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Excitation functions have been measured for the elastic, recoil, and alpha-particle exit
channels for four reactions: 0+ C (Ei b=30.0—57.0 MeV), 0+ C (E] b

=29.5 —52.6 MeV), 0 + C (Ei b=30.0—57.0 MeV), and 0 + B (Ei b =42.4—60.1

MeV). The alpha particles were detected at Oi» ——10' while the elastic and recoil particles
were detected at ei» ——34'. Statistical analyses of the data are used to search for correlat-

ed, nonstatistical structures in the excitation functions. The resonant properties of three

compound nuclei ( Al, Si) are studied by comparing the excitation eneriges at which

nonstatistical structures are seen when the nuclei are formed via different well matched

(in terms of J,„) entrance channels. These resonancelike structures seen in the various

entrance chanriels (for a given compound nucleus) are found to be uncorrelated in excita-
tion energy, thereby implying a dependence upon the properties of the entrance channel.
The lack of entrance channel correlations and the short lifetimes of the structures seen

are viewed as evidence that the reaction may proceed through a quasimolecule, or that
the compound nucleus itself is so highly excited and deformed that its formation is en-

trance channel dependent.

NUCLEAR REACTIONS ' C(' 0,' 0) (' 0 ' C), (' O,a),
E=30.0—57.0 MeV; ' C(' 0 ' 0) (' 0, ' C), (' O,a), E=29.5 —52.6
MeV ' C(' 0 ' 0) (' 0 ' C) (' Ou) E=30.0—57.0 MeV; ' B(' 0' 0)
(' 0,' B), (' O,a), E=42.4—60.1 MeV. Measured o(E) at ei» ——10' for
a and u(E) at Hi» ——34' for elastic and recoil. Natural ' C target; en-

riched ' C and ' B targets. Resolution -100 keV for' a, 400—600 keV
for elastic and recoil. Statistical and Hauser-Feshbach analyses. En-

trance channel comparisons. Discussion of reaction mechanism.

I. INTRODUCTION

One of the most interesting and fundamental
challenges to arise from the study of heavy-ion col-
lisions at bombarding energies well above the
Coulomb barrier is that of understanding and
describing the nature and properties of the corn-

pound nucleus. Indeed, the validity of the classical
conception of an equilibrated, long-lived nucleus in
which all nucleons share the available energy and

angular momentum must be questioned in the re-

gime of high excitation energies (E ) available to
experimentalists today. The occurrence of reso-

nances in many light heavy-ion systems has served

to focus a great deal of attention on this question
since it is not altogether clear whether resonances
are a signature of compound nucleus formation or
depend mostly upon the entrance and/or exit chan-
nels. The work presented in this paper addresses
the compound nucleus versus entrance channel ef-
fect aspect of heavy-ion reactions by searching for
resonances correlated in different entrance channels

leading to the same compound nucleus.
The first evidence for nonstatistical (resonance)

structure was found in the ' C+ ' C system' and
was strongly correlated in many exit channels and
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at many angles. Thereafter, other systems
comprised of a-conjugate nuclei, particularly the
0 + 0 and 0 + C systems, showed reso-

nance structure. This prompted a search for reso-
nances in systems in which at least one reactant
was not n-like. For example, the ' C+ ' C system
received a greal deal of attention but, although
displaced only one neutron from the strongly
resonating ' C+ ' C system, initially showed little
or no evidence for nonstatistical structure. The
' N+ ' N system was also studied, partially to see
if resonances were related to the collision of identi-
cal particles and also as a comparison for the
' 0+ ' C system. Excitation functions from the
' N(' N, n) Mg reaction were essentially structure-
less. In fact, many high spin states populated in

Mg by the ' 0(' C,a) Mg reaction were not even
seen in the ' N+ ' N data. Some of the published
work which showed resonances in non-a-conjugate
systems was somewhat controversial and not veri-
fied in subsequent experiments. As a result, some
reviews of the subject ' concluded that there were
no proven resonances in any non-n-conjugate nu-
clei.

Aiding in the controversy at the time was the
lack of a rigorous definition of a resonance. A
large number of papers presented so-called evi-

dence for resonances which was essentially nothing
more than a visual correlation. Nearly every bump
in a summed excitation function was said to
represent a nonstatistical process. Unfortunately,
very few calculations were done to see if, in fact,
the behavior observed was actually inconsistent
with statistical model predictions. As a result,
many alleged findings of resonance structure were
distrusted and especially so for the non-u-con-
jugate systems because what little structure had
been seen was much weaker than that of the +-
conjugate systems.

Even so, measurements involving rion-n-con-
jugate nuclei continued and, at the same time, the
problem of discerning ordinary statistical fluctua-
tions from true resonance structure was addressed.
In order to make precise judgments of structures
seen in excitation functions, we adopted a set of
fairly rigorous criteria. A description of such cri-
teria and their application to experimental data are
seen, for example, in the paper by Dennis et al. "
We have also searched for resonances in non-@-
conjugate systems such as ' N + ' C (Refs. 11 and
12), ' C+ ' C (Ref. 7), and ' C+ Be (Ref. 13).

A number of other non-a-conjugate systems
were studied and analyzed by other groups also us-

ing more rigorous criteria. Surprisingly, many of
these searches revealed structures which were
found to be nonstatistical. It is now clear that res-
onances have been seen by several different experi-
mental groups in several non-n-conjugate systems
at energies above the Coulomb barrier, e.g.,
"O+ "C "O+ "C "N+ "C "C+'B
' C+ "B,and ' N+ ' C (see Refs. 7 and 11—18).

One of the remaining questions of interest is
why resonances exist in some systems and not in
others. Most of the early models proposed
mechanisms which might be responsible for reso-
nances, but had little or no provision for selecting
which systems are most likely to resonate. A re-
cent model by Thornton et al. ' suggests that the
binding energies of the entrance channel nuclei and
their effective moment of inertia are the dominant
factors. A similar conclusion was drawn by Baye
in a discussion of heavier systems (A -52). This
implies a heavy dependence upon the properties of
the incoming nuclei as opposed to those of the
compound nucleus, thereby prompting the experi-
mental investigation of whether the existence of a
resonance is evidence for compound nucleus for-
mation or merely a dynamical entrance channel ef-
fect.

The work presented in this paper was prompted
by some of the very fundamental questions
described above. In particular, we chose to address
experimentally three questions pertaining to the
resonance phenomenon:

(1) Can resonances exist at high excitation ener-
gies (two to three times the Coulomb barrier) in
the compound nucleus? It is thought that at very
high excitation energies, many more channels are
available for decay and that any nonstatistical
structure may be averaged out.

(2) Are there more non-a-conjugate systems
which exhibit resonance behavior? Based on calcu-
lations in Ref. 19, there are such systems which
are likely candidates due to the possibility of popu-
lating isolated states in a region of low level densi-
ty. (See Sec. IV for more details. )

(3) How strongly is resonance behavior depen-
dent upon the entrance channel'? Correlations be-
tween exit channels have been well documented
for some reactions but correlations between en-
trance channels have not been widely observed.
This is related to the question of whether or not
resonances are a compound nucleus effect.

We have pursued these questions by mea'suring
excitation functions for ' 0+ ' C, ' 0+ ' C,
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' 0+ ' B, and ' 0+ ' C over a range of high ex-
citation energies. While questions (1) and (2) are
quite obviously addressed by these measurements,
question (3) is probed by making measurements on:
(a) the ' 0+ ' C and ' 0+ ' C systems over the
same E* ( Si), (b) the ' 0+ ' B system over the
same E* ( Al) covered in an earlier experiment on
' N+ ' C (Ref. 12), and (c) the ' 0+ ' C system
over the same E' ( Si) previously measured for
the ' 0+ ' C and ' 0+ ' C entrance channels. ' '8

The experimental procedure and results are
found in Sec. II. The use of several statistical tests
on their application to the present data are dis-
cussed in Sec. III. A review of theoretical models
and entrance channel comparisons are found in
Sec. IV, with final conclusions and a summary in
Sec. V.

II. EXPERIMENTAL PROCEDURE

The oxygen beams were obtained from the MP
tandem Van de Graaff accelerator at the Max-
Planck-Institut fur Kernphysik, Heidelberg. The
' 0 ions were accelerated to 30.0—57.0 MeV for
the ' 0+ ' C and ' 0+ ' C reactions, whereas the
' 0 ions were accelerated to 29.5 —52.6 MeV for
the ' 0+ ' C reaction and 42.4—60.1 MeV for the
' 0+ ' 8 reaction. Beam intensities varied from
0.2 to 1.5 pA (electrical) depending on count rate
due to the given combination of cross section and
target thickness. The current of the beam after
traversing the target was measured with a Faraday
cup incorporating an electron suppressor element.
Typical charge collection for one run was 1 —2
mC.

All targets were self-supporting foils whose
thicknesses were chosen to optimize the usual
count rate/resolution trade-off. The natural ' C
targets ranged in thickness from 27 —33 pg/cm,
which represents an energy loss of 150—200 keV
(lab) with the ' 0 beam. The ' C targets (enriched
to -95%) had thicknesses of 48 —53 IMg/cm, cor-
responding to an energy loss of 200 —300 keV (lab)
with the ' ' 0 beams. The ' B target (enriched to
-95%%uo) had a thickness of 78 pg/cm, causing an

energy loss of 380—500 keV (lab). All target
thicknesses were checked both before and after the
experiments by measuring the energy loss of a par-
ticles from a thin 'Am source. A small amount
of carbon buildup (-5%) was detected during
some of the early ' 0+ ' C measurements when
the scattering chamber pressure (-5X 10 Torr)

was higher than normal. Even this small buildup
was closely monitored so that the thickness of the
' C target as a function of time could be deter-
mined and taken into account in the absolute cross
section calculations. For the three reactions which
did not require ' C, this buildup was much reduced
due to an improved vacuum of —1&(10 Torr.
A new target spot was used when the ' C buildup
became significant.

Excitation functions for three exit channels were
measured for each reaction: alpha, elastic, and
recoil particles. Table I indicates the energies and
angles at which measurements were made. Note
that for each reaction, the first row lists reaction
parameters in the laboratory system and the second
row lists them in the center-of-mass system.

The elastic and recoil particles were detected us-

ing a b,E Etelescop-e (ionization chamber, surface-
barrier detector) with a solid angle of 0.40 msr po-
sitioned at -34' (lab) in the scattering chamber.
We were unable to cleanly resolve any inelastic
states because: (i) target impurities caused interfer-
ence and identification problems in the energy
spectra and (ii) energy resolution due to target
thickness and angular acceptance of the telescope
was not sufficient. Finally, the inelastic states
were not strongly excited at the energies under in-
vestigation. Even so, by detecting the elastic and
recoil particles, one obtains the equivalent of two
different angles in the center-of-mass system for
elastic scattering (see Table I).

The a particles at 10' (lab) were momentum-
analyzed by a quadrupole-three-dipole (Q3D) mag-
netic spectrograph with a solid angle of —10 msr
and were detected at the focal plane by a 1.4 m po-
sition sensitive proportional counter (PSPC). This
particular detector-spectrograph configuration and
its associated electronics are described in detail in
the literature. ' We use tb.e PSPC with a 25 pm
thick aluminized Mylar entrance foil and a P-10
gas pressure of 580 Torr. The a particles could
easily be identified by their energy loss in the hE
section of the PSPC.

Excitation functions for approximately 12
groups of n particles were measured, corresponding
to different final states in the residual nucleus.
Typical a spectra are shown in Fig. 1 for the four
reactions. Resolution of a single final state was
80—120 keV (c.m. ), which is consistent with esti-
mates based on straggling and energy loss in the
target and the PSPC. The states in Fig. 1 appear
to be broad but this is simply an artifact of the
large dispersion of the Q3D. Such dispersion
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TABLE. I. Experimental parameters for the four reactions studied.

Reaction
Bomb. energy

(MeV)
Ex. energy'

(MeV)
Energy step

(MeV)
e(o.)'
(deg)

01(el)'

(deg)

O (el)d

(deg)

17() + 12'

16~ + 13(

17@+ 13C

16O+ 10B

30.0—57.0 (lab)
12.4 —23.6 (c.m. )

29.5 —52.6 {lab)
13.2 —. 23.6 (c.m. )

30.0—57.0 (lab)
13.0—24:7 (c.m. )

42.4—60.1 {lab)
16.3—23.1 (c.m. )

33.5 —44.7

33.5 —43.9

39.8 —51.5

35.8 —42.6

0.50
0.21
0.30
0.13
0.50
0.22
0.30
0.12

10.0
14.0
10.0
13.9
10.0
13.4
10.0
14.6

35
89
33
75
35
84
33
94

41
110
48

114
44

110
38

114

'excitation energies refer to the compound nucleus for each of the four reactions i.e., Si, Si, Si, Al.
g(o, ) is the angle at which the a particles were detected.

'01(el) is the angle at which elastic particles were detected directly.
82(el) is the angle for elastic particles which corresponds to detecting the recoil particles at angle 01(e1).

makes the separation of multiplets easier, but at
the same time greatly limits the number of states
which fall kinematically within the dynamic range
of the spectrograph.

All data were acquired with an on-line Nuclear
Data 6660 computer. The a-particle spectra were

stored in 1024 channel arrays while the AE-E sig-
nals for the elastic and recoil data were binned into
64X256 channel arrays. Both the one- and two-
dimensional spectra could be displayed live during
the experiment in order to make the usual checks
on the incoming data. These data were later
analyzed off-line using a PDP 11/34 computer.

Figures 2 —5 show the excitation functions mea-

sured for the four reactions under consideration.
The absolute cross sections have uncertainties of
about 20%%uo while the relative uncertainties are
about 5/o. Note that a few of the excitation func-
tions are incomplete at the low energy end because
the a particles corresponding to these states could
not reach the detector kinematically.

Figure 2 shows 12 excitation functions for the
' 0+ ' C reaction. Ten of these correspond to
states in the Mg residual nucleus for the o-
particle exit channel while the other two are elastic
scattering measurements at c.m. angles of 89' and
110. The ten Mg groups actually represent 16
states because several multiplets could not be
resolved.

Figure 3 shows ten excitation functions for the
' 0+ ' C reaction. Eight of these correspond to
14 states in the Mg residual nucleus for the n-
particle exit channel while the other two are elastic
scattering at c.m. angles of 75 and 114'.

Figure 4 shows ten excitation functions for the
' 0+ ' C reaction. Eight of these correspond to
12 states in the Mg residual nucleus for the a-
particle exit channel while the other two are elastic
scattering at c.m. angles of 84' and 110'.

Figure 5 shows ten excitation functions for the
' 0+ ' 8 reaction. Nine of these correspond to 11
states in the Na residual nucleus for the +-
particle exit channel. The last excitation function
is an elastic scattering measurement at 0, =94'.
The recoil ' 8 particles were also detected
(equivalent to elastic particles at 0, =114') but
these were very low in energy. The resulting ener-

gy spectra were rather Aat with no resolvable recoil
peak, so there is no excitation function correspond-
ing to this measurement.

III. STATISTICAL ANALYSIS AND RESULTS

All the excitation functions except the elastics
exhibit characteristic Auctuations. Absolute,
energy-averaged cross sections have been calculated
for the Q.-particle exit channel using the Hauser-
Feshbach computer code HELGA as described in
Refs. 22 and 23. The calculated cross sections
agree reasonably well with all of the data. An ex-
ample of these results is seen in Fig. 5, where the
dashed lines are the HELGA calculations. This
agreement with HELGA implies that compound nu-
clear formation dominates the transitions observed.

The absolute normalization was generally repro-
duced well with HELGA by inputting l,„as calcu-
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FIG. 2. Excitation functions for the "0+ ' C reaction for the elastic (0, =89', 100') and a-particle (9, =14.0')
exit channels. The excitation energies of the residual states in Mg are indicated. The solid lines (see Sec. III) sho~
the location of nonstatistical structure.

where R;(0)=((o; (E)/(o;(E)) —1))„and
( ( ) )„indicates an average over the excitation
function i This funct. ion is very instructive be-

cause its magnitude at each energy is determined

by the correlatI'on of maxima and minima in the
excitation functions, not by differences as in D(E).
Unfortunately, C(E) is not strictly bounded by +1
and thus cannot be compared directly to the pre-
dictions of the statistical model. Additionally, care
must be exercised because C(E) is somewhat sensi-
tive to the averaging interval E;„„used in the run-

ning average (cr;(E)). For E;„,~2 MeV (c.m. ), we

find that C(E) depends strongly on E;„„but for
2.5 & E;„«3.5 MeV (c.m. ), the dependence of
C(E) on E;„, is nearly removed. Even given its
limitations, C(E) has been a valuable tool in our
work because a truly nonstatistical structure nor-
mally produces a large correlation in comparison
to the surrounding, supposedly uncorrelated,
Ericson fluctuations.

The distribution of maxima test is based on
counting the number of maxima which occur near
the same excitation. energy in a group of excitation
functions. Clearly, if a resonance is present, it will
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FIG. 3. Excitation functions for the ' 0+ ' C reaction for the elastic {0, =75', 114 ) and u-particle {0, =13.9 )

exit channels. The excitation energies of the residual states in 'Mg are indicated. The solid lines (see Sec. III) show

the location of nonstatistical structure.

manifest itself by producing an anomalously high
number of maxima at a given excitation energy re-

gion in a group of excitation functions. A max-
imum is defined here as a point for which o;(E)!
(cr;(E) ) is greater than some reference value r, and
which is also significantly higher than its nearest
neighbors. Usually the distribution of maxima test
is conducted for a range of r values from 0.5 to
1.5. Note that a minimum can also be detected by
negating the excitation functions and then per-
forming the distribution of maxima test again.

The distribution of maxima test is also of great
value because it may be used to judge whether or
not a structure is inconsistent with the statistical
model. This is done by calculating the probability

of observing N or more maxima in N excitation
functions using

N —kN~ N )pk(l p) m

k!(N —k )!

where p is the probability parameter for the bino-
mial distribution and can be determined from the
data by counting the number of maxima in all ex-
citation functions and dividing by the total number
of points. We have adopted the convention of call-

ing an event with a distribution of maxima proba-
bility of less than n ' (where n is the number of
points in each excitation function, typically
n '-0.01) nonstatistical based on the simple sta-
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FIG. 4. Excitation functions for the "0+"C reaction for the elastic (8, =84', 110') and a-particle (0, =13.4')
exit channels. The excitation energies of the residual states in Mg are indicated. The solid line (see Sec. III) shows
the location of nonstatistical structure.

tistical consideration that one such event would be
likely out of n points. Others have also chosen a
probability of 0.01 as a cutoff but it is obvious that
the smaller the probability P(N) for an event, the
more confident we are that the corresponding
structure is nonstatistical.

The last test which we find useful is simply the
sum of the excitation functions. It is expected that
in a sum over many exit channels, the normal,
Ericson-type fluctuations will average out while

any correlated, nonstatistical structures will com-
bine to form a peak. The sum suffers the same
limitation as the deviation function in that a high-

ly correlated structure will not be readily seen if
the absolute magnitude of the enhancement in the
individual excitation functions happens to be small.
Another possibility is that if one excitation func-
tion has a large cross section relative to the other

excitation functions, it may dominate the sum and
thereby obscure detailed structure contributed by
all of the excitation functions.

We have found the distribution of maxima test
to be the most useful overall, primarily because it
allows a direct comparison to the statistical model.

The sum, C(E) and D(E) functions are helpful for
determining the centroid and width of a structure,
although they are somewhat redundant.

The distribution of maxima test as well as the
C(E) and D(E) functions make use of the running
average (o;(E)). We have found that an averag-
ing interval of E;„,=3 MeV (c.m. ) is sufficient to
remove the effects of the gross energy dependence
from each excitation function. This removal of en-

ergy dependence is equivalent to requiring that the
background part of' the scattering matrix be con-
stant with energy; this being a basic assumption of
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the statistical model. Another criterion of the sta-
tistical model is that I 1/DJ &p 1, where I J is the
mean width of compound nuclear states and DJ is
the level spacing for spin J. Normally, at the high
excitation energies considered here, it is assumed
that this criterion is fulfilled. However, we have
intentionally chosen entrance channels which bring
in a great deal of angular momentum so that the
actual number of available states may be quite
sma oll for the high spins (see the discussion in Sec.

fIV). Thus I J/DJ may really be on the order o
unity or even less, thereby disallowing the compar-
ison of these data with statistical model expecta-
tions. In any case, the tests we have discussed here
are enlightening because of their capacity to dis-

cern correlated structures in the data.
Another concern in applying the tests which use

the running average is how to calculate (o;(E)) at
energies within E;„,/2 of the two end points of the
excitation functions. Normally, (o;(E)) at a given

point is found by averaging all data points within
+ intE /2 f that point. However, for data points at
energy Emin &E & Emin+ Eint/2 or
E,„—E;„t/2 & E &E „,the average cannot be
calculated over the entire interval of length E;„,.
As a result, some problems may arise if the aver-

age cross sections of several excitation functions
are not very constant with energy. For example, i

the cross section is going steadily down with ener-

gy at the upper end point, E,„, then the running



322 PARKS, THORNTON, CORDELL, AND WIEDNER 25

average calculated at E,„will be overestimated.
This may occasionally cause spurious results, but
these can be recognized as such by careful scrutiny
of the excitation functions.

The numerical results of the relevant tests are
summarized in Table II. Events with probabilities
less than 0.01 are listed along with the experimen-
tal width I,„z (FWHM), the expected width of sta-
tistical fluctuations I „,and 7 fl/I p

The
sum, C(E) and D (E) seen in Figs. 6—g are de-

rived from the excitation functions corresponding
only to the a-particle exit channels (except those
which are incomplete), because the elastic excita-
tion functions are generally lacking in structure.

I ' I

08 -(u) [

04-
00-
04—
00-
0.4-

0-4—
U ~0

I

l2C(17p oe)25ivig

B. Results for ' 0+ ' C

The results for the ' C(' O,a) Mg reaction are
seen in Fig. 6(a), where the sum is seen to exhibit
considerable fluctuations. One might expect a
smoother 1/E dependence after summing over 13
states with a reduction in the number of extrema
compared to the individual excitation functions.
However, calculations based on the treatment of
van der Woude show that this reduction has a
surprisingly weak dependence upon the number of
effective channels. We find the number of maxima
in the sum in Fig. 6(a) to be consistent with the re-
sults of van der Woude, but the amplitudes are still
surprising. In summed excitation functions, the
statistical fluctuations are expected to be damped

by a factor approximately equal to the number of
levels summed. ' An examination of Fig. 6(a)
shows that the fluctuations exceed this prediction.

~ ~04-
UJ

0.0—
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1.0 "-
E
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W

I
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34 36 38 40 42 44
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FIG. 6. Results of the sum, C(E) and D(E) tests for
(a) the ' C(' O,a) 'Mg reaction and (b) the
"C(' O,a) Mg reaction. The solid (dashed) lines indi-
cate the location of nonstatistical structure in the
0 + C ( 0 + C) system

TABLE II. Candidates for nonstatistical structure in the four reactions studied.

Reaction
E,

(MeV)

EQ

(MeV) Probability
~exp

(kev)
r„

(keV)
7

(10 2' sec)

b
tco)1

(10 sec)

170 + 12C

160 + 13C

170 + 13C

160 + 10B

13.9
17.6
17.8
19.9
17.3
18.5
20.0

34.9
38.7
38.1
40.2
44.1

38.0
39.5

2X10—'
3 X10-3
1&&10

—'
6g10-'
7X10 '
5 &&10-'

7 y 10-'

-400
-400
-250
-300
-500
-400
-500

195
240
230
260
240
290
310

1.6
1.6
2.6
2.2
1.3
1.6
1.3

5.9
5.6
5.4
5.3
5.3
5.2
5.1

'Expected width for statistical structure from Ref. 29.
"Approximate collision time.
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The two solid lines in Fig. 6(a) indicate energies
at which correlated nonstatistical structures appear.
The one at E' ( Si) =34.9 MeV has a distribution
of maxima probability of 2X10 and the one at
E' ( Si)=38.7 MeV has a distribution of maxima
probability of 3X10 . The location of these
structures is also indicated by the solid lines in Fig.
2 at E, = 13.9 and 17.6 MeV. The low probabil-
ity of the structure at E, =13.9 MeV comes
about because six of the seven possible a groups
have a peak near that energy. Some enhancement
is seen in the elastics also, but it is rather weak and
inconclusive. The structure at E, =17.6 MeV is
not as pronounced because there are only about
five peaks near the energy and some of them are
weak and shifted slightly. Again the elastics do
not show a significant correlation.

The C(E) result in Fig. 6(a) shows additional
correlations near 33.8, 36.5, and 43.5 MeV corre-
sponding to E, =12.7, 15.4, and 22.4 MeV.
However, the distribution of maxima probability
calculations at these energies are not lower than
10 . At 12.7 MeV in Fig. 2 there is nothing ap-
parent which would cause a large correlation; it is
likely due to the end point problem with (cr;(E)).
At 15.4 MeV in Fig. 2, there are a few fairly
strong peaks which may have caused the enhance-
ment in C(E). However, since the distribution of
maxima probability depends only on the number of
maxima, this event is not in disagreement with the
statistical model. Some enhancement is visible
near 22.4 MeV in Fig. 2 but, again, C(E) may be
influenced by the end point problem.

The widths of the two structures in the ' 0
+ ' C system are difficult to assess. Although the

sum shows the peaks to be only about one point
wide, even a cursory inspection of the individual
excitation functions shows that the peaks are closer
to two points wide or 400 keV (all widths will be
quoted as FWHM and in c.m. energy). It is also
important to note there that we have repeated the
runs near E, =13.9 and 17.6 MeV. The
enhancement in the excitation functions and in
their sum was well reproduced, thus giving us
more confidence that these structures are not sim-

ply experimental aberrations. In summary, we

may state that the respective probabilities are small
enough to be in a disagreement with the statistical
model according to our criteria. Although the two
structures do not strongly dominate the excitation
functions, they are reproducible and correlated, and
therefore probably represent some type of real
physical process such as a resonance.

C. Results for 0 + C

Figure 6(b) shows the statistical test results for
the ' C(' O,a) Mg reaction. Again, the rather

sharp, Ericson fluctuations appear in the sum over
the same 13 states of Mg which were considered
in the ' C(' O,a) Mg reaction. The dashed lines

in Fig. 6(b) show the location of two possible non-

statistical structures, a minimum (P = I X10 ') at
E* ( Si) =38.1 MeV and a maximum (P =6
)&10 ) at E* ( Si)=40.2 MeV. In Fig. 3 these
structures are also indicated by the solid lines at
E, =17.8 MeV, where six of the eight excitation
functions have a minimum, and E, =19.9 MeV,
where seven of the eight excitation functions have
a maximum. The elastic excitation functions for
the ' 0 + ' C reaction have some noticeable struc-
ture but none that is favorably correlated with the
extrema seen in the a-particle exit channel.

The two structures in the ' C(' O,a) 'Mg reac-
tion have similar widths, I,„z

——200—300 keV. As
in the preceding case, the probabilities do not
disagree strongly with the statistical model, but
they are outside our prescription for "normal"
behavior

D. Results for ' 0+ ' C

Statistical test results for the ' C(' O,a) Mg re-

action are shown in Fig. 7(a). The fluctuations in
the sum in this case span several data points in-

stead of only one or two. Only the maximum at
E' ( Si)=44.1 MeV [solid line in Fig. 7(a)]
showed evidence for being nonstatistical. In exa-
mining Fig. 4, the enhancement at E, =17.3
MeV is clearly seen in seven of the eight groups in
the a-particle exit channel. Because of this strong
correlation, the calculated probability is 7X 10
The elastic scattering is quite smooth overall, with
no correlation near E, =17.3 MeV.

The structure at E* ( Si) =44.1 MeV in the
' 0+ ' C system is fairly broad, having I,„~=500
keV. The probability of this event is well outside
of the 0.01 cutoff and the exit channel correlations
are clearly visible. This structure represents the
strongest candidate for a resonance in all of the
present data.

E. Results for ' 0+ ' B

The results for the last reaction, 'oB(' O,a) Na,
are shown in Fig. 8(a). The solid lines indicate the
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FIG. 7. (a) Results of the sum, C(E) and D(E) tests

for the ' C(' O,o.') Mg reaction. The solid line indicates

the location of a nonstatistical maximum. (b) Results
from the sum of elastic scattering at eight angles for the
' 0+ '"C reaction, where the dashed lines indicate the

resonances reported in Ref. 17. (c) Deviation function

for elastic scattering at eight angles for the "0+ ' C re-

action, where the dotted-dashed lines indicate the reso-

nances reported in Ref. 18.

location of two possible nonstatistical maxima at
E* ( Al)=38.0 and 39.5 MeV. It is possible that
there is a minimum near E' ( Al) =42.1 MeV, as
the correlation in C(E) shows. In fact, the distri-
bution of maxima probabilitity is 2)& 10 . How-

ever, careful examination of the individual excita-
tion functions in Fig. 5 shows that the correlations
and probability calculations at E, =22.5 MeV
are not absolutely reliable because (o;(E)}used in

these calculations is probably overestimated at that
point. It can be seen from Fig. 5 that only three

E in Al (MeV)

FIG. 8. Results of the sum, C(E) and B{E)tests for
(a) the ' B(' O,a)"Na reaction and (b) the ' C('4N, a)'~Na
reaction (Ref. 12). The solid (dashed) lines indicate the
location of nonstatistical structure in the ' 0 + ' B
(' N+ &2C) system.

or four of the nine groups have a minimum near

E,, =22.5 MeV. %e cannot rule out the possibil-

ity that this is a real minimum, but we cannot
make a strong statement either way since it is too
near to the end point. On the other hand, the two
maxima are visible in the majority of the excitation
functions, as shown by the solid lines at E,
= II8.5 and 20.0 MeV in Fig. 5. At each of these
two energies there are six or seven peaks out of a
possible nine. The probabilities are 5&&10 (18.5
MeV) and 7)& 10 (20.0 MeV). These probabili-
ties are not very low, but this may be due to slight
shifts of the peak locations in the excitation func-
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tions.
The elastic scattering actually correlates with the

maximum at E, =18.5 MeV, but this may be a
coincidence. The statistics for the elastic scattering
in this case are somewhat poor (-15%),as evi-

denced by the severe fluctuations.
The two structures at F., =18.5 and 20.0 MeV

meet our criteria for being nonstatistical, but they
are not as strong as the highly correlated structure
in the ' 0+ ' C system. Their widths are some-

what uncertain because the peaks in the individual

excitation functions are broader than what is seen

in the sum. The structure at E* ( Al) =38.0 MeV
has a width l,„p 350 450 keV, while the one at
E' ( Al) =39.5 MeV is broader with r,„~=400
—600 keV.

Overall we see that all four reactions show some
evidence (of varying strength) for nonstatistical
behavior in the a-particle exit channel. It is diffi-
cult to make definitive statements as to whether
the structures seen are resonances because of the
intrinsic nature of the measurements and tests. If
we ask a statistical question, then we must expect
to receive a statistical answer. For example, if we

ask what the probability is that the structure at
E* ( Si) =38.1 MeV will occur in the set of
' C(' O,a) Mg excitation functions, the answer is
P-1& 10 . This literally means that one time
out of 1000, such a structure can and may occur.
Therefore, we do not claim absolutely that the
structures identified in Table II are resonances; we

indicate simply that they are good candidates based
on our statistical tests.

We have calculated the expected width for sta-
tistical Auctuations using the empirical formula of
Stokstad, I"„=14exp[—4.69(A/E')]'~ MeV,
where A is the mass number of the compound nu-

cleus and E* is the excitation energy in MeV.
These results are presented in Table II, where it is
seen that I, p & I t in each case. In the ' 0+ ' C
reaction I,„„=I„,but since the structures are fair-

ly weak, no obvious conclusion is apparent. For
the most part, the experimental widths for the
suspected structures are larger than what would be
expected for statistical fluctuations, thus providing
further evidence that the structures seen are non-

statistical.
Table II also shows the approximate collision

time t„~~ for each reaction corresponding to the en-

ergies where structures were seen. Comparing the
lifetime v. of the states listed to t„~~, we see that
~=3—4)(t„~i. This indicates that we may be see-

ing some type of short-lived intermediate structure,

since the lifetimes are longer than those for direct
reactions (-10 ' sec) and shorter than those for a
classical, long-lived, equilibrated compound nu-

cleus (-10 ' —10 sec).

IV. DISCUSSION

A. Comparison of models
with experimental results

f2E*=E,+ J(J+1)
eff

(4)

falls within the molecular-resonance window de-

fined by a zone of low level density. In practice,
this criterion is met for composite systems with
low level density and when the two incoming nu-

clei have low binding energies, as has been shown

by Thornton et al. '

Recently Baye formulated a simple rule for ob-
serving resonances associated with a weakening ab-
sorption for certain partial waves. For a given
partial wave, this absorption is only important for
channels with an effective (Coulomb plus centrifu-
gal) barrier which is lower than the effective elastic
barrier. The resulting implication is that, among

A variety of models have been proposed which
deal with resonance phenomena and the more re-
cent suggestions increasingly support the impor-
tance of the entrance channel properties. This is in
contrast with some earlier concepts which tended
to emphasize the properties of the compound nu-

cleus above all else.
For example, Pocanic and Cindro developed a

model which depended only on the density of com-
pound nuclear states. They used the conventional
Fermi-gas model to calculate level densities, which
does not allow one to differentiate between nuclides
with the same A. In fact, no properties of the en-

trance channel were considered. This model
predicted, for example„ that Al would be a poor
candidate for resonances regardless of the entrance
channel employed. This is now in contradiction
with the strong resonances seen at E' ( 6A1) =25.5
and 37.5 MeV populated via the ' N+ ' C en-

trance channel. '
Subsequently, Cindro and Pocanic modified

their model to include the consideration of proper-
ties of the entrance channel nuclei, especially the
binding energy. They now suggest that resonances
are most observable in systems where the rotational
band defined by
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other things, some properties related to the en-

trance channel, such as the Q value and reduced
mass, are important. However, since Baye applied
the barrier rule to compound systems with 36 ~A
g76, we have no prediction for the nuclei con-
sidered in this paper.

The model proposed by Thornton et al. ' sug-

gests that the binding energies of the entrance
channel nuclei and, to a lesser extent, their moment
of inertia at grazing distance, are the most impor-
tant factors in determining which systems will

resonate. If the binding energies of the incoming
nuclei are high, then the separation energy S of the
entrance channel from the compound nucleus will

be low. As a result, the E, needed to excite the
compound nucleus to a given E*=E, + S will

be larger than it would be if the binding energies
were low. A larger E, means more angular
momentum is brought into the reaction, thereby in-

creasing the probability of populating a semi-

isolated, high-spin state. Such a state might be
semi-isolated because, although the absolute density
of states may be high, the number of states able to
conserve total angular momentum and parity may
be quite small for spin values near the grazing
wave. The essence of this concept is that the level

density at a given E* in the compound nucleus
depends critically on the binding energies of the in-

coming nuclei because lg depends indirectly on the
separation energy.

It is possible to use this model to select which
entrance channels are most likely to populate reso-
nances in a compound nucleus. At a given E', the
channel with the largest J will be the best candi-
date because the level density will be the lowest.
This is clearly seen in Fig. 9, where the yrast and

lg, lines are shown for the three compound nuclei
under investigation in this work. The yrast lines
are derived using the spectral moment method of
Ayik and Ginocchio (see Ref. 19 for more de-
tails), except in the case of Si, for which reliable
level densities were unavailable. The lg, lines are
the various entrance channels are calculated using
the Wilczynski formalism, which we feel is ade-
quate for energies above the Coulomb barrier.

In Fig. 9(c) it is evident that for a given F.*

( Al), the ' N + ' C entrance channel brings in the
most angular momentum. 0n the other hand, the
' 0+ ' B channel brings in considerably less, mak-

ing it less likely to populate semi-isolated states in
Al. However, the channel spins play a role here.

Because the orbital angular momentum and intrin-
sic spin add vectorially for form the total angular
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momentum, the ' 0+ ' B reaction will populate a
distribution of states with up to 2s+1=7 J values
(J,„=ts„+3), while for the ' N+ ' C channel the
flux is only spread over 2s + 1=3 J values (J,„
=ts„+ 1). This means that the resonance term in
the cross section is damped by a factor of

I 1I/(2s+ 1) or, in this case, —, versus —, . Therefore,
the ' N+ ' C channel not only populates higher
spin states than the ' 0+ ' B channel at a given
E*, but also fewer different spin states. The pre-
diction then is that resonances are more likely to

J(J+1)

FIG. 9. Excitation energy in the compound nucleus
versus J(J+1)for spin states J in (a) Si, (b) Si, and
(c) Al. The solid lines are calculated yrast lines while
the patterned lines show the grazing angular momentum
for various entrance channels [plotted versus l(l +1)].
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be seen in the ' N + ' C reaction and they should
be stronger than what would be expected in the
' 0+ ' B reaction.

Our experimental results are in good agreement
with the arguments presented above. For the
' B(' O,a) Na reaction we find only weak evidence
for resonances in the form of two semicorrelated
structures with probabilities of 5)& 10 and
7 &( 10 . However, results for the ' C(' N, a) Na
reaction' show at least one strong resonance at E*
( Al) =37.5 MeV (P =2X10 ). Therefore, at
least in the excitation energy range studies [E*
( Al) =35.8 —42.6 MeV], the experimental evi-

dence and our model predictions are consistent.
Looking at Fig. 9(b) it can be seen that the

' 0+ ' C and ' 0+ ' C entrance channels are
closely matched, at least in terms of lg, . In fact, at
E* ( Si) =40 MeV, even the J,„=ls„+sare simi-
lar (-15A' for ' 0+ ' C and -14' for ' 0+ ' C).
Thus we would expect the probability for populat-
ing resonances via these entrance channels to be
comparable. We would also expect the strength of
any structures seen in the ' 0+ ' C channel to be
damped compared to those in the ' 0+ ' C chan-

1 1 5
nel ( —, versus —,), since the channel spins are —, and

1

—,, respectively.
The experimental results for the Si compound

nucleus (Table II) are indeed quite similar for the
two entrance channels. There are two structures in
each channel with probabilities near 2)& 10, al-
though the widths of the structures in the
' 0+ ' C system are somewhat larger than those
in the ' 0+ ' C system.

The last case at hand is the Si compound nu-

cleus. Figure 9(a) shows that the ' 0+ ' C,
' 0+ ' C, ' N+ N, and ' 0+ ' C entrance
channels are all good candidates for populating
high-spin states. The ' 0+ ' C and ' 0+ ' C re-
actions have been previously studied (Refs. 17 and
18), with several resonances having been seen in

both, particularly in the elastic scattering. Also of
importance is the fact that the resonances reported
in those systems are among the largest ever ob-
served in systems not comprised exclusively of a.-

like nuclei. Both results, the observance and
strength of the resonances in the ' 0+ ' C and
0+ ' C systems, are consistent with our model,

since Fig. 9(a) shows that these two channels are
the best candidates for populating resonances. The
strength of the resonances follows from the fact
that both channels have no intrinsic spin and thus
no damping of the resonance part of the cross sec-
tion.

We have studied the ' C(' O,a) Mg reaction
over an excitation energy range common to both
the ' 0+ ' C and ' 0+ ' C data. Our model
would predict the ' 0+ ' C entrance channel to be
a reasonably good candidate for populating reso-
nances, but not as good as the other two channels
mentioned. Also the strength of an observed reso-

1

nance should be relatively damped. by a factor of —,

(maximum channel spin is 3A'). Our measurements
show one structure of reasonable strength (P=7
X 10 ) in the energy region studied. Certainly
this must be considered as consistent with the
present model.

B. Reaction mechanisms

One of the goals of this work was to see if the
population of resonances could be effected through
closely matched entrance channels which bring in

comparable amounts of total angular momentum
when forming a compound nucleus at the same
E*. Although it is effectively impossible to find
entrance channels which are matched exactly, the
ones we chose to examine are indeed well matched.

The details of the close / matching of the ' 0
+ ' C and ' 0+ ' C channels leading to Si have

been discussed in Sec. IV A. However, we see from
Fig. 6 that the lines indicating where nonstatistical
structures were identified in the two entrance chan-
nels do not coincide. We can also see from Figs. 2
and 3 that the structure in the individual excitation
functions is not the same for the two channels.
Therefore, the same nuclear states are apparently
not populated through these two entrance channels.

Figure 7 compares three different entrance chan-
nels for the Si compound nucleus. The solid line
locates the structure we see in the ' 0+ ' C sys-
tem at E' ( Si) =44.1 MeV, the dashed lines show
the structures reported in the ' 0+ ' C system by
Bernhardt et al. ,

' and the dashed-dotted lines
show the structures seen by Webb et al. ' in the
' 0+ ' C system. At E ( Si) =42.4 and 45.0
MeV there are peaks in the ' 0+ ' C and
' 0+ ' C systems which almost align. So al-

though there seems to be come correlation between
two of the channels, there is clearly no energy at
which all three channels exhibit a structure.

We find a similar result in the Al system,
where the structures seen in the ' 0 + ' B
(' N+ ' C) channel are indicated by the solid
(dashed) lines. It is obvious that none of the struc-
tures in the two channels occur at the same energy.
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Again, the l matching here is quite good. Al-
though Fig. 9(c) shows that the ' N+ ' C channel

brings in the more angular momentum than the
' 0+ ' B channel, J~» is similar in both cases
since the channel spins are 1A and 3A', respectively.
In addition, comparing the structure of the
' 0 + ' B excitation functions to that of the
' N+ ' C reaction in Ref. 12, we see a great dis-

similarity.
To summarize, we see little or no evidence that

we are populating the same nonstatistical struc-
tures through different entrance channels to the
same compound nucleus. In addition, in the two

systems for which we have excitation functions for
the same particles and energies ( Al and Si), we

may state more generally that we are not populat-

ing precisely the same nuclear states either, because
the individual excitation functions are dissimilar.

This result is somewhat surprising in light of the
following argument. Admittedly, although we are

making comparisons at the same excitation energy,
the angular momenta brought in by each entrance
channel are close but not exactly the same. How-

ever, since we have nonzero channel spin in most
cases, these reactions actually bring in a different
distribution of total J, due in part to the possible

spin projections. of s onto 1. The result is a large
overlap of the total J brought into the reaction.
For example, at E" ( Al) =40 MeV, we calculate

ls, ——15.3' (12.9') for the ' N + ' C (' 0+ ' B)
channel, with the respective channel spins being 1A

and 3A'. Thus for the grazing wave, we have

14.3A& J&16.3' for ' N+ ' C and 9.9A& J&15.9A

for ' 0+ ' B. One would expect that, withJ,„=16'for each channel, very nearly the same
nuclear states would be populated in Al by each
channel. This argument also holds for the other
two compound nuclei. Furthermore, if the nonsta-

tistical structures we see are really due to semi-

isolated states of high spin which are populated
only when I and s are aligned (i.e., by J,„=ls„
+ s), then we really do expect to see these states in

each entrance channel with comparable intensity
except for the I/(2s + 1) damping. Also, since the
energy-dependent cross-correlation function
searches for correlations without a strong depen-
dence on relative intensity, we are indeed capable
of detecting such states in the excitation functions.

A number of implications arise from the fact
that we are not populating the same nuclear states
through similar entrance channels. One possibiliti-

ty is that the nonstatistical structures we see are
semi-isolated, high-spin, compound nuclear states

which can only be excited by a particular combina-
tion of F.* and J . The elastic scattering provides
further evidence that the reaction mechanism
might be compound nuclear. Hauser-Feshbach cal-
culations show that most of the elastic scattering
at O~,b

——34' is shape elastic, not compound. Thus,
we would not expect to see effects of a resonance
in the compound nucleus in the elastic scattering.

Indeed, we find no correlation in the elastic chan-
nel with the structures seen in the a-particle exit
channel (see Sec. III).

Another possible reaction mechanism which is
consistent with our results is that of a quasi-
molecule. It has been shown that some observed
resonances represent quasistable states formed by
the colliding ions. These states may subsequently

decay into a compound nucleus, elastic channel, in-

elastic channel, or some other exit channel. It is
clear that since they form different molecules with
different J, we would not expect the various en-

trance channels to resonate at the same equivalent
excitation energy.

The existence of such states seems likely in the
reactions considered here because of the high total
angular momenta involved. The number of avail-
able states in the compound nucleus is very small
for large J, so the system is almost forced into a
quasimolecular configuration which is capable of
absorbing the angular momentum. The decay of
such a system is similarly governed by the large J
in that it may only decay into channels which can
carry away large angular momenta. Clearly the in-

elastic, elastic, and a-particle exit channels are
good candidates for decay.

We have noted that no structures are seen in our
elastic scattering measurements. However, this
does not preclude the possibility that a quasi-
molecule is formed. It just implies that the dom-
inant elastic process is shape elastic scattering. It
seems reasonable that the cross section for the for-
mation of a quasimolecule which decays back into
the elastic channel must be considerably less than
the cross section for shape elastic scattering.
Therefore, we do not expect to see evidence for a
quasimolecule in this channel.

On the other hand, if quasimolecular states are
being formed, we would expect to see them in the
a-particle exit channel. Since compound nucleus
formation is not very favorable due to the large J,
a large fraction of the events leading to the a
channel would be due to formation and decay of a
quasimolecule. Additional support for this idea is
seen in Table II, where the widths of the states we
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see are all greater than the predicted width for nor-
mal statistical (compound nuclear) fluctuations.
Moreover, the lifetimes associated with these
widths are roughly equal to the time for one rota-
tion of the pertinent molecule. We also note that
the theoretical predictions of Heenen and Baye
indicate that quasimolecular resonances can exist
in non-a-conjugate systems. They did a m'ulti-

channel generator-coordinate study which predict-
ed, for example, that ' 0+ ' C and ' C+ ' C
should resonate. Experiments on the ' 0+ '"C
system' are in agreement with this prediction.

Based on the evidence at hand, it is not altogeth-
er clear whether the nonstatistical structures we see

are quasimolecular or compound nuclear. In fact,
the question may not even be relevant for the high
excitation energies and spins involved here. We
know that, if one is formed at all, the compound
nucleus must be highly deformed in order to exist
with such large J values. Perhaps we are ap-

proaching a spin-energy regime in which an en-

trance channel quasimolecule and a highly de-

formed compound nucleus are one and the same.

V. CONCLUSIONS

We have conducted a search for nonstatistical
structure in three non-a-conjugate systems ( Al,

Si) at high excitation energies (30 & E*& 50
MeV). The experimental results for each system
show evidence for nonstatistical, possibly resonant
structures, corrdated in many a-particle exit chan-
nels. No correlation is seen in the elastic exit
channel. The existence of these structures greatly
extends the number of non-a-conjugate systems in

which possible resonances have been seen.
All of the experimental results discussed in Sec.

IV support the idea that the actual density of
states available (through a particular entrance
channel and for spin J) in the compound system at
a given E* depends upon the properties of the en-

trance channel, especially the separation energy.

By comparing the yrast line of a nucleus to the an-

gular momentum brought into the reaction by vari-

ous entrance channels, we have been able to select
entrance channels which populate the highest spin
states in the compound system. It has been shown
that a-like reactants are most suitable for bringing
in the most angular momentum at a given excita-
tion energy due to their high binding (low separa-
tion) energies, thus explaining the great frequency
with which resonances have been seen in a-like
systems.

Although we suggest that the nonstatistical
structures we see are due to semi-isolated, high-
spin states populated by the largest available par-
tial wave (J,„=Is,+s), we cannot be certain from
our data that such states are compound nuclear or
quasimolecular. We state only that we believe that
they are states of the compound system. It is pos-
sible that the unavailability of very high-spin states
requires that the colliding ions form a quasi-
molecule. If so, then this nuclear molecule could
actually be viewed, in a certain sense, as a com-
pound nuclear state. Certainly it would be a state
of the compound system. The lifetimes of the
states we see are consistent with the concept of a
quasimolecule or a highly excited and, therefore,
short-lived compound nucleus. We also point out
that theoretical support for quasimolecules in non-
a-conjugate nuclei has been reported by Heenen
and Baye, for example.

Although we have shown that we cannot popu-
late the same nonstatistical structures (or nuclear
states) through different entrance channels, this
fact alone does not tell us absolutely whether these
reactions proceed through a quasimolecule or a
compound nucleus (or both). The only clear impli-
cation is that the nuclear states we populate are
strongly dependent upon the entrance channel, even
for channels which are closely matched in angular
momentum.

It may be possible to ascertain the true reaction
mechanism by studying more entrance and exit
channels. Measuring angular distributions can be
helpful because anomalies at backward angles have
been associated with quasimolecular states as re-

ported by Stokstad et al. Measuring the spins of
resonant structures is also quite informative, but
this is nearly impossible in systems such as those
considered here due to the nonzero channel spins
involved.

In summary, it is suggested that the reaction
mechanism responsible for the nonstatistical struc-
tures we see in several non-e-conjugate nuclei
could be either quasimolecular or compound nu-

clear. Discriminating between these two processes
may be immaterial, since a compound nuclear state
with very high spin and excitation energy may be
greatly deformed to the extent that it may be func-
tionally equivalent to a nuclear molecule.
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