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High resolution study of the '°0 4 °O system at 15.5 <E.n <17.0 MeV is reported including
excitation functions for elastic scattering, and angle integrated cross sections for a and e, exit chan-
nels and several y-ray channels. All show correlated resonant structure. Fifteen angular distribu-
tions for the ap and «, exit channels are measured in AE, , ~50 keV steps for 15.5<E., <164
MeV in the angular range 17° < 0., <93° in steps of Af , ~2.5°. Phase shift analysis of the ao an-
gular distribution was carried out. Ambiguities in the extraction of the S matrix elements are re-
moved using the usual techniques with an additional new constraint—the measurement of cross sec-
tion at selected angles (zeros of P;) arising from a single partial wave. Reaction amplitudes corre-
sponding to a narrow ! window around the grazing partial wave are shown to dominate the cross
section around 6, ,, =90°. The grazing partial wave shows broad nonresonant structure; a specific
parametrization of the energy dependence of the nonresonant (background) cross section correspond-
ing to the I window is presented. The interplay of background amplitudes (/ window) and resonant
amplitudes is emphasized. Resonances in the o channel are located at E. ., =15.8, 15.9, and 16.1
MeV having J7=10%, 8+, and 8, respectively, and intermediate widths (I ~70 keV). Spin assign-
ments are obtained via a phase shift analysis and study of excitation functions measured at zeros of
Legendre polynomials. Parametrization of the resonance plus background cross section yields the
result V' Tol,/T=~1.0%. The extracted partial widths are analyzed in terms of the Wigner limit
and suggest resonances not of dinuclear structure, but of more complicated structure. Such states,
having J7=8%, are found to appear systematically at the empirically determined energies:
E.m =4X28+ NX2.4 MeV (N =0,1,2,...) in many different heavy ion resonant systems; this
may suggest that the underlying alpha particle structure of the participant nuclei may play an ex-
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plicit role in these resonances.

I. INTRODUCTION

In the earliest measurements! on resonance phenomena
in heavy ion interactions it was already clear that the
2C4+12C and %0+ 1!%0 systems displayed strikingly dif-
ferent behavior. Subsequent studies delineated some 38
resonances in, and above, the barrier in >C+2C while
none had been reported previously for the '°O-+ %0 sys-
tem. Recently reported’ systematics of resonance oc-
currence in a number of heavy ion systems involving
A =4n nuclei have suggested the possibility that two
quite distinct types of resonant structure are involved in
the interactions of these light nuclei. In one case the in-
teracting nuclei retain their identity to yield a binary
molecular state; such dinuclear states were indeed suggest-
ed in the '2C+'2C system? in the Coulomb barrier region.
Such states yield rich spectra* of vibration rotation char-
acter. Studies’™’ on possible resonant structure in the vi-
cinity of the Coulomb barrier in '*0O+ %0 indicate that a
comparably rich structure of dinuclear molecular states as
in the 2C+'2C case® does not exist. In the second case it
has been suggested® that the molecular states are not of
dinuclear character but rather involve the underlying
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(perhaps alpha particle) structure of each participant nu-
cleus and are thus polynuclear in character.

The complex resonant structure observed in heavy ion
scattering has eluded detailed - understanding for more
than two decades. It now appears plausible, however, to
assume that the structure is not of one particular charac-
ter, but rather that different structures of different
characteristics (e.g., width) may appear embedded in one
another, and that different physical phenomena dominate
the scattering interaction in different energy regimes. In
particular, it has been suggested that the typical heavy ion
scattering excitation function can be empirically segment-
ed into at least three regions.?

Region A extends up to the Coulomb barrier, and in-
cludes narrow structures of dinuclear character as in the
12C 4+ 12C case.>* Region B extends to center of mass en-
ergies several times (~4) the Coulomb barrier; in this re-
gion the cross section is dominated by broad structures on
which are superimposed structures of intermediate width.
The broad structures are thought to be characteristic of
nonresonant potential scattering, and each structure in
this region is characterized by the grazing partial wave
appropriate to that energy. The intermediate width struc-
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ture has been interpreted in terms of a double resonance
mechanism involving inelastic excitation of one or both of
the participants.” As more detailed measurements have
become available it has also been found that some of this
superimposed intermediate width structure appears to
obey empirical systematics,>>® and the suggestion was
that it may be polynuclear in character. Regions 4 and B
are typically separated by a pronounced decrease (~ 10) in
the average cross section.

Region C extends upward in energy from ~4 times the
Coulomb barrier; it includes mainly nonresonant very
broad oscillations not associated with any one particular
partial wave. Again regions B and C appear to be
separated by a pronounced drop (~ 10) of the average of
the oscillatory cross section. In some heavy ion systems it
has been suggested® that the drop in the average cross sec-
tion (at the limit between regions B and C) occurs at the
same energy where the total fusion data!® saturate as seen
on a 1/E plot. More recently!'! the interplay of mecha-
nisms of different character such as width was studied for
180 410 in a similar fashion.

Many nonresonant mechanisms have been shown to
produce broad resonance-like structure. In general such
(direct) reaction mechanisms are associated with ampli-
tudes arising from a narrow window centering on the
grazing partial wave. Recently, it was suggested that even
within statistical models'>!? the energy averaged partial
cross sections are significantly large only within such a
narrow window. Clearly such a narrow window in angu-
lar momentum, inherent in a surface interaction, could
give rise to an energy dependence of the nonresonant
background, and can lead to angular distribution resem-
bling the square of a single Legendre polynomial. In
consequence these nonresonant mechanisms can lead to
data having all the overt characteristics of a resonance.
On the other hand, the existence of such an / window
reduces the number of active partial waves, and thus the
partial wave decomposition of our data is, in principle,
simpler.

Unambiguous physical .S matrices extracted from heavy
ion reaction data are an essential component of any de-
tailed understanding of the underlying reaction mecha-
nism. Resonance partial widths are equally important for
understanding the structure of the resonant states. A
comprehensive discussion of these topics may be found in
Refs. 8 and 14.

We have undertaken a detailed examination of the
160 + 160 system to study structures of intermediate width
occurring in region B of Ref. 8 via the '%0(1°0,a,)*si
channel and have located resonances at E_ ,, =15.8, 15.9,
and 16.1 MeV. In order to establish some of the parame-
ters of these resonances we have carried out detailed angu-
lar distribution measurements in the resonance energy re-
gion, and have measured the ®*0O-+'%0 elastic scattering
function, as well as the 160(160,a1)285i* cross section and
180(1%0,xy )X gamma ray yields. Detailed analyses of all
these data have yielded unambiguous S-matrix elements
for the reaction °O( 160,a0)285i in the resonance region.
We have been able to disentangle the resonant and back-
ground amplitudes as well as examine the energy depen-
dence of the background. From this analysis we have
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made the assignments J”=10%, 8%, and 8% to the reso-
nances at E., =15.8, 15.9, and 16.1 MeV, respectively.
We have also demonstrated that the background comes
from a narrow angular momentum window centered on
the ! =10 grazing'® partial wave. The cross section at 90°
is shown to be governed by this background /-window am-
plitude.

Finally, we note that the 8 resonances that we report
here extend the systematic behavior that we previously re-
ported? for certain resonances (in region B; see Ref. 8) in
interactions between 4 =4n nuclei. All these resonances
appear to be of similar structure, other than dinuclear,
and apparently involving the underlying (alpha particle
cluster) structure of the participant nuclei.

II. EXPERIMENTAL ARRANGEMENT

Three different experiments were carried out utilizing
10 beams from the Yale MP1 accelerator. Elastic
scattering excitation functions were measured at selected
angles. Angular distributions for the ay and «; exit chan-
nels were measured as were gamma ray yields from reac-
tion products. The elastic scattering data were collected
with a 15 ug/cm? SiO, target with a gold 5 ug/cm? flash
added for normalization purposes as well as to prevent de-
struction of the target by electrostatic forces developed in
the insulating target material itself. Elastic scattering
events were identified via a kinematical coincidence. Data
were taken in AE_;, =50 keV steps at 6, ,, =90°+2° and
82°+2°% the latter angular range includes zeros of Legen-
dre polynomials of the order /=38, 10, and 12. Absolute
elastic cross sections were obtained by normalizing the
data to previous results'®!” which extend to energies well
below the Coulomb barrier where the cross section is
known to be that which is pure Mott in character.

The '°0('°0,a)?®Si data were measured with a
30 ug/cm? WO, target evaporated onto 200 pg/cm? Au
foil. Extra attention was given to evaporating the WO,
from aluminum oxide boats in order to reduce the WO
and WO, content of the target. Our data are consistent
with previous data'®!° also measured with a WO, target
as well as with more recent data?® measured with a SiO,
target. Alpha particles produced in the reaction were
detected in a sixteen-segment position-sensitive solid state
detector placed 9 cm from the target. The detector sub-
tended Af;,,~31°. Two angular settings were used to
measure the complete alpha particle angular distributions.
A nickel foil, of areal density 11 mg/cmz, was used to
stop all heavy reaction products. The depletion layer of
the position sensitive detector (PSD) was chosen to mini-
mize energy loss of hydrogen isotopes. In Fig. 1 we show
a typical E vs X PSD spectrum. The 16 slices are evident
and the energy resolution is clearly sufficient to separate
ag from a, events. We note that a kinematical correction
was added (via software) to these data to present loci of
equal excitation energy which are parallel to the x axis
and yield better position resolution. A gate was set on
particular alpha particle groups to allow for projection on
the X axis; a typical projection of an a; gate is shown in
Fig. 2 for an angular distribution measured on resonance.
The projected spectra were corrected for solid angle, nor-
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FIG. 1. Typical energy versus position two-dimensional histogram, with kinematic corrections, for the sixteen-segment position

sensitive detector.

malized, and transferred to the center of mass to produce
the final angular distributions. As is shown in Fig. 2,
even prior to these corrections, the raw data histogram
resembles a single Legendre polynomial squared (P3). In
this way angular distributions were measured essentially
on line. Fifteen oy and @, angular distributions were mea-
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FIG. 2. A typical projection of a gate including only ap
events, as shown in Fig. 1. The extrema of Pj are shown by
vertical arrows. The raw data already resemble a single Legen-
dre polynomial squared, P3.

150

sured in the range 15.5<E_, <16.4 MeV in 50 keV
steps, over the angular range 17°<6., <93° in
60, m. ~2.5° steps. Typical @, spectrum data, as shown in
Fig. 2, were collected over periods of 3—4 h with a 200
charge nA '°0 beam. The typical PSD count rate was
3—4 KHz, with dead time of the order of 10%. The PSD
counter was cooled to —25°C to reduce leakage current
(~0.5 uA). A cold finger LN, trap surrounded the target
to minimize carbon contaminant buildup. Typical opera-
tional vacuum was 4 X 10~7 Torr.

The gamma ray yield data were measured with a 30
ug/cm? WO; target evaporated onto a 7 mg/cm? Au foil.
The Au foil was used to slow down residual nuclei to min-
imize the Doppler shift of reaction product gamma rays.
The gamma rays were detected in a 12% Ge(Li) detector
placed at 90°, 5 cm away from the target. A typical
Ge(Li) spectrum is shown in Fig. 3.

III. EXPERIMENTAL RESULTS

The results of the excitation function measurements are
shown in Fig. 4. The elastic scattering differential cross
section is shown at two angles as well as the angle in-
tegrated cross section for the oy and a; exit channels; the
integration interval is indicated. The cross section for the
ap and @, in the vicinity of 6., =90° is also given. The
gamma ray yield, shown in Fig. 5, also shows similar
structures. These structures have also been seen in the to-
tal reaction cross section deduced from elastic scattering
measurements carried out at Erlangen.” We note that
structures appear in some cases to be shifted, with an en-
ergy shift smaller than their measured width. It bears em-
phasizing, however, that such correlations are neither
necessary nor do they prove the existence of resonances as
such; therefore, in this paper we do not make an attempt
to deduce the existence of resonances through their corre-
lated behavior, but rather through examining the nuclear
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FIG. 3. A typical Ge(Li) gamma ray spectrum. The important channels are identified with respect to the residual nuclei involved.

phase shift. However, as pointed out in Refs. 20 and 44,
where a correlation function study is presented, a priori it
appears improbable that these structures represent only
statistical fluctuations, since most data considered here
represent angle integrated total cross sections; e.g., the a,
data are integrated over an interval A6 > 40°, which is sub-
stantially larger than the coherence angle.!?

Two additional important qualitative observations are
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FIG. 4. Excitation functions for selected channels in the
160+ 1%0 measured in 50 keV steps. The integration intervals
for the ap and a; channels are given. The structureless elastic
scattering excitation function measured at 82°, including angles
for which Pg=Py=P,;,=0, should be noted, in particular.
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FIG. 5. Yield curve for selected gamma radiation emitted
from the '®*O+ %0 system. The residual nucleus is identified by
its characteristic gamma radiation. A similar excitation func-
tion is observed for the total reaction cross section (Ref. 7).
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in order concerning the elastic and ag excitation func-
tions. First, the elastic data measured at 82°+2°, includ-
ing zeros of Pg, Pjy, and p;,, show no energy dependence,
as would be expected if the structures in the elastic chan-
nel arose from any of the /=8, 10, or 12 partial waves.
The structure in the elastic channel thus appears to arise
from amplitudes within a narrow angular momentum
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window about / —grazing=10. Second, we note that the
angle integrated o data show structures with a 3.5 max-
imum to minimum ratio; at 90° we find a smaller value of
2 for this ratio. This suggests the presence of substantial
background contribution to the 90° cross section.

In Fig. 6 we show 9 of the 15 measured a, angular dis-
tributions, together with their phase shift analysis as dis-
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FIG. 6. Nine of the fifteen angular distributions measured for %0+ %0 around E, ,, ~16.0 MeV. The total angle integrated cross
section is shown in the shaded area in the insert. The arrows indicate the center of mass energies at which the angular distributions
were measured. For each angular distribution we show, in the inserts, the extracted | S; |2 and the fit obtained with Eq. (1). A nar-
row [ window around the / =10 grazing partial wave is observed in addition to resonances in the / =10, 8, and 8 partial waves.
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cussed in the following section. Several observations fol-
low from examination of the qualitative features of these
data. Distributions measured off resonance (e.g., at
15.625 and 15.675 MeV) show pronounced oscillatory
structure that in itself can be quite well reproduced with
the square of a single Legendre polynomial P%, Howev-
er, as shown in Fig. 6, the envelope of that oscillatory pat-
tern is maximized at 90°, unlike that of any single Legen-
dre polynomial. We conclude then, that the cross sections
measured in the minima of the ¢ excitation functions
cannot arise from a single partial wave even though the
angular distribution of these energies resembles a P%, al-
though that resemblance may suggest that only a few par-
tial waves (and only even ones) contribute. The qualita-
tive features of the data suggest that at the minima of the
excitation function the cross  section (background) is
governed by contributions from a narrow angular momen-
tum window around the /=10 grazing partial wave. The
more quantitative phase shift analysis, to be presented in
the following section, indeed, requires such a window.

The angular oscillatory pattern observed in the vicinity
of 90° is almost constant over the energy region studied.
The maximum and minimum at approximately 73° and
81°, respectively, persist throughout the data, as shown in
Fig. 6. In the more forward angle region, no equivalent
constancy is found. For example, at 0, =30° a max-
imum is observed in the angular distribution measured at
E_ ., =16.125 MeV and a minimum in those at
E . =15.775 and 15.675 MeV. Again the suggestion is
that slowly varying amplitudes govern the 90° data, while
more rapidly varying ones determine the more forward
angle data. At the maxima of the excitation function, at
E_ .. =15.8, 159, and 16.1 MeV, respectively, the angu-
lar distributions in the angular range 17°<6. ., <50°
resemble P%o, P%, and P2, respectively, as shown in Fig. 6.
These considerations suggest that there are two primary
contributions to the a, angular distribution. One arises
from a narrow ! window and varies slowly in energy while
a second has a more pronounced energy dependence and
can, in principle, be associated with energies near the
maxima of the excitation function with a single partial
wave (/ =10, 8, and 8, respectively). We then observe en-
ergy dependent interference of the two contributions in
the angular range 50° <0, ,, <70°, as is evident in Fig. 6.

IV. DATA ANALYSIS

A. Phase shift analysis

We turn now to a more detailed quantitative analysis of
our data. The fifteen a, angular distributions were fitted
with the expression
2

do 1 | & ,
=T (21 +1expli(o; +0¢+28;)1S:P;(0)
a0 =% | e
2
- =[zan|, (1)

where o; and oy are the incident and exit channel
Coulomb phases and §; and S; are real numbers represent-
ing the nuclear S matrix, k is the wave number in the in-
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coming channel, and 4, is a complex number. Since the
incoming channel is composed of identical bosons, it im-
mediately follows that only Legendre polynomials of even
order are included in the summation.

A typical data point at the maxima of the angular dis-
tributions was measured with ~59% accuracy. Over each
narrow structure in the excitation function we collected
between four and eight angular distributions, and each an-
gular distribution contained 32 data points. Since the fits
with Eq. (1) require eight different partial waves, we thus
have adequate data to allow us to extract the reaction S-
matrix elements.

Quite independent of the data quality, extraction of S-
matrix elements is plagued by mathematical ambiguities
that can be summarized as follows: For the set of 8 com-
plex numbers {Al}f:(l)“ (I =even) with 15 independently
determined real numbers that correspond to a solution of
Eq. (1) there exist many (27=128) other sets of complex
numbers 4; such that

IEA,P, ‘2: ‘EA,’P, lz :

However, only one solution corresponds to the unique
physical one. Wheeler discussed the origin of these ambi-
guities?! and presented conditions required to reduce the
number of ambiguities and, in principle, reveal the physi-
cal solution. Many other authors have discussed these
ambiguities’>2° more recently, classified them, and sug-
gested algorithms for extracting nonambiguous results.

The most general procedure to resolve ambiguities in-
volves adding physical constraints, and allows extraction
of the physical solution for the S matrix. These con-
straints can be chosen as follows:

The angular momentum model space is limited (by
physical considerations). For our reaction data the ampli-
tudes of significance are those within a window in angular
momentum space.

For reaction data we also require that the extracted A;
coefficients fit the total angle integrated cross section, i.e.,
we require that

Kk
Y0 =227 ] @
For scattering data an equivalent condition holds and is
usually used?? to constrain the extraction of partial wave
amplitudes. In the case discussed here clearly Eq. (2) is
derived by integrating Eq. (1) and cannot be used to con-
strain the partial wave analysis; however, condition (2) in-
creases the sensitivity of the fit to the dominant partial
waves and thus is helpful in the search procedure.

When the physical |S;|? are known, we require the fit
using Eq. (1) to reproduce them. For example, if (as in
our case) only the / =8, 10, and 12 partial waves contri-
bute significantly, we may choose an angle for which
Pg~P;;~0 and P;y=max and thus directly measure
|S10|% As we shall show, such a condition can be ap-
plied to our data, and it is the most severe requirement
that we impose on the extraction of the S-matrix element.
Physically it directly reflects the surface nature of heavy
ion interactions.

A X? search on the parameter space of Eq. (1) was per-
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FIG. 7. A X? contour plot for the angular distribution mea-
sured on resonance, at E.,, =16.125 MeV, for the Sg and S
parameters of Eq. (1). All fits are sensitive only to the / =8, 10,
and 12 partial waves.
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formed for our data; in Fig. 7 we show typical X2 con-
tours for |S3| and |S;o|. It was found that X? is only
sensitive to variations in the parameters S, Sg, and S,
reflecting the fact that our angular distributions have a
characteristic oscillatory pattern for which all other
P;(cos@) oscillate either too slowly or too rapidly in angle.
From this we conclude that the background contributions
from the /=0, 2, 4, 6, and 14 partial waves, while non-
negligible, are small. We, therefore, performed a fit with
no restrictions on the / =8, 10, and 12 partial waves, and
varied the [ =0, 2, 4, 6, and 14 partial waves below an
upper limit S; <0.02. This typically yields a contribution
of these partial waves to the total reaction cross section
which is about an order of magnitude smaller than the
contributions of the /=8, 10, and 12 partial waves. Be-
cause of the statistical nature of the background we did
not, however, require it to be either smoothly varying or
to have any fixed value. The fit using Eq. (1) can thus be
considered to be a fit using three partial waves plus back-
ground. While the fit by itself could be affected by the
background contributions, and thus could, in principle,
alter our spin assignment, we emphasize that the addition-
al restrictions—the most important one being the study of
the cross section at zeros of Legendre polynomials—allow
us to assign spins. For all partial waves initial guesses
based on random numbers were used. With these condi-
tions the data were fitted and a single well-defined deep
minimum in X? was found with X? < 3, as shown in Fig. 7.
Nine typical fits, thus obtained, are shown in Fig. 6 to-

1=0,2,4,...,14. Asshown in the inset of Fig. 6, a quite
acceptable reproduction of the angle integrated cross sec-
tion for the a exit channel is achieved. Furthermore, we
find that the angle integrated cross section is almost en-
tirely determined by contributions from the / =8, 10, and
12 partial waves. ‘

Since only these three partial waves contribute at
0~37.5°, a zero of Pg, near a zero of P;,, and a max-
imum of Py, the cross section is essentially given by
|S10 |2 We thus require our extracted S, parameter to
fit the cross section measured at 0., ~37.5°. As shown
in Fig. 8, an acceptable fit is obtained. Such a require-
ment on our extracted S-matrix element resolves the am-
biguities. At 6~30°, a zero of Pj,, only the / =8 partial
wave and a constant background, which reflects the small
contribution from many other partial waves, are required.
At 6~25°, a zero of P, the /=8 and /=10 partial
waves both contribute and reproduce the observed struc-
tures.

B. Resonance parametrization

Narrow resonances in the /=8 partial wave at
E. . =15.9 and 16.1 MeV, and in the / =10 partial wave
at E_,, =15.8 MeV, are evident in the extracted S-matrix
elements shown in Fig. 8. In addition, however, we note
that a resonance in the [/, partial wave, J=1,, cannot ap-
pear at an angle for which P, =0. With the observation

that only the /=8, 10, and 12 are important here, mea-
surements at 6=37.5° (a zero of Pg), 6=30° (a zero of
Pyy), and 6=25" (a zero of P,,) allow us, by way of elim-
ination, to confirm the assignments of J"=10%, 8%, and
8% to the resonances at E.,, =15.8, 15.9, and 16.1 MeV,
respectively, as shown in Fig. 8.

The extracted S-matrix elements shown in Fig. 8 were
fitted with a smooth background plus resonance term:

218,
S{*=Se" "

=SPE+S

i/ T,

2808 2i(¢+8%8)
Y %e 5, .
te E—Ep+il/2 M

=S8 (3)
The resonant parameters are shown in Table 1. The
decomposition [Eq. (3)] of the total S matrix element
shown in Fig. 8 supports the existence of sharp resonances
with J7=10%, 8%, and 8% at E_, =15.8, 15.9, and 16.1
MeV, respectively, each interfering with a smooth back-
ground. The calculated S matrices are plotted in a
Cauchy-Argand diagram?! in Fig. 9, and show the expect-

gether with the extracted |S;|? parameters for ed resonant behavior. The extracted values of Tol',/ ?
TABLE I. Resonance parameters for %0+ 0.

E&.. JT T (keV) VTola/T S* (E =EF) Iy (keV)* 605 (%) T, (keV) 65 (107%)p

15.8 10+ 70 0.01 0.03 1.8 0.2 0.3 5.0

15.9 8+ 80 0.015 0.018 2.4 0.2 0.6 8.5

16.1 8+ 60 0.01 0.018 0.9 0.06 0.4 6.0

2Extracted from og of Ref. 7.
®Calculated for R =1.5(41 + 4} fm.
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FIG. 8. The extracted S-matrix elements and measured cross sections. On the left we show by points the values of the S,
(0<!<14) and §; (8 </ <12) parameters as extracted from fitting the angular distributions using Eq. (1). The error bars on these
points are calculated using the X? search as shown in Fig. 7. A Breit Wigner plus background parametrization [Eq. (3)] is shown in
solid lines. The background is indicated. Note that in our original Fig. 2 of Ref. 5, a numerical error of a factor of 2 was introduced
when §; of Eq. (3) were plotted. The actual resonance effect in 8; should have been twice the value given in Fig. 2 of Ref. 5.

are in good agreement with the systematics of a, data
measured in the region above the barrier in other heavy
jon systems.”’ %  Since |S™| is maximized at
2XVTl4/T'~0.03, we note that |S®| is non-
negligible at E ~Ep. The important effect of the back-
ground at 90° will be discussed below.

For the extraction of T'y, as listed in Table I, we used
the total reaction cross section measured’ for °O-+ 10
from the measured elastic channel using the sum-of-

differences method which was recently carefully reexam-
ined.3! This cross section is given by

o= o.bg + o' ,
To(1-T%) @
4 —
Ures=2.i.;_'.LI_:2_o(21 +1).
This quadratic equation in I'g/T"=x has two solutions
(x;+x,=1). With the use of the 90° elastic scattering ex-



31 INTERPLAY OF RESONANT AND [-WINDOW . .. 1263

0.04 T T T T T I |

- |Go(l6o’ao) 285i ]
0.03
Qo —~ 15.8 —
%)
£ 0.02
|— 16.4 —
O0.0l}———
8 5.5 A
0.0 I ] | 1
"70.0 0.0l 002 0.03 0.04 0.05
’ ReSIO
0.02— T I T ’ T
0.0l 16.0
— —
U)w 15.9
E 0.0
-0.0l
-002 | | | I | l |
00 0.0l 0.02 0.03 004 0.05
ReS8

FIG. 9. Argand diagram for the extracted S matrices of Eq.
(3) for the /=8 and ! =10 partial waves. The diagrams were
calculated using the parameters of Table I for Eq. (3) in 10 keV
steps. The energies on and off resonance are given.

citation function, we obtain upper or lower bounds on
x =Iy/T" and thus can differentiate between extreme
solutions, as, for example, x; =10% and x,=90%.

The extracted resonance partial widths are expressed as
fractions (6?%) of the Wigner limit:

2kR 3 #?
FP+G? 2 2uc?R?’

where R =1.5(4}3 +417), and F, and G, are the regu-
lar and irregular Coulomb functions estimated at p=kR.
These quantities are listed in Table I. The small fractions
of the Wigner limit obtained suggest states which are not
of dinuclear '®*O+'%0 or a+23Si structure. Since these
are the dominant channels in the energy range under
study, we conclude that these states are not of dinuclear
structure.

I;=6? &)

C. Background parametrization

From Fig. 8, it is clear that the background parameter
SPe for the [ =10 grazing partial wave is energy depen-
dent. In contrast, the background parameters for the
| =8 partial wave are constant. This energy dependence
in the /=10 grazing partial wave may reflect potential
scattering phenomena'® in the entrance channel. Thus we
chose to parametrize the S matrix as a derivative of a Fer-
mi function, which is related to the derivative of the S
matrix in the strong absorption limit:

, o ~E—E0/A
g
Si=10 < [1+e—(E—E°)/A]2 (6)
with Ej and A as fitting parameters (E;=15.9 MeV and
A=0.25 MeV). In Fig. 10 we show this parametrization
of the background, together with |S{y |2 and the cross
section measured at 6=37.5° which is proportional to

'9 T : T -° T ‘ T T T 7T LI S T T T T !
7ol Fem=37S i 160 (160,a,)28si
+
i 0" | Eom ™ 160 MeV
SEpy =05 MeV
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FIG. 10. Energy-averaged, backgrouhd S; matrices extracted from our data. Resonance contributions were omitted. The fit and
fitting parameters are shown; they resemble the predicted ! windows of Braun-Munzinger and Barrette (Ref. 12) obtained using a sta-
tistical model.
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|S1% |2 It is clear that the broad (0.7 MeV wide) max-
imum centered at E_,, =15.9 MeV should not be attri-
buted to a resonance effect but rather results from grazing
partial wave effects. In Fig. 10 we also show the energy
averaged |S; |2 averaged over all 15 data points with the
resonant contribution subtracted. A well-defined window
around / grazing (=10) is observed. We parametrize that
window again as

o~ U=lo)/A
2

(ISt )avee [1+e_(1_10>/A]2 (N
with [ and A as fitting parameters (/;=9.9 and A=0.6).
Clearly the /=10 partial waves dominate; however, the
| =8 and [ =12 contributions are only a factor of 2 small-
er (a factor of 4 in S7), and are clearly non-negligible. It
is interesting to note that such an / window is predicted
by statistical models,'? with similar widths corresponding
to a large (25°) coherence angle. A similar window has
also been observed recently in our study?’ of the
12C(1%0, a)**Mg reaction.

V. DISCUSSION

A. The role of the grazing partial wave

The complete characterizatiqn of the S matrix, extract-
ed from our high resolution data, indicates a substantial
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contribution from the nonresonant background. This
background is shown to dominate the cross section in the
vicinity of 6., ~90°. It follows that excitation functions
measured at one angle, in particular, for symmetric sys-
tems, the extreme angle 6=90°, are not sufficient to estab-
lish the existence of resonances. The energy dependence
of the grazing partial wave amplitude observed here, and
the narrow / window around ! grazing, can, as shown
here, produce resonance-like structure, with angular dis-
tributions very similar to a single Legendre polynomial
squared, P,i,. In this case the scattering wave function
does not necessarily concentrate at the origin, as is re-
quired for a resonance.’> We have found similar phenom-
ena in the '®0+4!2C system?’ where the '2C(1°0,a)*Mg
cross section measured near 6., =180° was dominated by
the background.

b. Possible origin of the background

We have attempted to relate the extracted parameters
ly,Eq and Ag,A,, discussed above, in search of an under-
standing of the mechanism that produces the narrow !
window and the energy dependence of the cross section
contribution from the grazing partial wave.

The rather small value of Ap=0.25 MeV
(FWHM=0.7 MeV) is associated with a low energy,
E. ., =16 MeV, and is clearly energy dependent, as sug-
gested in calculations of potential scattering.'” On the

10 : - - 10
Tio a+28g; T os a+28gj
05 ¢ O - —
‘:, ! Ecm=25.3 MeV
10—5""8 1.0
Tio - O+ O/ T, o5k 160 + 160 !
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| 2.0] | | 10
YTy / "
Mol 10 — 2Tl E, =318 Mev
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L
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FIG. 11. Statistical model calculations of the energy averaged ! window, and the energy dependence of the grazing partial wave
| S10| 2 The extracted data are shown by points, or by dashed curve. The center of mass energies and excitation energy in S are

shown.
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other hand, the parameter A;~0.7, extracted in the
present study and from our '2C(!°0,a,)*Mg study,?’ ap-
pears to be energy independent, and is consistent with the
FWHM (=2.5) predictions of a statistical model.?

It thus appears reasonable to attempt to describe the en-
ergy averaged background ! window within a Hauser-
Feshbach formalism.>3 In that model the energy averaged
partial cross sections are given by

1 )Ty

=— 8
X STy (8)

<Uc,c'>av

where T; (T;) are the transmission coefficients in the en-

trance (exit) channels. In the statistical model** we find
immediately that
3Tp=2nTp, 9)

where T" is the mean compound level width (coherence
width) and p is the level density.

We have used the optical model’® of Gobbi et al. for
the 'O-+'%0 entrance channel and the optical model’
used similarly for alpha® particle scattering for the
a+288i exit channel. As shown in Fig. 11, the small. Q
value (large E., ) and small Coulomb barrier of the
a+28Si exit channel yield transmission coefficients very
near unity, and the cross section is then only dependent
upon characteristics of the incoming entrance channel.
Using the level density of Ref. 34 and a reasonable coher-
ence'® width of I'=100 keV (measured at higher energies),
we find that a statistical model can indeed reproduce'? the
! window observed in our study, as shown in Fig. 11. It
bears emphasis that no adjustment of parameters was em-
ployed in these calculations. The width of the calculated /
window appears to be somewhat larger than required, but

the absolute value and the position of the maximum are
well reproduced. The calculations also produce energy
dependence in the grazing partial wave |S;, |2 of width
cpnsiderably larger than that observed.

C. Possible resonance origin

As already discussed, the resonances having J7=107,
8% and 8% at E_,, =15.8, 15.9, and 16.1 MeV are not of
dinuclear structure. It has been noted’ that in several
heavy ion systems pronounced resonance structures appear
only in the elastic channel with no apparent corresponding
structure in the inelastic channels. Some ten such struc-
tures are known in light heavy ion systems; they appear at
center of mass energies given by

E ., =4X2.84NX2.4 MeV (N =0,1,2,...). (10)

For some of these resonances the spins and parities are
known and all such are found to be 8%, even though in
the different systems the grazing partial wave at the
resonant energy varies between / =5 and 13. Table II lists
these resonances, several of which are now under study in
this laboratory, and we shall publish a more detailed pa-
per on their systematics in the near future. It appears that
in some cases, such as that studied here and in the
180 4+ 12C system?’ around 11.2 and 13.6 MeV, the 87 res-
onances are fragmented into at least two daughters, one
above and one below the energy given by the empirical ex-
pression [Eq. (10)].

We have suggested that these resonances may arise
from normal modes of a polynuclear molecular configura-
tion, in which the underlying alpha particle cluster struc-
ture of the participant nuclei may play an important role.
It can be shown that the energy of a number of the nor-

TABLE II. J™=8" resonance systematics.?

System E .. E 2%{“”“7 J7 | grazing® Ref.
2c4 2¢ 11.3 11.2 8+ 8 3
160 4 12¢d 10.8¢ 11.2 g+ 5 27

11.74 11.2 g+t 6
13.2¢ 13.6 8+ 8
13.74 13.6 g+ 9
160 4 150 11.9¢ 11.2 g+ 4 present
15.9¢ 16.0 g+ 10
16.14 16.0 g+ 10
160 -+ 2ONef 18.5 18.4 (8+) 13 36
150 + Mg’ 18.5 18.4 (8%) 12 37
160 4 28sif 21.0 20.8 (8%) 11 38—41
2¢ 4 #Mmpgf 13.5 13.6 8+) 5 42,43
16.5 16.0 8

2Except for the '2C+'2C all thus far known 8+ resonances (in all systems) are listed. In 2C+-!2C
several more 8% resonances are known, but the 11.3 MeV structure is clearly pronounced and correlated

in all exit channels studied thus far.
®As in the empirical formula, Eq. (10).

“Deduced from conventional optical model calculations (the / value for which T;= ).

9Note that two 8 resonances are observed below and above the empirical energy.

A spin multiplet of J7=2%,4% 6%,8% is observed (Ref. 6) within 1 MeV.

fThese structures are again seen only in the elastic channel and not in the inelastic scattering (to the first
2% state) even though the inelastic channel is well matched, as discussed in the text.
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mal modes of any relatively simple classical system of al-
pha particles can be obtained by summing over effective
0% and 2% quanta that arise in the relative motion of two
alpha particles. It has been noted? that the “2% quantum”
at 2.8 MeV [as in Eq. (10)] is identical to the energy of the
27 resonant state in *Be and that the “OF quantum” at
2.4 MeV [as in Eq. (10)], is related to the binding energy
properties of A =4n alpha particle nuclei.> These state-
ments are still purely empirical observations, and are
under continuing study. The data thus far available, how-
ever, may begin to suggest the presence of a new family of
resonances systematically related in many light heavy ion
systems. The parameters which appear in Eq. (10) may
suggest that this family of resonances is related to alpha
particle clustering behavior in these nuclei.

VI. CONCLUSION

We have shown that in the *O+1!%0 system studied
here, ambiguities in the phase shift analysis of resonance
data can be resolved by adding additional physical con-
straint. We have also shown that the cross section from a
single partial wave can be measured via an appropriate
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choice of the scattering angle.

We have found three new resonances in the %0+ 0
system—a system that was thought to be resonance-free.
These have J7=10%, 8%, and 8t and occur at
E ., =158, 159, and 16.1 MeV, respectively. Back-
ground arising from a narrow / window centering on the
grazing partial wave leads to energy dependent cross sec-
tions and to nonresonant angular distributions similar to
P,Z. At some extreme angles (e.g., 6., =90°) the cross
section has been found to include large contributions from
the nonresonant energy-dependent background. The 87
resonances found here may be members of a new family
of polynuclear resonances, having alpha particle substruc-
ture, which appear in many different light heavy ion sys-
tems.

We note that Liendo et al.** from Florida State
University have published different analyses of similar
data measured with high resolution for the
160( 180,0)%Si reaction. The results of Ref. 44 are in ex-
cellent agreement with those presented here.
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