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Intermediate structures and their dominant I values in "0("C,'Be)"Ne reactions,
E, =11.5 to 18.6 Mev
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Measurements of cr(O,E) are reported for "0("C,'Be)"Ne* reactions to the low lying 0+, 2+, 4+ and
unresolved 3, 1 final states. The energy range is E, 11.5 to 18.6 MeV with measurements at —86 keV
intervals. Up to 38 angles between 8, = 12' and 167' are measured for each energy, A large number of resonances
are identified by their appearance over a broad range of forward and backward angles and by their energy
correlation over exit channels. Many J assignments are inferred from the behavior of back angle 0 (8) across the
resonance. All J values are from one to three units less than the optical model grazing angular momentum for the
f60+ i2c.channel

NUCLEAR REACTIONS 0( C, Be) Ne*; Ineasured 0.(0,E) to low-lying states
for E, =11.6-18.6 MeV and 0, =12'-167 . Deduced resonant energies and

J'~ values.

I. INTRODUCTION

Since the first observation of intermediate struc-
ture resonances in heavy ion reaction cross sec-
tions, interest in the field has steadily increased.
However, even with the phenomenal increase in
experimental activity in the last few years, there
is still a lack of spin information for many reson-
ances and assignments are ambiguous for still
others. There is a continuing effort to clarify this
picture so that hopefully a unifying explanation of
heavy ion resonance phenomena might evolve nat-
urally from a preponderance of high quality data
and accurate spin assignments. To date, the only
definite result is that simple rotational bands,
even though overlapping, do not provide a satis-

factoryy

explanation.
The present paper reports cross section mea-

surements for "0("C,'Be)"Ne* reactions leading
to low-lying states of Ne. This is an extension
to a lower energy range, E = 11.5—18.6 MeV,c~m~

of work recently reported' for these reactions for
E, =18.6-22. 7 MeV. The extension is also such
that the data cover the entire angular range, en-
abling us to extract relatively accurate total cross
sections. Resonance criteria used are as dis-
cussed in the previous publication' with the ad-
ditional use of these total cross sections. Due to
the extent of the project, the present paper is in-
tended only to report the evidence for the inter-
mediate structures, their energies and approxi-
mate widths, and their dominant l values whenever
possible. Analyses are limited to comparison of
back-angle angular distributions with squared Leg-
endre polynomials and the extraction of linear Leg-
endre expansion coefficients for the ground state

angular distributions. Statistical and other reac-
tion model analyses will be presented at a later
time. It should be noted, however, that too often
such analyses have been used on data so limited
that the results are questionable. This will not
be the case for the complete measurements pre-
sented here.

II. COMMENTS ON EXPERIMENTAL PROCEDURE

Many of the experimental details are sufficiently
similar to those in our previous work" on 'Be
reactions that only those specifically pertinent to
the present experiment are included. One impor-
tant difference between this and the work of James'
is that both carbon and oxygen targets were used
in order to obtain measurements of v(9, R) over
an angular range of 0, =12 —167'. The angle
quoted is always for an oxygen target and a "C
beam, thus the forward angle refers to the direc-
tion for maximum alpha-particle transfer cross
section, unlike the work of James.

The carbon targets were self-supporting foils
of natural carbon. For oxygen targets, vacuum
depositions of Fe,O, on -100 p, g/cm' gold backings
were used. The energy loss of beam particles in
the carbon foil or the Fe,O, layer was always
close to the energy step size (-86 keV c.m. ) used
in measuring excitation functions. Carbon buildup
on targets was measured and appropriate correc-
tions were made in the extraction of cross sections
from carbon targets and in the determination of
energy loss of beam particles for both targets.
All resonance energies quoted herein have been
corrected for energy loss to the center of the ac-
tive target. Target thicknesses of "C, "O, and
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Fe were determined by measuring the Rutherford
scattering of "0particles at E~=20 MeV and 8~
= 20' for a known detector geometry.

The kinetic energy spectra of 'Be (g.s.) par-
ticles is formed by adding the energies of kine-
matically selected coincident alpha particles. '
A sample spectrum for "0bombardment of a
carbon target at 8~=40 MeV, 8~= 7.5 is shown
in Fig. 1. Such spectra allow one to extract yields
leading to the 0', 2', 4' and 3, 1 states of "Ne
with considerable accuracy, thus providing good
back-angle data for "0("C,'Be)"Ne* reactions.
Yields to the 2 state and other higher excited
states were not extracted. Forward angle spectra
for "C bombardment of Fe,o, targets are not as
attractive. There are no contributions from Fe
or Au; however, even a small quantity of "C
contamination produces considerable yield from
the "C("C,'Be)"0*reactions, curtailing the
determination of o(8, E) to the 4' and 3, 1 final
states in "0("C,'Be)'ONe* at low bombarding en-
ergies and forward angles.
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FIG. 1. Energy spectrum of Be particles generated
by the addition of energies of alpha particles in appropri-
ate kinematic coincidence.

III. EXPERIMENTAL RESULTS

A. Excitation functions and resonance energies

Excitation functions measured in -86 keV steps
from E =11.5-18.6 Me& for "0("C 'Be)~Ne*
reactions leading to the low-lying J'=0', 2', and
4' states are shown in Figs. 2, 3, 4, respectively.
Data were accumulated at 2.5' intervals in the
laboratory with the forwardmost angle being 7.5'
relative to both "C and "0beams. Since the
width of the efficiency function' for 'Be detection
is -2', it is clear that a complete sampling of the
angular dependence is obtained, while maintaining
sufficient angular resolution not to obscure any
details of the angular dependence. The center-of-
mass angles indicated in the figures are approxi-

mate values, not only because of the energy de-
pendence of 8, for a fixed 8~, but also at a few
angles near 60' both "C target data and "0 target
data are included in the same excitation function
and of course the energy shifts in 8, are there-
by of opposite sign. There are several small re-
gions of missing data due to experimental limit-
ations. In Fig. 2 excitation functions at 8,
= 59' and 64' are omitted because of relatively
large regions where data was not obtained. The-
low energy forward-angle omissions in Fig. 4
are due to overlap in the 'Be energy spectra with
yield from the "C("C,'Be)"0 reaction.

There are several structures in Figs. 2, 3, and
4 which are well correlated in energy at many
observation angles and in two or more reaction
channels. The most prominent structure in all
three figures is observed at approximately 16.70
MeV. In this same energy region there are also
well defined enhancements near 15.62, 16.30,
and 17.30 MeV, plus a weak shoulder effect near
17.0 MeV which is more pronounced in Fig. 4;
whereas in Figs. 2 and 3 it is often obscured by
the strength of the 16.70 MeV structure. The
resonance near 17.30 MeV is particularly inter-
esting because it is so small, yet it is consistently
displayed over a broad angular range in all three
channels. The cross sections in the 12 to 15 MeV
region are very complex with the most prominent
structures occurring near 13.80 and 14.25 MeV.
Below 13 MeV, although considerable structure
appears in the ground state data, there are no
compelling correlations.

The angle summed cross sections have been
calculated using the equation

o,„= a(8,) sins,
fe

The summation is over as mapy as 38 angles from
8, =12 -167' in -4' intervals. Since the angular
full width at half maximum (FWHM) of the detec-
tion efficiency is approximately 2' (-3' to 4' c.m. )
the use of Eq. (1) yields a fairly accurate deter-
mination of the relative total cross sections when
the full angular range of data is available. Re-
sults of this summation applied to the 0', 2', and
4' exit channels are shown in Fig. 5, where the
angular ranges over which the summations were
carried out are also indicated. The small ver-
tical arrows indicate energies at which the num-
ber of the terms in the summation changes. For
the ground state data all 38 angles are included
above -13.3 MeV; from -11.9 to 13.3 MeV the
angles -59' and -64' are omitted; and below 11.9
MeV the additional angles near 51 and 55' are
om, itted from the summation. For the 2' channel,
data from two back angles, E, &13.3 MeV, and
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order. coefficients in the fitted expansion

2g
o(g, E) = g a„(E)r,(cose), (2)

where cr„,(E) =4a,(E). The coefficients are dis-
cussed in greater detail in Sec. III B.

The resonance energy information resulting
from application of criteria (a) and (b) to the data
of Figs. 2-5 is given in Table I. The energies in
parentheses in column one are those of possible
resonances not clearly established in this work
since criterion (b) is not satisfied. Most of the
other resonances are seen in the o,„ofall three
reaction channels. The most reliable resonance
energies of 13.80, 14.25, 15.62, 16.20, 16.'?0,
17.30, 17.98, and 18.55 MeV are ass'igned an 'es-
timated probable error of 50 keV. Other reson-
ance energies listed may be in ez'ror by 100 keV.
The widths of the resonances are. mere estimates
and errors may be 20% or larger. The J' infor-
mation listed in Table I is discussed in Sec. III B.
The qualitative relative strengths of the structures
in the three separate channels are also indicated
in Table I.

The summed cross section excitation functions
of Fig. 5 do not extend over the 18.55 MeV reson-
ance because of some missing data at intermediate

angles. This resonance is illustrated in the
summed cross sections of Fig. 6, where for the
ground state reaction channel we have separately
constructed ~,„ for ranges of forward, middle,
and backward angles. The back-angle distribu-
tions are analyzed for resonant J' values in Sec.
III B, and Fig. 6 also shows that o,„maximizes
on resonance in the angular range analyzed, al-
though the peak to valley ratio is much less than
at individual angles selected to favor resonant l
values (see Fig. 2). .

2

o(O, E) = A, ( )eE"&"'P,( sco)8
-0

(3)

and only one term in this coherent summation re-
sonates. Although it is not possible to uniquely
extract the complex Legendre coefficients of Eq.
(3), the dominant / values can often be obtained

by a comparison of the measured angular distri-
bution on resonance with a single term of Eq. (3).

B. Angular distributions and J"assignments

The angular distributions of the 'Be exit chalone. l
leading to the "Ne(0') ground state are particularly
useful in establishing .the dominant l values at a
resonance energy, since the cross. section can be
expressed as
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s(strong), m(medium), w(weak), .~ (not observed).
d Probable errors on width estimates are -20/g.

Implied is the assumption that other coefficients
are small by comparison. For the ("C, 'Be) reac-
tion that assumption is more nearly correct when
considering o(8) in a back-angle region, where the
direct alpha-particle transfer component of the
cross section is largely absent.

Comparisons between measurements for 8 & 100'
and the functions P,'(cos8) are presented in Fig.
7 for E, values near the nine proposed reson-
ances of Table I which have the most definitiveJ' assignments. Six of these are also among the
most well defined in energy from Figs. 2-6.
These six resonances, F.. . J'=13.80 MeV,
8', 14.25 MeV, S; 16.70 MeV, 10', 17.30 MeV,
12', 17.98 MeV, 11; and 18.55 MeV, 10', must
then be considered those most reliably established
in this work.

In two cases where a weak resonance is near a
much stronger one, . a fitting function also used is
W(8) =a, P, +a, P, ', where Il, —l, ~=1. This is
merely a fitting parametrization to illustrate the
shift in the measured angular position of back-
angle maxima in o(8) and is not to be confused
with any sort of approximation for Eq. (3}.
Any approximation to Eq. (3) would require what
is probably a strong interference term. Such an

interference term could be evaluated properly
only if the entire angular range is considered,
which would then include direct contributions
and introduce unwanted complications into the
fitting procedure. These two cases are listed in
Table I at E, =13.1 and 17.30 MeV and nearby
angular distributions are shown in Fig. 7. The
results of this parametrization of back-angle
data in the two energy regions are shown in

Fig. 8. In the two cases the positions of maxi-
ma in o(8) tend toward those for l ='I and l =12,
respectively, as energy is increased through the
resonance. The structure near 13 MeV is not
well established in this work as indicated in

Table I although it shows prominently at many
angles in the ground state data of Fig. 2. The
resonance at 17.30 MeV is, however, unmistakable
as it appears over a broad range of angles and in
the total cross sections for all three channels.

The J '= 12' assignment for the 17.30 MeV re-
sonance is by no means without the remote pos-
sibility of error. The shift evident in Fig. 8 cer-
tainly indicates l„,c 11 and a resonant contribution
from l &11 would require a most unusual interfer-
ence with the l = 11 background to produce the re-
sult shown in Fig. 8. If l„,~ 13 it would be the
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only example of a heavy ion resonance to lie out-
side the grazing angular momentum. Even with
the present assignment the 17.30 MeV resonance
is the lowest energy 12' reported to date, and
the lowest 13 lies at E, = 20.9 MeV. '

One would hope to gain considerable insight
toward establishing resonance J' values by ob-
serving the k dependence of the coefficients a,(E)
of Eq. (2), evaluated on and off resonance, since
the value of a„(E„,) should maximize at k = 2l„,
with small values of a, for k &2l„, arising only
from interference effects. The coefficients have
been evaluated for all ground state angular dis-
tributions for data sets covering the entire angu-
lar range, the forward angles only, and the back-
ward angles only. In the latter two cases only
even values of k are used in Eq. (2). Although
supportive of spin assignments in most cases,
the behavior of values of a, vs k does not provide
us with information more compelling than the
simple comparisons with P,'(cose). ln fact, due
to the uncertainties in extracted values of the
coefficients, the spin information is often less
convincing. These uncertainties arise due to the
very large number of terms needed to fit the data
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axis. The problem of extracting reliable coef-
ficients is most severe at the lower energies, due
to more restricted data.
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FEG. 7. Back-angle angular distributions for the reac-
tion '60(' C, Be) Ne(0') at energies near the prominent
resonances of Table I. The curves are nearest fit PI
(cos19) functions.
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For the ground state channel the zero order
coefficient and hence the total cross section is
obtained reliably by performing fits to the data
using Eq. (2) and increasing 2L until a,(E) be-
comes nearly constant vs 21. The energy depen-
dence of the coefficient a,(E) is shown in Fig. 9.
The upper portion of the figure, proportional to

I

l7.5 18.5

E, (Mev)

FIG. 8. Amplitudes, a&, obtained by fitting the data
with a sum of two P, (ense) functions illustrating the
shifts in oscillatory patterns of 0(8) near 13.0 and 17.3
MeV. Arrows indicate the energies for which back angle
o(8) is shown in Fig. 7.

the total cross section, is very similar in struc-
ture to the summed cross section data of Fig. 5,
for E, 13 MeV. Below 13 MeV the values of
a, (E) are less well determined because of less
complete angular distributions, and this most
likely accounts for the differences in Figs. 5 and
9 in this energy region. The values extracted
from back-angle data only (lower part of Fig. 9)
might be expected to show the resonance struc-
ture more clearly since the direct reaction con-
tribution is small at back angles. Although some
differences are evident between the two curves,
a significantly more vivid picture of resonant
structures is not obtained.

Another convincing characteristic of resonance
behavior is the change in the angular distribution
through the resonance energy. Figure 7 displays
angular distributions on resonance only and clearly
the illustration of the energy dependence of angu-
lar distributions through all the resonances of
Table I would be too lengthy. The weak resonance
at E, =17.98 MeV is chosen to illustrate the
behavior of the angular distributions through a
resonance, since it is relatively isolated in the
back-angle excitation functions. Shown in Fig.
10, these data display a narrow and well developed
l = 11 enhancement for 8 & 100' with relatively lit-
tle signature of a resonance at the forward angles.
In fact the cross section on the forward maximum
of Fig. 10 diminishes slightly at the resonance en-
ergy, due presumably to interference with the di-
rect contribution (see also Fig. 3). Because of the
large nonresonant component at forward angles,

0.5

(0)

0.4-

I
I

I
I

I
I I I

16O (l2C Spe)20Ne(q s)
2L

0.50—

0.3—

0.2—

00

0. I—

—,0.25

E O. IO

~ ooo

0.0

0.2-

0 I

I i I i I I i I i I i I )

12 l3 l4 15 l6 l7 I8

e

FIG. 9. Energy dependence of the zero order Legendre
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FIG. 10. Complete angular distributions for '6P("C,
8Be) ONe through the resonance near E, =18 MeV. Er-
ror bars reflect statistical errors in data extraction
only. The solid curves are generated by fitting the
I,egendre expansion of Eq. (2) to experimental data.
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the overall effect in the ground state summed
cross section is extremely weak; however, the
existence of the resonance is strongly supported
by the 4' data of Figs. 4 and 5.

It is clear that the forward-angle cross sections
at these energies (Fig. 10) are dominated by a
reaction mechanism which is different from that
producing the back-angle yield simply from the
more rapid oscillations and the lack of significant
change in forward-angle cross sections over the
resonance. This effect is quantified by performing
a Legendre analysis of the forward and backward
angular regions independently, using only even
terms in Eq. (2). The result is displayed in Fig.
11 as total X' pgr degree of freedom versus the
maximum order in the fitted Legendre expansion.
It is evident that the partial waves dominant at
forward angles are two to three units greater than
the dominant l = 11 (2L = 22) of this resonance. The
sum effect is observed at the 16.70 MeV, 10 and
the 18.55 MeV, 10' resonances. We interpret this
difference as a difference in the mean interaction
distance for the direct alpha-particle transfer
reaction and the heavy ion resonance formation
of "Si*, both of which are considered surface
reactions. Using i=km, these mean distances are
the order of 6 and 7 fm for i=11 and i=13, re-
spectively. Classically the c.m. separation of
'Be+ ("0+n) system in surface contact is 7.1
fm, whereas for the ' 0+ "C system it is 6.4 fm,
using y, = 1.34 fm.

IV. DISCUSSION AND COMPARISON

ther support for their resonance character can
be obtained from a comparison with the structures
observed in other reaction channels, their ener-
gies, and when available, the J' values. Infor-
mation from the major resonance investigations
in the energy region E, =11.5-18.6 MeV is
summarized in Fig. 12. The dashed lines con-
necting energy levels indicate possible corres-
pondences which are discussed in the following
paragraphs.

In the c.m. energy region below 13 MeV we

report resonances at 11.8 and 12.5 MeV although
the evidence presented in Fig. 9 indicates that
each of these could be doublets with energies of
11.8, 12.0, 12.5, and 12.7 MeV. This region
has also been studied for the proton exit channel

by Lumpkin et al. ' with equally confusing results.
They observe strong maxima in the 9~=10 yields
at E, = 11.0, 11.8, and 12.5 MeV for the "Al*
(E„=4.51 MeV) final state and at F., = 11.4 and
12.0 MeV for the F.„=3.00 final state. A number
of authors' "have reported a resonance at 12.8
MeV with J'= 7 . The conclusion of Disdier et al. '
is based on Be (g.s.) angular distributions similar
to the present data. It is important to note that not
only can we not assign a J' value on the basis of
the criteria employed here, but there is absolutely
no evidence for a resonance in the ground state
total cross section at 12.8 MeV (see Fig. 9). The
summed cross section values of Fig. 5 show only
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FIG. 12. Comparison of published resonance informa-
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a very weak effect at this energy. The discrepancy
between Figs. 5 and 9 is again due to the inability
to obtain good values from Eq. (2) when small but
important angular ranges of data are unavailable.

The fine structure reported by Taras et al."
for the total gamma-ray yield is reproduced in
part by our results in the 13 to 14 MeV region.
The 12.97 MeV resonance corresponds to our 7
resonance at 13.1 MeV, the energy of which is
quoted on the basis of Fig. 9 rather than Figs.
7 and 8, which would indicate something much
closer to 12.97 MeV as reported earlier. " The
two anomalies near 13.0 and 13.3 MeV are clearly
indicated in a number of the yield curves; for
example, 8 = 153', 157.5' for the ground state
data (Fig. 2). The triplet of structures" near
13.60, 13.69, and 13.81 MeV has only one iden-
tifiable member in the present work which prob-
ably also corresponds with the 13.7 MeV anomaly
observed in gamma-ray yields by Branford et al. „"
the 13.7 MeV, 8' assignment of Soga et al. ,

' and
the 13.77 MeV, 8' assignment of Viggars et al.'
The other result of Viggars, and 8' resonance at
13.15 MeV, is not acceptable in light of the pres-
ent data, since it is based on the analysis of an
estimated total cross section for the "C("0,"Ne
g.s.)'Be reaction which bears little resemblance
to the actual cross sections shown in Fig. 5. The
structures observed near E, =14.0, 14.25, and
14.7 MeV (see Table I) are also reported by Soga
et al. ' and the spin determinations are compatible.
The present work indicates a doublet, 14.7 and
14.9 MeV, which is not supported by any other
experiment although reported single resonance
energies in this region range from 14.7 MeV (Refs.
13 and 14) to 14.83 MeV"

The only resonances clearly identified between
15 and 17 MeV in the present work, E, =15.62,
16.20, and 16.70 MeV, are also observed in the
gamma-ray yields of Branford et al. ,

"which of '

course include gamma rays from the
"0("C,'Be)"Ne* reactions. These observations
are not in agreement with the resonances reported
in elastic" and inelastic" scattering of "C+"0,
near 15.9 and 16.5 MeV. The resonance in this
'Be work at E, =16.70 MeV is the most domin-
ant structure observed in the yields for all exit
channels and cannot be confused with the reson-
ance near 16.5 MeV observed in elastic and inel-
astic scattering. "'" The resonance at 17.3 MeV
was also observed very clearly in the back-angle
elastic scattering by Charles et al. ,"who assigned
a spin of 11 . The J value of the resonance is
quite unmistakably F11 based on the data of Figs.
7 and 8 from which we assign J'= l2'. The J'= ll
result from the back-angle elastic scattering is
highly dependent on the assumption that the back-

ground amplitudes for all l values may be de-
scribed by a standard optical potential of Woods-
Saxon shape. Since the off-resonance back-angle
scattering of 'C+ ' 0 is much too strong to be
consistent with this assumption, it is likely that
the background amplitudes are quite different
from those assumed in such an analysis. -

The remaining three resonances have all been
observed elsewhere. "' "" The 17.7 MeV re-
sonance, which may have J&12 because of its
absence in the ground state and strong presence
in the 2' channel, and the 18.55, 10' were also
observed in gamma-ray yields at 17.6 and 18.6
MeV by Branford et al."and at 17.71 and 18.57
MeV by Kolata et al." The reports by Branford"'
that there exists a resonance doublet at 18.6 and
18.8 MeV are apparently borne out by observation
of 10' structures at the present 18.55 MeV, and
other 'Be work reporting resonances at 18.8 MeV
(Ref. 20) and 18.87 MeV. ' The very well defined
J'=11 resonance at 17.98 MeV discussed earlier
(Fig. 10) has also been observed in the elastic"
and inelastic" scattering without J' assignment.
The present work confirms an earlier assignment
by S. M. Lee."

The 18.8 MeV, 10' has been cited by Eberhart
et al."as lying deep within the region of strong
absorption as ascertained by the trajectory of
l values extracted from total fusion cross sec-
tions on a plot of E, vs J(see Fig. 3, Ref. 20).
The only other resonance to lie within this region
was the 17.30 MeV, 11 observed by Charles
et al." However, the present work shows quite
clearly that Jc11 for that resonance. The pres-
ent work, however, now places several other
resonances within the strong absorption l,„such
that the entire region between the 18.8 MeV, 10'
resonance and the l locus" is now virtually
filled in by the assignments of Table I and Fig.
12 by the resonances with J'=9 at E, =14.25,
14.7, and 16.2 MeV; J'=10' at E, =16.7
and 18.55 MeV; and J'=1l at E, =17.0 and
17.98 MeV along with the earlier report by James'
of a weak 11 resonance at 19.15 MeV, although
none is so deeply embedded as the 18.8 MeV,
10'.

A compilation of resonances in the "C+"0 sys-
tem, E, =11 to 23 MeV, observed through the
variety of exit channels which have provided J'
information is shown in Fig. 13 (see figure for
references). The grazing angular momentum indi-
cated is for an entrance channel optical model. ""
The 'Be exit channel grazing angular momentum
is approximately two units less for the same en-
trance channel E, . It seems to be the general
result that J values determined and cited in the
present work are from one to three units less than
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of the data of Figs. 10 and 11, which says that at
E, -18 MeV the grazing angular momentum for
direct alpha-particle transfer exceeds the value
of l„,by approximately two units, in spite of the
fact that both effects are observed via the 'Be
exit channel. It is therefore implied that heavy
ion resonances do indeed occur deep within the
optical model strong absorption region and although
a generally smaller exit channel grazing l would
tend in that direction it does not account for the
result. The conflict between the necessity of
small absorption for observable resonances and
their location within a supposed strong absorption
region is not understood.

FIG. 13. Positions of known C+ 0 resonances, E,
= 11-25 MeV, relative to the optical model grazing angu-
lar momentum.

optical model or strong absorption expectations.
Spin sequences, such as those suggested by Bran-
ford et a/. ,

"Resmeni et al. ,
"and Golin, "with

optical model considerations or J(J+1) systemat-
ics in mind have resulted in speculative 4 assign-
ments which are too large when compared to pres-
ent experimental results and therefore these se-
quences are not acceptable.

This result is consistent with our interpretation
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