
PHYSICAL REVIEW C VOLUME 27, NUMBER 6

Cluster structure of Sp-4h states in Ne

JUNE 1983

M. M. Hindi, ' J. H. Thomas, D. C. Radford, and P. D. Parker
Wright nuclear Structure Laboratory, Yale University, New Haven, Connecticut 06511

(Received 23 November 1981)

The str'ucture of high-lying states in Ne has been studied using the ' C('2C, a)2 Ne reac-

tion at E(' C) = 64 and 80 MeV. The spins and branching ratios to the a+ ' 0 channel

were determined by measuring double (a-a) and triple (a-a-y) angular correlations. The
branching ratios for decay to the ' C+'Be channel were obtained from an a-"C coincidence

experiment. In addition to confirming the spins of several lower-lying states, we have made

a spin assignment of 8+ for the state at 18.538 MeV and also suggest assignments to states

at 17.259 MeV (7 ), 20.478 MeV (8+), and 24.378 MeV (7 ). The 13.927-MeV (6+) state is

assigned to the K =Oq band, and it is suggested that this band also includes the 8+ state at
20.478 MeV. The 18.538-MeV (8+) state was found to have a large reduced width for decay
into ' C + Be which, together with its small reduced width for decay to a+' O~, , sug-

gests that it has a large ' C + 'Be cluster parentage. This state appears to be the 8+
member of a new 8p-4h band which has the 12.436-MeV (06+) state as its band head and the
state at 15.159 MeV as its 6+ member. The discovery of such a rotational band in Ne with

a large ' C + 'Be cluster parentage and a large moment of inertia provides the first direct
indication of correlations between the a clusters in 8p-4h states.

NUCLEAR STRUCTURE Ne; measured spins, parities, branches to
a + ' 0 and ' C + Be; deduced reduced widths, cluster structure.

I. INTRODUCTION

Light nuclei exhibit a wide variety of phenomena
from independent particle motion, to collective rota-
tional and vibrational features, to clustering charac-
teristics. The many-body nature of the nuclear
physics problem, even in these light nuclei, has
necessitated the use of different models, each of
which describes one particular aspect of the data.
Models in which the nucleus is divided into an alpha
cluster plus core have been successful in reproducing
the large a-particle widths and large spectroscopic
factors for a transfer, as well as the rotational
features and enhanced E2 transitions which are ob-
served between particular states in these light nu-

clei. ' Prompted by this success, attempts have been
made recently to extend these models to include
more complicated cluster configurations. ' By gen-
eralizing these models and enlarging the cluster
model space, the overlap with the shell model should
increase, and more aspects of the data should be
reproduced. Therefore, it is important to establish
the existence of states with new cluster configura-
tions and to investigate their properties in order to
furnish a testing ground for these new cluster calcu-
lations. In this paper, we report on an investigation

of states in Ne which have a cluster structure other
than the well-known cz + ' 0 configuration.

The nucleus Ne is probably one of the most ex-
tensively studied light nuclei; it has been studied us-

ing shell model, Hartree-Fock, and cluster model
calculations. ' The o. + ' 0 cluster structure of the
E =0 and E"=04 rotational bands has been well
established experimentally ' and cluster model cal-
culations based on the a + ' 0 cluster structure'
have been able to reproduce these two bands, as well
as the ground state band, all of which have four par-
ticles outside an ' 0 core as their dominant shell
model configuration. The o. + ' 0 cluster model
space is not large enough, however, to reproduce the
well-known rotational bands built on the 6.72 MeV
(02+), 7.191 MeV (03+), and the 4.968 MeV (2 )

states, and there have been several attempts to repro-
duce these bands by including more complicated
cluster configurations in the model space. ' '

The only cluster calculation which has been at all
successful in this regard is the coupled-channel-
orthogonality-condition —model (CCOCM) calcula-
tion of Fujiwara et al. , who use a+ ' 0 cluster
states coupled to ' C+ Be cluster states. In partic-
ular, by including the ' C+ Be cluster structure
they reproduce, for the first time in a cluster calcu-
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lation, the band built on the 7.191 MeV (03+) state.
Experimentally, members of this band are found to
have very small a reduced widths and very weak
proton strengths, ' but they are strongly populated
in Be transfer reactions and hence are thought to
have an eight particle four hole (Sp-4h) configura-
tion. " The 2+, 4+, and 6+ members of the E =Oi+
band have all been well established; however, there
has been no definite confirmation of the 8+ or
higher spin members. Therefore, it was the aim of
this study to search for high spin members of this
E =03+ band as well as any high-lying 8p-4h states
and to determine whether any of those states has a
predominantly ' C+ Be cluster structure. To that
end we have measured the spins, parities, and
branchin~ ratios for decay to the a + ' 0 and
' Cs, + Bes, channels of several high-lying states
in &ONe. Our results suggest the existence of
a new 8p-4h band in Ne with a large ' C+ 8Be
cluster structure.

To populate high spin states of possible 8p-4h
character, we chose the ' C(' C,a) Ne reaction for
two reasons. First, the low spin members of the
E =03+(8p-4h) band are found to be strongly excit-
ed in this reaction. " ' Second, the spinless nature
of the beam, target, and ejectile makes it possible to
determine the spin of the residual nucleus from an-
gular correlation measurements. Previous studies on
the ' C(' C,a) Ne reaction were limited to bom-
barding energies E(' C) & 72 MeV, and most of this
work was done below 63 MeV. At the lower bom-
barding energies the reaction is found to have a
predominantly compound nature, except for the
population of the low spin members of the E~=Oq+
band, where a considerable direct component is
found. ' To investigate the selectivity of the reac-
tion at higher bombarding energies, where states of
high spin and excitation are expected to be strongly
populated because of the larger angular momentum
and energy brought in by the beam, we measured a
particle spectra at 8~=0' in steps of 1 or 2 MeV
over the bombarding energy range 60&E(' C) &80
MeV. It was found that at these bombarding ener-
gies the reaction is reasonably selective and relative-
ly direct, in the sense that a relatively small number
of states are populated with roughly the same rela-
tive strength over this wide range of bombarding en-
ergies. There are over 150 levels known in Ne
below E„=21 MeV, and therefore the consistent
population of relatively small number of levels over
this range of bombarding energies suggests that they
might have a special, perhaps 8p-4h, character.

All of these measurements were conducted using
the Yale MP-1 Tandem Van de Graaff accelerator
facility; the experimental techniques and details of
our measurements will be discussed in Sec. II; for a

more detailed description of the experimental equip-
ment and procedures used in these measurements,
see Ref. 14. In Sec. III we will present the spins and
branching ratios extracted from the reduced data
and compare our results to those obtained recently
by other authors. In Sec. IV the character of the ob-
served states and their assignment to rotational
bands will be discussed, with particular emphasis on
those having a ' C + Be cluster structure.

II. EXPERIMENTAL PROCEDURES
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FIG. 1. Schematic diagram of the experimental setup
used in the ao-a~-y triple correlation experiment.

A. Spin measurements

To determine the spins of states in Ne we mea-
sured

' C(' C,ao) Ne(ai)' 0,
ao-a~, double angular correlations in the
Litherland-Ferguson method II geometry' at
E(' C)=80 MeV for those Ne states which decay
to the J"=0+ ground state of ' 0. For those Ne
states which decay to excited states in ' 0 with spin
J&0, triple angular correlation measurements (e.g. ,
Fifield et al. '

) were used. In this technique the an-
gular distribution of the alpha particles from the de-
cay Ne~(Jq )~ai + ' 0~(Js) is made sensitive to
the spin Jz by detecting the gamma ray from the de-
cay

1604(J ) 160

at a fixed angle in coincidence with ao and ai (see
Fig. 1). The triple angular correlation expression
and its properties are described in detail in Refs. 14,
16, and 17, and will not be repeated here.

The triple angular correlation experiment could
not be carried out at E(' C)=80 MeV because of
the sensitivity of the NaI(T1) detectors to the prolif-
ic number of background y rays and neutrons pro-
duced at that energy. Reducing the beam energy re-
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suited in substantially smaller y-ray and neutron
counting rates and made the experiment feasible. A
beam energy of 64 MeV was chosen because the ao
singles spectrum at this energy closely resembled
that at 80 MeV, and therefore comparisons could be
made between the results extracted at these two en-

ergies.
A schematic diagram of the instrumentation used

in the a-a-y, triple angular correlation experiment is
shown in Fig. 1. The states in Ne were populated
using the ' C(' C,a) Ne reaction at E(' C)=64
MeV. The target was a self-supporting carbon foil
100 pg/cm thick, with its normal tilted 45' from
the beam direction. The primary ' C beam was

stopped by a water-cooled circular piece of tantulum
(3 mm in diameter, 1.6 mm thick and supported by
a 1 mm wide vertical strip) located 7 cm from the
target. The forward scattered ' C ions were stopped
in a stack of fifteen 2 mg/cm Havar foils.

The primary alpha particle (ao) was detected in a
hE Etelesco-pe consisting of two 50 mm Si(SB)
detectors. The telescope was centered at 0' behind a
6.35 mm diameter collimator placed at 10 cm from
the target; the aperture subtended a geometrical
solid angle of 3.17 m sr, but the useful solid angle of
the detector telescope was restricted to 1.82 m sr by
the beam stop; the angle of detection was 0.6'
& 0 & 2.3'.

The alpha particles (a~) from the decay of states
in Ne were detected in a 16-slice position-sensitive
detector (PSD) similar to the one described in Ref.
16. The length of the detector (50 mm) spanned
50.6' in the laboratory system (35'&O~,b&85), cor-
responding to 55'&8 (r.c.m. ) & 130 in the Ne

recoiling center of mass system (r.c.m. ); in the labo-
ratory frame, the solid angle subtended by each slice
varied from 11.3 msr for the end slices to 18.0 msr
for the middle ones, and the corresponding angular
width varied from 2.5' to 3.6'. The angles at the
center of each slice were measured to better than
+0.1'.

Gamma rays from the decay of ' 0* were detect-
ed in two 7.62 cm X7.62 cm Nal(TI) crystals placed
8 cm from the target at an angle of (8,4)
=(45', 180') and [since the triple angular correlation
is symmetric under the transformation
(8,4)~(~—8,~+ 4)] at an angle of (135',0') to
augment the count rate (Fig. 1).

Standard NIM electronic instrumentation was
used to process and analyze the various pulses from
each of the detectors and to define the following six
types of events: (1) uo-a~-y triple coincidence, (2)
ao-a~ double coincidence, (3) ao-y double coin-

cidence, (4) ao singles, (5) a~ singles, and (6) y sin-
gles. The double coincidence events ao-ai and ao-y
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FIG. 2. Two-dixnensional plot of the energy of the de-
cay alpha particle (a~) which is detected in slice n of the
position sensitive detector versus the ao-particle energy.

were defined by fast coincidences between 0,0 and ai
(AtFwHM & 10 nsec) and ao and y (htFwHM =2 nsec)
(where FTHM is full width at half maximum),
respectively. A triple coincidence event (ao-a~-y)
was defined by a slow time coincidence
(ht„„,„;„,& 2 @sec) between a fast ao-a, coincidence
and a fast ao-y coincidence: the seven analog signals
(AE, E, P, E, , Er, TAC~ ~, ,TAC~, r) were

fed into analog-to-digital converters (ADC's) inter-
faced with the laboratory's IBM 360/44 computer.
The data acquisition system mas programmed to
recognize the six events mentioned above and to
transfer the contents of the associated ADC's direct-
ly to the computer memory for monitoring and for
on-line analysis. The coincidence and ao singles
events were analyzed on-line and were also written
on magnetic tape, event-by-event, for later off-line
reanalysis.

The ao-a& double coincidence events were
analyzed to generate the a~ angular distribution for
decays to (a) the ground state of ' 0, (b) the doublet
at 6 MeV, and (c) the doublet at 7 MeV. The ao-
a&-y triple coincidence events were analyzed to gen-
erate the a~ angular distribution for decays to (a) the
6.13 MeV (3 ) state in ' 0 and (b) the doublet at 7
MeV. The decay channel was identified kinemati-
cally from a two-dimensional plot of E~ versus E~
at each a~ angle (as defined by the slices of the a~
detector). An example of such a plot is shown in
Fig. 2. To separate out decays to '

Og, , it was suf-
ficient to draw software gates on the 2-d plot with a
light pen attached to the display system. In order to
make the separation between decays to the 6-MeV
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FIG. 4. Triple (ao-al-y) coincidence spectra for the de-
cay of ' Ne» states to excited states in '60. Also shown to
the same scale are the accidentals spectra.

FIG. 3. Comparison of the singles spectrum for the re-
action ' C(' C,a) Ne with double (ao-a~) coincidence
spectra in which the Ne~ states a decay to various final
states in ' 0.

doublet and those to the 7-MeV doublet, it was
necessary to generate more accurate gates (for each
angle) from an analysis of full-resolution (1024-
channels) E~ spectra. The triple coincidence spec-a)
tra were generated by requiring (in addition to the
requirements met by the no-a& double coincidence
events) a true time coincidence between the ao parti-
cle and a y ray with Ezp700 keV. The latter re-
quirement eliminated events corresponding to the
decay

Ne*~a+ ' O(6.05,0+ ),

since the 6.05 MeV (0+) state decays only by e+e
pair emission. Both doubles and triples accidentals
spectra were also generated, and both were found to
be negligible.

Plotted as a function of excitation energy in Ne,
Fig. 3 shows a sample of the E singles spectrum asao
weH as the sum over all angles of the double coin-

cidence spectra for the decay of ~oNe* to (1) the
ground state of ' 0, (2) the doublet at 6 MeV, and
(3) the doublet at 7 MeV. Triple coincidence spectra
for decays to the 6.13 MeV (3 ) state and to the 7
MeV doublet are shown in Fig. 4. The resemblance
between the triple coincidence spectrum for decay to
' O(6.13) and the double coincidence spectrum for
decay to ' O(6.05+ 6.13) (Fig. 3) indicates that none
of the states populated by this reaction in this region
of excitation in Ne has a predominant decay to the
6.05 MeV (0+) state.

The angular correlation yields for the decay of
each state of interest in Ne to the various final
states in ' 0 were extracted from the double and tri-
ple coincidence data using multi-Gaussian fits to the
Ea, coincidence spectra. The resulting yields were

converted to yields in the Ne r.c.m. system, thus
putting them in a form suitable for comparison with
the theoretical angular correlations. The data and
the procedure followed in determining the spins
from them will be presented in Sec. III.

Singles and coincidence spectra for the 80 MeV
run are shown in Fig. 5. Although these spectra are
quite similar to those obtained at 64 MeV (Fig. 3),
some differences do exist, and these'will be discussed
in Sec. IIIB.
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FIG. 5. Comparison of the singles and double coin-
cidence spectra obtained during the double correlation ex-

perirnent at E(' C)=80 MeV.

' C+' C—+a+' C s+ Be, .

B. ' C+ Be branching ratio measurement

To measure the branching ratio for the decay
Ne*~' C+ Be, we performed' an a-' C double

coincidence measurement of the

12C(12C a)20Negt(12C)8Be

reaction at E(' C)=80 MeV. The a particles were
detected at 0' in a telescope identical to the one
described above for the (a-a) and (a-a-y) angular
correlation measurements. The ' C's were detected
in two bE Etelescopes, o-ne placed at 15 cm from
the target and at O~,b ——20', and the other at 10 cm
and rotated to collect data at 24' and 28'
(51'&H„m & 83'). The b,E detectors were

10 pm&&25 mm Si(SB),

and the E detectors were

50 turn&&50 mm' Si(SB) .

Both telescopes had 4.95 rnrn diameter collimators,
thus subtending 0.86 msr and 1.93 msr for the far
and near telescopes, respectively. The a particles
and the ' C's were detected in fast time coincidence
with htFwHM-16 —18 nsec, which gave a real-to-
random ratio of 5:1 for the forward detector tele-
scope and 9:1 for the backward one.

In addition to the identification of the a's and the
' C's through their respective telescopes, the
kinematic correlation between their energies was
used to identify the three body final state

FIG. 6. Two-dimensional plot of the ' C energy versus

the a-particle energy for a-' C double coincidence events.

(Channels with (1 count are blanked out. ) Events corre-

sponding to the three-body final state ("C+ 'Be+ a) lie

along the boundary of the four-body (' C+ a+ a+ a)
phase space. The dashed lines enclose the region corre-

sponding to this boundary; this region was projected onto

the E(a) axis to generate the spectra in Fig. 7. Peaks in

this region correspond to final state interactions between

the components of the three-body final state; these final

state interactions are labeled in this spectrum and are en-

closed by solid lines (to guide the eye).

A two dimensional plot of E(a) versus E(' C) is
shown in Fig. 6. A software gate was drawn around
the region corresponding to the a + '

C~ s + Beg,
three body final state, with a width in the Ec direc-
tion corresponding approximately to the energy
spread in Ec due to b 0; counts inside this gate were
projected onto the E~ axis. The resulting coin-
cidence spectra, with accidentals ( & 1

count/channel) subtracted, are compared to the sin-

gles spectrum in Fig. 7. The peaks at 18.S MeV and
at 20.5+ 20.7 MeV show up at essentially the same
position at all angles and clearly correspond to the
sequential decay through Ne*,

"C+ "C "Ne*+a(0')

Cs, (8)+ Bes,

rather than through ' 0*. The strongest peak in

these coincidence spectra does show a substantial

change in position with the ' C detector angle and

corresponds to the sequential decay through ' 0*,

12C+ 12C 160++8B
g. S.

a(0')+' C8, (8)

involving the 20.9 MeV (7 ) state in '6Q.
The singles and coincidence yields were extracted
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from these spectra using Gaussian fits. The branch-
ing ratios extracted from these yields are presented
in Sec. IIIA.

C. High resolution measurements

The use of thick targets (which was necessitated
by the low count rate of coincidence events) and the
requirement of protecting the 0' telescope with ab-
sorber foils resulted in an energy resolution which
was too poor to resolve close-lying states and to ex-
tract their widths and excitation energies accurately.
In order to obtain more precise excitation energies
and widths for the Ne states being populated in
our experiments, we made high resolution measure-
ments of these same ' C(' C,a) Ne spectra in sin-

gles experiments conducted with thin targets and
with no absorbers at E(' C)=48, 64, and 80 MeV.
The beam was collimated using two rectangular
apertures (width=l mm and height =4.5 mm)
placed at 50 cm and 127 cm from a 10 pg/cm ' C

target (normal to the beam). The a particles were
detected at 4 in a hE-E telescope placed behind a
3-mm&&6-mm collimator located 36 cm from the
target. The measured instrumental resolution was
97+2.5 keV as determined from the measured
widths of peaks corresponding to well-known nar-
row states. An accurate calibration of the spectra
was obtained by using the excitation energies of
well-known low-lying states in an intercomparison
of the peak positions in these three spectra. The 80
MeV and 64 MeV high-resolution spectra are
shown in Figs. 8 and 9, respectively. The excitation
energies and widths of the populated states were ex-
tracted from the spectra by fitting the peaks with
multi-Gaussian fits superimposed on a quadratic
background and by unfolding the contribution of the
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FIG. 9. High resolution spectrum of the '2C{'~C,a)~ Ne

reaction at E(' C)=64 MeV, plotted as a function of exci-

tation energy in Ne.
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TABLE II. Comparison of the excitation energies and widths extracted from our high-

resolution measurements at E(' C) =64 and 80 MeV.

E„(MeV+keV)
E,=80 MeV 64 MeV Average 80 MeV

I, (keV)
64 MeV Average

12.138 k 5

12.611 2 10
13.923 + 5

14.330+ 10
15.159 + 5

15.40 a 40

16 581+ 10
16.717 + 10
17.259+ 15

18.539 k 10
20.474+ 15
20.708 + 15

21.05 + 20
21.65 + 100
22.1 + 100
22.7 + 100

23.74 + 100
24.371 + 40

12.132% 5
12 5882 5
13.932K 5

14.292+ 10

15.438+ 10
15.872+ 10
16.616+ 10

17.259+ 15
18.153+ 10
18.536+ 10
20.482+ 15
20.700% 15
20.89 + 30

21.96 +100
22.7 +100
23.2 +100

24.377+ 40

12.135+ 5

12,600+10
13.927+ 5

14.311+15

16.600+ 15

17.259+ 11

18.538+ 7
20.478+ 11
20.7042 11

22.03 +70
22.7 +70

24.374+30

1302 20
121+ 10

(50
60 + 15
410%130

150+ 30
37 + 10

125+ 25
220m 50

140+ 50
240+ 50
550+100
500%150
300+ 100
230+100
200+ 50

50+ 10
105+ 10
100+ 20

100+ 20
100+ 15
173+ 20

162+ 20

143+ 15
270+ 40

—120

800+150
4802150

270+130

113+ 7

160+ 30

138+ 13
250+ 30

630+ 80
490+110

210+ 50

instrumental resolution in quadrature. Based on in-
terlocking comparisons of known states observed in
the high resolution spectra measured under identical
conditions and gain settings at E(' C)=48 and 64
MeV and at E(' C)=64 and 80 MeV, direct com-
parisons can be made between the measured alpha-
particle energy for the highly excited states of in-
terest and for well-known states —10 MeV lower in
excitation. The results are given in Table I. A com-
parison between the results extracted from the 64-
MeV data and from the 80-MeV data is shown in
Table II.

III. EXPERIMENTAL RESULTS
AND ANALYSES

A. Extraction of spins and branching ratios

1. Spins

The measured double and triple angular correla-
tions were fitted with the appropriate theoretical
correlation expressions. For the u-a-y measure-
ments described here (see Fig. 1) [8~,=0'; JF Oand-—
Lz Ly=Jz], the th——eoretical correlation has the
fo~16

W h(8~t, 4,8r, @r)= (JsM~L Ma
I
JAO&—(JgMsL' Ma

I
J~O&—

4m.

2k+1k, q

I

X&IILfl&&iiL if&'Y, '(8...e.,
) Y, . '(8...e. )

1/2

Q„R„(J~J~JsO)(J~M~J~ Ma
I
kp) Yg(8 4—),

where the Rk's are the angular distribution coeffi-
cients of Rose and Brink, ' the Qk's are attenuation
coefficients' which take account of the finite solid

angle of the y-ray detector and the effects of the hy-

I

perfine interaction and the finite lifetime of the ' 0*
state, and the quantities (

~
~L

~ ~
) are the reduced ma-

trix elements for the decay Ne~ —+' 0*+u, with
L restricted by the conservation of angular momen-
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turn and parity,
For the o;o-a

~
measurements described here

[8 =O'; J~ ——0 and L =J~ and Mq ——M~ M——i ——0]
the theoretical correlation reduces to the form

2' +18',h(8~, 4~ )=
I
Pz (cos8 )

I

An isotropic background term was also included
as a free parameter in the fit in order to take ac-
count of the continuous background present in the
coincidence spectra (Figs. 3, 4, and 5). This back-
ground corresponds to real coincidences from the
decay of broad low spin states in Ne, from direct
three body breakup, and from the kinematic inver-
sion of the primary and decay alpha particles
[a&~0' and a0~8]. Although Young has
demonstrated that in some cases such background
can have considerable angular structure, the use of
an isotropic background is empirically justified in
the present case by the fact that the yields at the
minima in the angular correlations are nearly con-
stant, and by the fact that, in the present data, in
those cases where the spins are already well estab-
lished, the correlation function [8',h(Q;)+C] gives
a good fit to the data. In all of the cases for which
we have made definite spin assignments, the back-
ground extracted from the fit was consistent with
the background-to-peak ratio in the sum of the coin-
cidence spectra, and was, in general, fairly small.

In the case of the double correlations there are
only two free parameters in the fit, the background
term C and a multiplicative factor normalizing W,h

to the data. For the e-a-y triple angular correla-
tions, the L involved in the decay

Ne(Jq )~' 0(J~)+a)(L)

can take the values

JB I
~(L i +2} . (~A+JB),

and hence each of the reduced matrix elements

& I
IL I I

& can be taken as a free parameter. However,
since the angular momentum barrier strongly favors

decay via the lowest allowed L value, and since the

triple correlation is insensitive' to small admixtures
of the next lowest allowed L, (L;„+2), initial fits
to the data were made for different Jq values with L
restricted to L;„;here again, therefore, there are
only two free parameters, C and & IIL;„II&, which

serve as a normalization parameter. These initial

fits usually eliminated all but one or two J& values.

Improvements to these fits were then sought by al-

lowing both & IIL .II & and & IIL + 2II & to vary.
If asymmetries in the experimental correlation were

evident, or if two different J„'s both seemed to
reproduce the structure of the experimental correla-

tion, then improvements to these fits were sought by
generalizing the angular correlation expression to
take account of the possible interference of each of
these states with the background or with intrinsical-

ly overlapping states of different spin. The phases
for the two different Jz's were set equal to either 0'
(complete coherent interference) or 90' (complete in-

coherent interference). Although the fitting pro-
gram could fit the generalized reduced matrix ele-

ments & IIJ&,LII & for all the allowed L values for
two interfering Jq's, with the phases allowed to
vary, to have allowed the phases and all the allowed
L values to vary simultaneously would have in-

creased the number of free parameters to the point
where any spin assignment based on such fits would
have had very little credibility. All assignments
which we have made are for those cases in which the
data and the analysis are both clear enough to allow
the correlation fits to be made using only two

[C and &ll~~ L .II&] o«h«e %&II~~,L .II&
and &ll~~ L ~ +211&] «[C&ll~~ L .Il&»d
& IIJ&,L;„II&] free parameters. The experimental
correlations and the resulting fits and spin assign-
ments for each individual state are presented in Sec.
III B.

2. Branching ratios

The branching ratios for the decay of the Ne
states to the ' Cz, + Be&, channel and to the

a+' 0(g.s. ; 6.05+6.13; 6.92+7.12}

channels were obtained from a comparison between
the ' C(' C,a) Ne singles counts and the coin-
cidence counts for the

' C(' C,a) Ne(' C) Be

and the

' C(' C a) Ne(a)' 0

experiments together with a knowledge of the solid

angles and angular correlation involved. Because of
kinematic broadening it was not possible to separate
the a + ' 0 (6.05 MeV) and a + ' 0 (6.13 MeV) de-

cay channels, or to separate the a + ' 0 (6.92 MeV}
and a + ' 0 (7.12 MeV) decay channels on the basis
of the 0,

~ spectra. A separation of these channels
based on the analysis of the coincident y-ray spectra
was also not possible because of the poor energy
resolution in the y-ray spectra resulting from the

very high counting rate in the NaI(T I ) detectors.
Coincidence losses due to the high count rate in the
slice detector were corrected on the basis of the mea-

sured count rate loss of a pulser fed through the
slice detector preamplifier. The extracted branching
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I [
' C{ ' C,a) Ae ~ (a)'~0g q

~Ne~(i3. 927)
J =6+

2ONe ( I 3334)
J7T 7~

I I I

20Ne~(e 588J"=6+

8} at 12.611+0.01 MeV (I =130+20 keV), whose
spin we have determined to be 6+ from the double
correlation experiment at 80 MeV, and whose g.s.
branching ratio is 82+25 %%, is most likely the same
as the 12.588-MeV level observed at E(' C)=64
MeV; the higher excitation energy and larger width
extracted in the 80-MeV spectrum are probably due
to a weakly populated level unresolved from the tail
on the high-excitation-energy side of the 12.611-
MeV peak in the 80-MeV high resolution spectrum
(Fig. 8).]

The agreement between our results for states
below 14 MeV and the previously determined as-
signments for several well-known states verifies our
experimental procedures and supports the credibility
of our assignments to states at higher excitation.

C3

Z'

O
C3

~Ne (l2. l35)
J7T 6+

aON ~'(9.033

2. States with 14&E„&16MeV

Mehta et al. ' assign a spin of 6+ to a broad
(I =240 keV) level at 14.3 MeV; Young et al. 2o also
observed a broad (I =240 keV) level at 14.26 MeV
in their

UJ
C)
G
Z'
O
O

I I
I

20Nt. + (8449)
J7T

R

I I

40 50 60 70 80 90 l00 I IQ &2Q /30 $40

eye M (+g }

FIG. 10. Double angular correlations for the decay of
the 8.449-MeV, 9.033-MeV, 12.135-MeV, 12.558-MeV,
13.334-MeV, and 13.927-MeV states in Ne to ' Oz, .
The curves are fits using a

~
PJ

~
+ const angular depen-

dence. The data were taken at E(' C)=64 MeV.

ratios for the decay of each state to various channels
are given in Table I.

B. Results for individual states

1. States with E„~14MeV

Figure 10 shows the double angular correlations
and the resulting spin assignments for the states at
8.45 MeV (5 }, 9.03 MeV (4+), 12.14 MeV (6+),
12.60 MeV (6+), 13.33 MeV (7 ), and 13.93 MeV
(6+). These correlations confirm the known spin as-
signments for these states. [The level which we ob-
serve in the 80 MeV high resolution spectrum (Fig.

' C(' C,a) Ne(a)' 0

studies, but they were unable to extract a definite

spin for the state even though the correlation seems

to have a
~
P6

~

structure. Young et al. , there-
fore, raised the possibility that the broad peak which
they observed was a doublet although correlations
for separate halves of the peak were quite similar.
Artemov et al. also observed a peak at 14.3+0.1

MeV in their

' 0( Li,d) Ne~(a)' 0
studies for which they measured a width of =100
keV and suggested a spin of 6+.

In our studies a level at E =14.330+0.01 MeV
with I &50 keV is populated at E(' C)=80 MeV
(Figs. 8 and 5}, and the angular correlation for the
decay of this level to ' 0+ ao (Fig. 11) suggests a
spin of 6+ for this level. The state at E~
=14.292+0.01 MeV which is populated weakly at
E('2C) =64 MeV (Fig. 9) is quite possibly the mme
state, but it was too weak to be resolved from the
13.93-MeV state in our 64-MeV coincidence data
(Fig. 3), and therefore its spin was not measured in
our correlations. If these were instead two separate
levels, then our data would support the hypothesis
of Young et al. , for two narrow levels at 14.3 MeV
at least one of which seems to have a spin of 6+.

The broad level at E„=15.40 MeV that we see in
the 80 MeV spectrum (Fig. 8) decays predominantly
to the ground state of ' 0 (Fig. 5). Although its
measured a-a correlation (Fig. 11) is not clear



2912 HINDI, THOMAS, RADFORD, AND PARKER 27

M

z.'

K
K

CQ
0

(3

z
V)

Z.'

O
O
LLI
Oz'
ILI
CI

z:
O

C( C,g) Ne+(a) 60g s

2ONe+ (20478)
— J~=S+

I
I

I
I

Ne+ (l6.6I6)
J 77

Ne (I658I)
JOT 7

$ i
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ratios of 70% to ' Os, , 15% to ' O(6.05+ 6.13),
and 15% to ' O(6.92+ 7.12). They make no spin
assignment for this level but suggest an identifica-
tion with the 7 level. Young et al. observed a
broad structure at 15.36 MeV in the ' C(' C,a)2 Ne
reaction at E(' C) =56 MeV. The branching ratios
he extracts are 32% to '

Og 58% to
' O(6.05+ 6.13), and 10% to ' O(6.92+ 7.12). The
width and excitation energy of the peak appearing in
his excited-states coincidence spectrum are slightly
different from those of the peak appearing in the
ground state coincidence spectrum, leading Young
to suggest that more than one level is populated in
this region of excitation at that bombarding energy.
The possible existence of a narrow state unresolved
from the 15.4 MeV level (which would explain the
difference in branching ratios reported by the vari-
ous groups) is supported by our 64 MeV data, where
we see a relatively narrow (I = 100+20 keV) level at
15.438+0.10 MeV (Fig. 9), which decays predom-
inantly to the excited states in ' O. The triple angu-
lar correlation for the o.-decay of this state to
' O(6.13,3 ) is relatively structureless, and no spin

assignment could be made.

3. States with 16&E„&17MeV

Ne (14.330)
J7T 6+

I I 1

4Q 50 60 70 80 90 IQQ I IQ 120 l30 I 4Q

8 RcM(&)

FIG. 11. Double angular correlations for the decay of
the states in Ne at 14.330, 15.40, 16.581, 16.616, and
20.478 MeV to ' O~, . The curves are fits using a

~
Pq

~
+ const angular dependence. The data for the

states at 14.330, 15.40, 16.581, and 20.478 MeV were

measured at E(' C)=80 MeV; the data for the state at
16.616 MeV were measured at E(' C) =64 MeV.

enough to allow a definite spin assignment to be
made, the angular correlation suggests a spin of 7
which supports the identification of this level with
the well-known 7 state at 15.336+0.015 MeV
(I =380+60 keV). Our measured g.s. branching
ratio for this state (60+15%) is somewhat smaller
than the 90+10% reported by Sanders et al. and by
Artemov et al. Panagioutou et al. ' observe a level
at 15A MeV in the ' C(' C,a) Ne reaction at
E(' C)=45 MeV, for which they report branching

In the high resolution spectrum measured at 80
MeV we observe one state at E„=16.581 MeV and
one at E„=16.717 MeV. These two states are not
resolved in the 0' spectrum collected in the coin-
cidence experiment (Fig. 5); however, from an

analysis of the position and width of the 16.6-MeV
peak in the ground-state and excited-states coin-
cidence spectra, we conclude that the 16.581-MeV
state decays predominantly ()46%) to the ground
state of ' 0, while the 16.717-MeV state decays
predominantly to the excited states at 6 and 7 MeV.
The double angular correlation of the 16.581 MeV
state for decay to '

Og, is shown in Fig. 11, togeth-
er with the best fit, J =7

The weak branching ratio of the 16.717 MeV state
to '

Og, prevented the extraction of its spin from
the g.s. angular correlation. If this state were also
populated strongly at E(' C) =64 MeV, then its spin
could be measured in the triple angular correlation
experiment; unfortunately, however, the high resolu-
tion spectrum at E(' C)=64 MeV (Fig. 12) shows
that only one state (E„=16.616 MeV) is strongly
populated in this region of excitation at E(' C) =64
MeV. This state decays mainly to the ground state
of ' 0, and the double angular correlation for this
decay mode is shown in Fig. 11, together with the fit
for J =7 . The similarity in properties of this
state and the state at 16.581 MeV observed at
E(' C) =80 MeV indicates that they are most likely
the same state.
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FIG. 12. Triple angular correlations for the decay of
the 17.259-MeV level to ' O(6.13-MeV, 3 ). The curves
are the sum of a constant background plus the theoretical
triple correlation for the decay of a state with spin J to a
3 state via L =L;„.The data were taken at E(' C) =64
MeV.
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FIG. 13. Triple angular correlation for the decay of the
18.538-MeV state to ' 0 (6.13-MeV, 3 ). The curves are
theoretical triple correlations for the decay of a state with
spin J via L =L;„.

5. The 18.54-Me V leuel

4. The 17.26-Me V leuel

In the 64-MeV high resolution spectrum (Fig. 9)
we observe a level at E„=17.259 MeV whose dom-
inant decay mode is to the excited states of ' 0 (Fig.
3 and Table I). The triple angular correlation for
decay to the 6.13 MeV (3 ) state in ' 0 is shown in
Fig. 12, together with the best fits, which were for
J~=7 and 9; the fit with J =7, is slightly
better (X„=3.9 for the 7, and X„=6.6 for the 9
fit). The predicted correlation for Jz ——8+ is out of
phase with the data. The angular correlation for the
decay to the 7-MeV doublet is featureless. Since a
broad 8+ level is known to exist at this excita-
tion, ' ' we attempted to fit the measured triple
correlation for decay to the 6.13 MeV (3 ) state
with a coherent admixture of 8+ and 7 and with a
coherent admixture of 9 and 8+. In both cases the
fitting procedure found only a very small admixture
of the 8+ component, and the X„did not improve
at all.

It is clear that our level is not the well-known 9
level at 17.38+0.015 MeV which is a member of the
E =2 band; the width of that level is less than 10
keV, and its branching ratio to the ground state of
' 0 is only = 1%%A (Ref. 16); both of which are quite
inconsistent with our results. It is also unlikely that
the level measured in our triple correlation is the
broad (I =240 keV) 9 level at 17.394 MeV (Ref.
24) since there is no evidence for our population of
that state in our high-resolution spectrum (Fig. 9).

The level at 18.538+0.007 MeV (I =138+13
keV) is strongly populated in our ' C(' C,a) Ne
spectra at most bombarding energies between 64 and
80 MeV. There is good agreement in the excitation
energies and widths extracted for this state in the
analyses of the 64 MeV and 80 MeV high resolution
data [5(E„)=3keV and b(I')=l8 keV]; there is
also good agreement between the decay branching
ratios extracted for this state in the 64 and 80 MeV
coincidence experiments. All of this evidence sup-
ports the idea that it is the same state which is being
analyzed at both bombarding energies.

In the ao+ '
Ozs coincidence spectrum at 64

MeV (Fig. 3), the 18.54 MeV state appears only as a
possible shoulder on the 18.15-MeV peak. Although
the 18.15-MeV peak is not resolved from the 18.54-
MeV peak in the low resolution singles spectrum
[compared to the high resolution spectrum (Fig. 9)
where the two peaks are well resolved], the centroid
of the peak in the ground-state coincidence spec-
trum is shifted visibly to the right with respect to
the centroids in the excited-states coincidence spec-
tra, indicating that the 18.15-MeV state is the one
decaying to the ground state of ' 0.

The triple angular correlation for the decay of the
18.54-MeV state to the 6.13-MeV (3 ) state in ' 0
was fitted with the appropriate theoretical expres-
sion for various values of Jq assuming that the de-
cay went through the lowest allowed I. value. Fig-
ure 13 shows the experimental correlation, together
with the fits for J„=8 and Jq ——6; the fit with
Jz ——8 is clearly superior .to the fit with Jz ——6. Fig-
ure 14 shows the resultant X for the different Jq
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FIG. 14. Reduce g' for triple correlation fits to the
measured angular correlation for the decay ' Ne* (18.54-
MeV, J )—+a+ ' 0 (6.13-MeV, 3 ), plotted for various
values of the spin J assuming the decay went through the
lowest allowed L.

values. For even Jz the best fit was for Jz ——8 and
the next best fit was for J„=6; correlations with
odd J„were completely out of phase with the data.

The Jq ——6 correlation still could not fit the data
when both (L;„)and (L;„+2) were allowed to
vary freely. The value which was extracted from
the data for

L,„+21I
) /(

I IL,„II )

for Jz ——6 was 2.0+0.13, in contradiction to the ratio
of the Coulomb penetrabilities

P, (1=5)/P, (1=3)=0.29 .

In contrast, the ratio extracted for J„=8 is
0.12+0.03, which is in reasonable agreement with
the value of

P, (1 =7)/P, (1=5)=0.06 .

6. States with 20&I„&21MeV

In view of the fact that the 10+ members of the
E =03+ (8p-4h) band is expected to be at =20.5
MeU, considerable effort was made in trying to es-
tablish uniquely the spins of the states at
20.478+0.011 MeV (I'=250 keV) and 20.704+0.011
MeV (I -120 keV). Both of these states are popu-
lated at the bombarding energies of 80 and 64 MeV
(Figs. 8 and 9). Although the two levels are not
resolved in the coincidence spectra, the decay mode
to the final states in ' 0 can be determined from an
analysis of the positions and widths of the peaks in

l5

IO—

i I I I I

4 5 6 7 8 9 IO I I l2 l3
J

FIG. 15. Reduced g' for double correlation fits to the
measured double angular correlation for the decay of Ne
(20.474-MeV, J ) to ' O~, , plotted for various values of
the spin J. The angular correlation was measured at
E(' C)=80 MeV.

the ground-state and excited-states coincidence spec-
tra. The 20.7-MeV state decays mostly to the excit-
ed states in ' 0 while the 20.5-MeV state decays
mostly to the ground state of ' O.

The double angular correlation for the ground-
state decay of the 20.47 MeV state, measured at
E(' C) =80 MeV, is shown in Fig. 11, together with
the best fit which is for J =8+. Although the fit is
not particularly good, no other J could reproduce
the correlation, as can be seen from the plot of X„
for various values of J (Fig. 15); the large g„ for
J=7 and 9 emphasize that this level has positive
parity. A considerably improved fit is obtained if a
small (10 to 15%) admixture of either J =7 or
J =6+ is allowed to interfere coherently with the
J =8+ correlation (Fig. 16). Although it is not
clear which combination is best from these fits, it is
clear that the dominant component is the J =8+
one, and hence we tentatively assign a spin of 8+ to
the 20.474 MeV level.

The branching ratio for the decay of the 20.7-
MeV state to the 6-MeV doublet is not very large,
and the peak in the 6-MeV doublet coincidence spec-
tra (Figs. 3 and 4) is dominated by the decay of the
20.5-MeV level. [The triple angular correlation for
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taken at E(' C)=80 MeV.

the decay of the unresolved 20.5+ 20.7 MeV peak
to the 6.13 MeV (3 ) state was extracted and, un-

surprisingly, was found to be featureless. ] The cen-
troid of the unresolved (20.5+ 20.7)-MeV peak is
shifted towards higher excitation energies in the
coincidence spectra corresponding to decays to the
(6.92+ 7.12)-MeV doublet (Figs. 3 and 4), indicat-
ing that most of those decays are coming from the
20.7- and 20.9-MeV states. However, the poor
statistics in the triple coincidence data for these de-

cays to the 7-MeV doublet prevented the extraction
of yields for the separate 20.7- and 20.9-MeV com-
ponents of the peak. Although the extracted triple
correlation exhibits pronounced, regular structure
(Fig. 17), it could not be fitted uniquely with the
correlation of a single Jz decaying to Jz ——2+. The
fits with J~ ——8 and Jq ——10 came closest to repro-
ducing the structure of the data; however, both fits
were unsatisfactory. Coherent admixtures of vari-
ous other Jq values with J& ——8 and Jq ——10 were
also tried, and the best fits were those for 8+ 9 and
10+ 9 (Fig. 17). Both of these fits are very similar
in quality, and a unique assignment of 8+ or 10+ to
the structure centered at 20.7 MeV cannot be made,
especially since the 9 component in both fits is
fairly large.
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FIG. 17. Triple angular correlation for the decay of the
20.7-MeV peak in 2 Ne to ' 0 (7-MeV). The curves in the
upper panel are fits to the data with the theoretical triple
correlation for the decay of a peak with the indicated
coherent admixture of J values to a state with spin 2+
via the lowest allowed L value, 'the curves in the lower
panel are for decay to a state with spin 1

Substantially improved fits were obtained for this
measured correlation under the assumption that the
decay goes instead to the 7.12 MeV (1 ) state. In
this case, there was a clear preference for J„=8+
(Fig. 17). Fits with Jz ——10+ plus coherent admix-
tures of various Jq's (still assuming J~ ——1) failed to
reproduce the data.

From the preceding considerations it is clear that
although reasonable fits can be obtained for this
measured correlation, there are substantial ambigui-
ties concerning which state (or combination of
states) in Ne is decaying to which state (or com-
bination of states) at 7 MeV in ' 0, so that no signi-
ficant spin assignments can be made from this
correlation at the present time.

The ' O(a, a) scattering measurements ' find a
J =9 resonance at E„=20.683+0.009 MeV
(I =75+9 keV) with a branching ratio for decay to
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' Os, +a of only 24.7+1.8% which may not be in-
consistent with our limit of & 14%. (See footnote h,
Table 20.21, Ref. 7, second entry. } Young's value
of 61% for this decay mode (assuming that the same
state is involved) may come from an admixture of a
contribution from the 20.5-MeV level whose dom-
inant decay mode is the ground state of ' O.

7. States above E„=21Me V

Most of the peaks which we observed at E„y21
MeV were broad and seemed to consist of more than
one level. In the coincidence experiments these
peaks were not well enough resolved from back-
ground or from each other to enable the extraction
of reliable yields for the determination of branching
ratios; from a visual inspection of Figs. 3 and 5 we
can see that these states decay mostly to the excited
states in the a+ ' 0 channel. In the triple coin-
cidence spectrum for the decay to the 6.13-MeV
(3 ) level (Fig. 4) distinct peaks at 21.65, 21.96, and
24.37 MeV were observed; the triple angular correla-
tions were extracted and analyzed for each of these.

The triple angular correlation for the 21.65-MeV
level was characteristic of spin 9 or 7, while the
correlation for the 21.96-MeV level could be fit with
a coherent sum of Jz ——8 plus Jz ——7, with the 8+
component being the dominant one. However, be-
cause of the poor quality of the fits and the poor
statistics and the large background in the data, we
cannot make definite spin assignments to either of
these two levels.

The relatively narrow level at 24.37 MeV was ob-
served at several bombarding energies above 64 MeV
and is quite conspicuous at E(' C}=76 MeV. The
excitation energies extracted for this level from the
64- and 80-MeV high-resolution spectra (Figs. 8 and
9) agreed to within &10 keV, indicating that this
peak does correspond to a well-defined level in oNe.
This is confirmed further by the fact that the peak
in the coincidence spectra appears at the same ao en-
ergy for all ai angles. The relatively narrow width
of this level at such a high excitation energy, where
many decay channels are open, suggests that it has
either high spin or a peculiar structure. The
smoothly varying triple angular correlation mea-
sured for the decay of this state to the 6.13 MeV
(3 ) state in ' 0 is, however, characteristic of a spin
of only 5 or 7 . Although the fits with J~ ——7
and Jq ——5 were equally poor, the fit for Jz ——7
was improved substantially upon allowing a
coherent admixture of J =6+ (Fig. 18), while no
coherent admixture was found which could equally
improve the 5 fit. Figure 18 also shows a fit with
a coherent admixture of 5 and 7 . While a spin
assignment of 7 is preferred for this level, we can-
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FIG. 18. Triple angular correlation for the decay of the

24.374-MeV state in Ne to ' 0 (6.13-MeV 3 ). The
curves are fits using the sum of a constant background
plus the theoretical triple correlation for the decay of a
peak with a coherent admixture of J"=7 and 6+ (upper
panel) or J"=7 and 5 (lower panel) to a 3 state via
the lowest allowed L.

not exclude the possibility of 5 . The somewhat
large admixture of the 6+ component is probably
due to interference with the fairly large background.
We do not yet understand what the special configu-
ration of this state could be that would allow it to be
so narrow and selectively populated with a spin as
low as 7

IV. DISCUSSION

A. Reduced widths

The experimental arrangement of states into rota-
tional bands is based on the comparison of the re-
duced widths for various electromagnetic and parti-
cle decay modes as well as on the usually linear rela-
tionship between E„and J(J+. 1). In particular, for
the present study of the alpha-particle decays of
states in Ne, the reduced widths for states belong-
ing to the same rotational band should be nearly the



27 CLUSTER STRUCTURE OF Sp-4h STATES IN 2 Ne 2917

TABLE III. Reduced widths of i Ne states observed in the present study. Branching ratios
and total widths were taken from Table I, unless otherwise indicated. For the reduced width

calculations, the following channel radii were used: 8~ ~R=1.25(16' + 4' )=5.134 fm;
8 —+R =1.4(12' + 8' ) =6.005 fm.

C

E„(MeV) 8 (g.s.) 8 (6.13)' 8~ 2(6.92)~

8.4486
9.030

11.949
12.135
12.600
13.334
13.927
14.311
15.159
15.872
16.600

17.259

18.538
20.478

5
4+
8+
6+
6+
7
6+
6+
6+
8+
7

f
7-

[(9 )
8+
8+

f
8+

[(1O+)

(1.6 +0.5) X 10
0.022'

(7.6 k2.2) X 10
(4.9 +2.6) X 10
0.09 +0.02
(2.4 +1.0) X10 4

0.10 +0.01
&0.45

&8X10
0.047+0.013'
0.10 +0.02
0.019+0.004
(0.25 +0.05)
(3.2 *1.5) X 10-'
0.11 +0.04

&0.01
( &0.12)

0.66 +0.36

0.025+0 010

0.05 +0.013
0.94 +0.14'
0.048+0.013
0.071+0.013
(0.92 %0.17)
0.085+0.014
0.016+0.008

-0.012
( -0.085)

0.91+0.23
4.2 +0.9'
0.44+0.12
0.32+0.08

(13.4 a3.3)
0.24+0.04

-0.073
( -1.45)

1.50+0.21
0.24+0.05
-0.031

( -0.55)

'Unit branching ratio assumed.
"I 2/I =6+1.5%, taken from Ref. 42.
'Branching ratio taken from Ref. 17.
Branching ratio taken from Ref. 41.

'Assumes all a&+2 decays go to ' O(6.13;3 ).
Assumes all a3+4 decays go to ' O(6.92;2+).

same. ' The reduced widths for these particle de-
cay channels can be obtained from our data as

2k, R,
A,c A,c 2 p,R, FI (k,R, )+GI (k,R, )

The partial width I'i, for decay of a level A, to a
channel c is obtained from measurements of the to-
tal width I'i and of the branching ratio BR, by
I'i, ——(BR, )(I i). The reduced widths for decays to
the excited states have been calculated assuming that
the decay goes completely via

l =1;„=J( Ne") —J(' 0*)

and, as such, are upper limits for the reduced decay
widths for that l. At the same time, because these
reduced widths have been calculated for l;„, they
are also lower limits for the reduced decay widths
for the state.

The value of the reduced width 0~, is strongly
dependent on the choice of the channel radius R, .
By using the same R, for all states decaying to that
channel, however, a comparison between the relative
widths should be possible. For decays to the
a + ' 0 channel the radius R, was chosen to be

1.25(16' +4' ) =5.134 fm

for consistency with the recent works of Sanders'
and Young. For decays to the ' C+ Be channel
the choice

R, = 1.25(12' + 8' )

gave an unreasonably large reduced width for the
18.54 MeV state (ec ——6.7); the choice

R, =1.4(12' +8' ) =6.005 fm

was used instead because it is the largest that can be
reasonably justified for that channel; it gives a value
of Hc ——1.50 for the 18.54 MeV state. (Any smaller
value for R, would only increase this reduced
width. ) It should be emphasized that while the ab-
solute values of these reduced widths depend sensi-
tively on the choice of the nuclear radius, what is
significant is the comparison of the reduced widths
for any given channel evaluated using the same ra-
dius for various excited states. Such a comparison
shows that the 18.54-MeV (8+) state has a much
larger reduced width for ' C+ Be than any other
known state in Ne.
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TABLE IV. Experimental properties of rotational bands in 2 Ne. Members not taken from
Tables I and III are from the compilations of Ajzenberg-Selove (Ref. 7), unless otherwise not-
ed. For the reduced width calculations, the following channel radii were used:
8 ~8=1.25(16'~ + 4'~ )=5.134 fm; O~z ~8=1.4(12'~ + 8'~ )=6.005 fm.'c

J E„(MeV) I (keV) g 2 g 2

0)+

0+
2+
4+

6+
8+

g.s.
1.634
4.248

8.777
11.949

6.27X 10-'
7.08 &(10

0.11
0.035

0.065
0.0076

p+
2+

p+ 4+
6+

(8+)

6.724
7.421
9.999

13.927
20.478

15
8

155
113
250

0.15
0.083
0.33
0.10
0.11 0.016d 0.24

p+

p+
2+
4+
6+
8+

7.191
7.829
9.033

12.135
15.872

2.4
3.2
0.13

100

0.018
0.010
0.022
4.9g 10-'
0.047

0.66
0.94 4.2

0+
2+
4+
6+
8+

8.3
8.8

10.97

12.591
17.30

& 800
& 800

350

88
213

& 0.48
& 0.91

0.40

0.26'
0.20'

The reduced widths extracted in this way are list-
ed in Table III. In those cases where we could not
resolve which final state the decay went to [e.g., to
the 6.92 MeV (2+) or to the 7.12-MeV (1 ) states in
'60] we have calculated the reduced width assuming
that the decay went to the state with the higher spin.

B. Rotational bands in ~ONe

Below 10 MeV excitation in Ne there are seven
states which are believed to form the band heads for
seven rotational bands, the E =0~+, 02+, 03+, 04, 20, and 1 bands built on the Oi+ (g.s.), Oz+ (6.72
MeV), 03+ (7 19 MeV),. 04+ (8.3 MeV), 2 (4.97
MeV), 1 (5.78 MeV), and 1 (8.84 MeV), states,
respectively. Several shell model and cluster model
calculations have been performed for Ne, and these
reproduce the essential character of the different ro-
tational bands with various d'grees of accuracy. In
the present work, we have been studying Sp-4h
states and the degree to which they exhibit
' C+ Be clustering; one of the results of this work
is the suggestion of a new 8p-4h band with good
'2C+ Be cluster structure. For convenience of

reference we list the experimental properties of all
the known bands in Ne in Table IV.

1. E =Op+ band

The E =02+ band is thought to have predorn-
inantly the shell model configuration (sd) (42), and
therefore Fortune et al. have suggested that the a
width of the 6.72 MeV state comes from mixing
with the broad (I'&800 keV) Oq state at 8.3 MeV
which has a large a reduced width and is thought to
have an (fp) configuration. 3'

A linear extrapolation of E„vs J(J+ 1) for the
0+, 2+, and 4+ members of the E =Oq+ band
predicts the 6+ member at 13.6 MeV and the 8+
member at =19 MeV. The 6+ level we observe at
13.927 MeV has an u+ ' Os, reduced width of
0.10, which is quite similar to the reduced widths of
the other members of the E =02+ band; the excita-
tion energy, the a + Og g reduced width
(e~ =0.10), and our tentative assignment of J~=8+
suggest the assignment of the state which we observe
at 20.478 MeV to this band. However, for a pure
(A, ,p)=(42) configuration, the highest L allowed is
6, and the existence of an 8+ member would imply
the admixture of higher N configurations in this
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TABLE IV. (Continued. )
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E J E„(MeV) I" (keV) g 2 g 2

3
4
5

6
7
8

4.968
5.621
7.004
8.449

10.609
13.334

17.376

1.37X10-'
3.1X10 6

1.50X 10
0.013
2.86 X 10
0.080

&10

0.038b

0.0016

2.4X10 4

&0.0016

0.025

&0.098

0

1

3
5

5.784
7.168

10.261

15.336
22.87

& 0.013
8

145

380
225

& 0.48
0.86
0.90
0,62'
0 17'

1

3

7
9

8.843
10.403
12.683

16.577
21.08

19
81
97

86
100

0.011
0.048
0.073

0.10
0.10'

0+
0+

6+
8+

12.436

15.159
18.538

24.4

60
138

6X10-4

&8X10
0.0032

2.1'

0.05 0.91
0.085 0.24' 1.50

'Data taken from Ref. 5; see also Ref. 24 for measurements on the 17.30-MeV (8+) level.
Reference 41.

'Reference 35.
Assumes all a&+2 decays go to ' O*(6.13;3 ).

'Assumes all a3g4 decays go to ' O~(6.92;2+).

band. In fact, in the CCOCM calculation of
Fujiwara the percentages of the relative wave func-
tions with harmonic oscillator quanta N&10 are

37%, 45%, 18%, and 20% for the 0+, 2+, 4+, and
6+ members, respectively. The fact that the
' C+ Be cluster channel contains the representa-
tion (42) (for %=8} in this model may explain why
the members of this band are strongly populated at
forward angles in our ' C(' C,a) Ne reaction.

2. E =03+ band

The 0+, 2+, 4+, 6+, and 8+ members of the
E =03+ band have very small a+ ' Og, reduced
widths and very weak proton strengths, ' while

they are strongly populated in 2a transfer reactions
like the ' C(' C,a)2ONe reaction" ' ' and the
'~C('4N, 6Li)20Ne reaction, which led Middleton

et al. " to suggest that the K =03+ band has an 8p-

4h structure. In the shell model calculation of
McGrory and Wildenthal the E =03+ band is
found to have a large (&50%%uo) 6p-2h component,
but in the calculation of Arima and Strottman the
dominant component ( =98%) of the calculated 03+

and 23+ states is found to be 8p-4h. The only cluster
calculation which reproduces the EC =03+ band is
the (' C + Be) + (a p ' 0) CCOCM calculation of
Fujiwara.

The 10+ member of the E =03+ band is expected
to be at =20.S MeV. As demonstrated in Sec.
IIIB6, the spin of the 20.478 MeV state, which is
strongly populated in the '~C(' C,a}2oNe reaction, is
probably 8+, not 10+. (If the spin of the 20.5 MeV
state were 10+ instead of 8+, the a + ' Og, reduced
width would be 1.1 which would also exclude this
state from the E =03+, 8p-4h band. ) Aside from
the very indeterminate situation concerning the 20.7
MeV state (Sec. III B6) there is no evidence in our
data for any states with J =10+ or higher.
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FIG. 19. Excitation energy in Ne versus J(J+ 1} for

the E =03+ band and other 8p-4h states. The dashed
curve is the CCOCM calculation of Fujiwara (Ref. 9).
The solid lines are linear fits to the experimental points.

3. E =06+ band

In addition to the states which fit into the
E =03+ band described above, there are a number
of other Ne excited states which have very pro-
nounced 8p-4h character and which seem to fit to-
gether to form a E =0&+ rotational band including
the 12.44-MeV (0+), 15.16-MeV (6+), and 18.54-
MeV (8+) states, as shown in Fig. 19. The 0+ state
at 12.44 MeV (I =24.4+0.5 keV) has branching ra-
tios of 15% for decay to the ground state of ' 0
and 85% for decay to the 6.05-MeV (0+) first excit-
ed state of ' 0 which correspond to reduced widths
of 6)&10 (a+ ' Os, ) and 2.1 [a+ ' 0 (6.05
MeV; 0+)]. The 6+ state at 15.16 MeV (Refs. 16
and 20) has reduced widths of &0.001 (a + ' Os, )

and 0.91 [a+ ' 0 (6.92 MeV; 2+)]. The 8+ state at
18.54 MeV has reduced widths of 0.003 (a + ' Os, )

and 1.50 (' C+ Be}. The ' 0 (6.05 MeV; 0+) and
' 0 (6.92 MeV; 2+) states are members of the well

established ' 4p-4h alpha-cluster band in ' 0, and
hence it is clear that the primary. structure of all
three states is 8p-4h, ' C+2a cluster structure.
The a+ '

Og, reduced widths of these three states
are all almost one order of magnitude less than the
corresponding reduced widths of members of the
E =03+ band (Table IV), indicating that admixtures
of 4p configurations in these 8p-4h states are much
less than that in the E =03+, 8p-4h band. The
E =Os+ band also appears to have a much more
developed ' C + Be cluster structure than the
E =03+ band, as indicated by its larger moment of
inertia and by the large reduced width of the 18.5-

TABLE V. Comparison of moments of inertia of
selected 4p bands with 8p-4h bands and with rigid-body
moments of inertia of spherical Ne, touching spheres of

+ i60 and touching spheres of 12C+ Be. Radii of
spheres taken as 8= 1.4A ' fm.

System

Ne
SC =0+
SC =0+
~+ 160

K =03+
0+
Be

I/A (MeV)

2.76
2.94
4.17
4.63
4.10
5.99
5.82

MeV (8+) member for decay to the ' C + Be chan-
nel.

Treating the Be cluster in the same manner as
the alpha particle cluster, an analogy can be made
between the 8p-4h bands (E =Oq+ and E =Oq+) and
the two 4p bands (K =0~+ and K =04+). In the
E =0&+ band the four particles have predominantly
a shell model structure as indicated by the small a
reduced width and the relatively small moment of
inertia; on the other hand, the particles in the
E =04+ band are better correlated and behave more
like an alpha cluster on the surface of the ' 0 core,
as indicated by the large a reduced width of the
K =04+ band (Table IV) and its much larger mo-
ment of inertia relative to the ground state band
(Table V). Relative to the I =03+ band, the
E"=06+ band, with its larger moment of inertia and
its larger ' C+ Be reduced width, could then be
viewed as the 8p-4h analog of the E =04+ band. In
Table V we list the moments of inertia (Ilfi ) of
these four bands, and for comparison we also show
the rigid-body moments of inertia of a spherical

Ne, an a+ ' 0 cluster structure, and a ' C+ Be
cluster structure. The moments of inertia of the
cluster bands (X~=0&+ and E"=0+) 6are clearly
larger than the corresponding shell-model bands
(K =0~+ and E =Os+) and are surprisingly close to
the simple-minded dumbbell moments of inertia.

Ikeda, Takigawa, and Horiuchi proposed a
model of structure change according to which the
activation of the cluster degree of freedom in 4n nu-
clei is assumed to occur in u-cluster units with in-
creasing excitation energy. In this model the struc-
ture of the nucleus changes from the shell structure
of the ground state to a two-cluster structure and
then to a multicluster structure, with such cluster
structures appearing initially at or near the ap-
propriate breakup thresholds. These results are
represented schematically in the Ikeda diagram'
in Fig. 20. The 12.44-MeV (0+) state which serves
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FIG. 20. Schematic representation of the structure
change in light 4n nuclei from the shell-model-like struc-
ture of the ground state bands to the molecularlike cluster
structure near thresholds for breakup to alpha particles
plus residual cores. The excitation energy is in MeV.
This representation is known as the Ikeda diagram and is
based on figures in Refs. 1 and 37.

as the band head for the K =Os, ' C+ Be cluster
band in Ne would correspond to the activation of
the second a-cluster degree of freedom and is quite
consistent with this model, occurring very close to
the 11.98-MeV threshold for breakup into
' C+ Be. The large reduced width of the 18.5-
MeV state for decay to ' C+ Be suggests that the
two a particles outside the ' C core are correlated,
and hence our direct observation of the correlated
2-a decay of the 18.5-MeV state goes one step fur-
ther in determining the nature of clustering in the
' C+2a structure of the IC"=06+ band and sug-
gests the occurrence in Ne of a large-scale
molecular-type structure which may provide a con-
nection between simple alpha clustering and quasi-
molecular resonances.

To establish the E =06+ band and its cluster
properties on a firmer basis appropriate 2+ and 4+
members will have to be found. Groups at the
University of Washington and the University of
Wisconsin are currently studying ' 0(a,a) elastic
and inelastic scattering in the region E„=12.5—14.5
MeV in order to search for J~=2+ and 4+ reso-
nances with large reduced widths for a decay to the
4p-4h states at 6.05 MeV (0+) and 6.92 MeV (2+) in
160

V. SUMMARY AND CONCLUSIONS

With the aim of studying the cluster structure of
8p-4h states in Ne, we have measured the spins,
widths, and decay properties of several states popu-
lated in the ' C(' C,a) Ne reaction at E(' C)=64
and 80 MeV. In addition to confirming the spins of
several lower-lying states, we have assigned a spin of
8+ to the state at 18.538 MeV and have suggested
spins for the states at 17.259 MeV (7 ), 20.478 MeV
(8+), and 24.374 (7 ). We have assigned the
13.927-MeV (6+) state to the IC =02+ band, and
suggested the extension of this band to the 8+ level
at 20.478 MeV. We have assigned the 16.600-MeV
(7 ) level to the E =1 band. The strong popula-
tion of the E =02+, 1, and 2 bands in our
' C(' C,a) ONe spectra at bombarding energies 60
MeV &E(' C) & 80 MeV as well as in other 8 parti-
cle transfer reactions, such as ' C(' 0, Be) Ne and
' C(' N, Li) Ne, may be partially explained by the
fact that the dominant SU(3) configuration of these
bands is contained in the SU(3) classification of the
allowed ' C + Be cluster wave function.

The 18.538 MeV (8+) state was found to have a
large reduced width for decay into the ' C+ Be
channel, which, together with a small reduced width
for decay into a+ ' Os, , suggests that this state
has a large component of ' C+ Be cluster struc-
ture. We have suggested the assignment of this state
to a new 8p-4h band which has the 12.436-MeV (06+)

state as its band head and which includes the state at
15.159 MeV as its 6+ member. The moment of in-

ertia of this gp-4h band is larger than that of the
E =03+ 8p-4h band and is approximately equal to
the classical moment of inertia of two touching
spheres with the masses and radii of ' C and Be.

The evolution of 8p-4h structure with increasing
excitation energy, from the shell-model-like struc-
ture of the K~=03+ band to the ' C+ Be cluster
structure of the E =06+ band, is similar to the evo-
lution of 4p structure from the shell-model structure
of the ground state (E =0&+) band to the a + ' Os,
cluster structure of the E =0 and 04+ bands. The
proposed E =06+ band should serve as a link be-
tween the a cluster bands in light nuclei ( Be, ' C,
' 0, Ne), and the ' C-' C quasimolecular bands in
24M 40
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