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Unambiguous S matrix elements (resonant and background contributions) have been
extracted from data on the reaction '80, ('"0, ~0) Si. Assignments of J7'= 10+, 8+, and
8+ have been made to resonances at F = 15.8, 15.9, and 16.1 MeV, respectively:
Nonresonant amplitudes result from a narrow angular momentum window about the l = 10
grazing partial wave; at 90 these dominate the reaction. Systematic behavior of the 8+

resonances in this and other heavy-ion systems suggest that they may not be of binary
character and that 0. particle substructure may play a role.

PACS numbers: 25.70.-z, 24.30.-v

In the earliest measurements' on resonant phe-
nomena in heavy-ion interactions it was already
clear that the ' C+' C and ' 0+ ' 0 systems dis-
played strikingly different behavior. Subsequent
studies have delineated some 38 resonances in
and above the barrier region in C+ Cp while
none have been reported for the "0+"0 system.
Recently reported' systematics of a number of
heavy-ion systems involving A = 4~ nuclei have
suggested the possibility that two quite distinct
resonant structures are involved in the interac-
tions of these light nuclei: Those in which the
interacting nuclei retain their identity to yield a
binary molecular complex, and those which are
more complex and in which the underlying n-par-
ticle components of one or both of the interacting
nuclei play an essential role.

We have been stimulated to undertake a more
detailed examination of the 0+ 0 system via
the channel "0("0,eo)"Si, and have located reso-
nant phenomena at E, = 15.8, 15.9, and 16.1
MeV. In order to establish the parameters of
these resonances we have carried out detailed
angular distribution measurements in the reso-
nance energy region, and have measured the "0
+ "0 elastic scattering excitation function, as
well as the "0("O,a,)"Si*total cross section.

Detailed analysis of all these data has yielded
unambiguous S-matrix elements for the reaction
"0("0,o,)"Si in the resonance region. We have
been able to disentangle the resonant and back-
ground amplitudes as well as examine the energy
dependence of the background. From this analy-
sis we have made the assignments J" = 10', 8',
and 8' to the new resonances; we have also dem-
onstrated that the background comes from a nar-
row angular momentum window centered on the
l = 10 grazing partial wave. '

Finally, we note that these resonances extend
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FIG. 1. Excitation functions for selected exit chan-
nels in the '~O+ '60 system; shown here are the elas-
tic channel and the angle-integrated cross section for
O.-particle groups corresponding to population of the
ground and first excited states of ~"Si. The integration
interval is given.

the systematic behavior that we have previously
reported' for certain resonances in interaction
between A =4n nuclei.

Figure 1 shows excitation function data in the
range 15.5~E, ~ 17.0 MeV; all were measured
in this laboratory. In addition to such data, fif-
teen angular distributions were measured in the
angular range 17'~ 0, ~ 93', at 50-keV inter-
vals over the energy range 15.5 ~ E, & 16.4
MeV. Obviously the excitation functions of Fig.
1 show correlated structure suggestive of reso-
nances. It bears emphasis, however, that such
correlations are neither necessary, nor do they
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prove the existence of resonances as such.
We focus initially on the excitation function cor-

responding to population of the "Si ground state
(a,), here shown following angle integration over
an interval 60~ 40', which is substantially larg-
er than the coherence angle4 as we shall discuss
below. It is important to note first, however,
that the absence of structure in the elastic exci-
tation function measured at 82'+ 2 [very close to
a zero of P„P»,and P»(cose)] suggests that
l = 8, 10, and 12 partial waves are those of im-
portance to the structure; 3 =10 is the grazing
partial wave in this energy region. '

To gain further insight into the structure, we
have fitted our angular distribution data in the
usual fashion, i.e. ,

14

, g (2l + 1)exp[2i (o, + 0, + g, )]S,P, (g, )2k', o

where o-,. and oo are the incident- and exit-chan-
nel Coulomb phase shifts and 5, and S, are the nu-
clear phase shift and the S-matrix element, re-
spectively. In the least-squares fitting of this ex-
pression to our data it was found that the fits
were sensitive only to variation in the l = 8, 10,
and 12 terms, and in the final fits we limited the
l = 0, 2, 4, 6, and 14 parameters and freely ad-
justed only the l =8, 10, and 12 ones. This yield-
ed a well-behaved curvature matrix in the fitting
procedure and a single, deep, well-defined y'
mlnlmum (at g ~ 8).

Turning then to the angle-integrated cross sec-
tions, as shown in Fig. 1, we require an addition-
al fit of the form QIA, I' searching for a set of S,
parameters that provide the best fit to all the da-
ta, We have carried through this procedure and
have obtained the results shown in Fig. 2, where
we plot both the extracted S-matrix elements and
the calculated angle-integrated cross section. It
is clear that the S, other than S, and S1p show be-
havior characteristic of statistical nonresonant
processes; S, and 5, show two well-defined struc-
tures whil~ S1o and &1o show only one.

It is clear, however, that the S„sharp struc-
ture appears to be superposed upon an energy-
dependent background. We have therefore pa-
rametrized the S, and S„elements as S, =S,
=S, , where the background component S, has
been taken to be a complex constant consistent
with the data of Fig. 2, and S,o, reflecting the
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fact that $ =10 is the grazing partial wave, has
been taken as

E -Eo
S10 (E) ~ exp ' 1+exp

with Eo=15.9 MeV and b, =0.25 MeV. We have as-
sumed a standard Breit-Wigner form for the res-
onant component S, . This yields a width I -80
keV for all three resonances. As shown in Fig.
2, a quite acceptable reproduction of the energy
dependence of the extracted S, and S1o matrix ele-
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FIG. 2. Extracted & matrices and measured cross
sections for the np exit channel; the dashed lines are
simply drawn thorough the data. The full line is the
result of a Breit-Wigner plus background parametriza-
tion of the total ~ matrix as explained in the text. The
measured total cross section, and the differential
cross sections measured at zeros of appropriate Le-
gendre polynomials, are reproduced by the contribu-
tions from one, two, or three partial waves (l = 8, 10,

. 12) solely, as shown by the full line. In particular, at
&~ m

=—37.5, the cross section is entirely given by the
l = 10 grazing partial wave, and it shows a narrow reso-
nance superimposed on an energy-dependent background.
It should be noted that the resonance mixing phase re-
sults in minima in the experimental values for &8 and

~~p which are more enhanced than the predicted one,
reflecting additional fluctuations of the background
phases.
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ments is obtained with this procedure, including
the background energy dependence of $».

We note, too, that at 15.75, 15.90, and 16.10
MeV (on resonance), the angular distributions,
which we shall publish shortly in a more complete
report on this work, in the angular range 17( 0, ( 55 are well reproduced by P„',P,', and

P,', respectively. Several angular distributions
measured off resonance show the oscillatory pat-
tern characteristic of P„',but the envelope of
that oscillatory pattern is maximized at 90, un-
like that of a single I egendre polynomia. .. At 90
the envelope of all angular distribution oscilla-
tions remains maximized, consistent with a cross
section derived from several partial waves cen-
tering upon the l = 10 grazing one. In the angular
range 70'» 0, ,„(90' the oscillatory pattern
changes very little with energy over the entire
region studied. Thus, it appears that the behav-
ior of the angular distribution can be understood
as reflecting the superposition of two coherent
amplitudes, one a background amplitude which
arises from the sharp / window around the l = 10
grazing partial wave and which dominates the
cross section in the vicinity of 8, = 90, and the
other the resonance amplitude that dominates the
cross section in the range 17 ( 0, & 55, where
the background amplitude is small. Energy-de-
pendent interference of these two amplitudes is
observed in the angular range 55'( 8, ~ 70 .

These observations suggest that we are dealing
with resonances having J'=10', 8', and 8' at
E, =15.75, 15.90, and 16.10 MeV, respective-
ly. The fits to the angle-integrated cross section
in Fig. 2 indicate that the cross section comes 31-
most entirely from the l = 8, 10, and 12 partial
waves with resonances in the first two. Here we
also show that at 8, = 37.5', which is a zero ofP„anear zero of P», and a maximum of Pyo
only the I = 10 partial wave is required to repro-
duce the experimentally measured excitation
function. It bears emphasis that the angular mo-
mentum limitations imposed by the surface na-
ture of the interaction have permitted us to choose
an observation angle at which the experimentally
observed cross section, and the S-matrix ele-
ment derived from it, can be attributed to a sin-
gle partial wave. Conversely, this places unusu-
ally stringent limitations on our extraction of
these S-matrix elements, and thus, unambiguous
extraction of the S matrix is made possible. At
0 =—30', a zero of P„,only the l = 8 partial wave
and a constant background, which reflects the
small contribution from all other partial waves,

are required. At 8=—25, a zero of P», the l =8
and l = 10 partial waves both contribute and re-
produce the observed structure.

In the energy region of interest here, there are
si.gnificant contributions from the l =8, 10, and
12 partial waves; as shown in Ref. 4, this would
correspond to a coherence angle of -20 .

We recognize, of course, that statistical fluc-
tuations can give rise to resonantlike structures
in heavy-ion excitation functions. In the»C+»C
system it has been shown' that the higher-energy
structure was entirely consistent with a statisti-
cal origin, although the analysis did not require
such an origin; at lower energies it is now well
established that the structure is not statistical
but, rather, of molecular character. Similarly,
in the "0+"0 system, it has been shown that at
higher energies' the observed structure is con-
sistent with a statistical origin. However, we
believe that our data at lower energies, present-
ed herein, as in the carbon case support a non-
statistical interpretation, although statistical
components are also clearly evident, as in the
behavior of the resonant phase shifts.

Clearly, the surface localization of the interac-
tion here to the region of the grazing partial wave
greatly simplifies the situation and has made pos-
sible an unambiguous detailed partial-wave analy-
sis. This has enabled us to isolate and identify
both / =8 and /=10 intermediate-width (I'-80
keV) phenomena within a. gross-structure poten-
tial-scattering maximum normally attributed to
the l = 10 grazing partial wave.

The pronounced 8' resonances located here fur-
ther extend the empirical systematics that we
have previously reported in which 8' resonances
appear to occur at Z, = (4x2.8)+ (Nx2. 4) MeV,
where N is integral, in moving from system to
system involving A =4n nuclei. ' As we have sug-
gested earlier, this family of 8' resonances may
well be those in which the underlying z-particle
substructure of the interacting nuclei plays an
essential role in distinguishing these resonances
from the simpler binary type characteristic of
the»C+ "C barrier region. ''

We are continuing our study of these resonanc-
es in "0+"0, in particular, the extent to which
they quantitatively satisfy the Bohr criterion, ' "
and are continuing our study of what appears to
be a qualitatively new family of heavy-ion inter-
action resonances related structurally among
many heavy-ion systems. '
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The shapes of angular distributions in reactions ~ C('6O, u) to the J'=0+ '4Mg ground
state are studied from E( 0) =28.5 to 100 MeV. The position of the first minimum (and
maximum) of these oscillatory angular distributions is expected to be sensitive to the
presence of a low —angular-momentum cutoff in the compound-nucleus formation cross
section. No evidence for a low-L cutoff is found even at energies well beyond the pre-
dicted threshold.

PACS numbers: 25.70.Fg, 25.70.Bc

Time-dependent Hartree- Fock (TDHF) theory
predicts the inhibition of low-impact-parameter
fusion in nucleus-nucleus collisions at high ener-
gy. ' This fact has provoked a number of experi-
mental investigations attempting to isolate the ef-
fect." An unambiguous result, however, has not
been forthcoming chiefly because the low partial
waves make an extremely small contribution to
the fusion cross section. Recently, it has been
shown by Szanto de Toledo and Hussein' that the
presence of the low-L cutoff predicted by TDHF
theory will strongly influence the shapes of zero-
channel-spin angular distributions in statistical

compound-nucleus decay. In the present Letter
we report the results of applying this method to
the fusion of "0+"C to search for the predicted
inhibition of low-L fusion.

We have studied the ground-state transition
(o.,) of the reaction "C("0,n)' Mg from E("0)
=28.5 to 100 MeV. The shapes of the a, angular
distributions have been analyzed within the sta-
tistical-model framework. Our results show no
significant deviation from compound-nucleus pre-
dictions using no low-L cutoff. Upper limits for
the minimum angular momentum contributing to
"0+ "C fusion are established up to E ("0)= 100
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