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A search for continuum levels in 2’Ne with a large [°O(0; )+ a] parentage has been conducted using
both resonant and direct production processes. The differential cross section for the '*O(a,a;)'*0*(0;")
reaction has been measured at 13 to 26 angles for bombarding energies from E,=10.2 to 18 MeV, most-
ly in 25 keV steps. Events leading to the first excited state in '®0 were identified by requiring the coin-
cident observation of an «a particle and an electron or positron from the internal pair decay of the '°O
first excited state. Amplitudes of individual partial waves were extracted from the data by parametrizing
the angular distributions in terms of the complex zeros of the scattering amplitudes. An R-matrix
analysis of the data reveals a J"=2" level at E, =13.1 MeV with a spectroscopic factor 6(2,1 >63%.

Several individual levels, a region of overlapping J"=4" levels from E, =13.69 to 14.93 MeV and a re-
gion of J7=6" levels from E, =16.73 to 18.73 MeV, have also been analyzed in detail. Branching ratios
of °Ne levels to the first excited state in '°0 have been measured by populating the levels with the reac-
tion '2C(C,a)**Ne* and observing their subsequent a decay to the 05 state of '°0. A J™=6" level at
E,=15.16 MeV and a J"=8" level at E,=18.54 MeV, which had previously been suggested as
members of a rotational band based on the J7=07 level in *°Ne at E, =12.44 MeV are shown to have
small values of Gf,l, arguing against this identification.
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I. INTRODUCTION

The structure of light s-d shell nuclei has been a partic-
ularly fruitful meeting ground for many different types of
theoretical description. These range from independent
particle models such as the shell model to macroscopic
models that often contain a collective quadrupole degree
of freedom. These two pictures have a great deal in com-
mon as can be seen from the application of SU(3) symme-
try as a systematic method of basis truncation in the shell
model [1]. For low-lying levels, where the number of de-
grees of freedom is relatively small, many of the available
theoretical pictures converge: The ground-state rotation-
al band in *Ne, for example, has been successfully de-
scribed in terms of the shell model [2,3], collective model
[4], and the cluster model [5,6].

In an attempt to differentiate among these various pic-
tures and to ascertain their limitations, it is useful to
probe higher regions of excitation energy where more de-
grees of freedom are available. It is well known that even
in light systems the shell model with a tractable set of
basis states cannot account for even the gross features ob-
served. One such feature is the tendency towards cluster
formation, often involving four nucleons. The descrip-
tion of nuclear structure in terms of a-particle-like exci-
tations is well known [7]. From the point of view of clus-
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ter models, excitations which can be described in terms of
more than two clusters are an interesting next step. In
Ne, for example, one might study 8p-4h (eight-
particle—four-hole) excitations relative to a closed 1p
shell; in the language of the cluster model, such states in-
clude excitations which can be described as two a-like
clusters coupled to a '’C core. Previous studies have
identified candidates for such states. The K"=0; band
starting with the level at E, =7.2 MeV is now widely be-
lieved to have predominantly such an 8p-4h structure.
This conclusion was reached after a great deal of experi-
mental work using transfer reactions. In the
2¢(12C,a)*°Ne [8,9,10] and '>C(!*N,®Li)*Ne [11] reac-
tions, eight nucleons were transferred from the projectile
to the '2C target. Generally levels which are now as-
signed to the K"=0; rotational band were found to be
strongly excited by these reactions. This piece of spectro-
scopic information is, by itself, insufficient to make the
assignment. The transfer of eight particles to '2C could
excite levels with less than four holes in the p shell, for
example, 4p-Oh states. Some possibilities were eliminated
by carrying out other transfer reactions that start with a
target with more of the p shell filled. For example, in the
reactions "F(He,d )*°Ne [12] and '°O(’Li,z)*Ne [13]
these levels were found to be populated only weakly or
not at all. We note that there is no direct experimental
evidence of which we are aware that precludes the possi-
bility of this being a 6p-2h band as predicted in the shell-
model calculations of Ref. [14]. However, this band is
now widely believed to have predominantly 8p-4h struc-
ture [15,16] similar to the shell model results of Ref. [17].
A more clearcut signature of 8p-4h structure would be
the observation of significant strength in the a; decay

576 ©1992 The American Physical Society



channel, since the first excited state of %0 is believed
[18,19] to have a predominantly 4p-4h character and can
be thought of as an a cluster coupled to a >C core. More
precisely, significant strength in the a; decay channel im-
plies that the decaying level has a large overlap with an a
cluster and 'O in the first excited state. The a; decay
channel is energetically closed for the excitation energies
of the low-lying levels in the K"=0; band. In the
present work we focus on the experimental search for
20Ne levels which have a strong decay to the @, channel.
Such levels may be those which have two a-cluster de-
grees of freedom active. Theoretical models involving
several cluster degrees of freedom have been proposed
[15].

The starting point for this work was the discovery
[20,21] of a J"=0" level at E, =12.44 MeV in ®Ne with
a large spectroscopic factor, 6‘2’1 ~1.15 (we have correct-

ed a factor of 2 error in Ref. [21]) for decay to the first
excited state of '°0. Shell-model calculations were unable
to account for such a large value. This discovery
prompted a search for other ?°Ne levels which might be-
long in a rotational band headed by the 12.44 MeV level.
Hindi et al. suggested [22,23] that a previously
discovered [24] J™=6" level at E,=15.16MeV and a
J™=8" level at E, =18.54 MeV belonged to such a band.
They based the assignments on the moderately large spec-
troscopic factors for decay of these states to the J"=2;
state in !°0, which is a member of a band headed by the
7=0" level at E, =6.05MeV in %0, and the large spec-
troscopic factor for °®Be decay of the J"=8" level.
Richards et al. disputed [25] this conclusion and claimed
that it would be more appropriate to assign these two lev-
els to a band built on a J"=07 level at E, =11.55MeV
in °Ne that they [25] identified. Richards et al. also sug-
gested that any 2°Ne levels belonging to the same rota-
tional band as the E, =12.44MeV state should have
similarly large a, spectroscopic factors. At the time the
a, spectroscopic factor for the J”=6" level was known
to be less than a fairly small upper limit [26] and the a,
branching ratio of the J"=8" state had not been mea-
sured. One of the goals of this work is to determine
values of the a,; spectroscopic factor for both of these lev-
els and to deduce whether or not they belong in a rota-
tional band with the J”=07 level at E, =12.44 MeV.
Since we are interested in °Ne levels above the thresh-
old for breakup into an a particle and '%0 in its first ex-
cited state, we have the opportunity to observe decays of
20Ne levels into the @, channel directly. We have em-
ployed the reaction ®O(a,a,)'®0, where the levels of in-
terest are formed as resonances that decay to the first ex-
cited state of '°0, as well as a sequential reaction,
2¢0(12C, a)*°Ne*, in which 2°Ne levels are formed by the
transfer of eight particles to a >C core and then decay
into the a; channel. This two-pronged approach may be
contrasted with earlier work in which states in 2°Ne
below the threshold for a+ '%0(0; ) breakup were sug-
gested to have 8p-4h character on the basis of their
strength in eight-nucleon transfer. The ability to observe
the dominant component of the wave function by the
direct decay of a resonant state should, we believe, permit
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a more quantitative elucidation of these core-excited lev-
els than has been possible previously. The major effort in
this work consisted of measuring the differential cross
section of the °O(a,a,)!®0 reaction over the range of
bombarding energies 10.2<E,<18MeV in which we
identified events populating the first excited state of !0
by requiring a coincidence with an electron or positron
from the EO decay of that state by internal pair emission.
In contrast to past experiments [27] we measured cross
sections, in most cases, at a sufficient number of angles to
allow a complete parametrization of the angular distribu-
tions in terms of Legendre polynomials. We used the
2C(2C,a)Ne* reaction to measure the a; branching
ratios of the J7=6" and 8% levels suggested as candi-
dates for a band with the J”=0" level at E, =12.44 MeV
since this reaction is known to excite them. We identified
a; decays of °Ne by requiring the coincident observation
of an electron or positron.

In addition to its unusual structure, the 160(02+ ) decay
channel presents an opportunity that is not usually found
in studies involving decays of resonances to low-lying ex-
cited states. Because the first excited state of %0 as well
as the a particle both have an intrinsic angular momen-
tum of O, only resonances with parity = (—)’ can be
formed; also, resonances of spin J in °Ne can decay to
the 0," channel only by a single partial wave with [ =J.
This fact simplifies the analysis compared to the case
where several / values can contribute to the decay of a
single level.

II. EXPERIMENTAL PROCEDURE

A. et detector

A common feature of the experiments reported here is
that the final state in each case included '°0 in the first
excited state (E, =6.05MeV, J"=07). In both experi-
ments, we identified this state by observing electrons or
positrons from its internal pair decay. In the case of the
160(a,a,)!'%0 experiment this was necessary because the
second excited state in 0, J™=3", lies only 80 keV
higher in excitation energy and a decays to the two levels
are not resolvable in solid-state detectors because of the
low energy available in the exit channel. We exploited the
fact that the first excited state in %0 decays [28,29] near-
ly 100% of the time by the emission of an electron-
positron pair. This is in contrast to the J"=3" state
which decays almost 100% of the time by y emission
[30].

The electron detector used in this experiment consists
of a thin (0.4 mm) anthracene crystal and a photomulti-
plier tube similiar to the device described in Ref. [31].
Photons produced in the anthracene are transported to a
photomultiplier tube by an air light guide. The efficiency
for the detection of electrons or positrons from the decay
of the J7=07 level in '°0 is maximized by making the
solid angle subtended by the detector large. The diame-
ter of the anthracene crystal is 6.5 cm; its center is placed
approximately 2.5 cm from the target.

In Ref. (31] a figure of merit, R, for the detector per-
formance was defined by
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where €, is the efficiency for detecting an electron or pos-
itron or both from the monopole decay of the first excited
state in '°0 and €, is the efficiency for detecting gamma
rays from the decay of the first J7=3" level in °O. €, 18
dependent on the particle-gamma angular correlation and
the geometry of the scattering chamber [3] whereas €, is
not. The electron detector can be thought of as a device
that supresses the reactions leading to the J"=3" state
by a factor of R relative to reactions leading to the first
excited J"=0" state. In the '>C+'2C branching ratio
measurements, where we measure small a; branching ra-
tios, a large value of R is important. Efficiency measure-
ments of €, were made using the technique outlined in
Ref. [31] as a part of each of the experiments presented in

this work. In the case of the 2C+ !2C experiment we ran
the efficiency measurements for an extended period so
that we could also measure €, accurately and therefore
deduce a value for R. In this case we found €, to be
0.3775+0.0045 and the value of R to be 109+28. The
relatively lower precision obtained in measuring R results
from the intrinsically low efficiency of the thin scintillator
for y rays and the correspondingly poorer statistical ac-
curacy.

B. The '°0(a,a,)!*O measurements

The goal of the 'O(a,;)'%0 experiment is to obtain
inelastic scattering data from E =10 MeV, which is the
high end of the energy range of Ref. [21] to
E_, =18 MeV, above which the «; cross sections have
been previously measured by Billen [32] and Riedhausser
[33]. We have taken data in 25 keV steps over most of
this energy range. During most of the °O(a,a)'%0 ex-
periment, we used detectors at fifteen angles spanning the
range of laboratory angles 17.5° to 162.5°. Laboratory
solid angles subtended by the detectors ranged from 0.36
msr at the most forward angles to 1.35 msr at back an-
gles. There were two regions, 11.75-12.75 and
14.75-15.75 MeV, which we, a priori, deemed to be par-
ticularly important where we have taken data with two
different placements of the fifteen detectors for a total of
26 different angles (some detector positions in the second
setting corresponded to the position of a different detec-
tor in the first setting). The targets were self-supporting
Si0, foils with a nominal thickness of 40 pug/cm’ which
corresponds to beam energy losses in the target on the or-
der of the step size.

At each energy and angle particle energy spectra were
recorded both in singles and in true coincidence with the
electron detector. The coincidence spectrum was gen-
erated by producing a spectrum gated on the true peak in
a time difference spectrum and subtracting from it a spec-
trum of accidental coincidences. Figure 1 illustrates a
time difference, singles, and true coincidence spectrum
for E,=15MeV and 6,,,=57.5. Because we did not
record the data in event-by-event form, we did not in-
clude a contribution from the background in the uncer-
tainties for each data point. As can be seen from the time
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FIG. 1. Example of data from '®O(a,a,)!%0 experiment at
E,=15MeV and 6,,,=57.5". (a) TDC histogram, (b) singles
histogram, (c) coincidence histogram.

difference spectrum, which is typical, the accidental coin-
cidence rate in this experiment was quite low. Since the
accidental contribution to the true peak represents counts
spread throughout the pulse-height spectrum, the contri-
bution to the errors from background is negligible.

The target thickness was established by summing the
peaks corresponding to elastic scattering from 'O in the
singles spectra in a narrow energy region around 13
MeV. By comparing the sums with published elastic
cross sections [34] we established a relative normaliza-
tion. The comparison of the elastic scattering data was
done at 13 MeV because the cross section as a function of
energy is relatively unstructured there; small differences
in the energy calibrations between the University of
Wisconsin and University of Pennsylvania accelerators or
energy losses in targets should therefore not affect the
comparisons. We followed this procedure because the
Wisconsin data [34] was taken with a high purity gas cell
in which the %0 thickness was believed to be well known.
This enabled us to avoid uncertainties arising from foil
target stoichiometry.

Linear and logic signals for each surface barrier detec-
tor were processed by a combination of commercial NIM
and CAMAC electronics and an eight-channel charge
sensitive preamplifier module coupled to an eight-channel
amplifier/discriminator module. Both eight-channel
modules were constructed for this experiment [35]. The
data were histogrammed directly into the memory of the



University of Pennsylvania parallel-processing computer
system [36].

We assign an uncertainty to the overall normalization
of the l6O(a,azl)“”O cross sections of 7%, which results
from adding the uncertainty of the relative normalization
of our elastic data to the Wisconsin data (6%), the uncer-
tainty in the overall normalization of the Wisconsin data
(2%), and the uncertainty in the electron detector
efficiency (3%) in quadrature. In addition there could be
a slow variation with beam energy in the electron detec-
tor efficiency of about 4% because of the motion of the
beam spot on the target resulting from point to point
differences in the beam tune. We estimate the uncertain-
ty in the beam energy to be about 0.1%, the uncertainty
in the detector laboratory angles to be about 0.5°. The
relative solid angles subtended by the detectors were
checked by positioning an 2*!Am source (which emits a
particles isotropically) in the target position. Relative
solid angle uncertainties are estimated to be 4%, mostly
due to uncertainties in postioning the source.

The cross sections for the °O(a,a;)!®0 reaction are
tabulated in the appendix of Ref. [35]. Figure 2 is a plot
of the average cross section at each energy extracted
from the angular distributions by linear fits by Legendre
polynomials, some of which are illustrated in Fig. 3. We
find the energy dependence of the measured cross sec-
tions to be in good agreement with the results of Garman
[27] at the angles where a comparison can be made; the
overall normalization in Ref. [27] is lower than ours by a
factor between 0.5 and 0.6. Caskey [34] was able to
separate the °O(a,a,)'°0O from '%0(a,a,)!®0 channels
for a single angle over the energy range 12.45-13.47
MeV. Except for the very highest part of this region,
both the energy dependence and overall normalization of
the data of Ref. [34] and the present work agree within
errors. The slight discrepancy at the high end of the re-
gion may be due to the fact that the %0(a,a,)'®0 cross
section is large there, making the extraction of the
160(a, @, )'%0 peak in a singles experiment such as that of
Ref. [34] difficult.
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FIG. 2. Average cross section as a function of energy for the
reaction '®O(a,a;)'°0 derived from the fits to the data as ex-
plained in the text.
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FIG. 3. Some angular distributions for the reaction

1%0(a,@,)'%0. Lines represent a Legendre polynomial fit to the
data as described in the text.

C. The 2C(12C,a)®Ne* — a; + !'O* measurements

The goal of the '2)C+!2C experiments is to populate
levels in 2°Ne by the direct transfer of 8 nucleons to a '2C
core. The reaction was chosen because, in the direct reac-
tion model, it is likely to populate selectively 8p-4h levels.
In this experiment, a !2C beam interacted in a thin (nomi-
nally 25 ug/cm?) isotopically enriched '2C target. Alpha
particles emitted at 0° signaling the formation of excited
levels in 2°Ne were focused by a quadrupole singlet with
an effective solid angle of approximately 8 msr and
dispersed in momentum by a 65 cm Spectromagnetic In-
dustries magnetic spectrometer [37] and detected by a po-
sition sensitive silicon surface barrier detector [24]. Coin-
cidences between «a particles in the forward direction and
the electron detector described above were used to identi-
fy those events which involve the first excited state of
180. Bombarding energies of 36.3 and 61 MeV were used
in the >C+'2C experiment.

III. RESULTS AND ANALYSIS

Since a primary goal of this work is to identify candi-
dates for a rotational band based on the J™=0" level at
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E, =12.44 MeV, we have arranged the discussion of indi-
vidual resonances according to the spin of the 2’Ne com-
pound system. Most of the results come from the
160(a,a,)!%0 experiment. The '?C+!*C branching ratio
measurements are used in discussion of the J7=6" and
87" levels.

A. Formalism

A multilevel resonance formalism, such as R-matrix
theory [38], can be used to extract resonance parameters
from the inelastic scattering cross sections. The task of
fitting the data is greatly simplified (especially in the case
of zero channel spin in both incoming and outgoing chan-
nels) if one can first separate the contributions of the
different partial waves that contribute to the cross sec-
tion.

A technique [35,39—41] for finding the multiple sets of
partial wave amplitudes that yield the observed cross sec-
tion proved useful and is briefly outlined here. Since the
reaction '®O(a,@;)'®0 has channel spin zero in both the
incoming and outgoing channels, the differential cross
section can be written as the square of a scattering ampli-
tude formed from a sum of Legendre polynomials:

do _ «
dQ(E,G)—f(O)f ()
Inax 2
= EBI(E)PI(COSGC,m.) , (1)
1=0

where the B, are complex partial wave amplitudes and
I max 1S the order of the maximum contributing partial
wave amplitude. We find the B,, or, equivalently, the
functional form of f(6) at each energy, by expressing the
cross section in terms of its complex roots:

do lmax
—=NJJ(x —x;(x —x;)*
a0 iI:Il i i
Imax
=NJI(x —x;)x —x*),
i=1
where x =cosf and the x; are the roots. The factors ap-
pear in complex conjugate pairs because do /d () is a real,
nonnegative function.
A possible scattering amplitude is

Imax
fO=VNe*[](x—x;),

i=1
where ¢ is an arbitrary phase independent of scattering
angle. Other scattering amplitudes can be formed by tak-
ing x* instead of x; in any of the factors in the above
equation. In the expression for f, there are /,, factors,
each of which can have two possible values, (x —x;) or
(x —x;*), so that in addition to an overall phase ambigui-
ty there are 21"‘“" possible forms of the scattering ampli-
tude (sets of B)), of which half are complex conjugates of
the other half. Except for an overall phase, B, is

unique. To make use of this technique, one must
parametrize the data in some form. We have chosen to fit

our data by Eq. (1) so that, at each energy a particular set
of the B, is found from which we generate the others.
One can also fit the data by a linear sum of Legendre po-
lynomials,

21

max

do _
70 (E,0)= léo A;(E)P/(cosb, , ). ()

Although we use this equation to find /_,,, we have not
used it in the actual parametrization of the data because
the range spanned by Eq. (2) includes unphysical regions.
For example, without perfect data such a fit could, in
principle, yield a set of values of A4; which yield negative
cross sections at some angles. We have chosen instead to
fit by Eq. (1) because its range corresponds exactly to the
physically allowed region.

The problem now is to find a method to connect the
various amplitudes from energy to energy and then of
selecting the correct solution. Usually the solutions are
connected based on some sort of smoothness criterion
and the correct solution is picked by comparing the be-
havior of the different possibilities with that expected
based on a reaction model. This process can be very
difficult, even with /., as small as 3. In the present case
we focus on extracting the cross section due to the
highest contributing partial wave, for which a unique
determination is always possible, or the second highest
partial wave. In the latter situation, we restrict our at-
tention to cases where its contribution to the total cross
section dominates that from the highest partial wave.
Under these circumstances, all of the possible solutions at
each energy group together, so that linking them from
energy to energy is not necessary and usually not possi-
ble. Instead we resolve the ambiguity by averaging all
the possibilities together at each energy as described in
Sec. ITII B.

We performed multilevel three channel R-matrix [38]
fits to the cross sections for individual partial waves ex-
tracted by the above procedure. We find the expression
for a general off diagonal element W,,, where the col-
lision matrix U =QWQ, and Q is a diagonal matrix con-
taining the hardsphere and Coulomb phases, in the case
of three channels to be

2i (P, P,)? o o
W= T‘R 12 PR ;3R L3 —R;pR33L3)
where
D=1—(c},+cl+ck)+epepntepe3tencs
TC11€0C33 201363 +epedtenets
+eyets

and c;=R;(LP’L?)'”?. The definitions of the R-matrix
parameters are given in Ref. [38]. In this expression
channel one is the elastic entrance channel and channel
two is the exit channel. In the present case there are
open channels in addition to the elastic and inelastic exci-
tation of the 0, level. The present data are not able to
determine the partitioning of the available flux into these
channels, so we have added a third channel to account



for the diversion of flux into all other open channels.

The actual parameters in R-matrix theory are the reso-
nance energies E, and the reduced width amplitudes y,_.
Often in the disscusion of the data analysis we will refer
to channel widths and total widths, which are not R-
matrix parameters. In presentation of fit results, these
quantities should be understood to mean

I‘AC=27§.CPC!E=EA’ rkzzrkc'
c

We defined the I'), to be constants to agree with often
made approximations in R-matrix theory; however, in the
actual fits, the parameters used were the y,. directly.
The energy dependence of the elastic and inelastic
penetrabilities were therefore included automatically.

The parameters involved in an R-matrix fit include re-
duced width amplitudes for all channels considered. In
the present case the elastic amplitudes were taken from
previously published analyses of elastic scattering data
rather then undertaking an ab initio analysis of the elastic
scattering data acquired in the present experiment. As
mentioned, from the inelastic scattering data we extract-
ed the contributions of individual partial waves to the
cross section. Since elastic scattering involves partial
waves of all orders, we cannot apply the same technique
to the elastic data. Although it may be possible to per-
form a partial wave decomposition of the elastic scatter-
ing by explicitly including calculated Coulomb scattering,
this would require data at more angles in some energy re-
gions then we have in our data set. This is because for a
given bombarding energy, the kinetic energy in the a;
channel is 6.05 MeV higher than in the a; channel and
therefore one sees contributions to the nuclear part of the
cross section from higher-order partial waves in the elas-
tic channel than in the inelastic. The present analysis
should thus be viewed as more of a search for concentra-
tions of a; decay strength then as the most rigorious R-
matrix analysis possible.

B.J7=2" level

Our data show a large structure at a bombarding ener-
gy of about 10.45 MeV and the angular distributions
shown in Fig. 3 for energies in this region show a strong
|P,(cos6)|? dependence. By fitting the angular distribu-
tions to linear sums of Legendre polynomials, we found
that partial waves above / =3 do not make significant
contributions to the cross section. The partial wave am-
plitudes were extracted from the data and are presented
in Fig. 4 where, for each / value we plot B?/(2] +1)
versus energy. This quantity is proportional to the contri-
bution to the total cross section due to a particular /
value, i.e., the cross section that would result if we could
turn off all other partial waves. The fact that the / =2
cross section possibilites group together is a result of the
contribution from the /=3 (/_,,) partial wave being
much smaller than that from the / =2 (I, —1) partial
wave. This grouping allows us to generate an effective
cross section by averaging the possibilities at each energy.
Note that this method would not be useful for / < 2. The
effective ] =2 cross sections resulting from this procedure
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FIG. 4. Plots of all possible effective average cross sections
for all values of / derived from the '°0O(a,a,)'°O data from 10.2
to 10.7 MeV.

are shown in Fig. 5. The yields have been converted to
differential cross sections for ease of use with our R-
matrix fitting routine. The error bars represent the stan-
dard deviation in the spread of the points combined in
quadrature with the errors from the fits to the angular
distributions used to generate the partial wave decompo-
sition.
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FIG. 5. Results of an R-matrix fit to the average of the
effective / =2 cross sections.
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A recent compilation [30] lists one J"=2" level seen in
elastic scattering in this region at E,=10.283+0.002
MeV. This state is about 180 keV away from the peak of
the inelastic cross section so it is unlikely that the two
levels are the same. We did not include the level in the
R-matrix fit because it is reported to have a 100% «
branch and we were able to fit the data without it.

For a single level with O channel spin, the differential
cross-section formula reduces to

| %

ydo _ (21 +1)?
== P
[E,—(E—A)]*+T?/4

dQ 4

k (), Q)

where F“o and ', and therefore I" are energy dependent

through the penetrabilities and A is also energy depen-
dent:

L, =2P7},
— A, =[S(E)—B,ly}=S",(EW?,
and

A=A, .

Here, '=73 T, and v; is an R-matrix reduced width am-
plitude. P;, the penetrability in channel i, is minus the
imaginary part of the logarithmic derivative of the outgo-
ing wave function and therefore consists of Coulomb
quantities. Similiarly S;, the shift function, is the real
part. B; is the (real) boundary condition value and can be
chosen once in each channel. We have chosen
B,=S;(E,) so that S’;(E,)=0. There exists a continu-
um of R-matrix parameters that will produce fits to the
data of similiar quality. Mathematically, the minimum
possible value for l"a1| E=E, consistent with the observed

cross section in the a; channel occurs when the total
width of the state is exhausted by the o, and a, channels,
i.e., when Fao(E)+I"al(E)=F(E). With the fitting rou-

tine constrained to meet this condition we find the result-
ing laboratory values of the parameters to be
Fa1|E=Ek=50.5i4.1 keV, FaO\E=EA=151i15 keV, and
E, =10.4561+0.005 MeV. The center-of-mass value of
Fal is 40.4£3.3 keV. The errors quoted represent 1o as

measured by the change in y? of the fit. The fit is illustrat-
ed by the line in Fig. 5. This result for I“a[1 is spectroscop-

ically useful because even the minimum value found cor-
responds to a large overlap of the resonance with the a,
channel.

At low energies, the observed full width at half max-
imum W of a level is dramatically affected by the change
in the shift function § with energy. If we assume that
most of the effect comes from the inelastic channel, we
find

I‘|E=1lzk

W= ,
1+ Al",11|,5=El/2Pa1

where

35y,
4=3E

E=E,

The value of W in the center-of-mass system for the
present fit, 11510 keV, is in fact much less than I
which illustrates this point.

Caskey [34] reports a structure in the elastic data at
about 10.46 MeV that, by visual inspection, is consistent
with several possible spins, including J"=2%. He as-
signed the spin and parity as J"=6", found a center-of-
mass width of 102+5 keV, and an elastic branching ratio
of 52%. This width is close to the value of W that we ob-
served for the J"=2% level under consideration, so it is
possible that the level observed in elastic scattering and
assigned a spin of J"=6" is actually the J"=2% level
that we observe in the a, channel.

The spectroscopic factor or dimensionless reduced
width is defined as

r.
ol=—,
I\s‘p.
where
I“s.p. =2Pi7/%VL'
P; is a penetrability and
a2 n
WL™ 5
2 peal

and is known as the Wigner limit. It is an upper limit on
the R-matrix reduced width and depends only on the
channel partition through the reduced mass and channel
radius. We assume a channel radius of 5.75 fm which re-
sults in a value of ¥%,; of 592 keV in the center-of-mass
system. We conclude that 6‘211>0.63, corresponding to

the limiting value of 37.1 keV for ', as obtained from

the value 40.413.3 keV resulting from the fit.
The striking feature of this state is its large value of
eil which indicates that there is a large overlap between

this J™=2% state in 2°Ne and the final state,
160(J™=0,")+a. A large value of e?,l is also a property

of the J”=07 level in *°Ne at E, =12.44 MeV.

C.J"=4" levels

In this section we discuss the results of the
160(a,a;)'%0 experiment in the range of bombarding en-
ergies 11.20 <E_, < 12.75 MeV. In this region we have
25 point angular distributions from 11.75 to 12.75 MeV
and 13 to 15 point angular distributions everywhere else.
Data were taken in 25 keV steps. Garman’s [27] work
shows complicated structure over the 1 MeV range where
we have taken our 25 point angular distributions. This is
also the region where one might expect to find the
J™=4" member of a rotational band that contains the
J™=0" state at E, =12.44 MeV and the J"=2" level
just discussed.

The structure of the angular distributions (Fig. 3) in
this energy region is more complicated than in the



preceding case; several partial waves are making
significant contributions to the cross section. Fits to
linear sums of Legendre polynomials show that partial
waves above / =5 do not make significant contributions
to the cross section.

In Fig. 6 we plot the multiplicity of possible / =4 cross
sections as a function of energy and we see that the possi-
bilities are fairly tightly bounded. We treat this partial
wave by averaging the cross sections corresponding to
different solutions at each energy, just as we did in the
case of the J7=27 level. The data points shown in Fig. 7
are the effective average I =4 cross sections obtained in
this way.

In this region several J"=4" levels are known from
elastic scattering [30]. In order to use these parameters
we must establish an energy calibration between our ac-
celerator and the University of Wisconsin machine. At
the energies discussed in this section, the most convenient
way to do this is to note that Caskey [34] has separated
the °O(a,,)'%0 from '%0O(a,,)!®0 cross sections for
6,,,=40° over the range 12.4<E_ <13.45MeV. Com-
paring our data with his, we find that the Wisconsin cali-
bration is 13+8 keV lower than ours at E,=12.5 MeV.
We have made a correction for target thickness in obtain-
ing this number.

In the fits to be described we allow the parameters
known from elastic scattering (the elastic branching ra-
tios, total widths, and resonance energies corrected by 13
keV) to vary by twice the uncertainty quoted in Ref. [30].
We try all possibilities for the sign of the elastic reduced
widths for known levels and start the elastic reduced
widths of new levels (levels not previously reported) as
well as all the inelastic reduced widths at zero.

The dashed line in Fig. 7 shows the best result obtained
by using the states known from elastic scattering [30] in-
cluding the two uncertain levels. By experimenting with
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FIG. 6. Plots of all possible effective average cross sections
for =4 derived from the '®O(a,a;)'°0O data from 11.2 to 12.75
MeV.
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FIG. 7. Fits by the averaged | =4 effective cross sections us-
ing the five levels deduced from the '°O(a,a,)'®O reaction
(dashed) and using three additional levels (solid).

the addition of various new levels, we find that we can
reproduce most of the structure in the data by adding
three new states. The solid line in Fig. 7 shows the best
results from these fits.

An important difference between the analysis of this
section of the data and the previous 2" region is that in
the 2% region we could deduce all the sets of R-matrix
parameters that yield fits to the data from a single fit.
This is no longer possible since we now have several over-
lapping levels. Our interest lies in determining the over-
lap of the states in this region with the '°0(0; ) + a
channel. We therefore concentrate our efforts on deter-
mining a value (or at least limits) for the sum of the in-
elastic spectroscopic factors ziegl,,., where i labels the
J™=4" levels in this region; this is the quantity which
contains the nuclear structure information.

Figure 7 is the result of an R-matrix fit to the data. We
ran many such fits to map out the parameter space.
Reference [35] contains a list of all the parameter sets we
found that produce a fit to the data of a quality close to
that shown in Fig. 7. The individual parameter sets ob-
tained from the fits are not meaningful but must be
viewed as a whole. We have excluded from consideration
any fits in which levels not previously seen in the elastic
scattering analysis [34] yielded an elastic branching ratio
of greater than 40% since levels with a large elastic
branch should have presumably been identified in the
elastic scattering study. The cutoff value is large because
there is a broad J"=4" level seen in elastic scattering
that could mask the effects of other (4 1) levels lying near-
by. An exception to the 40% rule occurs when the total
width of a new state is greater than 400 keV (laboratory)
since such a broad level may have been treated as back-
ground in the elastic analysis.

Several results have emerged from this analysis. In all
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twelve acceptable fits to the data, the sum of the inelastic
spectroscopic factors is large. In all the cases except one
the summed spectroscopic factor is greater than 1. The
only fit that has a value of 3,07, ; less than 1 is a case

where we have allowed a wide level to have an elastic
branching ratio greater than 40%. We conclude that the
value of 2,.921’ ; for 4" states in the laboratory energy

range 11.2-12.75 MeV is greater than 0.5 and probably is
close to 1. Finally, we cannot fit the data without the ad-
dition of at least three levels (whose specific properties
vary from fit to fit) not reported in the elastic scattering
analysis.

D.J™ = 6% and 8 levels

An examination of the data shows possible / =6 struc-
ture in the region E, = 15 to 17.5 MeV. In this region
we have data spaced in 25 keV steps. Between 14.75 and
15.75 MeV the angular distributions consist of 26 points,
elsewhere they contain 13 to 15 points. This is the second
of the two regions where high density angular distribu-
tions were taken. Extra experimental attention was paid
to this region because earlier data [27] show complicated
structure in this energy range and it is where one might
expect to find a J™=6" level with similar structure to the
J7™=0" state at E, =12.44 MeV and the previously dis-
cussed J"=2" level at E, =13.1 MeV.

Linear fits to Legendre polynomials show this region to
have a maximum [/ value of 6 up to E,=15.75MeV.
Above this energy there are too few data points in the an-
gular distributions to determine [/ ,,. We assume that
I hax =6 over the entire region. Since the amplitude result-
ing from the maximum contributing partial wave is
unique, we can extract (within a phase) the /=6 partial
wave at E,=15.75MeV and below by fitting to Eq. (1).
Above 15.75 MeV, the fits are underconstrained because
of the shortage of data points We addressed this problem
by taking the resultant parameters of the fit at 15.75
MeV, where we know that we do not have a problem
with inequivalent fits, and using them as the starting
values of the fit for the first point above 15.75 MeV and
then taking the result of this fit as the starting parameters
for the next point, etc. This procedure is likely to give
“correct’” results near 15.75 MeV; it is possible that we
are generating ‘““incorrect” fits once we get some distance
away. The lines in Fig. 8 are the results of the fits. We
checked our results at high energies by running fits with
different starting parameters and comparing the results.
We find that the /=6 cross section generated from the
various fits always shows the same main structures al-
though some of the details vary from fit to fit.

An energy calibration between our data and the
Wisconsin data was established by comparing elastic
scattering cross sections from 14.6 to 14.8 MeV for
center-of-mass angles around 114°. We found the
Wisconsin energy calibration to be 20+10 keV lower
than ours.

The Ne levels with J”= 6" known from elastic
scattering are listed in Ref. [30]. The parameters of all
the levels listed had their origin in the Wisconsin analysis
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FIG. 8. Fit by the effective / =6 cross section of region A us-
ing the three levels deduced from the '°O(a,a,)'°O reaction
(dashed) and using five additional levels (solid).

[42] so we corrected their energies by 20 keV in the fits to
be described. Because of the large number of resonances,
we divided this region into two sections for analysis. The
first (A) is shown in Fig. 8 and includes the energies from
15 to 16 MeV and the second (B) is shown in Fig. 9 and
runs from 16 to 17.5 MeV. Section A is derived mainly
from our high-quality data while B comes from our poor-
er data.

Our first attempt at fitting the extracted / =6 cross sec-
tion from the data in region A is shown as the dashed line

|14L|4LL
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FIG. 9. Fit by the effective / =6 cross section of region B us-
ing three levels deduced from the '°O(a,a,)!®O reaction (dot-
dashed), using four '%O(a,a,)'°O levels (dashed), and using four
1%0(a, ay)'%0 levels and four additional (solid).
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in Fig. 8 where we included only the three levels known
from elastic scattering and no others. The solid line in
Fig. 8 is the result of fitting the data with the three levels
known from elastic scattering and five additional levels.
In mapping out the parameter space, we found a total of
4 sets of parameters that yield fits of a quality similiar to
that shown in Fig. 8. In order to be accepted the new lev-
els had to have elastic branching ratios of less than 30%
unless the total laboratory width was greater than 500
keV. All of the accepted fits yield a value of 3,67, ;

greater than 12%.

We follow the same procedure in region B with one ex-
ception. The resonance energies of states known from
the elastic analysis are allowed to vary by twice the un-
certainty quoted in Ref. [30] or by the uncertainty in Ref.
[30] with an additional 20 keV, whichever is greater.
This extra freedom is allowed because we are now some
distance away from 14.8 MeV, where we checked the rel-
ative calibration of the University of Wisconsin and Uni-
versity of Pennslyvania data. (There are no good places in
this region to make such a comparison.) In practice this
extra freedom only applied to one state.

In our first attempt to fit the data with only those
states known from elastic scattering we did not include
the state at 18.03 MeV. The result is shown as the dot-
dashed line in Fig. 9. The dashed line is the best result
when we did include the level. Although this fourth elas-
tic level is significantly outside the fitting range, the in-
terference effects between it and the other levels are clear-
ly important. In all that follows we have included
state as one of the known elastic levels.

The solid line in Fig. 9 illustrates the best fit that we
obtained by using four new levels in addition to the four
elastic levels. All parameters that produced acceptable
fits are listed in Ref. [35]. We find that the lowest value
of 3,02 ; obtained from eight level fits to region B is

al,i
18%.

Over the combined energy range 15 to 17.5 MeV there
is considerable structure. We have shown that although
we cannot find a set of resonance parameters which
uniquely fits all of the data, we can establish a lower limit
on 3,67 ; of 0.12 + 0.18 =0.30. We also see that this

strength may be divided up over many states spanning a
large energy region, in contrast to the J"=27 level at
E_,=10.47MeV or the 0" state at E,=9.64 MeV [21].

It is also important to consider the possibility of addi-
tional 6 strength at lower bombarding energies. Figure
10 shows a strong, narrow peak in our data at about
E_,=13.3MeV that is also apparent in the work of Gar-
man [27] who tentatively assigned it a spin of O or 6. The
level is clearly evident in the effective / =6 cross section,
which can be obtained directly from the data since / =6 is
the highest contributing partial wave. Therefore we can
make a definite J”=6" spin assignment. No J"=6" lev-
els are known at this energy in 2°Ne so we have fit the
peak as a single level, as in the case of the J”=2" level,
without the benefit of elastic scattering results. The ob-
served width of this level (about 30 keV in the laboratory)
is small enough compared to the step size that additional
parametrization of the background would not be useful.

T rrr LB LI
25'7 ! I

20

15

da/dfl (0°) (mb/sr)
o

I DA A B

——

—

—T T T T
-

O 1 1 1 1 l 11 1 1 l 11 1 IJ 1 1 1.1
13.2  13.25 13.3 13.35 13.4
E, (MeV)

FIG. 10. The [/, = 6 cross section around E, = 13.3 MeV.
The solid curve is a single-level R-matrix fit as discussed in the
text.

At E_,=13.27MeV, corresponding to E,=15.34
MeV in ®Ne, the value of the single particle width for a
decay to the first excited state in %0 is
T, p.(laboratory)=23.5 keV assuming a channel radius
of 5.75 fm. From an analysis identical to that performed

he J7=2" level at E, =12.44 MeV we find that the
values for Pal can range from a small fraction of I'; ; to

more than I'; ;. A typical fit to the data is shown as a
solid line in Fig. 10. Since there is no evidence for a
strong J"=6" level in the elastic data, we conclude that
the state we are observing has a small elastic branching
ratio. If we assume that the a, branching ratio for this
level is at least as large as the @, branching ratio, we find
9,211>22%. Finally, we note that a value of 1 for 93,1
would imply I';, /I'=0.60 and I',, /T"=0.045.

This 6% level, which may have a significant overlap
with the [@+!%0(0,")] channel, may be contrasted with
the E, =15.16 MeV 67 level suggested by Hindi et al. to
have similiar structure to the E, =12.44MeV 07 state.
The 15.16 MeV 6" level and an 8% level at
E,=18.54MeV were assigned [22,23] to a rotational
band built on the J7=0" level at E, =12.44 MeV. This
state was conjectured to be part of a band headed by the
E, =12.44 MeV level because of its small reduced width
for a, decay and because of its large reduced width for a
decay to the third excited state in %0 (7
=2%,E,=6.92MeV) that belongs to a band headed by
the first excited state in 0. The J"=8" level was
placed in the band primarily because of its large reduced
width for decay via ®Be emission. Because a large re-
duced width for a; decay is the distinguishing feature of
both the E, =12.44 MeV level and of the E, =13.1 MeV
level this property should be measured for the E, =15.16
and 18.54 MeV states as well. The best previous estimate
for the a; branching ratio for the E, =15.16 MeV level is
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Fal/ I' <0.04 which corresponds to eil <0.2 and was es-

tablished [26] by Young et al. In the case of the JT=8"
level, no a, branching ratio has been reported.

Because the a, branching ratio of the J7=6" level was
already known to be small [26], we did not expect to ob-
serve it strongly in the 16O(oz,ozl)léO reaction, and, in
fact, neither it nor the 8" level was observed. According-
ly, we used the '*C(2C,a)*Ne* reaction to study these
levels. This eight-nucleon transfer reaction is known to
populate both levels strongly and illustrates the addition-
al kinematic freedom provided by three-body final state
to study the continuum. We utilize this freedom by op-
timizing the bombarding energy to favor population of
the state of interest relative to nearby states and the un-
derlying background. For the J7=6" level, the beam en-
ergy was 36.3 MeV which is the energy used by both
Young et al. [26] and Fifield et al. [24] in their angular
correlation studies. In Fig. 11 we present (a) a singles
spectrum, (b) the same spectrum in coincidence with a
Nal detector with gates set to include high-energy gam-
ma rays from decays of excited states in 160, and (c) in
coincidence with the electron detector. The 15.16 MeV
level is strong in singles relative to the background. It
appears strongly in coincidence with gamma rays but
only very weakly in coincidence with the electron detec-
tor. In this figure and in Fig. 12 the apparent discon-
tinuities in the spectra are well understood artifacts of the
position sensitive detector used in the focal plane of the
spectrometer. The detector uses resistive charge division
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FIG. 11. Histograms from the branching ratio measurements
for the J"=6" level at E, =15.16 MeV. (a) is a prescaled 0° «
singles spectrum, (b) is in coincidence with y rays, and (c) in
coincidence with electrons or positrons.
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FIG. 12. Histograms from the branching ratio measurements
for the J™=8" level at E, =18.54 MeV. (a) is a prescaled 0° «
singles spectrum, (b) is in coincidence with y rays, and (c) in
coincidence with electrons or positrons.

for its position sensitivity and nonunformities in resis-
tance cause the gaps.

The measurement of the decay of the J7=8" level at
E,_=18.54 MeV was made at a '>’C beam energy of 61
MeV which was the upper limit of our accelerator at the
time of the experiment. Although this is somewhat below
the beam energy of 64 MeV used in Refs. [22] and [23],
we believe that we are producing the same state in °Ne.
Our results for the 87 state are shown in Figs. 12, which
is similiar to Fig. 11.

The a, branching ratio is given by

Fal N,

I Ne,’

where N, is the number of counts in the peak of interest
in the electron coincidence spectrum and N, is the corre-
sponding number in the singles spectrum. €, is the elec-
tron detector efficiency for identifying decays passing
through the first excited state in '°0O. In determining N,
and N, a background was subtracted as shown in Figs.
11 and 12. For the J”=6" level, we obtain a branching
ratio of

L,

=(1.89+0.06)X 1072

unc

and for the J7=87 level we obtain



r

a
F unc

These values have not been corrected for counts that
appear in the coincidence spectrum as a result of gamma
rays which trigger the electron detector, e.g., by pair pro-
duction in material in the vicinity of the target. It is im-
portant to consider the efficiency of the detector for pho-
ton events, €,, because, as we have seen in Figs. 11 and 12
and by the above uncorrected branching ratios, decays of
these 2°Ne levels to states in '°0 that produce photons are
much stronger than those to the first excited state. Such
a correction is difficult to make precisely because the
mechanism by which a gamma ray can trigger the detec-
tor is not completely understood and depends in principle
on the geometry of the scattering chamber and on the
direction of emission of the photon [31].

In the present case we can justify using the value of €,
measured in a separate calibration experiment. Efficiency
measurements for the detector were made immediately
prior to the experiment using the reaction *O(p,p’) '¢) as
explained in Ref. [31]. The proton beam energy was 8.9
MeV which excites a previously known J"=5/2" reso-
nance. If we assume that the decay from the resonant
level to the J™=3" state in '°0 is by s-wave proton emis-
sion, a reasonable assumption in view of the low available
energy in the c.m. system, then we can calculate the mag-
netic substate population of the J7=3" level without ap-
proximation and, using the formalism [43] of Rose and
Brink, for example, the angular distribution of the gam-
ma rays from its subsequent decay. In Fig. 13 we show
plots of the gamma-ray angular distribution for the
160(p,p’) 1*O(J™=3") calibration reaction and for gam-

=(1.76 £0.22) X102,

| T 1 1 7r [ L L I T T rr I T LI I 17 7T
s N ]
. \ ]
[ \ _
1.50 - ]
4 i ]
P - .
e 125[ —~_
8 [ :
5 [ ]
c  1.00r+— —
o L 4
N _ ]
o - -
0.75— _ .~ -
0.50 A1 1 1 l 1.1 1 1 I 1.1 11 l 1 1 1 1 l_L 1 Il—-
0 20 40 60 80

o, (deg)

FIG. 13. Comparison of y-ray angular distributions from the
decay of the final '%0O states as populated in the **Ne,
E,=15.16 MeV (solid line) and E, =18.54 MeV (dotted line)
branching ratio measurement and in the y efficiency measure-
ment (dashed line). The dot-dashed line is the ¥ angular distri-
bution from a, decays of the E, =18.54 MeV level.
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ma rays from the decay of !°O final states resulting from
a decays of the J7=6"1 and 87 levels in *®Ne. These
later angular distributions were calculated by assuming
that the 6t —37, 8" —37, etc., a decays are dominated
by the lowest allowed angular momentum since this an-
gular momentum is strongly favored by the exit channel
penetrabilities.

The calculated angular distribution for gamma rays
from the decay of the J"=6* level was produced by cal-
culating the angular distribution for a decays that leave
160 in its J™=3" state and for decays that leave '°O in its
J™=2" state. These distributions were averaged together;
the work [26] of Young et al. shows that branching ratios
to these two states in '0 are nearly equal and that decays
to other y-producing states are weak.

The angular distribution due to the decay of the
J™=81 level was generated in a similiar manner by cal-
culating angular distributions resulting from decays to
second and third excited states in '°0 and weighting
these with the branching ratios of Ref. [23]. As in the
case of the J"=6" level, the y-ray angular distributions
for the calibration and for the branching ratio measure-
ment are similar. Alpha decays to the third and fourth
excited states in '%0 were unresolved in the work of Hin-
di et al.. We have assumed, as did the authors of Ref.
[23], that all these decays go to the third excited state. If
there were a large a, branch for the J"=8"1 ’Ne level,
the shape of the ¥ angular distribution could be affected
significantly. This is illustrated by the plot of the y angu-
lar distribution expected for such a branch.

For both °Ne levels the angular distributions are simi-
lar enough to that of the efficiency measurement that we
can use the measured value of €, to make a correction to
the a, branching ratio for the gamma ray efficiency of the
electron detector. Our corrected a; branching ratio for
the J7=6" level is

l"a1
T =0.0099+0.0032.

This corresponds to a reduced width of

©2 =0.045+0.018.

The quoted error is dominated by the error arising from
the subtraction of the gamma-ray contribution to the
branching ratio. This includes a 25% statistical uncer-
tainty in the measurement of €, in quadrature with an ad-
ditional 25% uncertainty that was assigned to account
for possible differences in the angular distribution of gam-
ma rays between the '°O(p,p’) %0 calibration and the
12¢0(12C, a)*°Ne* reaction. There is a 25% uncertainty in
the value of the reported total width, T, of the J"=6"
level that contributes to the error assigned to the re-
duced width but not to the branching ratio. The value of
the corrected a, branching ratio for the J"=8" level is

L,
T‘ =0.0097+0.0037
and corresponds to a reduced width of

62 =0.0340.013,
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with uncertainties calculated in the same way as for the
67 state

The reduced widths in the a; channel for both levels
are of the order of a few percent. This is characteristic
for decays between states with no particular structural re-
lationship; for example, the 13.1 MeV 2% state has a
similiar reduced width in the ay channel. We conclude
that neither the J7=6" nor 8 levels in 2°Ne which were
assigned [22,23] to a band headed by the J7=07 level at
E,=12.44MeV exhibit the most salient feature (a large
value of ©7, ) of the J7=0" level and the J =27 level at

E,=13.1MeV.

IV. CONCLUSIONS AND DISCUSSION

In these experiments we have examined the a; decay
channel of quasi-bound levels in °Ne. A primary goal is
to identify levels in 2°Ne which are structurally related to
the J7=07 level at E, =12.44MeV. In this section we
discuss the predictions of the nuclear shell model, and of
the cluster model of Wildermuth and McClure [44] and
compare them with our results. A frequently used con-
cept is that of the rotational band. This term is usually
used to mean a set of nuclear levels that are structurally
related and, as a consequence, share some common
features such as modes of decay. Levels in a band are
generally strongly connected by electromagnetic E2 ma-
trix elements and often exhibit a characteristic energy
spacing proportional to J(J +1), where J is the nuclear
angular momentum quantum number. The assignment of
a nuclear level to a particular rotational band implies that
no other state of the same spin can be constructed within
the model space that is as closely related to the other
band members. In a cluster model such as the one de-
scribed by Wildermuth and McClure [44] the wave func-
tion of the nucleus is written as the antisymmetrized
product of intrinsic clusters and a relative wave function.
Levels belonging to the same band all have identical in-
trinsic cluster wave functions and the relative wave func-
tions all have the same number of oscillator quanta but
differ only in the orbital angular momentum quantum
number /.

As an example of the kinds of values one can get for a
particle reduced widths from the shell model, we note
that Ichimura et al. [45] calculated 63,0 for decays from

the ground-state band in 2°Ne to the ground state of '°O.
The °Ne wave functions were taken to be four particles
in the 2s-1d shell coupled to a closed '°O core so the cal-
culated quantites are typical “large” values for shell-
model a reduced widths. Using the wave functions of
Akiyama, Arima, and Kubo [3], Ichimura found 63,0 to

be very nearly 20% for all levels in the band and from
12% to 19% when he used the wave functions of McGro-
ry [45].

Brown [21] calculated shell-model J"=0"1 wave func-
tions for 2°Ne and '°0 in which he assumed a closed '2C
core and active lp,,, 1ds,, and 2s,,, orbitals. Al-
though his calculation produced several ?*Ne levels near
12.44 MeV, it generated no levels above an excitation en-
ergy of 8.5 MeV with values for eil greater than 4%.

The inability of the calculation to reproduce the proper-
ties of the observed level could possibly be a result of the
restricted model space, e.g., the neglect of the 1d,,, or-
bital.

The present results also shed some light on a possible
description of these core-excited levels in °Ne in terms of
the weak-coupling model. The idea here is to represent
an 8p-4h state by a product wave function in which the 8
particles occupy the same sd-shell orbits as identifiable
low-lying states of 2*Mg; correspondingly the 4 holes
represent low-lying states of '2C. This ansatz gives a
reasonably successful description of the previously known
8p-4h states [15,16] in the band built on the 05 state in
2Ne. In this case the band head is based on the g.s. of
2*Mg coupled to the g.s. of '2C. In the case of a possible
band built on the J” =07, E, = 12.44 MeV level, a pos-
sible candidate configuration is Mg (J"=0", E, =
6.44 MeV) ® '2C(07, g.s.), with a possible admixture of
%Mg(0™", gs) ® 2C(J"=0", E, = 7.6 MeV). In addi-
tion to the approximately correct differences in excitation
energies (the 12.44 MeV state is approximately 5 MeV
above the 8p-4h 05 state in °Ne), the 0; state in *Mg is
known to have a relatively large spectroscopic factor for
a transfer [46]. In this simple model the four-particle
overlap between °Ne(E, = 12.44 MeV) and °0(0; ) is
the same as that between the **Mg(0; ) and *°Ne(g.s.), be-
cause in the weak-coupling picture the %0 (0,") state has
the configuration °Ne(g.s.) ® '?C(g.s.). The present re-
sults do not appear to support this simple interpretation,
which would require that the 2% member of the band (as-
signed in the present study as the E, = 13.1 MeV
J™=2"% state) have the configuration 2*Mg(2;)
® 12C(0%, gs.) + #*Mg(0)® 2C(27). Naively, if the
first configuration is dominant, one would expect a large
spectroscopic factor for a transfer for the corresponding
2% state in 2*Mg. In fact, the a-particle spectroscopic
factors for the 07 and 2 members of the 0, band in
2*Mg are not approximately equal; rather, the measured
ratio is S,(2%)/S,(0") =~ 0.096 [46]. It is of course pos-
sible that the observed results could be reproduced by a
more complicated weak-coupling picture in which the
two configurations (involving excitations of the 8 parti-
cles or the 4 holes) interfere, but the presently available
evidence is insufficient to provide a definitive test.

Since it is difficult to reproduce values as large as we
have measured for a-particle reduced widths within the
context of the shell model, we should ask if other models,
those which emphasize collective degrees of freedom, can
do better. The cluster model of Wildermuth and
McClure [44] was introduced as a variational method to
provide a set of basis states for calculations of nuclear
quantities. The hope is that by exploiting the saturation
of the nuclear force and the large binding energies of par-
ticular structures such as a particles one can intuitively
choose trial wave functions that are close to the physical
eigenfunctions. Cluster models are a natural way to
think about states with large a decays because we can
treat the compound nucleus as an antisymmetrized prod-
uct of an « particle and a residual (}°0) nucleus.

There is no advantage to using the cluster model over



the shell model unless we take advantage of the cluster
model’s ability to exploit nuclear correlations that are
likely to exist in the system under study. This can be
done by introducing parameters into the wave function
which are believed physically meaningful. In a full calcu-
lation, the best values for the parameters are often found
by minimizing the energy expectation values of the trial
wave functions subject to orthogonality and normaliza-
tion constraints. In the present case, one would wish to
modify the cluster wave function in a way that will pro-
duce larger values for the spectroscopic amplitudes. To
do this we need to reduce the overlap of terms in the clus-
ter model wave functions in which nucleons are ex-
changed between the two clusters. These exchange terms
arise from antisymmetrization between the clusters. The
most straightforward way of achieving this goal is to
modify the relative wave function so that its value at dis-
tances comparable to or smaller than the mean cluster ra-
dius is small compared to its value at larger distances
(i.e., we need to keep the clusters apart). A consequence
of this modification is that there no longer exists a trivial
equivalence between the cluster and shell models.

We summarize some of the major results of our experi-
ments in Table I. The J7=0" and 2% levels at 2°Ne exci-
tation energies of 12.44 and 13.1 MeV, respectively, are
quite similar in that they both appear as isolated levels in
the '%O(a,a;)'®0 reaction and they both have exception-
ally large reduced widths for a decay to the first excited
state in '%0. We conclude that both of these levels are
structurally related and that they are most naturally in-
terpreted in terms of a model that allows more collectivi-
ty than that found in single-particle models. Since both
of these states have extreme values for their reduced
widths for a, decay, they should be thought of as an a
particle coupled to the first excited state of 160 by an
elongated relative wave function. The picture of two sub-
systems coupled to each other by a wave function that is
stretched out enough that antisymmetrization effects are
diminished is reminiscent of a molecule, and much work
has been done on the development of nuclear molecular
models (e.g., Refs. [15, 47-57]).

We conclude that the J7=2" level at E, =13.1 MeV
belongs in a band with the J"=0" level at

TABLE I. Reduced widths for some continuum levels in 2°Ne.

J7 E.(MeV) Gﬁl Notes
ot 12.436+0.004 =~1.15 a
2" 13.09540.006 >0.63

4% 13.69—14.93 36:.,>05 b
6" 16.73—18.73 36;,>03 c
6" 15.346+0.002 d
6" 15.16 0.045+0.018

gt 18.54 0.034+0.013

#Reference [21].

*Divided among 8 levels.
‘Divided among 16 levels.
ISee text.
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E,=12.44MeV since these two states share the same,
unusual decay mode. We disagree with the suggestion of
Hindi et al. that the J”=6" and 87 levels at E, = 15.16
and 18.54 MeV are also members of this band for this
would imply that these J”=6"1 and 8% levels are more
closely related to the J7=0" and 2™ states than are any
other possible states of spin 6 or 8. We have seen that, in
view of their large values of 63,], a natural interpretation

of J7=0% and 2% levels is in terms of a cluster model in
which an %0 in its first excited state is coupled to an a
particle. In this model, higher-spin states belonging to
the same band (i.e., states which are as closely related as
possible) would also have large values of e?,l, in contrast

to the behavior observed for these J”=6" and 8% levels.
In the *O(a,a,)'®0 experiment we found candidates
for other members of a rotational band whose head is the
J™=0" level at E,=12.44MeV. It is likely that a
J™=47" level with large reduced width for a decay to the
first excited state in %0 is in the region between
E,=11.2 and 12.7 MeV that we analyzed in detail.
Every fit [35], with one exception, with the effective / =4
cross section contains an individual level with a value of
9?,1 greater than 30%. In any event a large amount of

strength for decay into the a; channel is concentrated in
this energy range.

Our first inclination was that a J™=6" level with a
large value of e%,l might be somewhere in the / =6 struc-

ture evident between E, =15 and E,=17.5MeV. How-
ever, the data do not appear to require this conclusion.

In region A we have been able to fit the data with a set of
level parameters in which the largest value of Gil for an

individual level is less than 5%. In region B every fit con-

2O|.---|....|....I

o —
I D B
0 20 40 60 80

FIG. 14. (a) K"=0; and (b) 0 bands in 2°Ne. The lines are
linear fits to the points. Also shown are possible levels or re-
gions of levels for a new K"=0" band. Line (c) is a fit to the 0"
and 2% levels. Line (d) is a fit to the 0%, 2, and the single 6
level.
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tains a level with at least a 14% reduced width. Al-
though this is a moderate value for 63;1, the data from

which it was extracted are of poorer quality than in re-
gion A. The possibility also exists of substantial /=6 a,
strength at lower excitation energy. In particular, the
single state at E, = 15.34 MeV could contain more spec-
troscopic strength in the a; channel than the region dis-
cussed above.

It is interesting to consider the energy dependence of
the a; strength as a function of angular momentum
within the context of the rotational model. Figure 14
shows the states (squares) or ranges of excitation energy
(vertical lines) where we have identified substantial o,
strength. Also shown, for purposes of comparison, are
the previously known rotational bands built on the
ground state (marked “a”) and built on the 05 (believed
to be predominantly 8p-4h in the structure marked “b”).
It is immediately clear that any interpretation of the
present data using the rotational model will require an
extended structure with a large moment of inertia. To
make this more quantitative, the curve labeled “c” in Fig.
14 is a straight line fitted to only the 0" and 27 states at
E, = 12.44 and 13.1 MeV; this line passes through the
concentrations of 4% and 6+ strength. The moment of
inertia deduced from the slope of this curve is 4.55
MeV ™1, quite similar to the value 4. 28‘h MeV ! which
characterizes the K™ = 07 band already believed (see
Refs. [8-13]) to be dominated by 8p-4h configurations.
Associating the 6" strength of the higher 8p-4h band
with the single state at E, = 15.34 MeV results in an
even higher moment of inertia; curve “d” in Fig. 14 is a

least squares fit to the 01, 27, and 6™ states. The curve
passes through the reglon of 4+ strength and gives mo-
ment of inertia of 7.474° MeV ~!. This would correspond
to a structure even more extended in space that that
based on the lower 8p-4h band. Distinguishing between
these two possibilities is not possible with presently avail-
able data.

This fragmentation of the a,; spectroscopic factor pos-
sibly starting in the J"=41 region and increasing in the
J™=6" region suggests that at higher angular momenta
the picture of a molecular resonance begins to break
down and may be an indication that other dynamical de-
grees of freedom are becoming important. This is reason-
able since the number of ways one can partition a nuclear
system grows with the excitation energy. At an excita-
tion energy of 17 MeV there is enough energy in the sys-
tem to break the °Ne nucleus into two alpha particles
and a '2C nucleus and still have 5 MeV of excitation ener-
gy left over, about what is needed to excite states in '*C.

ACKNOWLEDGMENTS

We would like to thank Dr. E. F. Garman, Dr. D. P.
Bybell, Dr. T. Chapuran, Dr. A. H. Wuosmaa, Dr. S. F.
Pate, Dr. M. G. Burlein, and Dr. J. Arrison, and R. N.
Laymon for their assistance in carrying out the experi-
ments described herein. The foil targets used in the ex-
periments were fabricated by L. Csihas. This work has
benefitted from discussions with Professor F. Ajzenberg-
Selove and Professor H. T. Fortune and Dr. M. A. Car-
chidi and Dr. J. W. Sweet. This work was supported by
the National Science Foundation.

[1]J. P. Elliot, Proc. R. Soc. London 245, 128 (1958); M. Har-
vey, Advances in Nuclear Physics, edited by M. Baranger
and E. Vogt (Plenum, New York, 1968), Vol. 1, p. 67.

[2] T. Suzuki, A. Arima, and K. Kubo, Nucl. Phys. A288, 493
(1977).

[3] Y. Akiyama, A. Arima, and T. Sebe, Nucl. Phys. A138,
273 (1969).

[4] Y. Horikawa, Prog. Theor. Phys. 47, 867 (1972).

[S]E. V. Inopin, V. S. Kinchakov, V. K. Lukyanov, and Yu.
S. Pol, Ann. Phys. (N.Y.) 118, 307 (1979).

[6] H. Walliser, T. Fliessback, and Y. C. Tang, Nucl. Phys.
A437, 367 (1985).

[71 A. Arima, V. Gillet, and J. Ginocchio, Phys. Rev. Lett. 25,
1043 (1970).

[8] R. Middleton, J. D. Garrett, and H. T. Fortune, Phys.
Rev. Lett. 27, 950 (1971).

[9] R. Middleton, J. D. Garrett, H. T. Fortune, and R. R.
Betts, J. Phys. C 6, 39 (1971).

[10] L. R. Greenwood, R. E. Segel, K. Raghunathan, M. A.
Lee, H. T. Fortune, and J. R. Erskine, Phys. Rev. C 12,
156 (1975).

[11] K. Nagatani, M. J. Le Vine, T. A. Belote, and A. Arima,
Phys. Rev. Lett. 27, 1071 (1971).

[12] R. R. Betts, H. T. Fortune, and R. Middleton, Phys. Rev.
C 11, 19 (1975).

[13] M. E. Cobern, D. J. Pisano, and P. D. Parker, Phys. Rev.

C 14, 491 (1976).

[14] J. B. McGrory and B. H. Wildenthal, Phys. Rev. C 7, 974
(1973).

[15] Y. Fujiwara, H. Horiuchi, K. Ikeda, M. Kamimura, K.
Kato, Y. Suzuki, and E. Uegaki, Suppl. Prog. Theor. Phys.
68, 29 (1980).

[16] H. T. Fortune, private communication, 1988.

[17] A. Arima and D. Strottman, Nucl. Phys. A162, 423 (1971).

(18] G. E. Brown and A. M. Green, Nucl. Phys. 75, 401 (1966).

[19] B. Apagyi and G. Fai, J. Phys. G 3, L163 (1977).

[20] D. P. Balamuth, K. C. Young, R. W. Zurmiihle, L. K.
Fifield, T. J. M. Symons, and K. W. Allen, Proceedings of
the International Conference on Nuclear Structure, Tok-
yo, Japan, 1977 [J. Phys. Soc. Jpn. Suppl. 44, 244 (1978)].

[21]E. F. Garman, L. K. Fifield, W. N. Catford, D. P.
Balamuth, J. M. Lind, and R. W. Zurmiihle, Nucl. Phys.
A372, 194 (1981).

[22] M. M. Hindi, J. H. Thomas, D. C. Radford, and P. D.
Parker, Phys. Lett. 99B, 33 (1981).

[23] M. M. Hindi, J. H. Thomas, D. C. Radford, and P. D.
Parker, Phys. Rev. C 27, 2902 (1983).

[24] L. K. Fifield, R. W. Zurmiihle, D. P. Balamuth, and J. W.
Noé, Phys. Rev. C 8, 2203 (1973).

[251H. T. Richards, G. T. Caskey, J. H. Billen, S. R.
Riedhauser, and D. J. Steck, Phys. Rev. C 29, 2332 (1984).

[26] K. C. Young, R. W. Zurmiihle, J. M. Lind, and D. P.



45 ['*0(0F)+a] PARENTAGE OF CONTINUUM LEVELS IN *Ne 591

Balamuth, Nucl. Phys A330, 452 (1979).

[271E. F. Garman, Ph.D. dissertation, Oxford University,
1980.

[28] Y. K. Lee, L. W. Mo, and C. S. Wu, Phys. Rev. Lett. 10,
258 (1963).

[29] J. Kramp, D. Habs, R. Kroth, M. Music, J. Schirmer, and
D. Schwalm, Nucl. Phys. A474, 412 (1987).

[30] F. Ajzenberg-Selove, Nucl. Phys. A475, 1 (1987).

[31] W. K. Wells, D. Cebra, and D. P. Balamuth, Nucl. In-
strum. Methods 223, 103 (1984).

[32]1J. H. Billen, Phys. Rev. C 20, 1648 (1979).

[33] S. R. Riedhauser, Phys. Rev. C 29, 1961 (1984).

[34] G. Caskey, Phys. Rev. C 31, 717 (1985). G. T. Caskey,
Ph.D. dissertation, University of Wisconsin, 1983, avail-
able through University Microfilms International, Ann
Arbor, MI.

[35] C. M. Laymon, Ph.D. dissertation, University of Pennsyl-
vania, 1989, available through University Microfilms In-
ternational, Ann Arbor, MI.

[36] P. H. Kutt and D. P. Balamuth, Comput. Phys. 3, 52
(1989).

[37] Harald A. Enge, Rev. Scien. Instrum. 29, 885 (1958).

[38] A. M. Lane and R. G. Thomas, Rev. Mod. Phys. 30, 257
(1958).

[39] E. Barrelet, Nuovo Cimento 8A, 331 (1972).

[40] A. de Bellefon and A. Berthon, Nucl. Phys. B109, 129
(1976).

[41] Z. Basrak and F. Auger, Nucl. Phys. A441, 150 (1985).

[42] S. R. Riedhauser, Ph.D. dissertation, University of
Wisconsin, 1983, available through University Microfilms

International, Ann Arbor, MI.

[43] H. J. Rose and D. M. Brink, Rev. Mod. Phys. 39, 306
(1967).

[44] K. Wildermuth and W. McClure, in Springer Tracts in
Modern Physics, edited by G. Hohler (Springer-Verlag,
Berlin, 1966), Vol. 41.

[45] Munetake Ichimura, Akito Arima, E. C. Halbert, and
Tokuo Terasawa, Nucl. Phys. A204, 225 (1973).

[46] N. Anantaraman, H. E. Gove, J. Toke, and J. P. Draayer,
Nucl. Phys. A279, 474 (1977).

[47] Clustering Aspects of Nuclear Structure and Nuclear Reac-
tions, Proceedings of the Third International Conference,
Winnipeg, Canada, 1978, edited by W. T. H. Van Oers, J.
P. Svenne, J. S. C. McKee, and W. R. Falk, AIP Conf.
Proc. No. 47 (AIP, New York, 1978).

(48] A. Arima, H. Horiuchi, K. Kubodera, and N. Takigawa,
Adv. Nucl. Phys. 5, 345 (1972).

[49] R. A. Baldock, B. Buck, and J. A. Rubio, Nucl. Phys.
A426, 222 (1984).

[SO] R. A. Baldock and R. A. Stratton, J. Phys. G 11, 515
(1985).

[S1] R. A. Baldock and B. Buck, J. Phys. G 12, L29 (1986).

[52] B. Buck, C. B. Dover, and J. P. Vary, Phys. Rev. C 11,
1803 (1975).

[53] Y. Fujiwara, H. Horiuchi, and R. Tamagaki, Prog. Theor.
Phys. 61, 1629 (1979).

[54] Y. Fujiwara, Prog. Theor. Phys. 62, 122 (1979).

[55] Y. Fujiwara, Prog. Theor. Phys. 62, 138 (1979).

[56] Suppl. Prog. Theor. Phys. 68 (1980).

[57] T. Tomoda and A. Arima, Nucl. Phys. A303, 217 (1978).



