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The oscillations observed in the excitation functions for the fusion of four light heavy ion systems
have been analyzed with the spectral density method to extract the values of the coherence width.
The hypothesis is made that these structures are due to the excitation of overlapping states of a
dinuclear intermediate system. The deduced values of the widths are found to be in agreement with

the predictions of the orbiting-cluster model.

The excitation functions of a variety of nuclear reac-
tions involving heavy ions show in many cases fluctua-
tions around an average trend. This effect has been seen
in elastic and inelastic scattering, ' quasielastic reac-
tions, ' fusion, ' ' and also in deep inelastic process-
es. ' It is particularly evident in the case of the ' C + ' C
interaction, still sizable in other reactions involving most-
ly 1ight cz-particle nuclei, and almost absent in other
cases. '

These structures have been often interpreted as an indi-
cation of the formation of molecular resonances. ' The
fragmentation of a single rotational dinuclear state into
the many observed resonances with the same J value is
considered to be due to further collective modes. The sin-
gle resonances are thought to be responsible for structures
with an intermediate width (a few hundred keV), while
the convolution of all the substates with the same J can
give rise to gross structures, ' with a width of a few
MeV. Both experiment and theory indicate that the width
of the resonances does not change appreciably with the ex-
citation energy of the system.

Within this picture it is also possible to explain why the
fluctuations are more evident in some cases. For instance,
in the orbiting-cluster model (OCM), ' the dinuclear sys-
tem is thought to live long enough to influence the reac-
tion process only when its coupling with the states of the
composite nucleus is weak and the corresponding level
density relatively small. For the latter condition, small
values of the resonance width 1 are expected mostly when
the process involves n nuclei. Note that the model is not
able to predict the absolute value of I, but only its depen-

dence on the masses of the nuclei involved in the pro-
cess. '

The excitation functions for the fusion of ' C with
Ne, Mg, Si, and S have recently been reported'

to show fluctuations with a width of a few hundred keV.
An interpretation for this behavior has been proposed in
connection with the sharp cutoff model for the critical an-
gular momentum of the composite system. In Ref. 12 the
oscillations of the excitation functions have been found to
correspond to partial waves separated by one unit of angu-
lar momentum. This description, however, failed to
predict the spacing of the oscillations in the case of the
' C+ S reaction. '

In order to study the parameters of the fluctuations of
the fusion excitation function, we performed an analysis
of the data by using the spectral density method (SDM)
introduced in Ref. 17. The SDM essentially performs the
Fourier analysis of an autocorrelation function. ' Each
coherence width I contributes to the spectral density
function w(P) with a term exp( —I PldE), where dE is
the constant energy step of the measurement and
P=n.n/N, N being the number of the points and n an in-
teger ranging from 0 to N. Thus, the SDM is able to
show the presence of more than one coherence width. '

However, the analysis of the data of Refs. 10—14 indicat-
ed that only one width is dominant. One example of the
results is shown in Fig. 1. The slope of the exponential fit
gives the value of the coherence width I searched for. '

The excitation function of the ' C + Ne reaction re-
ported in Ref. 10 shows a steep increase at low energy,
remaining then approximately constant. Since we found
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FICx. 1. Spectral density function for the ' C+' S reaction.
The straight line is a least squares fit to the experimental points
and corresponds to I =(235+31)keV.

that this particular behavior introduced an indeterminacy
connected with the use of trend reduction techniques, ' we
decided to analyze only the data taken at c.m. energies
higher than 19 MeV (Table I). The cross section was mea-
sured' with an energy step of 160 keV for an excitation
energy ranging from 38 to 49 MeV, and with an energy
step twice as large between 49 and 52 MeV. Since the
SDM requires a constant energy step, it was applied three
times: First, to the energy range covered by the dE =160
keV measurements (first line in Table I); second, to the
wider energy range, by skipping every other point in the
dE= 160 keV region (second line). As a countercheck the
skipped points were analyzed apart, giving the results re-
ported in the third line. Table I shows that the three
values of I for this reaction compare reasonably well.

The same kind of analysis was applied and similar re-
sults were found for the ' C+ Mg data" taken with dif-
ferent energy steps. Here the value of about 700 keV for
I turns out to be definitely smaller than the estimated

width of 2 MeV suggested by the authors of Ref. 11.
The fusion excitation functions for the reactions

' C+ Si and ' C+ ~S have been measured' ' with a
constant energy step. We analyzed them twice by dou-
bling the energy step, just to check the validity of the re-
sults of our analysis. Table I reports the widths deduced
by a complete analysis of the cross sections with the ener-

gy step used in the experiment, together with the ones ob-
tained by taking into account only every other point.

Fluctuations have also been found in the excitation
function of the ' C+ Ne fusion reaction measured at
sub-barrier energies. ' In spite of the large indeterminacy
introduced by the need to treat a rapidly changing func-
tion, we applied the SDM which gave I =567+129 keV,
in good agreement with the value deduced at higher exci-
tation energy for the same reaction (Table I).

In the frame of the statistical model of nuclear reac-
tions the structures in the cross section could be con-
sidered as statistical fluctuations generated by the excita-
tion of overlapping states of the intermediate system. As
the cross sections considered have been determined by
summing over many final reaction channels, statistically
uncorrelated fluctuations should be washed out. Then the
observed coherence energies have to be attributed only to
the correlated part of the fusion cross section. A similar
approach was recently proposed to explain analogous evi-
dence found in dissipative heavy ion reactions. '

In the cases considered here the correlation between the
exit channels contributing to the fusion reaction could be
introduced by considering the formation, in the early
stage of the collision, of a dinuclear system which acts as
a doorway to the fusion process. The times related to the
deduced coherence widths give an indication of the mean
lifetime of the dinucleus. Note that the widths mea-
sured' for a few reaction channels are smaller than the
coherence widths obtained here, giving an indication of
the longer rearrangement time spent by the intermediate
system before decaying through a definite reaction chan-
nel.

Information on the nature of the dinuclear system can
be obtained by a comparison with the OCM. In this
model the width of the molecular resonances is related to
the optical potential of the two interacting nuclei and to
the structure of the composite system. ' At an excita-

TABLE I. Relevant parameters for the analysis of the four fusion reactions under consideration.
The range of incident and of excitation energy is that for which the analysis has been performed and the
width I has been deduced (see the text).

Reaction

Mg

' C+ 'Si

Ref.

10

12

13

Barrier
(MeV)

10.2

12.0

13.8

15.6

Ec.m.
inc

(MeV)

19—30
19—33
19—30
25—38
13—38
18—27
18—27
16—28
16—28

Eexc
(MeV)

38—49
38—52
38—49
42—55
30—55
32—40
32—40
28—40
28—40

dE
(keV)

160
320
320
330
670
120
240
110
220

r
(keV)

592+46
563+31
468+30
714+85
703+ 101
239+66
240+49
235+31
251+35

Note

all points
only odd
only even
all points
only even
all points
only odd
all points
only odd
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FIG. 2. The full dots represent the experimental widths ob-
tained through the SDM analysis for the various systems report-
ed in Table I. A is the mass of the fused nucleus. The empty
dot is obtained from the analysis of the data of Ref. 14 (see the
text). The triangles are calculated within the OCM, by assum-
ing a value I „=440keV. The dashed line is drawn only to
guide the eye.

tion energy of about 28 MeV for the S, A, Ca, and
Ti intermediate systems the ratios of the molecular reso-

nance widths to the reference width I „ofthe ' C + ' C
system are predicted to be 0.77, 1.8, 0.5, and 0.5, respec-
tively.

Assuming as molecular widths the coherence energies
of the previous analysis, it is possible to determine the
reference width I„.This was done by a least squares fit-
ting procedure using for each nucleus a weighted average
of the widths reported in Table I. A value I „=440keV
was thus obtained (Fig. 2).

This value compared favorably with the experimental
total width of 300—400 keV obtained in Ref. 20 for the
' C + ' C system. We do not want to stress the meaning
of the overall agreement between the calculated and exper-
imental value of I, since the model is admittedly '
crude. However, the present result supports the idea that
fluctuations in the excitation function of the fusion chan-
nel are related to the lifetime of a doorway dinuclear con-
figuration of the composite system, thus indicating that
structural models are suitable for their description.
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