrected for Doppler shifting.
of the total reaction cross section. Lines frotfNe could
only be seen in coincidence with particles, which were Note that because decays from higher lying states tend to
well separated from the other light charged particles in thecascade through lower energy levels, decays from these
E-AE plane. A portion of they spectrum in coincidence with lower energy levels appear in coincidence with a wide range
a particles is shown in Fig. 1 as an example. TRde lines  of « particle energies. For example, the 1981-keV doublet
result from a small>C contamination on the target. This grows in relative intensity with lower energies(higher
contamination has been observed in other reaction channedcitation energigs Thus, when examining the-vy correla-
as well[5], but does not pose a problem because the leveions by gating ony lines, the highest coincident energies
scheme of*?Ne is well known and the reaction 0iC has a  correspond to direct population of the state emitting fhe
differentQ value. ray. This is illustrated in Fig. 3 which shows thespectra in

The a-vy correlations provide valuable information about coincidence with a number of different lines. Thea par-
the placement of new energy levels apdransitions. One ticles in coincidence with the 1981-keV line from the lowest
way of examining these correlations is illustrated in Fig. 2.excited state irf“Ne extend to the highest energy. Therefore,
Two regions of they spectrum are shown in coincidence the highest coincident energies indicate the placement of
with four different ranges ofr particle energies. The highest eachy decay line.
a energy rangé&shown on top corresponds to the excitation ~ The kinematic relation betweem energy and excitation
energy region of the first 2 state at 1981 keV. Only the energy is shown by nearly straight lines in Fig. 4 for the
1981-keV transition is visible in this spectrum. The next (“C,a) reactions on botH“C and the contaminanfC. The
gate corresponds to the 4-MeV-excitation-energy region andata points are plotted at the measured maxinauemergies
includes decays from the second 8tate(1890 keVf and the  E, and the excitation energies, inferred from the level
first 4* state(1981 keVj, as well as subsequent 250" scheme and decay energies. The excitation energies of the
decays(1981 keVJ. More ?*Ne v lines appear in the lower 2?Ne levels and the lower*Ne levels were previously
energya gates, corresponding to higher regions of excitationknown. For new?Ne levels, this graph provides placement
energy. information and a consistency check.
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FIG. 3. « spectra in coincidence with the indicatgdines.
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FIG. 2. Portions of they spectra in coincidence with four adja-
cent ranges of energy corresponding to four regions of excitation with energy. A special sorting was made of just the 90° de-
energy in®Ne. The peaks are labeled as in Fig. 1. tectors in which multiple hits in a clover detector were ve-
toed, rather than added together. Although this led to the loss
Although particley coincidences provided the experi- of some counts, the veto mode avoided treating the clover

ment trigger, a moderate number efy-y coincidences
were also recorded. These provided additional evidence for
placement of they lines in the level scheme. Some examples
of the a-y-y coincidences are shown in Figs. 5 and 6. The
previously known coincidence of the 1981-keV line with it-
self can clearly be seen in Fig. 5.

B. Angular distributions

It was possible to obtain two-point angular distributions
for many of they decays. While a minimum of three points
is needed to determine both, and a, coefficients of the
Legendre polynomials of order 2 and 4 expected for dipole-
qguadrupole radiation, the two-point angular distributions still
provide useful information for assigning spins. Since
co(35°)=cog(145°), they detectors at 35° and 145° were
combined to produce one spectrum in a special sorting for
measuring angular distributions. The effects of different an-
gular distributions can be seen in Fig. 7 where the same
regions of they spectra at 35% 145° and 90° in coincidence
with « particles of any energy are compared. The 708-keV
line is weaker and the 730- and 767-keV lines are stronger at
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90°. FIG. 4. Highesta energy in coincidence with a givepline vs

The four individual Ge crystals in each clover detector arethe excitation energy of the state from which thedecay occurs.
about the same size as the single-crystal detectors, so tiie expected correlations from kinematics calculations are shown
efficiency of all the detectors should have a similar variationas lines.
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FIG. 6. Portions of they spectra in coincidence with particles

. . - . nd the indi lines.
FIG. 5. Portions of they spectrum in coincidence witke par- and the indicatedy lines

ticles and 1981-keV} rays in another detector. The peak labeled by . L . o
‘x5 an unresolved combination of several lines from 3654 to ing on any peaks, which implies that all lifetimes must be

3677 keV. less than about 1 ps and the observed decays must proceed
' by E1, M1, and/orE2 radiation.

detectors(all positioned at 90°) as larger Ge crystals whose,, A spin of 2 was assigned to the first excited state in
efficiency would not decrease as rapidly with energy as '€ at 1981 keV from af(py) angular correlation experi-
would that of the individual crystals. Thus the relative nor-Ment[8]. Positive parity was established by the measurement
malization of the 90° versus 35°145° detectors should be Of @ mean lifetime of 0.89 pgLO], which implies a reason-
independent of energy. This normalization was determine@P!€E2 strength of 7.2 W.u., but an unreasonably laky2
from the 2784-keVy line depopulating thep state at 4765 strength. Qur angular distribution measurement .of (BBO
keV whose angular distribution must be isotropic. The nor-or the rauo_or:‘ 3;‘|.eld at 35%145° fo that at 90° is quite
malization was found to be consistent with that determinecf:ons'Stfent with this a35|gnm_ent. .

from the decays of somk* states in>2Na (from thet and A spin of 24 was also assigned to the second excited state

p coincidenceswhose angular distributions must also be iso-at 3871_ kev from the py) angu_lar_cor_relatiorﬁS]_. An €
tropic in the absence of polarization. =2 assignment in a_t(p) angular d.|str|but|on experime ] :
The angular distributions were fitted assuming a Gaussial"Plies positive parity. As shown in the top left panel of Fig.
distribution of magnetic substate populations with a width of: the presenty angular distribution for the 1890-keV line
o=1.64. This value ofs was determined by fitting angular provides an excellent fit to that expected for &2 decay

distributions of known transitions iR®Ne arising from the ~With @ mixing ratio of = —0.18, which is quite consistent
12C contaminant on the target. with the value ofs=—0.15(15) reported in Ref8].

J=4 was assigned to the third excited state at 3962 keV
from a simultaneous analysis of the unresolved 2 and 2
—0 decay angular correlatiofi8]. The doublet nature of the
The construction of the level scheme f8iNe, shown in  1981-keV y line is demonstrated in Fig. 5, where a 1981-
Fig. 8, will be discussed in this section. The comparison withkeV line clearly appears in the 1981-keV gate. While the 2
USD shell model calculations, shown on the left side of Fig.—0 decay can be isolated by anenergy gate, as shown in
8, will be discussed in the following section. the top panel of Fig. 2, it is very difficult to isolate the 4
Although it was not possible to measure lifetimes in the—2 decay. However, no differences have been observed in
present work, there is no evidence for reduced Doppler shiftthe centroids of the 1981-keV line in different gates, so it is

Ill. RESULTS
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likely that the two lines differ by less than 1 keV in energy.
An ¢£=0 (t,p) angular distributior9] established 0 for

the fourth excited state at 4765 keV. Little was previously

known about the fifth excited state at 4886 keV except for its

presence as a shoulder on the peak for the 4765-keV state in

(t,p) spectra and an observation of its dominant decay to the

2{ level. This decay mod€&905 ke\j has been seen in the

present work, and no other decay branches could be ob-

served. Fits to its angular distribution are shown in the top

right panel of Fig. 9 for possible spins ofilthrough 4. A

spin hypothesis of ® (not shown since onlyy=0 is pos-

sible) gives a poor fit withy?~ 10. The fit for % is poor for

all § values, as is that for# at =0, which is the only
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physically reasonable value. This leaves spins of 2 afhd 3
The nonzero mixing ratio for 78 and lifetime limits men-
tioned earlier rule out a mixed1/M2 decay mode and thus
rule out 3. The angular distribution of the 767-keV line
feeding into this state rules out:2 leaving an assignment of
3" for the 4886-keV state.

A spin of 24 was assigned to the 5576 keV level in Ref.
[9], and the measured angular distribution of its 3595-keV
decay line is consistent with’2 The nonzero mixing ratio
rules out 2. A weak (t,p) peak at 5.64@5 MeV was

0
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tentatively recognized in an early experimégi, while a
peak at 5.706) MeV was unambiguously assignéd=0 in

the latest work[12]. With the higher resolution of the Ge
detector array, we have observed two states in this region at
5631 and 5653 keV. The 5653 keV state cannot be the 0
level seen in{,p) because of its decay to the€ 4tate. Also

the angular distribution of the 1760-keV decay of the 5631-
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FIG. 8. Level and decay scheme ¥Ne based on the present and previous work. Shell model predictions using the USD interaction are

shown on the left.
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FIG. 10. Same as Fig. 9 for otherlines.
FIG. 9. Graphs of the goodness of fif of theoretical calcula-

tions for the indicatedy lines with the indicated spin hypotheses t0 garyed at 6.0308) MeV [7] or 6.076) MeV [12], and a
the mc_ee_lsured_angulardistribution; as afu_nc.tio_n of the arctangent %fpin—parity of (2") was suggested in the latter study. The
the mixing ratiod. The 0.1% confidence limit is shown as a dot- 44 lar distribution of the 4045-keV decay line is consistent
dashed horizontal line near the top of each graph. with 2% with a nonzero mixing ratio which rules out 2
The 6361-keV state likely corresponds to thep) peak at

keV state ratio=1.21(8)] is not consistent with the isotro- 6.376) MeV in Ref.[12]. Possible spin-parities of 2or 3~
pic one a spin 0 state must have. Thus it appears that theere suggested for this stdte2], but the limited features in
third 0" state was not populated strongly enough in thethe (t,p) angular distribution make an assignment difficult
present reaction to be visible. and the 4 curve fits about as well. Angular distribution fits

The 5631-keV state decays nearly equally to the first andor the 708-, 730-, and 2398-keV decays of the 6361-keV
second 2 levels. Fits to the angular distribution of the 1760- state are shown in Fig. 10. Clearly, only spin 4 gives good
keV decay are shown in Fig. 10. A spin hypothesis @éf 4 fits for all the lines and the nonzero mixing ratio for the
gives a poor fit at the only physically reasonablealue of  2398-keV line implies positive parity. Also, the 730-keV an-
0. Spins of 2 and B8 both give good fits at reasonably small gular distribution rules out 2 for the 5631-keV level, as
mixing ratios. The nonzero values of these mixing ratios im-mentioned earlier.
ply positive parity sinceM2 decay would not be consistent ~ Above this, the level density increases, and it becomes
with the lifetime limits mentioned earlier. The angular distri- more difficult to determine the correspondence between
bution of the 730-keV transition feeding into this state rulesstates observed in the present work and those seen in the
out spin 2, leaving an assignment of 3or the 5631-keV  (t,p) reaction[12]. An exception is the likely correspon-
level. dence between the strong,f) peak at the 8.04)-MeV

Fits to the 767- and 1690-keV decays of the 5653-keV(whose angular distribution implies™2or 3*) and the 8039-
state are shown in Fig. 9. Both spins of 3 and 4 give good fitkeV state. Thea-y-y coincidences provide additional evi-
to the angular distribution of the 1690-keV line, while the fit dence for the placement of some of the higher lying states.
for spin 2 at zero mixing ratio is marginal. Only spin 4 gives Some examples are the 3286-, 3595-, 3654-, 3677-, 3777-,
a good fit for the 767-keV angular distribution for the small and 4045-keV lines in Fig. 5. The 1092-, 1981-, and 2784-
values ofé expected for this relatively low energy transition keV lines in the 1178-ke\r-y-y gate shown in Fig. 6, in
in which E2 decay should be weak. Thus the 5653-keV leveladdition to« cutoff energies, provide the placement of the
has spin-parity 4, since the nonzero mixing ratio for the 6745- and 7923-keV levels. Note that the 2784-keV lines
1690-keV decay would imply an unreasonably lafge represent the second doublet in this nucleus, after the 1981-
strength. keV lines. The decays of these two states by relatively low

The 6026-keV state probably corresponds to the one okenergy transition§1092 and 1178 keMsuggest higher spins,
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107 T T T T T L T T T TS many s-d shell nuclei(USD) have been very successful in
P 37T ke S Ly TN ] describing the positive-parity states in nuclei across the shell
10" B & [1]. For T=2 %!Ne, the previously known states at 1981,
oS 3871, 3962, and 4765 keV were included in thesD) fit.
10° There is a rather clear correspondence of states below 5
o . MeV with the shell model prediction$ig. 8), although most
< 0T of these(along with many from other nuclewere included
102 L 9 ] in the fit to the interaction. The root-mean-squams) de-
E © viation between the five predicted and observed states is 142
10° [ ] keV, which is quite typical of the agreement seen in otdr
i 1178 kev shell nuclei.
10 : ot \ Another observable which can be compared to model pre-
g - //}i,\\ / \ dictions is the decay pattern. Observed and predicted decay
Ny /x‘_‘ TR branching ratios are compared in Table I. There is good
/\\ i \\ s agreement in the decay patterns up to 5 MeV excitation en-
q\l \//.‘\ S\ /‘; ergy, although this is partly constrained by the limited num-
o 1 i i e ber of levels to which the states can decay. The largest dif-
< 10 @ I ol s |3 ference is for the decay of the 5631-keV 3tate. The small
02l < };‘v; " branching ratio to the 1981-keV 2level is determined in
o <\T. “‘cf) the theory by a very smalB(M1) value of 0.00038%,
10° L ] whereas theB(M1) strength for the 83— 2] transition is
E 2362 keV 3286 keV o.ozguﬁ, . A very small remixing of the two 3 states would
100 e i L] raise theB(M 1) value for the 3 —2; transition to 0.0043

30 60 -90 60 30 O 30 60 90
arctan(o)

90 60 300 and account for the nearly 50% decay branch observed.

If the 0" state observed in thet,p) reaction[12] at
5.706) MeV, but not seen in the present work, is included,
then six states are observed and predicted by the USD cal-
. . culations between 5 and 6.5 MeV. The spin assignments dis-
since many other higher energy decays would be open tg

. ) ., cussed in the preceding section lead to a one to one corre-
lower spin states. It was not possible to extract a reliable

angular distribution for the 1092-keV line, but that of the spondence W'th.th.e Sh(?” mogel staﬁgshghown n -Lablﬁ).l h
1178-keV transition, shown in Fig. 11, implies a pure dipoleand an rms deviation of 230 keV, which is somewhat higher
: ’ than that of the states below 5 M&®nd none of these states

gies(;%)gsl_e"éﬁlril tshpemfilfl(c))(/vtirr]% e‘;?ei?i:nmd 7923-keV states wil beWas included in the fit to the interactipnThe correspon-

: D i _dence between predicted and observed decay patterns is good
Fits to the angular distributions of the 2362- and 3286~ " " 5576-, 5653-, and 6026-keV states, but poor for the

keV decays of the 7248.-kev sta_te are also _shown in Fig. 115631- and 6361-keV ones. The reason for the poor agree-
Together they are consistent with spin-parity values of 2 ment is not clear. Even if one ignores the spin assignments, it

+ - + _ _
87, 3, or4". The 7638- and 7739-keV states are alsois not possible to rearrange the correspondence between ex-

?;ng'sd?lczsggrr] anir tshrgnlz’vfégfeztthset};tge?geeﬁgu;'&iﬁ}é perimental and theoretical states to significantly improve the
' agreement in decay patterns.

angular distribution of the 3777-keV decay of the 7739-keV"~ " - region of 6.5-8 MeV, nine states have been ob-

; ; ; ; + +

l;a\/tel, ?hq\t/:lnén F'ﬁ.‘ %11' are; ﬁon;;s_t%ntllmtﬁ 34 t or S't;l served in the present work, while 16 are predicted in the shell
tu not wi h » W ICI mdu_st 'ba\;' N f.th W§637r710k p\(/)s(,jy € model calculations and additional intruder states are also
0 measure the anguiar distribution ot the “KeV decay 0E)nossible. Thus, a full identification between predicted and

the 7638-keV state because of other nearby lines. ; : :
The observedy decays and the lifetime limits provide 22?6\530?;?;33(;&”?‘LSV%S\Z?e' Some likely correspondences
(rjestril():tions on thl?j posskijble spins,deven when relzliabrlle zngular The 6745- and ’7923-keV.states are excellent candidates
istributions could not be obtained. For example, the CCAB the predicted lowest 5 and 6" states at 6690 and 7898
of the 6858-, 6982-, 7388-, 8039-, and 8393-keV Etates 10 thEev, Their energies and decay patterns agree well with shell
Iowest? level limit their possible spin-parities t0'0 1, 2, model predictions(Because of the 2784-keV doublet, only
3, ord”. approximate decay branching ratios for the 6745-keV state
can be determined from the 1178-keV gateurthermore, no
IV. DISCUSSION state in the region other than thé ®ne is predicted to decay
predominately to a level only about an MeV below it.
Identification of the 7248-keV state is much less clear.
As mentioned earlier, shell model calculations allowingThe predicted 3 state at 7240 keV would be a perfect match
all particles outside thé®0 core to occupy the ful-d shell  in energy, but no measurable decay branches are predicted
and using an effective interaction fitted to the structure offor either of the observed decays to the lowest énd 4°

FIG. 11. Same as Fig. 9 for otherlines.

A. USD shell model
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TABLE |. Comparison between the observed decay branching réBigs of states in*Ne and those predicted by tised shell model
using the USD interaction. The last column shows the difference between the observed and predicted excitation energies.

Experiment Shell model
E; J7 J7 E; BR E, BR AE
(keV) (keV) (%) (keV) (%) (keV)
1981 2 o* 0 100 2145 100 —164
3871 2 o* 0 8 3742 6 129
2" 1981 92 94
3962 4 2" 1981 100 3996 100 -34
4765 0 2" 1981 100 4662 100 103
2" 3871 <3 0
4886 3" 2" 1981 100 4568 96 318
2" 3871 <3 4
5576 2 o* 0 <2 5339 1 237
2" 1981 100 95
2" 3871 <4 4
5631 3" 2" 1981 49 5472 4 159
2" 3871 51 92
4* 3962 <3 4
5653 4 2" 1981 34 5645 23 8
2" 3871 <1 1
4* 3962 58 56
3* 4886 8 20
5700 o* 5841 (—141)
6026 2" 2" 1981 100 5957 93 69
3* 4886 <5 4
3* 5631 <2 3
6361 4 2" 1981 <4 5941 26 420
2" 3871 <4 3
4+ 3962 23 65
3* 4886 <14 3
3* 5631 30 3
4* 5653 47 <1
6745 (59 4* 3962 65 6690 63 58
3* 4886 <5 6
4* 5653 35 27
4* 6361 <5 4
7923 (69 4" 3962 <18 7898 30 27
4* 5653 <3 7
(5%) 6745 100 63
%Referencd 12].

levels. The 4 state at 7394 keV is not far away with a been seen for the predicted 60% decay branch to the 4

predicted 96% decay branch to the first 4evel. This is level. The 7739-keV state is less likely to have negative par-

perhaps the best match among the shell model states, but ity because the mixing ratio of its decayline is not con-

measurable branch is predicted to tHelBvel. Another quite ~ sistent with zero for any of the spin possibilities. The experi-

viable possibility is that the 7248-keV level is an intruder 3 mMental 7638-keV state is also a candidate for the same shell

state. model states. Again the predicted 7394-keV level is the only
The 7739-keV experimental state is another possible car?6arby one whose decay pattern agrees and there are two

didate to correspond to the predicted 4tate at 7394 kev, Other experimental candidates for this level.

Compared to the 7248-keV candidate, the energy is farther

away, but the decay only to the 4level matches perfectly. B. Intruder states

The predicted 5 state at 7646 keV is a better match in  The question remains of negative-parity intruder states in-

energy for the 7739-keV experimental level with a predictedvolving a particle or hole in an orbital below or above the

34% decay branch to the/4state. However, no evidence has s-d shell. The possibility of such states introduces a wild
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6 0" —o+ 2 r 1
5 + . 0F § : Odstz\-/.\. |
4v 20 e ot N w-10 [ =
4 2+ J— (0 ) 777777 2 + c L i
1N 4t ot (2t =0 g L 4
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14 - Neutron number

o+ o* o* o+ o 0* o* FIG. 13. Variation of the neutron effective single-particle ener-
18 20 22, 24 26 28 18 L . . gie-pa
Ne Ne “Ne “Ne Ne “Ne O gies implied by the USD interaction for the neab= 10) isotopes
as a function of neutron number.

FIG. 12. A comparison of the energies of the lowest @™, o ) . ) _ .
4*, and 6 and second 0 and 2" states across the even Ne iso- hibit a vibration-like spectrum, although the spin assign-
topes. ments are not firni15,16], while the low energy of the first

(2%) level in 8Ne[17] suggests a return to higher deforma-
tion. The overall pattern is consistent with filling of tdg,
orbital. *®Ne, with a closedvp,,, orbital and emptyrds,
one, exhibits low collectivity and more spherical properties.
Collectivity increases as theds, orbital becomes partially
filled in 2°?Ne. Then collectivity decreases and more
spherical behavior returns when thds,, orbital is filled at
2/Ne. However, neutron excitations out of thg, orbital

card into the interpretation of the level scheme?fNe, the
lowest intruder state is a2level at 5147 keV. Shell model
calculations including the,;, orbital predict intruder states
to appear above 5.4 MeV12,14. No good candidate has
been identified for this state. The 9.63-MeV statéich is
beyond the range studied in the present waqmovided the
best evidence for negative parity in thed) angular distri- ) . o . .
butions[12]. There wzgs no clloear Bévidencré)for Eegative parity.be(.:Ome possible at higher GXC_'ta"E%Q energies a_nd collectiv-
below this, although a few angular distributions were not'Y Increases. Thus the sphericity 6iNe provides informa-

inconsistent with negative parity. Some of the measuyed tlor_:_r?n the shell g:[’:lp” abobve thefffz O:tb'tal'. it istent
angular distributions also rule out negative parity, as dis- € expenimentaly observed patiern 1S guite consiste

cussed in the preceding section. Otherwise, an experiment 'th. the _shell gaps In the U.SD Interaction. Th_e neutron e_f-
determination of the parities of the states is not possible i ective smgle-pgrtlcle energies from the USD Interaction in
the present work because the statistics are far too low tHje even neon isotopes are graphed as a function of neutron

measure the polarizations of thetransitions using Compton Pur?\lbfrsln Flgl.dl|3. ghte T'gh ene1|9y t(_)f_'iherggp\lpyiorbltal
scattering and the energies of the transitions are all much to@" N~ © would jead 1o Jower Collectivity | €. AS neu-
trons begin to fill theds,, orbital, collectivity depends more

high to exhibit any measurable internal conversion. One can

didate for a 3 intruder state is the 7248-keV level, although O the spacing to the nest,, orbital, which is moderate for
it could also be ars-d state. N=10 and 12. The spacing reaches a maximumNer14

(?*Ne), which again shows lower collectivity. Then the large
gap between the filled,, orbital and the emptgs;, one also
implies low collectivity for N=16 (**Ne). The reduced
The energies of the lowest'2 47, and 6" and the sec- s,,,-d3, gap atN=18 is consistent with the lower2energy
ond 0" and 2" states in the even Ne isotopes are comparedh *®Ne, although a greater influencemff intruder configu-
in Fig. 12. ?>Ne exhibits the most rotation-like spectrum of rations also contributes to increased collectivity. The only
this group and has the lowest 24", and 6" levels. The trend not reproduced is the increase in collectivity seen ex-
spacing of these states is also rotationlike’lNe, but with  perimentally fromN =10 to 12, while the increasing single-
what would be called a smaller moment of inertia in a rota-particle gap would imply the opposite.
tional interpretation. Also the second" Gand 2" states in The lower level structure of°0 is qualitatively similar to
202Ne do not cluster near the lowest 4as would be ex- that of 2*Ne, with both presenting a vibration-like appear-
pected for a vibrator. By contrast®Ne and?*Ne exhibit a  ance. This similarity was expected based on the closed neu-
more vibration-like spectrum with a4 energy approxi- tron dg, shell in ?*Ne. However, the similarities do not ex-
mately twice that of the lowest2state and the second'0 tend to higher excitation energies. For example, the lowest
and 2 levels lie close to the first 4 one, as would be 6" state in*®0 lies at 11.69 MeV, almost 4 MeV higher than
expected for a two-phonon group. However, the position ofn ?*Ne. Also counterparts for the cluster of negative-parity
the 6" state in?*Ne suggests that a more rotation-like be- states above 4 MeV if®0O have not been observed #fiNe.
havior may set in at higher spind®Ne also appears to ex- In retrospect, the similarities and differences between the

C. Systematics
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structure of these two nuclei are perhaps to be expected. Aton excess, as has been observed in other mass rgdi®ns
low excitation energies both exhibit the spectrum of kg  as well as in thes-d shell.

particles—protons foP*Ne and neutrons fot%0. Then at Above 6.5 MeV, the lowest 5 and 6" states have very
higher energies, excitations of neutrons abovedifyeorbital  likely been identified. Their energies and decay patterns
lead to different positive-parity structure #iNe, while ex-  agree well with shell model predictions. Beyond these, only
citations ofpy, protons into the emptyls,, orbital lead to  about half the predicted number of states has been observed

lower negative-parity states itfO. between 6.5 and 8 MeV and correspondences are more
tentative.
V. SUMMARY No negative-parity intruder states have been clearly estab-

o ) ] ) lished although some are generally expected above 5.5 or 6
The combination of a radioactive, but long-livetC tar-  \ev. Some candidates remain, but negative parity has been

get and beam, along with particleand particley-y coinci-  yyled out for many of the states observed through nonzero
dences from a moderty detector array, h3254 provided sub- mixing ratios which would imply too strony!2 transitions.

of the overwhelming neutron decay back towards stability,suggestS a significant shell gap above g, orbital in
electromagnetic transitions iffNe were only visible in co-  24Ne. One sign of this is the spherical, vibration-like struc-
incidence witha particles from the'“C(*C,a) reaction.  tyre of 2/Ne below 5 MeV, which has a filledds), shell.
Correlations between andy energies and some-y-y CO-  Thjs is rather similar to the structure fNe, which has a
incidences provided the placement of the newly observeg|osedp,, shell and emptyds, orbital, and different from
transitions in the“Ne level scheme. Two-point angular the rotation-like structure of the intervening isotop@sNe
distributions led to a number of spin assignments andyhich have a partially filledvds;, orbital. Further evidence
restrictions. _ _ comes from similarities with the lower structure 810, as
All'but one of the 12 states predicted to lie below 6 MeV yescriped in the preceding section. The neutron effective
by the USD shell model calculations have been observed igjngle-particle energies deduced from the USD interaction do
the present work. The missing Qevel was seen in an earlier show a largeds,s;,, gap, as well as other features which

(t,p) work [12]. The agreement in energy is rather typical correspond to the experimentally observed variation of col-
for shell model results nearer stability, but there is a systemrectivity across the neon isotopes.

atic tendency for the experimentally observed levels to lie a
little higher in energy than the calculated ones. A comparison
of predicted and observed decay branches shows good agree-
ment for most of the states, but again significant disagree-
ments for several. This work was supported in part by the National Science

These results are similar to those recently reported fronfroundation through Grant Nos. PHY-99-70991 and PHY-01-
the first study of the level scheme of B=3 s-d shell 39950. We are grateful to V. Griffin, E.G. Myers, B.G.
nucleus, ?’Na [5]. Together they may suggest the need toSchmidt, J. Janecke, V.G. Goldberg, P. Barber, and Dares-
restudy the interaction as it applies to nuclei farther frombury Laboratory for their contributions to thHéC ion source
stability. For example, single-particle energies shift with neu-and targets.
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