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Excitation functions of ' 0(' O,ao i) Si at eight laboratory angles and angular distributions at
twelve energies have been measured in the region Ei,b

——20—44 MeV, with an experimental arrange-
ment appropriate for studying structures of intermediate width. A detailed statistical analysis of the
data (correlation and deviation functions) shows that the region aboveE|, b

——29 MeV is characterized

by anomalously high amounts of correlation of intermediate-width structures (I —500 keV).
Analysis of the ao angular distributions by means of coherently summed pairs of Legendre polyno-

mials reveals a sharp selectivity of near-grazing angular mornenta throughout the energy region
studied. This property is also present in the cross sections calculated by the statistical model, so that
the experimental angular distributions are generally well reproduced in shape by Hauser-Feshbach
calculations. However, peaks at El,&

——30.4, 31.9, 33.9, 35.9, and 39.65 MeV exceed the Hauser-

Feshbach cross sections in magnitude by factors of about 2—3. The two most pronounced struc-

tures, i.e., those at 30.4 and 31.9 MeV, are found to be dominated by a resonant enhancement of the

J = 10+ contribution, although the interference with the statistical background is not entirely negli-

gible. The three weaker resonantlike anomalies, at 33.9, 35.9, and 39.65 MeV, also contain enhanced

contributions of near-grazing partial waves, l =12, 12, and 14, respectively, which mix strongly with

the compound-nucleus background. Thus, none of the reported structures could be identified as an

isolated resonance of a single, well-defined angular momentum.

I. INTRODUCTION

During the past two decades the ' 0+' 0 system has
attracted considerable attention in the field of quasimolec-
ular heavy-ion resonances. The first measurement of the
elastic cross section at 90' revealed pronounced broad
bumps above Ei,b ——30 MeV. ' The gross properties of
these data were understood in terms of a shallow, weakly
absorbing optical potential. ' Subsequent modifications '

of the itnaginary part of the potential (introduction of l
dependence and reduced imaginary radius ) which fur-
ther favor orbiting and possible resonating of near-grazing
partial waves, led to improved agreement with the data.
It was, therefore, not surprising that, on the basis of these
or similar potentials, theoretical predictions of resonances
in this system were proposed rather early concerning the
existence of a broad molecular band ' and its fragmenta-
tion into narrow quasibound resonant states. More re-
cently, similar predictions have been obtained on the basis
of microscopic R-matrix theory, spreading-width con-
siderations, ' and the band-crossing model. On the other
hand, numerous experimental investigations of the
' 0+' 0 system have been performed during the last de-

cade; those relevant for the study of intermediate reso-
nances above the Coulomb barrier include the measure-
ments of ' 0(' 0, ' C) Ne (Ref. 10), ' 0(' O, a) (Refs.
11—14), and total fusion' ' cross sections.

For years, the only direct evidence supporting the ex-
istence of narrow quasimolecular resonances in the

' 0+' 0 system were several resonantlike structures ob-
served in the ' 0(' 0, ' C) Ne reaction by Singh et al. '

Although these structures were found to be dominated by
the J =14+ and 16+ components, the interference with
the a-transfer amplitude could not be neglected. The ear-
ly studies of the statistical properties of the ' 0(' O, a) Si
reaction"' revealed rich, narrow, as well as intermediate
[I -500 keV (c.m. )] structure. The two recent studies of
the same reaction, the first by the Miinster group' reveal-

ing four low-lying resonances, and the second by the Yale
group' claiming three very narrow resonances [I -80
keV (c.m. )] around E|,b ——32 MeV, will be commented on
later in Sec. VI.

Measurements of the total fusion cross section, '

which followed the early elastic and a-particle experi-
ments, agree relatively well in both magnitude and shape,
and all display broad, almost regular structure above

Ei,b-30 MeV. Minima in the total fusion cross section
were observed around E&,b-35, 40, 48, and 54 MeV. It is
significant that these minima reflect a strong correlation
among many channels. This result is consistent with
elastic-scattering measurements, ' which also show little (if
any) structure below Ei,b=30 MeV. Furthermore, the
presence of broad regular structure in the total fusion
cross section may be interpreted as a consequence of
strong sharing of the total flux with molecularlike degrees
of freedom (or shape resonances in the optical-model po-
tential), as pointed out by Kolata et al. , 's Cheng et al. , '

and others.
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Bearing in mind the results discussed above, we under-
took a comprehensive study of the ' 0(' O, a) Si reaction
in a wide energy interval, in an attempt to investigate the
nature of intermediate-width structures, with an emphasis
on establishing the existence or nonexistence of quasi-
molecular resonances in this reaction. The choice of the
outgoing n channel is also a natural one from the stand-
point of angular-momentum matching, since its grazing
barrier is lower than that of the incoming

' 0+' 0 chan-
nel up to well above 1=14, or up to E, (' 0+' O)=20
MeV.

II. EXPERIMENTAL METHOD

The measurements were performed utilizing the 4+ and
5+ ' 0 beams produced by the Stanford University tan-
dem Van de Graaff accelerator. The beam energy was
varied from 20 to 44.25 MeV in steps of 250 keV. The
targets consisted of Si02 on thin gold backings. The
thicknesses of Si02 were 35, 37, and 42 pg/cm, while the
characteristic thickness of the gold backing was 70
pg/cm . Thus, the energy loss of the beam in SiOq
ranged from 200 to 280 keV, which is comparable with
the beam-energy step. In this way, at all energies the
excitation-function data were averaged over one or more
coherence widths as determined by previous statistical
analyses of the same reaction. "' During most of the
measurements the target was surrounded by a shroud
cooled by liquid nitrogen in order to reduce ' C buildup.

The excitation-function data as well as angular distribu-
tions at five energies were measured by use of an array of
four large area solid state detectors. The remaining seven
angular distributions (plus one repeated as a check) were
measured using a pair of position-sensitive solid state
detectors. In both cases, the detectors were covered with
thin aluminum foils to stop the elastically scattered ' 0,
thus reducing the counting dead time and pileup (back-
ground). The angular resolution of each data point was,
typically, 68~,b-+1.5', while the associated solid angle
varied within AO~»-3 —7 msr. All measurements of an-
gular distributions were monitored by means of a separate
detector mounted at a fixed angle, in order to ensure prop-
er relative normalization of runs.

Because of the high Q value for the emission of alphas
(9.59 MeV), the present experimental method (detectors in
the singles mode) made possible a clear identification of
well-separated ap and u& peaks in the spectra (correspond-
ing to the ground and first excited states of Si) at all en-
ergies and in the whole angular region covered by the
measurements (7'(O~,b(75'). The error limits caused by
counting statistics are characteristically +4%, with the
exception of ao measurements at larger angles, at which
the average counting uncertainty is of the order of 10%.

III. EXPERIMENTAL RESULTS

With the experimental method described in the preced-
ing section, excitation functions of the ' 0(' O, ao ~) Si
reactions were measured as well as angular distributions at
12 energies, in the region E~»-20—44 MeV. We shall
first discuss the excitation-function data and then turn to
the angular distributions.

A. Excitation functions
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FIG. l. Dots: excitation functions of cross sections for
' 0(' O, ao) Sig, in (pb/sr), m measured at eight laboratory
angles (O~,b ——10', 16.7', 23.3', 30', 50', 56.7', 63.3', and 70').
Curves drawn through the data are to guide the eye. The other
curves are Hauser-Feshbach calculations (for details and discus-
sion, see Sec. &).

The excitation functions of ' 0(' O, ao &) were mea-
sured at eight laboratory angles, O~,b ——10', 16.7', 23.3',
30', 50, 56.7', 63.3', and 70', starting at approximately
the Coulomb barrier, E~» -20 MeV, up to Ej,b -44 MeV
which is close to or above the point of approximate
matching of the grazing angular momenta in the incom-
ing and outgoing channels. In this way, most of the ener-

gy region of interest for studying intermediate quasi-
molecular structures in ' 0+' 0 by the ' 0(' O, a) reac-
tion was covered in the present experiment.

Figures 1 and 2 show the experimental results for no
and a&, respectively. The data in both channels display
pronounced structure at all angles. The characteristic
width of the structures is about 1 MeV [500 keV (c.m. )],
or less, indicating their intermediate character. In con-
trast, the coherence width of compound-nucleus fluctua-
tions determined in previous studies of the same reac-
tion"' was typically -50—100 keV (c.m. ). Moreover,
visual inspection of the excitation curves reveals a certain
amount of correlation of peaks, especially in the region
E~,b -30—34 MeV.

One of the simplest yet meaningful tests to check this
correlation is to sum the measured cross sections (weight-
ed by sing, ) over angle, for each of the two reaction
channels studied. We may note here that this procedure is
especially justified in the present study since, owing to the
symmetry of the cross sections around 90' as well as to
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FIG. 2. Same as Fig. 1 for ' Q(' Q, aI) 'SiIst(2+ 1 78 MeV)

the large total range of the detectors 60, =35', the
quantity

do-
o,„=g (8; ) sin8;

, dA

covers over a third of the angular range included in the
integrated cross section cr;„,. Therefore, o.,„should
display a behavior similar to that of r;t„„especi laly for the
n~ channel which has a relatively smooth angular depen-
dence. Hence, values of tr,„(ap) and o,„(a,) have been
calculated for each energy point, as shown in Fig. 3.

It is readily verified that the structure observed in the
individual excitation functions persists in the curves of
summed cross sections. Again, the average width of the
peaks is, characteristically, of the order of 0.5—1.0 MeV
[250—500 keV (c.rn. )]. There appears to be considerable
correlation between the summed o.o and a& cross sections,
notably around the more pronounced peaks (E~,b-27. 65,
30.4, 32, 36, 37.65, and 40 MeV). A striking feature of
both curves is the strong increase in summed cross section
in the region E~,b -30—33 MeV, characterized by a
peak-to-valley ratio of approximately 3 to 1. It may be
mentioned that these peaks as well as the one at
Et,b -27.65 MeV are prominent in the excitation function
at 8~,b

——70' (8, =87'). This observation would become
significant if the above structures were associated with
isolated resonances of single spin values. In such a case
there would be none (or very little) coherent mixing with
adjacent states of different spin and therefore a maximum
around 6, =90 should result, which might not be
present otherwise.

The properties of the experimental excitation functions
will be analyzed and discussed in more detail in Secs. IV

and V. In Sec. IV a comprehensive statistical analysis of
the intermediate-width structure by means of correlation
and deviation functions is presented. In Sec. V the data
are compared with predictions of the statistical model
(Hauser-Feshbach calculations).

B. Angular distributions

f(8) =k
~

cosaPt( cos8)+ sinae'~Pt ( cos8)
~

(2)

Here, for each pair of 1 and 1' the parameter a, determin-
ing the relative contributions of the two partial waves and

Angular distributions of ' 0(' O, ap t) Si were mea-
sured at twelve beam energies. Seven of these, those at
Estab=27. 65, 30.4, 31.9, 33.9, 35.9, 37.9, and 39.65 MeV,
correspond to energies of the most prominent peaks ob-
served in o,„(ap) (Fig. 3). The other five, those mea-
sured at E~,b ——29. 15, 31.15, 33.15, 36.9, and 40.4 MeV,
belong in the "background" of the same curve. In this
way, it was possible to trace the differences between adja-
cent "peak" and background distributions, as well as to
follow the development of their shapes with energy at rel-
atively small intervals. In this section we confine our dis-
cussion to ap angular distributions (shown in Fig. 4),
while at distributions (Fig. 11) will be discussed in con-
junction with the results of Hauser-Feshbach calculations
in Sec. V.

As shown in Fig. 4, the measured ao angular distribu-
tions generally display an almost regular oscillatory pat-
tern, characteristic of reactions dominated by a small
number of partial waves at each energy. This property of
spin selectivity in the reaction under study is confirmed
by a two-level analysis of the data. The curves in Fig. 4
show fits to the data obtained by coherently summing
only two Legendre polynomials at each energy:
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FIG. 4. Measured angular distributions of ' 0( O, ae)-"Si (experimental points) and two-level fits [Eq. (2)] obtained by coherent

addition of pairs of Legendre polynomials at 12 bombarding energies.

P, their respective phase, were varied in order to obtain
the least X value, while the normalization constant k

emerged as a result of the fitting procedure. The angular
momenta l and l' were varied over all physically available
values at each energy, in order to obtain the best fits.

The very good fits of a11 12 angular distributions
throughout the energy domain studied, as shown in Fig. 4,
provide evidence for a pronounced selectivity of angular
rnornenturn in the i6&(i60,a0~2ssj ~e~~tion This property
evidently applies to both peak and background distribu-
tions, although the peak distributions tend to narrow the

se1ectivity down to only one dominant partial wave.
Thus, each of the peaks at E~,t,

——30.4, 33.9, 35.9, and
39.65 MeV is strongly dominated by a single angular
momentum component, J =10+, 12+, 12+, and 14+,
respectively. This effect is demonstrated quantitatively in
Table I where the results of the two-level analysis are
summarized.

The values of best fit parameters in Table I a)so reveal
the sequence of partial waves contributing most with in-

creasing bombarding energy. The dominant I values are
close to or equal to the grazing angular momenta —clearly
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+lab
(MeV)

27.65
29.15
30.40
31.15
31.90
33.15
33.90
35.90
36.90
37.90
39.65
40.40

10
10
10
10
10
8

12
12
10
10
14
14

8

[6]
[12]
[12]
12
10
10
10

[12]
12

[16]

cos'a

0.57
0.87
0.81
0.54
0.52
0.52
0.70
0.75
0.52
0.55
0.87
0.64

s&n a

0.43
0.13
0.19
0.46
0.48
0.48
0.30
0.25
0.48
0.45
0.13
0.36

(deg)

133
83

122
101
105
81

121
111
77
79
41
83

9.0
9.5

10.5
10.9
11~ 5

12.0
12.5
13.3
13.9
14.5
15.1

15.5

a consequence of the angular momentum window provid-
ed by the surface-transparent ' 0+ ' 0 potential. '

Bearing in mind the obvious limitations of the pro-
cedure (inclusion of only two Legendre polynomials in the
fits and uncertainties in the choice of l in some cases), as
well as deficiencies of the data themselves (lack of for-
ward angles, 8, & 10'), the best-fit values listed in Table
I ought to be taken as indications of the role played by
various partial waves. Nevertheless, the statements made
on the pronounced selectivity of near-grazing angular mo-
menta in the reaction under study still hold.

On the basis of the demonstrated sequence of dominant
spins with increasing energy, we note that, in the energy
region studied, the I=10 component plays a major role
and is found to contribute substantially in a wide domain,
i.e., from E],b-27 to -38 MeV. This result is in direct
contradiction with the narrow window for I = 10
(E~,b=31—32 MeV) found by Gai et al. ' in their recent
study of the same reaction. We further note that l =12 is

I

TABLE I. Results of the two-level analysis; best-fit values of
the angular momenta I and I', their respective weights cos'a
and sin'a, and the phase P [see Eq. (2)]. Values of l' given in

square brackets denote fits which were not very sensitive to the
choice of I'; these values yielded fits which were only slightly
better than those obtained by adjacent values of angular momen-
tum. Values of lg„ for ' 0+' 0 at given energies are included
for comparison. They were calculated following the parametri-
zation of Klapdor et al. (Ref. 19) with the radial parameter
r0-1.3 fm.

IV. STATISTICAL ANALYSIS OF
EXCITATION FUNCTIONS

Since the present experiment was not intended as a
study of narrow compound-nucleus fluctuations (the tar-
get thickness introduced energy averaging over one or
more coherence widths), and as the energy region covered
by the measured excitation functions is large [-25 MeV
(lab)), standard fluctuation analysis by means of predicted
probability distributions is not a practical and meaningful
tool in the present case. Instead, we limited our analysis
to the study of correlation and deviation functions de-
duced from the data.

The degree of correlation among the excitation func-
tions was tested by means of the summed absolute correla-
tion function

2 N

C(E}= g I, C,,(E}
~N (N —1),. i

J)E
and the summed correlation function

(3)

N
C'(E)= g CJ(E),

N(N —1}, (4)

J)l
where C~J(E) are the normalized cross-correlation func-
tions defined as

also present throughout a wide energy range
(E~,b-30—40 MeV), however, with a generally smaller
magnitude. The l =8 partial wave is probably more signi-
ficant than shown in Table I, since combinations of 1 = 10
and 8 provide fits almost as good as the best ones listed
for E~ b=29. 15, 30.4, and 31.15 MeV. The l =14 and 16
partial waves become important only in the higher part of
the energy region studied.

Let us conclude this section by stating that the results
both of excitation function and of angular distribution
measurements are compatible with a quasimolecular inter-
pretation. It was, therefore, of interest to perform a care
ful statistical and Hauser-Feshbach analysis of the data
(Secs. IV and V) in an effort to better understand the na-
ture of the structures observed. These analyses are espe-
cially important since the data themselves do not bring
out unambiguously isolated quasitnolecular resonances of
single spin.

&;(E) J(E)& —&;(E))& J(E)&
CJ(E)=

I [(,'(E}&—(;(E}&'][(,'(E) &
—

& J(E))']]' '

At the same time the relative strength of correlated
anomalies was investigated by means of the summed abso-
lute deviation function

Ã g (E).
D'(E) =—g —I .

N, , (cr;(E))
(7)

N a (E).
N, , (o;(E))

and the summed deviation function

(6)

The quantities cr;(E) in Eqs. (5)—(7} denote the various
experimental excitation functions. The summations in
Eqs. (3), (4), (6), and (7) were performed over the entire
ensemble of 16 measured ao and u& excitation functions,
as well as for each of the two groups separately. In addi-
tion, the correlation functions C(E) and C'(E) were cal-
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Figs. 6 and 7, respectively), but also for cross correlations
between the two groups (Fig. 8). Thus, peaks correspond-
ing to possibly nonstatistical structures are masked by the
relatively large background value. Somewhat more pro-
nounced are the peaks present more or less in all four
plots of C(E) around E~,b-30, 32, 34, 38, and 40 MeV.
However, C(E) does not reveal any manifestly nonstatisti-
cal structures.

The behavior of the net amount of correlation, depicted
by the function C'(E), is much more informative, as ex-
pected, since this is the most sensitive test for the presence
of nonstatistical structures in any set of data, especially
when the number of excitation functions is large. For an
ensemble of statistically independent excitation functions,
the cross-correlation coefficients C;, are predicted to be
equal to zero, a result confirmed by studies of synthetic
data. ' ' In practice, however, the values of C;, (E) as de-
fined in Eq. (5) for uncorrelated data will scatter around
C,.—.=0 due to the effect of the finite range of data (FRD).

In the present study, the summed correlation functions
C'(E) for all four sets of correlations (Figs. 5—8) follow
the predicted behavior C'(E) =0 very closely in the region
below E~»-29 MeV. Above this energy, and especially
around E~,b -30, 31—33, and 38—41 MeV, the functions
C'(E) for all four combinations (ao+ai, ao, ai, and
ao.ai) depart significantly from the predicted C '=0.

The fact that in all four cases (Figs. 5—8) the functions
C'(E) display a similar behavior provides evidence that
the departures from predictions for an uncorrelated en-
semble are not due to statistical angular correlations of
the type discussed by Braun-Munzinger and Barrette.
While such angular correlations could be present in ap.a0
and ai..ai correlations (Figs. 6 and 7), they certainly may
not appear in ao.ai correlations (Fig. 8}. In addition, if
typical values for the coherence angle (8&) given by
Braun-Munzinger and Barrette are assumed, and applied
to the present analysis, we may expect a bias of
-0. 1—0. 15 to be introduced into C'(ao+a, ) (Fig. 5); this
would be far from sufficient to explain values of up to
-0.6 reached by the same function. Moreover, the fact

that the anomalous behavior of C'(E) is confined in ener-

gy to a few narrow regions, while in a large energy inter-
val (-23—29 MeV) C'(E) =0, with no offset value, addi-
tionally contradicts a statistical angular correlation ex-
planation which would clearly favor a uniform behavior
with energy.

We now turn to the FRD effect as a possible source of
the observed anomalous behavior of C'(E). Having estab-
lished that statistical angular correlations do not play an
important role in the present data, we may focus on the
C'(E} calculated for the entire ensemble, all 16 excitation
functions, i.e., the C'(E) in Fig. 5 representing the average
over all 120 possible cross correlations. Based on a study
of the FRD effect on cross-correlation coefficients by
Dallimore and Hall, a method was developed for es-
timating the distribution width of values of the summed
normalized correlation function C'(E), as defined by Eqs.
(4) and (5). The resulting prediction for the present case
is compared with the histogram of values of C'(ao+ai)
in Fig. 9. We note that the FRD effect cannot account
for values of C'(E) above -0.3. We conclude, therefore,
that the correlations among the data observed around

E~,b-30, 31—33, and 39—41 MeV are statistically signifi-
cant.

B. Deviation functions

The results of the deviation analysis (also shown in
Figs. 5—7) corroborate the above conclusions based on the
evidence of the presented correlation functions. The devi-
ation functions both with and without absolute values
display rich structure for both groups of excitation func-
tions (ao and ai, Figs. 6 and 7), as well as for their sum
(ao+a„Fig. 5).

Several facts draw attention. First, the average magni-
tude of deviation D(E) is found to be -0.3 (-0.35 for
ao and -0.25 for ai}, a consequence of an overall pres-
ence of structure in the excitation functions. Second,
while this background level is fairly constant, there are at
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least several pronounced peaks or regions of high D(E)
(values larger than 0.5, some reaching -0.8). The strong-
est peaks are observed at E~,b-32. 1, 37.7, and 39.6 MeV.
These peaks are characterized by D'=D, or even D'=D
(at 32.15 MeV), which illustrates the highly correlated
peaking of the cross section in all the ao and ai excitation
functions measured. Third, the absolute values of D'(E)
are close to or equal to values of D(E) over large energy
intervals [this is particularly valid for the ai analysis
above -28 MeV, Fig. 7, where

~

D'(E)
~

=D(E) holds al-
most exactly]. These energy regions coincide with regions
of high C'(E), confirming that in the present experiment
there is indeed a large positive correlation of both minima
and maxima above E~,b-29 MeV, especially within the
two groups (ao and ai). For lower energies, however,
such an (almost complete) alignment of minima and maxi-
ma is not observed.

Since the specific aim of this work concerns intermedi-
ate resonances, it is important to stress all structures
characterized by an alignment of maxima (D'=D) as pos-
sible candidates for resonance observation. Thus, in addi-
tion to the three most pronounced, E~,b-32. 1, 37.7, and
39.6 MeV, such anomalies or indications thereof are also
found around Ei,b-27. 7, 30.4, 36, 40.9, and 41.9 MeV
(the first two are weak in the a i channel).

V. HAUSER-FESHBACH ANALYSIS

In order to determine the extent to which the present
experimental data can be accounted for by statistical-
model predictions, Hauser-Feshbach calculations were
performed for the ' 0(' O, ao i) Si reactions in the same

angular and energy range as covered by measurements.
The calculations were performed by using a slightly modi-
fied version of the computer code HFv (Ref. 25) from Sa-
clay at the University of Zagreb UNIVAC 1100 series
computer.

The calculations included seven outgoing channels,
judged likely to be most important in the interaction of
' 0+' O. These channels are ' 0+' Oy

' C+ Ney
Be+ Mg, u+ Si, d+ P, p+ 'P, and n+ 'S. The op-

tical potential parameters used as input for Hauser-
Feshbach calculations are listed in Table II. Within the
limitations imposed by the code (no spin-orbit interac-
tion), the potentials recommended in the compilation by
Percy and Percy were adopted for light particle chan-
nels. For the ' Q+' Q channel the potential by Gobbi et
al. was taken, while that derived by Vandenbosch et al.
from the same Gobbi potential was taken for the
' C+ Ne channel. The potential derived by Bathge et
al. for Li+ Mg was adopted for the Be+ Mg chan-
nel.

Where possible, in the calculations the summations
were performed over experimentally known nuclear levels
of residual nuclei. However, for heavier residual nuclei,
corresponding to the emission of light particles, continu-
ous nuclear level densities were used beyond a certain ex-
citation energy E, . Fermi-gas level density distributions
were assumed and the parametrization of Gilbert and
Cameron adopted. Where available, the observed values
listed in Ref. 33 were used for the level-density parameter
a. Rigid-sphere values were used for the moments of in-
ertia of the compound as well as residual nuclei, which
determined the respective spin cutoff parameters. All lev-
el density parameters as well as values of E, and numbers

TABLE II. Optical-model parameters used as input for Hauser-Feshbach calculations. Standard Saxon-Woods potential shapes
are assumed with Vo ——vp+ v 1E,I +vqE, ~ and 8'p* ——wo' +w ~

' E, . Energies are in MeV.

Channel 16O+ 16O ' 0+ Ne Be+ Mg a+ "Si d+ 30P p+ 31p n+ 'S

Vp

Vp

Vi

V2

17.0 17.0 100.5 52.5 113.7 41.69 47.01
—0.267
—0.001 18

8'ov

(fm)

V
Wp

W1

6.804

0.490

0.800

0.200

6.755

0.980

0.540

6.423

28.3

5.032

0.555

4.505

18.44

3.864

0.710

4.090

0.660

~os
W 9.52

—0.53

Rc

(fm)

(fm)

(fm)

6.400

0.150

6.804

6.755

0.550

6.755

5.896

1.100

7.327

5.032

0.555

4.251

4.505

0.496

3.729

4.492

0.370

4.084

3.947

0.480

4.084

Ref. 27 28 29 30 31 32
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Residual
nucleus

a
(Mev (MeV)

I'p

(fm)
Er

(MeV)

TABLE III. Values of level density parameters a, pairing
corrections 5, and unit radii rp, used as input for calculations of
continuous level densities in several residual nuclei, following
the parametrization of Gilbert and Cameron (Ref. 33). The
quantity E, denotes energies of transition below which known
discrete levels were counted, while nd denotes numbers of
discrete levels taken into account for each residual nucleus.

100

lsp ( 16p d )
28S.

27.65 MeV

29.15 '
10-

Ul

100

16p ( lsp
'

)2sS
—100

—10

—100

—.10

—100

31S

3lp
3Pp

28S1

24M

Ne
16O

12C

Be

3.08
3 ~ 87
3.47
3.05

1.62
1.67
0.00
3.89

1.30
1.30
1.30
1.30

4.2
5.0
4.24
7.0

8

13
16

8
124
167
90
29
16

C: 1O-

~ 1OO
Cl
D

10 .—

100

10—

100

31.9

~ ~
~ ~ ~ ~ ~ ~ ~ ~

—.10

—100

—,. 10

—100

—10

—.100

of known discrete levels nd, used as input in the calcula-
tions, are listed in Table III for each residual nucleus.

The set of parameters given in Tables II and III was
kept fixed throughout the calculations. No normalization
factors were applied to the calculated cross sections at any
point.
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FIG. 10. Calculated Hauser-Feshbach cross sections (solid
curves) and measured ' Q(' O, ap) angular distributions at 12
bombarding energies. For comparison, plots of

~
PI( cos8)

~

',
with l =10, 10, 12, 12, and 14 are included at E1,b ——30.4, 31.9,
33.9, 35.9, and 39.65 MeV, respectively.
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FIG. 11. Same as Fig. 10 for the ' Q(' O, a1) angular distri-
butions.

Angular distributions of the Hauser-Feshbach cross
sections for ' 0(' O, ao) and ' 0(' O, a&), calculated using
the method described above, are shown in Ffgs. 10 and 11,
respectively, and compared with the present experimental
data. The comparison reveals that the shapes of the mea-
sured angular distributions are in fairly good agreement
with the calculated ones, at all energies and for both aQ
and a&. The oscillations present in the calculated distribu-
tions are mostly in phase with the data. This provides
evidence that the angular-momentum window predicted
by the statistical model for the ' 0(' O, ao &) Si reactions
approximately coincides with that observed experimental-
ly.

The physical reason for the dominance of the near-
grazing angular momenta in the present Hauser-Feshbach
calculations is that a particles are the lightest ejectiles
able to carry out the grazing partial waves for interactions
of ' 0+' 0 below E~,b=50 MeV (and therefore most
favored for statistical emission). The otherwise more
favored protons (and neutrons to some extent) provide the
main means of disintegration of lower- J compound-
nucleus configurations, thus effectively removing these
waves from the a cross sections.

However, closer inspection of the results shown in Figs.
10 and 11 reveals significant differences between data and
calculations. While the calculated cross sections agree
fairly well in both shape and magnitude with the aQ and
a& angular distributions at E~,b ——27.65, 29.15, 31.15,
33.15, 36.9, 37.9, and 40.4 MeV (mostly background dis-
tributions), the peak distributions at E~,b ——30.4, 31.9,
33.9, 35.9, and 39.65 MeV exceed the calculated ones in
magnitude by factors ranging from about 2 to over 3.
The latter distributions also display much more pro-
nounced structure (larger maximum-to-minimum ratios)
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than the calculations, as a consequence of narrower
angular-momentum windows. This effect is illustrated by
the inclusion of single

~
PI( cos8}

~

plots with 1=10, 10,
12, 12, and 14 for E»b ——30.4, 31.9, 33.9, 35.9, and 39.65
MeV, respectively, in Fig. 10. This comparison shows,
however, that interference of the listed dominant
angular-momentum components with the statistical back-
ground is present, thus ruling out an interpretation in
terms of isolated quasimolecular resonances. The only
possible exception is the 30.4 MeV structure which shows
a reasonably pure

~
P&o( cos9)

~

behavior.
The comparison of Hauser-Feshbach calculations with

the experimental excitation functions (Figs. 1—3) further
strengthens the conclusions made above. Focusing on the
summed cross sections (Fig. 3) which conveniently sum-
marize the properties of the data and calculations, we note
that the statistical model can account satisfactorily for the
underlying background of the ' 0(' O, ao &} Si in the en-

ergy range studied. Furthermore, in the regions
E~» ——23—30 and 33—42 MeV the comparison of the ao
cross sections with calculations does not suggest the need
for an additional reaction mechanism. On the other hand,
the pronounced peaks at E»b ——30.4 and 32 MeV do not
seem to be interpretable as statistical fluctuations.

Similar conclusions are reached by comparing the data
and calculations for the summed u

&
cross sections

throughout the region studied. We again observe a depar-
ture from statistical-model predictions in the region
E~,b ——30—33 MeV, as well as fairly good agreement
below 30 MeV. A difference relative to the ao cross sec-
tion is observed in the region E~,b ——36—40 MeV where
several pronounced peaks depart significantly from the
background trend depicted well by the calculated curve.
A11 of these points are also evident in the comparison of
the experimental and calculated excitation functions at in-
dividual angles for both ao and a~ (Figs. 1 and 2).

Concluding this discussion, we note that, at least as far
as Hauser-Feshbach cross sections are concerned, our
choice of the eight laboratory angles for the study of exci-
tation functions resulted in negligible differences in the
shapes of o,„and cr;„, (solid and dashed curves in Fig. 3)
for both ao and a~ throughout the energy range studied.

VI. CONCLUSIONS AND DISCUSSION

In the preceding sections we have presented and criti-
cally examined the measured excitation functions and an-
gular distributions of the ' 0(' O, ao) and ' 0(' O, a~) re-
actions. The data themselves display a rich intermediate
structure throughout the energy range studied, i.e.,
E»b-20 —44 MeV, the peaks being more pronounced
above Et,b -30 MeV. Statistically significant correlations
of intermediate-width structures are found around
E»b-30, 31—33, and 39—40 MeV, while a high degree of
alignment of peaks is also observed around E~,b-27. 7,
36, and 37.7 MeV (cf. Fig. 5 and discussion in Sec. IV).
On the other hand, the measured angular distributions
unambiguously point to a pronounced selectivity of angu-
lar momentum by the ' O('60, a) Si reaction mechanism.
This property of the reaction, as well as the magnitude
and behavior of the background cross sections, can well be

accounted for by the statistical emission mechanism
(Hauser-Feshbach calculations). The statistical model,
however, cannot explain the increased cross sections
around E~,b ——30.4 and 31.9 MeV, coupled with the domi-
nance of J"=10+, especially at 30.4 MeV. The same is
true for the structures at Ei,b

——33.9, 35.9, and 39.65 MeV
and J =12+, 12+, and 14+, respectively, but to a much
lesser extent as these three peaks display more interference
with the background of other angular momentum com-
ponents.

On the basis of the evidence presented in this study we
draw the following conclusions.

(i) The present investigation of the intermediate struc-
ture in the ' 0(' O, a) Si reaction has not established a
clear-cut quasimolecular resonant behavior of the
' 0+' 0 interaction. In other words, evidence for a
quasimolecular resonant band similar to that known in
' C+ ' C, and predicted by numerous theoretical
models, has not been observed by studying the
' 0(' O, a) Si reaction.

(ii) Resonant enhancements of the J =10+ component
are observed at E»b ——30.4 and 31.9 MeV. While the 30.4
MeV structure is identified as an almost isolated J = 10+
resonance of intermediate width, significant admixtures of
J =12+ and 8+ contribute at 31.9 MeV.

(iii) Nonstatistical enhancements of J =12+, 12+, and
14+ are found at E»b ——33.9, 35.9, and 39.65 MeV,
respectively; however, substantial mixing with the back-
ground effectively dampens their resonant character.

(iv) The overall background behavior of both ao and a~
cross sections is well understood in terms of the Hauser-
Feshbach statistical emission mechanism. This is espe-
cially true below E»b -30 MeV where no departures from
the statistical-model calculations are observed, nor any
significant correlations among the data found.

These conclusions suggest the presence of a resonant
process in the ' 0+ ' 0 system which is superimposed on
but coherent with a strong statistical background. The
fact that both processes are restricted to the same, narrow
window in l values close to lg„makes it difficult to distin-
guish their respective contributions. As a consequence,
however, such a resonance is likely to provide a primary
doorway for entrance into the compound nucleus, perhaps
through several secondary doorways within a mechanism
similar to the double-resonance model proposed by
Scheid, Greiner, and Lernrner in 1970. Clearly, in view
of the fairly strong coupling, one cannot expect to observe
the properties of a simple isolated resonance. Instead, one
would expect to see enhancements of the resonance ampli-
tudes and properties over intermediate structures pro-
duced by the various possible secondary doorways, along
with high levels of correlations among the various decay
channels, in good agreement with the present results.

The above interpretation, as well as the present experi-
mental data, are in good agreement with previous mea-
surements of ' 0+' 0 elastic' and total reaction'
cross sections. Common to all these measurements is the
lack of structure below E»b-30 MeV and the presence of
broad shape resonances above this energy, attributed to
grazing angular mornenta. We also note that Shaw et al. "
found a fairly pure

~
P&2( cosO)

~

behavior of the
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' 0(' O, ao) peak at E~,b
——36 MeV, in good agreement

with the results of our study of the same structure.
In order to summarize systematically the known results

on the resonantlike behavior of ' 0+' 0, energies and
dominant spins of various structures reported so far have
been entered in an E* vs J(J+1)plot in Fig. 12. It is im-
mediately obvious that the nonstatistical structures ob-
served in the present work follow a single "band" pattern,
the same as those found in the ' 0(' 0, ' C) reaction by
Singh eI, aI. '

On the other hand, the results of a recent study of the
same reaction, ' 0('60,a) Si, by the Miinster group, ' re-
veal several low-lying resonances [J=2(?), 4, 6, and 8]
below E~,b ——24 MeV, while in our measurements these
structures did not appear to be significant. The systemat-
ics of these resonances (included also in Fig. 12) clearly
follow a trend different from the rest of the structures re-
ported here. Moreover, the moment of inertia associated
with the line along which the Munster data are aligned
yields a larger value than that for the moment of inertia
of the grazing ' 0+' 0 configuration. Thus, these struc-
tures appear to have a different nature from the other
near-grazing anomalies found in this system.

A special note should be made concerning the recent
work of the Yale group. ' In a detailed study of the
' 0(' O, ao) reaction in the region E~,b ——31—33 MeV,
they found three narrow resonances (I —80 keV, ) at
E~,b ——31.6, 31.8, and 32.2 MeV with spins J =10+, 8+,
and 8+, respectively. Their results confirm the existence
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FIG. 12. Summary of resonantlike structures observed so far
in the ' 0+ ' 0 system. Solid line: resonant band for ' 0+ ' 0
predicted by the orbiting-cluster model (Ref. 8) (OCM). Dashed
lines: Values of lg„ for ' 0+' 0, ' C+ Ne, and a+ Si, as la-

beled, calculated following Klapdor et al. (Ref. 19) with ro ——1.3
fm. Open rectangles: structures observed by Singh et al. (Ref.
10) in the ' 0(' 0, ' C) Ne reaction. Open circle: the 1=12
anomaly observed by Shaw et al. (Ref. 11) in the ' 0(' Q, o.') Si
reaction. Open triangles: resonances seen by Gaul et al. (Ref.
13) via ' 0(' O, a) Si (the one drawn in brackets corresponds to
the less certain l=2 resonance). Full triangles: narrow reso-
nances observed by Gai et al. (Ref. 14) in the S8 and S&p coln-
ponents of the ' 0(' O, ap) scattering matrix. Full circles:
resonantlike structures observed in the present work.

of substantial admixtures of the J=8 and 12 components
in the dominantly J= 10 structure centered around
E~,b ——31.9 MeV reported in the present work. On the
other hand, the conclusion of Ref. 14 that the energy-
dependent background amplitude for 1=10 (coinciding
approximately with the peak at 31.9 MeV observed in the
present work) represents the grazing-momentum angular
window, should be examined carefully. The present ex-
perimental study shows the i=10 partial wave to be
strongly present over a much larger energy interval (cf.
Sec. IIIB), which is in agreement with the characteristic
breadth of optical-model shape resonances.

The apparent discrepancy between the Yale results and
those of the present work can be readily understood if one
considers the difference of approaches and methods em-
ployed. The present experiment and analysis have focused
on intermediate structure in the spirit of the definition of
Feshbach, Kerman, and Lemmer. ' Thus we have chosen
an energy averaging interval, larger than the compound-
nucleus fluctuation width (I,—50—100 keV), and investi-
gated a wide energy region, trying to determine the pres-
ence and extent of the nonstatistical reaction mechanism
by careful statistical analysis of the available reaction
channels. On the other hand, the Yale group has concen-
trated on a narrow energy region, studying the energy evo-
lution of the ' 0(' O, ao) Sl matrix elements in fine ener-

gy steps. However, in the Yale work, no statistical or
fluctuation analysis is reported. Hence, as pointed out in
Ref. 14, the interpretation of the three narrow structures
in the deduced S8 and S&0 matrix elements as intermedi-
ate resonances, relies primarily on the analogy drawn with
the ' C+' C system. It must be borne in mind, however,
that this analogy can hardly be established in full, since
the ' C+' C system displays a prominent molecular band,
while ' 0+ ' 0 does not.

Altogether, the two studies are complementary. The
Yale results provide insight into the substructure of the
anomaly centered around El,b ——31.9 MeV, which has
been shown in the present work to have a significant non-
statistical contribution. However, when claiming quasi-
molecular resonances in this system, one must be very
cautious, as it is difficult to distinguish quantitatively the
resonant and background (compound-nucleus) amplitudes.

In the end we call attention to the good agreement be-
tween the resonantlike structures reported here (Fig. 12)
and the resonant band predicted for the ' O+ ' O system
by the orbiting-cluster model ' (OCM). However, the
OCM, as well as other models of resonances, ' failed to
predict the strong damping by the compound-nucleus am-
plitude, which effectively prevents the occurrence of nar-
row isolated quasimolecular resonances as in, e.g. , the

C+ C and C+ 0 systems.
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