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The present state of the theory and experiments on reactions with the formation of
quasimolecular states is reviewed. The main attention is devoted to the '*C + '>C system,
which is the one that has been most investigated from the theoretical and experimental points
of view. The characteristic features of near-Coulomb resonances and resonances above the
Coulomb barrier are considered. The existing theoretical models are analyzed and compared.
There are, on the one hand, spectroscopic models, including the collective model, group-
theoretical approaches, and calculations of low-lying spectra in a microscopic basis; on the
other hand, there are the dynamical models, beginning with the phenomenological ones and
ending with methods that use simplified variants of microscopic theories. The review ends with
a summary of the conclusions that can be reached on the basis of an analysis of the present
state of the experimental and theoretical investigations of quasimolecular resonances.

INTRODUCTION

Nuclear molecular states, or nuclear quasimolecules, or
resonances of intermediate structure, were introduced about
25 years ago to explain very interesting results obtained in
the first studies of heavy-ion interactions ('*C + '*C). The
resonances found in these experiments were well correlated
in different channels and had a width much less than the
single-particle width and much greater than the compound-
nucleus width for the given collision energy.

Since then, such phenomena have been intensively in-
vestigated, both theoretically and experimentally (particu-
larly in recent years). However, the problem of the occur-
rence of unexpectedly narrow and well-separated
resonances in the interaction of heavy ions (with excitation
energy of the compound nuclear system around 15-50
MeV) is still not completely clarified.

It should be noted that from both the experimental and
the theoretical point of view the system hitherto most fully
investigated is the ('>C + '2C)**Mg* system, although anal-
ogous phenomena have been observed in the '*C + '°0,
140 4 'J‘C, 160 4 160, 2¢ 4 4N, Z4Mg i Zqu, 28gi 4 288j
systems and some others. For this reason, we shall in Secs. 1
and 2 consider only the experimental data on the '*C 4 '*C
system and the theoretical models, which were largely sti-
mulated by the experiments with this system.

In Sec. 1, we discuss the below-barrier resonances, the
Imanishi model, resonances at energies above the Coulomb
barrier in transfer reactions and inelastic scattering, the fu-
sion reaction, and unusual entrance and exit channels lead-
ing to ** Mg*.

In Sec. 2, we give the main theoretical models and meth-
ods—the classical estimates, spectroscopic approaches (col-
lective model, the approach based on group theory, calcula-
tions in a collective cluster basis), and dynamical
calculations of the reaction and fusion cross sections, begin-
ning with the phenomenological ones (diffraction model
and Regge-pole model) and continuing with semimicrosco-
pic ones (coupled-channel method, DWBA) and fully mi-
croscopic ones (resonating-group method, projection-oper-
ator method, interpolation approach, Hartree-Fock
method).

83 Sov. J. Part. Nucl. 18 (2), March-Apr. 1987

0090-4759/87/020083-20$04.40

Section 3 is devoted to a review of complementary
methods of studying nuclear molecular states through y
transitions in molecular bands and measurement of the pop-
ulations of magnetic substates (alignments).

The main conclusions are drawn at the end of each sec-
tion, while in Sec. 4 we summarize the study of nuclear mo-
lecular states and consider certain prospects.

1. EXPERIMENTAL DATA ON THE ('2C+12C)24Mg* SYSTEM
The below-barrier resonances
Experimental facts

The history begins with the discovery in 1960 of three
resonances by Bromley, Kuehner, and Almqvist' in the
'2C + '2C system; these resonances are shown in Fig. 1,
which reveals their presence at energies below the Coulomb
barrier. These structures are not statistical fluctuations,
since they are correlated at all angles and in all exit channels.
Their widths are of order 100 keV, and their reduced widths
of decay to the '?C + '>C channel are also large. The spins of
these resonances are 2% (5.6 MeV), 4™ (6.0 MeV), and 2™
(6.3 MeV). The presence of such clearly defined states at
**Mg excitation energies of about 20 MeV and the large
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FIG. 1. Inclusive yield of p, N, , and a from the '*C + '°C reaction. The
arrow shows the position of the Coulomb barrier.
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width (compared with statistical estimates) of decay to the
"2C + "*C channel immediately served as the ground for
proposing for them a quasimolecular nature (i.e., a state in
which an appreciable fraction of the wave function is a con-
figuration for which the two '*C nuclei move around each
other with weak overlapping of their wave functions).

Subsequent more exact measurements near the Cou-
lomb barrier were made already in the seventies, when the
PC("2C, @)®™Ne* and ">C('2C, p)*>Na* reactions were
studied.™’ Study of the reaction with a-particle emission and
formation of *°Ne in the ground state (in the cases when
such a process is observed) makes it possible to determine
from the angular distribution the angular momentum J of
the original state [see, for example, Fig. 2 (from Ref. 4), in
which the angular distribution |P, (cos 8) |? for L = 4 is fit-
ted for the state E_,, = 7.71 MeV]. Figure 3 shows the nu-
clear structure factor § = Eg(E)/Z}°_,[(2L + 1) T, ] (T
is the barrier penetrability)® deduced from the count of ¥
rays with energies corresponding to decay of the low excited
states of the *’Ne, **Na, and *Mg nuclei. It was assumed
that such transitions make the main contribution to the total
reaction cross section. In the figure, one can clearly see the
peaks corresponding to the initially open resonances 2, 4+,
2%, and also 4™ (7.71 MeV), mentioned above. The same
figure shows some of the more low-lying states and the re-
sults of a calculation of the spectrum in Ref. 6 made by
means of Imanishi’s model.”

The absence of such structure for the neighboring a-
particle systems '*C + '®0 and '°0 + '°O was remarkable.
However, recent experiments® with better resolution have
shown that such spectra are found not only for these systems
but also in the '*C + "C reaction,’ in which the presence of
pairs of “extra” neutrons should, according to expectations,
have completely smeared the resonance picture.

Before we discuss Imanishi’s model, we show that these
same states can also be clearly seen in '>C + '2C elastic scat-
tering (Fig. 4).' Although the data given in Fig. 3 corre-
spond well to calculations in accordance with Imanishi’s
model, investigations of the '>C + '>C system in the region
of energies near the Coulomb barrier are continuing. In par-
ticular, accurate measurements have been made (with step

< 50keV) of the elastic scattering in the region E, . = 6.5
7.05 MeV (i.e., in the region of resonances shown in Fig. 4).
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FIG. 2. Angular distribution of & particles from the '2C('2C, &)**Ne
reaction at E,, = 7.71 MeV. The continuous curve is |, (cos 6) 2.
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The phase-shift analysis of Ref. 11 and the inclusion of the
total reaction cross sections confirmed once more the spins
of these states, 2% and 4, and also showed that the elastic
width is an appreciable fraction of the total width (from
15% to 30%). This confirms once more the hypothesis
made long ago of a quasimolecular ('2C + '>C) nature of
these resonances. It should be noted that the density of com-
pound states (**Mg*) in this region of energies is of order
100 MeV ~ ' and that four further channels of decay to many
levels are opened. Estimates show that if the reaction were to
proceed through the formation of ordinary compound
states, then the mean elastic width would have to be 20-40
times smaller than the experimental width, and this again is
an indication of an important part played by a quasimolecu-
lar configuration in the wave function of the resonance state.

Investigations made during the last six years in the re-
gion of energies near the Coulomb barrier, mainly with the
detection of ¥ rays for the '*C + 'C system, reveal a very
large number of resonances in the region E,,, = 3-11
MeV.'>"3 The total number of resonances currently known
at these energies with spins J = 0, 2, 4, 6 reaches 28-30 (see
Table I). It is rather difficult to explain such an abundance
of resonances in simple ways. Nevertheless, there now exist
models which permit one to understand the essence of the
problem qualitatively. We discuss these models in more de-
tail below.

Imanishi’s mode/

For the theoretical description of these resonances in
the '2C + '2C system, the currently most widely used model
is Imanishi’s model,” in which it is assumed that in the colli-
sion process one of the nuclei is excited toa 2+ (E * = 4.43
MeV) state, after which the system falls into a quasibound
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FIG. 4. The ratio [do, (90°)/dQ]/[doye, (90°)/dQ] for '*C + '2C
elastic scattering.

state of the "*C + "C* potential, which is taken to be the
same as the '>C + "*Cinteraction potential, remaining in the
quasibound state for a long time. Decay of such a state into
the elastic channel is possible only if the excitation is re-
moved, while decay into the inelastic channel is suppressed
by the wide barrier (the system is in a potential lower in
energy by 4.43 MeV,; see Fig. 5); fusion of the nuclei into a
compound nucleus is hindered by the repulsive part of the
interaction potential of the complex nuclei, which is due to
the Pauli principle (see, for example, Ref. 14) and leads to
an effective nucleus—-nucleus potential of surface or quasi-
molecular type (Fig. 5). This model had significant success
in describing the positions and widths of the low-lying quasi-
molecular resonances (and to a considerable degree was
used in subsequent theoretical models). However, even with
allowance for the mutual excitations of the two '>C nuclei in
the 2% state, this model does not give the number of near-
Coulomb resonances that has so far been obtained in experi-
ments.

Conclusions

Investigations of the '*C 4 '>C system at near-Cou-
lomb energies are still continuing. For example, in Ref. 15 y-
ray detection was used to measure the total reaction cross
section in the range E_,, = 5.5-10 MeV with step AE = 50
keV. Analysis of these data led to a determination of the
ratios of the widths to the elastic channel, I, to the width
I, for the resonances in this region of energies. In Ref. 16
the total reaction cross section was recovered from measure-

ments of the angular distributions of elastic scattering, while
in Ref. 17 the total fusion cross sections were measured by
means of y rays. It may be noted that all the recently ob-
tained results agree rather well with the results of the earlier
studies and make it possible to draw quite definite conclu-
sions about the intermediate structure of the quasimolecular
resonances at near-Coulomb energies:

(1) In the region of energies E,,. = 3-10 MeV there
exist a large number (28-30) of resonances with widths
100-150 keV and spins 0, 2%, 4%, 6™ of a nonstatistical
nature; they are clearly seen not only in the total cross sec-
tions and individual reaction channels but also in elastic
scattering.

(2) Investigations have confirmed the hypothesis of a
quasimolecular ('*C + '>C) nature of these states. All the
investigations give ' /T, ~ 10%-40% and show that the
widths of the decays of these resonances to the elastic chan-
nel are 1040 times greater than the mean widths obtained
from a statistical nuclear model.

(3) In this region of energies, the '*C 4+ '*C(2%) decay
channel is strongly suppressed by the Coulomb barrier and
therefore has not been directly studied, but it still makes a
large contribution to the formation of the quasimolecular
states, i.e., the system remains for an appreciable fraction of
the time in the quasibound '>C + '>C(2 + ) state, a situa-
tion that leads in accordance with Imanishi’s model to total
widths of the resonances of 100-150 keV.

(4) Some of the resonances predicted by Imanishi’s
model have been discovered experimentally, but there is a
large number of resonances that do not fit into this model.

Resonances at energies above the Coulomb barrier

Study of the '>C + '*C reaction at higher energies
(E s > 10 MeV) immediately leads to serious difficulties.
In the first place, these are due to the fact that the elastic
scattering cross section decreases rapidly with increasing en-
ergy and the reaction cross sections increase accordingly.
The elastic-scattering excitation function (for 8, = 90°) is
characterized by a gross structure with widths 3-4 MeV and
a fine structure (not particularly clearly expressed) super-
imposed on it. This excitation function does not permit one
to speak of definite resonances (and, because of the large
number of participating partial waves and the large inelastic-
ity, does not permit a phase-shift analysis to be made). For
this reason, intensive experimental investigations of differ-

TABLEI Dependence of the energy E_,, (MeV) on the spinJ™ ot quasimolecular reson-
ances found for '*C + '*C collisions near the Coulomb barrier. The energies of resonances

with insufficiently well-determined spins are given in brackets.

T — o+ JT = o+ JT = 4+ JT— g+
(3.17) (3.75) (4.46) (6.49)
(3.35) 4.62 5.25 7.55
4,25 4,88 5.96 8,86
5.80 5.0 6.85 9.05
(5.37) 7.3 9.33
.64 (7.45) 9.98
6.25 7.1 10,45
6.41 8.10 (11.20)
6.63 8.26
8.45
8.58
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FIG. 5. Scheme of formation of quasimolecular states in Imanishi’s mod-
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ent reaction channels with '>C + '2C entrance channel have
been made since about 1975.

However, it was soon found that the reaction cross sec-
tions fluctuate strongly, an appreciable fraction of the fluc-
tuations being purely statistical in nature. To separate the
true peaks from the statistical fluctuations, several criteria
have been proposed:

(1) agreement of the spin and parity of the resonances
when determined by different methods;

(2) the partial width of the resonance must be greater
than 2% of the Wigner limit in at least one channel;

(3) the appearance of resonances in the cross sections
integrated over the angle for at least two exit channels at
correlated energies;

(4) the resonance remains clearly visible in the fixed-
angle cross section summed over many final states of the
nuclei.

The combined use of all these criteria makes it possible,
in principle, to eliminate random fluctuations. However, asa
rule, not all the criteria are used simultaneously. In addition,
there are some complicating factors related to the large orbi-
tal angular momenta introduced into the entrance channel
at high energies. As a result, transitions to some channels are
suppressed, since in these channels it is difficult to introduce
a large angular momentum and accordingly correlations are
not manifested. In channels with light particles it is possible
to have manifestation of resonance effects associated with
the penetrabilities and yrast band in the residual nuclei, since
only such states can carry away the large angular momen-
tum of the doorway state. In addition, at such energies there
is in the exit channels a large nonresonance background that
can interfere with the resonance amplitude being sought and
lead to a shift of the peaks and dips with respect to the energy
and change their nature. Thus, the problem of determining
nonstatistical peaks (or resonances) that are correlated in
different channels is, as before, fairly complicated. We now
list briefly the experimental results obtained in recent years
in the "*C + "C system.

The 2C 4 12C . 8Be + 180 * reaction

This channel (especially with a transition to the ground
state of the '°0 nucleus) has been widely investigated in the
range E . = 9-20 MeV and with step AE~100 keV in
Refs. 18-20 and is mainly used to determine the spins of the
resonances. The analysis of the *Be + '°O (in the ground
state’®) excitation functions integrated over the angles
shows that the structure of the excitation functions becomes
less well expressed and less suitable for analysis with increas-
ing energy.
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The 12C 4 12C - o  20Ne* reaction

This channel was investigated intensively in Refs. 21—
25 in the range of energies E,,, = 4-15 MeV and with step
AE ~50keV. Individual excitation functions were studied®!
and also the excitation functions integrated over the angles
for the six lowest 2’Ne states.”®?? In addition, excitation
functions integrated over the angles were obtained for 22
excited *°Ne states.>* The spins of the resonances were de-
termined from the angular distributions for *°Ne (0 and
27) states. In Ref. 25, a statistical analysis was made of data
in the @ + *°Ne channel for above-barrier energies. It was
shown that nonstatistical effects play an important part and
that the discovered nonstatistical resonances agree with the
results of other authors.

Figure 6, taken from Ref 24, shows the
2C 4 C—a + *°Ne* reaction cross sections for different
*0Ne states and their sum.

In Fig. 6, particular attention should be paid to the
cross section for excitation of the E * = 7.83 MeV (27) level
of °Ne, which on the average is 4- 10~ 2° cm?, while the sum
of the cross sections for 22 levels is about 26.10~2¢ cm?. This
indicates that the given level is excited with an anomalously
large cross section. The structure of this state is well known
(8p4h), i.e., its excitation can be related to transfer of two «
particles to the '>C nucleus [for example, from the excited
0," (7.65MeV) level of one of the *C nuclei], and this, in its
turn, indicates that the a-cluster mechanism plays an impor-
tant part in the formation of the quasimolecular resonances
(see also Sec. 2).

Inelastic 2C+ 2C scattering

The "*C + '*C inelastic-scattering reaction with excita-
tion of one or both nuclei to low collective states (2,, 4.43
MeV; 0,7, 7.65 MeV; 35, 9.64 MeV; 4,*, 14.08 MeV) has
long been a subject of great interest. In recent years, such
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FIG. 6. Cross sections of the '>C('*C, &) **Ne* reaction for different *°Ne
states and their sums. The continuous curve at the bottom is the result of a
calculation by the Hauser-Feshbach method.
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inelastic-scattering channels have been intensively studied
in the region of energies E,_, = 15-40 MeV.2*?° For exam-
ple, the cross sections of inelastic scattering with the excita-
tion of one or both of the >C nuclei to a 2 state were mea-
sured in Refs. 26 and 27. Both gross structure and fine
structure were found, and on the basis of linear interpolation
spins up to 18* (E,,; ~37 MeV) were proposed. Analysis
of these cross sections, the fusion cross sections, and the exci-
tation function for elastic scattering showed that the ratio of
the elastic width to the total width for the 10+, 12+, 14+
resonances is 209%—-30%, and this is again an indication of a
quasimolecular nature of these states. It is interesting to note
that the reduced widths for decay to the 2% ('*>C) state are
close to the reduced widths for decay to the elastic channel.
In Ref. 28, inelastic scattering to 0,7, 35, 4,7 states in the
region of energies E_,, = 22-40 MeV was studied. It was
noted that all the inelastic channels (2+,2%2%,0%,37,4™")
at E_, . ~30 MeV give a cross section close to the unitarity
limit (and one cross section to 2" exhausts almost 40%). In
Ref. 29, the angular correlations between the ¥ ray and the
2C nucleus were used to study inelastic scattering to the
2% ('2C) state in the region of energies E,,, = 15-30 MeV.
The most probable values of the spins agree with the esti-
mates from Ref. 26.

Figure 7 shows the cross sections of inelastic scattering
(from Refs. 27 and 28) to excited states of the 2C nucleus
(2*,37,0,",4™) and the cross section of excitation of both
nuclei to the 2* states. In these figures, one can see a strong
resonance structure in the region of energies E_. = 12-20
MeV, and also a well-defined but less copious structure at
energies £, equal to 25 and 30 MeV.

Fusion reaction

Besides the channels listed above, investigations were
made in Ref. 17 of the total fusion cross sections in the range
of energies E_,, = 5-20 MeV with step AE=125 keV, for
which measurements were made of the excitation functions
of ten residual nuclei by means of -ray detection. The statis-
tical analysis indicates a large number of nonstatistical
anomalies coincident with resonances in other channels.

Figure 8 shows the total fusion cross section from Ref.
17; one can again see appreciable structure in the cross sec-
tion well correlated with many other channels.

Elastic scattering

All the analysis discussed above related exclusively to
investigation of the inelastic channels at £, above the Cou-
lomb barrier and hardly touched elastic scattering. It must
be borne in mind that the elastic scattering cross sections are
small and that structure is not seen in them as clearly as in
the inelastic channels. It is therefore only in recent years that
data on elastic scattering at high energies have begun to be
used in the analysis of resonances of intermediate structure.

For example, the angular distributions of 'C + '2C
elastic scattering in the energy range E_ ., = 15-23 MeV
were investigated in Ref. 30. The results can be described by
using an optical potential with the addition of resonance
terms.

For the investigation of the elastic channel, the excita-
tion function at 90° (c.m.s. ) is the most convenient, since the
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FIG. 7. Cross sections of inelastic '>C + '*C scattering with excitation of
one or both nuclei.

ratio of the resonance effects to the background is maximal
at this angle.

A correlation analysis in Ref. 31 compared the excita-
tion function of elastic scattering with inelastic '*C scatter-
ing and with the a-particle and proton channels in the region
ofenergies E_,,, = 10-35 MeV. It was shown that in all cases
the maxima are correlated (Fig. 9), though sometimes not in
all channels. The elastic scattering was compared with cal-
culations in which resonance parameters were chosen. The
results indicate that the ratio of the widths of decay to the
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FIG. 8. Total fusion cross section in the 'C + '>C reaction.
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elasticchannel, T',;, to the total widths ", of the resonances
is about 10%-50%, in good agreement with the strength of
the resonances in the total reaction cross section. The inves-
tigation directly demonstrates the appearance of quasimole-
cular states in elastic scattering, giving, in principle, a possi-
bility of measuring the spin and T',, in the elastic channel.
The authors again draw attention to the appreciable admix-
ture of channels with '>C excitation in the wave function of
these states, and also to the admixture of the & + 2°Ne chan-
nel.

Unusual entrance and exit channels of reactions leading to
the system 24Mg*: 12C -+ 12C —» y 4 29Mg*, 20Ne 4 a — 12C+ 12C,
120 4 160~ o 4 29Mg*, 12C + 19N — d -+ 29Mg*

Whereas for almost 20 years the intermediate structure
in the 'C + '°C reaction was investigated in many exit
channels with emission of different nuclei in the ground and
excited states and as the entrance channel the '*C 4+ 12C
channel was always used, in recent years there has been
much interest in the study of unusual entrance channels with
excitation of states of intermediate structure in the >*Mg sys-
tem. For example, in Ref. 32 resonances of intermediate
structure with spins 2% were found at £, ~5-8 MeV in the
2C('*C, y)**Mg reaction, in which y-ray decay to the
ground and low excited states of the **Mg nucleus was stud-
ied. Several resonances with widths of order 250 keV were
found. Although some of the resonances did not agree with
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the known results of other studies, a more careful analysis is
required, since the conclusions in Ref. 32 were drawn on the
basis of excitation functions measured at one angle 6,,.

In Ref. 33, the angular distributions were measured
with step 10 keV in the region of energies E, = 13.4-20.8
MeV [E*(**Mg) ~20.5-26.6 MeV] for the 2°Ne(a,
12C)'2C reaction. Altogether about 10 000 cross sections
were measured, and this made it possible to carry out a de-
tailed analysis by means of Legendre polynomials and to
determine the spins and widths of the resonances by fitting
(by the y* method) of the cross sections as sums of a reso-
nance and a nonresonance amplitude. By means of this
method it was possible to determine about 55 resonances (of
which only 10 were known from other experiments). It
should be borne in mind that for the majority of resonances
the (T, T'¢)'T,, values are very small and can therefore
hardly be seen in the total cross sections; in addition, they
overlap strongly, and this also makes the analysis ambiguous
(generally speaking, in such a situation a statistical analysis
would be very helpful).

From 1979 the "*C('°0, a)**Mg reaction began to be
used to study quasimolecular states in the >C + '2C system.
The spectrum of @ particles emitted at angles 7° and 15° was
measured, for example, in Ref. 34 at energy 145 MeV of the
incident '°0 nucleus. After subtraction of the smooth back-
ground, characteristic structures in the a spectra that fitted
into the known quasimolecular band for 2*Mg were found.
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From this it was concluded that in this reaction there is a
direct transfer of the '>C nucleus and that high-lying
J=16", 18" states of **Mg are observed. We note that the
effect was not observed at the angle 40°. Although a justifica-
tion for direct transfer was given in Ref. 35, it is nevertheless
evident that the hopes of observation of high-lying quasimo-
lecular states in this reaction were not justified. For example,
the "*C('°0, a)**Mg reaction was studied in Ref. 36 in the
range E,, = 60-100 MeV. Measurements were made of the
energy, width, and decay branch for **Mg excited states at
E* up to 27.5 MeV. From the resulting data the authors
concluded that the excited states in this region of energies
are not associated with quasimolecular resonances in **Mg
excited in the ">C('2C, ®Be)'°0 and '*C('2C, a)*°Ne reac-
tions. With regard to the region of higher excitations, the
authors noted the possibility of explaining the correspond-
ing a groups by inelastic '°O scattering (to highly excited a-
cluster states) with subsequent emission of & particles. This
explains, in particular, the result of Ref. 34, in which an
effect was not observed at 8,,,, = 40°. This conclusion is con-
firmed by Ref. 37, from which it follows that in the '°0 reac-
tion on the '?C and '*C nuclei at £ = 140 MeV the dominant
process in the a—'2C coincidence spectra is that of excitation
and decay of '°0 nuclei and not the process of interaction of
the nuclei '>C + '?C in the final state. The same conclusion
was drawn in Ref. 38, in which measurements were made of
two '?C nuclei in coincidence from the *C('®0, '2C, ) 2C
reaction at energies E,, ('°0) =~70-80 MeV. Since in these
reactions there is a large background of @ particles, it was
suggested that the a—">C coincidences are not sensitive to
the interaction of the '2C nuclei (which give weak peaks at
the level of the large background).

With a view to further study of this question and to
establish whether the '2C('°0, a)?*Mg reaction could be a
new tool for investigating quasimolecular resonances in the
12C + '>C system, a study was made in Ref. 39 of the energy
dependence of the inclusive a spectra in the '°0 + '*C reac-
tionatE,, ('°0) =~94-150 MeV. The results obtained in this
study show that the clearest peaks in the o spectrum are not
24Mg* states but derive from the successive decay of an excit-
ed '°0 nucleus. The structures observed at E * (**Mg) equal

E(2¢Mg), MeV
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to 25 and 28 MeV do have the kinematics of the **Mg final
state but consist of a large number of narrow states, and the
cross sections of these states fluctuate with the beam energy
(this indicating importance of the compound-nucleus pro-
cess). Only two states, at E *(**Mg) equal to 20.3 and 20.9
MeV, are definitely *Mg states, but these states are excited
very weakly. For this reason, the '>C('°0, a)**Mg reaction
does not give a clear proof of direct transfer of the ‘2C nu-
cleus and is not yet a good tool for investigating quasimole-
cular resonances in the '>C + '>C system. This reaction does
make it possible to investigate possible three-particle ('>C—
a-"2C) (see Ref. 40) quasimolecular states of the **Si nu-
cleus.

From the point of view of studying quasimolecular re-
sonances, the '>’C('*N, d) reaction offers a different perspec-
tive. Until recently, it was taken to be well known that this
reaction proceeds through the stage of formation of a com-
pound nucleus with subsequent evaporation of deuterons.
However, in Ref. 41 measurement of the d—« angular corre-
lation function with the @ emitted from a **Mg excited state
[itistrue, at E *(**Mg) < 14 MeV | showed that direct trans-
fer of the '*C nucleus makes a large contribution to the pro-
cess. If it will be shown that in this process one can also have
direct transfer of the nucleus '>*C(2%) in the (2%) excited
state, then such a reaction will be exceptionally important
for the study of quasimolecular states in the '>C + '>C sys-
tem.

Conclusions

The experimental data discussed above give convincing
evidence for the existence in the >C + '>C system of specific
quasimolecular states.

In Fig. 10 we have collected together all the currently
known and exactly established resonances of intermediate
structure (from the studies quoted above) in the 'C + '2C
system up to energies E_ . ~25 MeV. It can be seen from
this figure that the picture is very rich (and, generally speak-
ing, resembles the rotational—-vibrational spectra of diatomic
molecules or deformed nuclei), the centroids of the reson-
ances with different spins (J) lying well on a rotational band
with moment of inertia corresponding approximately to the

FIG. 10. Rotational quasimolecular band of the 2C 4 '2C system. The
points show the positions of the resonances of intermediate structure, with
the resonances having insufficiently well-established J given in brackets;
the arrows indicate the positions of the thresholds of the various channels.
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moment of inertia of two '>C nuclei separated by ~5.3 F (we
recall that the radius of the '>C nucleus is ~2.7 F).

It should be noted that all the theoretical estimates in
accordance with different models are based to a large degree
on knowledge of the spins of the resonances in the region of
energies in which the calculations are made. For this reason,
the determination of the spins of the states is of paramount
importance. However, in the region of energies £, ~ 17-20
MeV the situation is not entirely clear in this sense, since
investigations of the ®Be + '®0 channel®® give J = 12+ for
the spin values in this region, whereas study of the
2°Ne(g.s.) + a channel*” in this region of energies gives pre-
ference to spins 107, and study of the angular distributions
of elastic scattering in Ref. 30 gives preference to spins 14*.
All this indicates the need to make a more careful study of
the spins of resonances at higher excitation energies.

The investigations of the 'C + '2C system at energies
above the Coulomb barrier made during the last ten years
permit the drawing of a number of conclusions:

(1) in the region of energies E_,, = 10-30 MeV there
exists a large number of resonances with widths 100-400
keV and spins 6 *—14* of a nonstatistical nature that are well
correlated in different channels;

(2) the investigations indicate a quasimolecular nature
of these resonances, and the elastic widths of these reson-
ances vary from 10 to 50% of the total widths;

(3) on the average, these resonances fit onto a rota-
tional band with moment of inertia close to the moment of
inertia of two weakly overlapping '*C nuclei;

(4) channels with excitation of one of the >C nuclei to
21 (4.43 MeV) and a-particle channels are important in the
formation of the wave function of these resonances;

(5) the spins of the high-lying states are at the present
time determined with insufficient definiteness, and this can
lead to certain difficulties in attempts at theoretical descrip-
tion of these states;

(6) the '2C('®0, a) reaction excites weakly or not at all
high-lying quasimolecular states in **Mg.

2. THEORETICAL MODELS

From the middle of the sixties, when the first quasimo-
lecular resonances (see Fig. 1) were discovered in the
12C 4 12C gystem, numerous attempts were already made to
create a theoretical model suitable for describing this class of
phenomena. However, a unified theory or model that makes
it possible to explain (and calculate) the existing experimen-
tal data does not yet exist. As a rule, the existing models
make it possible to explain only one aspect of the phenome-
non (for example, the inelastic cross section, or the fusion
cross section, or the elastic cross section, or a large number
of states with one J, etc.).

The solution of this problem by a purely microscopic
approach is at the present time an exceptionally difficult
task—even the groups of theoreticians best equipped with
computers are not in a position to solve the problem of 24
nucleons in the continuum with an excitation energy of the
compound system of order 15-50 MeV. This problem is
further complicated by the diversity of manifestation of the
different degrees of freedom of a complex system such as a
strongly excited nucleus. On the one hand, there is the amor-
phous compound state, and on the other the well-defined
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cluster phase; there is a variety of collective phenomena plus
acertain indeterminacy in the nature of the interaction of the
nucleons in the medium.

Therefore, the only realistic way of clarifying the nature
of the resonance phenomena in reactions with light nuclei
(up to *°Ca) is to make a broad analysis of the consequences
that follow from different theoretical assumptions and com-
pare them with experimental data.

In this section, we review the main theoretical models
and methods used to study resonances of intermediate struc-
ture. Feshbach’s scheme of doorway states, proposed in Ref.
43, makes it possible to understand the general picture of the
phenomenon. In accordance with this scheme, a resonance
state in the incident wave with a width of the order of the
single-particle width interacts with so-called doorway
states. These states of relatively simple structure are long-
lived and can decay into the entrance channel, or into the
reaction channel, or through a long chain of transitions into
very complicated states (of compound-nucleus type). The
coupling of the doorway (long-lived) states to the incident
wave can lead to a set of fairly narrow resonances. If one
adopts this point of view, then the various specific models
differ in the way in which the doorway state is described.

The majority of the theoretical models employ Imani-
shi’s model,” which we have already mentioned (see Sec. 1),
and in which the doorway states are taken to be quasibound
states of the '*C + '>C system with excitation of one or both
nuclei to low-lying collective states: 2+, 4.43 MeV; 0,7, 7.65
MeV; 37, 9.64 MeV.

Classical estimates

We consider the typical features of the resonances from
the classical point of view. First of all, one can see from Fig.
10 that there is a large number of resonances grouped into a
band with gross-structure width of the order of several
mega-electron-volts. All the bands of quasimolecular states
(not only '2C + '2C) observed in heavy-ion reactions satisfy
the rotation rule***?

Eei=E()—EO)=J (+1) g5z, )

where E(0) = ce’Z,Z,/Rz,and Ry = 1.4(A 3+ 4 is
the distance at the moment of touching, in fermis; ¢ =0.9,
owing to the influence of the nuclear attraction, which effec-
tively lowers the Coulomb barrier.

The appearance of rotation bands for different binary
systems with mean moments of inertia corresponding to a
configuration of two touching nuclei makes it possible to
classify these resonances as states of molecular type. On the
other hand, ordinary molecules are long-lived formations,
and it is therefore of interest to consider the lifetime of such
states. If one takes the typical value of the width for the gross
structure, a I of the order of several mega-electron-volts, it
is easy to see that the system makes >] of a revolution
(@~2-10%' sec ') before transition to a state of compound-
nucleus type or before going into the elastic channel. For
comparison, the characteristic time of formation of nuclear
shells is 5-10~22 sec. Thus, analysis of the gross structure
shows that:

(1) if one considers the averaged picture (single-parti-
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cle resonances), then the picture that is realized is not one of
molecular type (number of revolutions of the system n> 1)
but is rather of quasimolecular type (2 1);

(2) the nuclei spend an appreciable time before going
into the elastic channel without losing their individuality.

This gives a physical justification for regarding the reso-
nance phenomena in heavy-ion collisions as a new class of
phenomena or a new phase of the state of nuclear matter.

The general conclusions from the estimates of the gross
structure leave open, nevertheless, the question of the expla-
nation of the fine structure of the resonances that is observed
in the reactions or the large number of resonances with the
same J” (see Fig. 10). A consistent treatment requires the
inclusion of new degrees of freedom and a quantum-mechan-
ical approach. Before we consider the dynamical aspects of
the problem, we dwell on the existing structure calculations.

Spectroscopy of high-lying states

Overall, the arrangement of the states in Fig. 10 recalls
the picture of the well-known low-lying rotational-vibra-
tional spectra of deformed nuclei or diatomic molecules. For
this reason, it is tempting to use the methods developed to
describe analogous phenomena in other branches of physics,
although the quantitative aspect can be determined only by
comparison with experiment. The methods most widely em-
ployed are: (a) study of collective degrees of freedom; (b)
application of group theory to the classification of the states;
(c) calculations in a microscopic cluster basis.

Collective model

The collective model uses a scheme with coupling of the
rotations of a rigid rotator to surface B and y vibrations
(analogous to the case of a deformed nucleus). In the first
order in the coupling, the following expression was obtained
in Ref. 44 for the spectrum of the *C + '*C system:

Epsongn=(L(L+1) — K e — {5 |K|+1+2n,)

E, -+ {"0 1—%) Eg, (2)
e=h*21 =~ 0,1 MeV.

In this study, it was noted that the values of n, and #, can
only be guessed. From the position of the 0™ states, taking
n, =0, n, = 0 for the ground state and n, =0, ny,=1 (-
vibration band), it follows that E, = 3.40 MeV, E; = 1.65
MeV. Calculations for the complete spectrum with fixed E,
and Ej give a spectrum similar to the experimental one but
with much larger distances between the levels. But if one
takes n,=1, no=1 and n,=1, ny=2 for the 0%
(E, =0.64 MeV, E; = 1.55 MeV) doublet, much better
agreement with experiment is obtained, but in this case there
must be one additional 0* level at E,, = 1.50 MeV, which
has not yet been observed.

Another attempt to introduce explicitly vibrational de-
grees of freedom was made in Refs. 45 and 46, in which the
possibility of quadrupole deformations of the >C nuclei
forming the molecule was considered. Thus, the complete
system was described by quadrupole-octupole symmetric
and antisymmetric vibrations with allowance for rotations
of the system as a whole (collective two-center model). The
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model leads to coupled-channel equations; the parameters of
the potentials are taken from calculations by the folding
method, while the parameters of the vibrational part of the
Hamiltonian are taken from calculations using the two-cen-
ter shell model, and also from fitting with respect to the 2%
(4.43 MeV) level in '2C. It should be noted that, in contrast
to Ref. 44, allowance is made here for the nonadiabatic ef-
fects of the coupling of the moment of inertia and the vibra-
tion parameters. The results show that in this approach it is
easy to obtain a large number of levels with given J, but again
it is not possible to obtain the correct splitting (the correct
level density). For example, the distance between the bands
is 5 MeV, in contrast to the experimental values, which are
250-300 keV for large J and 1.4 MeV for the 0 states.

Group-theory methods (dynamical symmetries)

Group-theory methods, which have proved themselves
well in molecular spectroscopy and the spectroscopy of low-
lying nuclear states, give a picture of the global dynamical
symmetries of the interaction between heavy ions. In Ref. 47
it is assumed that the spectra are determined by dipole de-
grees of freedom (like a diatomic molecule) with R, the radi-
us vector joining the atoms, as the fundamenial quantity.
Taking into account also the vibrational degree of freedom
with molecular potential ¥(R) =2, @, [(R —¢)/b ]" and
using the Lie algebra of the group U(4) (three rotational
degrees of freedom and one vibrational degree), we obtain
for the spectrum the expression

E(w, L)= —D+4a(v+1/2)— A(v+1/2)2+ BL (L 1),

(3)
where v is the oscillator frequency, and D, a, 4, and B are
constants.

In Ref. 12, this expression [for a potential V(R) with
n=4] was used to investigate the '*C 4 '2C system at
E,., ~3.1-13 MeV. To determine the free parameters D, a,
A, and B, 28 resonances correlated in different channels were
used, and very good agreement (o = + 44 keV) was ob-
tained in the positions of the levels (Fig. 11). Moreover,
even the resonances with spin insufficiently well determined
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FIG. 11. Comparison of experimental guasimolecular spectrum (see Fig.
10 and Table I) with the spectrum calculated in accordance with Eq. (3).
The black circles represent the experimental results with well-established
spins, and the open circles are the results with insufficiently well-estab-
lished spins.
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lay on the curves describing the different bands. However, it
is here necessary to bear in mind the following facts, which
are not readily explained in the simple physical scheme just
considered:

(1) The reduced moment of inertia obtained from the
fit, B=0.076 MeV, corresponds to an average distance
r=6.75 F between the '*C nuclei, and this is appreciably
greater than the total radius of two spherical nuclei. Note
that for the formation of a double nuclear system there must
be at least partial overlapping of the wave functions of the
'2C nuclei to enable the attractive nuclear forces to come into
play. To explain such a large relative distance r, one must
either assume a very large polarization deformability of the
colliding ions or take into account explicitly the a-cluster
structure of the excited states of the 'C nucleus [in particu-
lar, the 07 (7.6 MeV) state]. Such a possibility was pointed
out in Refs. 12, 48, and 49.

(2) The parameter @ = 1.44 MeV corresponds to a very
“broad” oscillator potential, which cannot be obtained with
short-range NN forces.

(3) As was noted in Ref. 12, it is necessary to include in
the treatment other important channels as well, and this
must lead to a large number of additional states, since in such
a case the levels will be determined by a representation of the
direct product of groups U(N) ® U(4), where N is the num-
ber of channels.

In Ref. 50, allowance for the quadrupole-quadrupole
interaction between the '>C nuclei and use of a cluster repre-
sentation of the wave function in the SU(3) basis,

"chsa=;1{[@n (12C) @4, (*2C) 1 @1 (R)}anr, 4)

[where A4 is the antisymmetrization operator, ¢, and @,
are the wave functions of fragments with spins 7, and I,,
@ (R) is the wave function of the relative motion with orbi-
tal angular momentum L, and J and M, are the total angular
momentum and its projection], lead to the interaction Ham-
iltonian

I}:nt:éiléu*Pérel((}il+éi,), (5)

where @,.I ; @,2, and @re, are the operators of the quadrupole
moments of the fragments and of the relative motion.

The schematic Hamiltonian can be expressed in terms
of the Casimir operators C(Au) of the group SU(3):

H=Eil+Ei|+a|:c (ku)u-‘%,](_]_]l_ 1)]

+ 3B (L) + Ty (T 1)+ (1, + 1)
+ 8L (L + 1)+ ve (A u,). (6)

The parameter values a =8 = —0.04 MeV, ¥y =0, § =
0.15MeV,and v = — 0.10 MeV make it possible to describe
satisfactorily the distance between the low-lying levels and
the positions of the resonances in the @ + *’Ne channel. This
philosophy was developed further in Ref. 51, in which a mi-
croscopic oscillator cluster basis was used for the calcula-
tions.

Many-particle cluster basis

In Ref. 51, a microscopic calculation was made of low-
lying below-barrier states with a central NN potential of
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Gaussian type and with allowance for 12 to 20 excitation
quanta with respect to the coordinate of the relative motion.
Diagonalization was carried out in the framework of a sim-
plified variant of the resonating-group method, the orthogo-
nal-condition model,*? only the quadrupole moments and
the main channels, '>C + '2C, @ + *°Ne, *Be + '°0, being
considered. The partial widths of decay to all channels were
calculated. It can be seen from the results of the calculations
that, despite the incorrect positions of the thresholds, the
number and approximate distance between the quasimole-
cular states, 0", 2%, 4%, are in agreement with experiment,
this confirming their cluster nature; it is found that the par-
tial widths are too small for wave functions having the na-
ture of truly surface molecular states, and they are therefore,
rather, to be regarded as quasimolecular states. It must here
also be noted that allowance for an admixture of higher-
lying states leads to an increase in the weight of the wave
function in the surface region.

Conclusions

Summarizing what has been said, we may conclude that
the spectroscopic calculations for the '>C + '2C system with
allowance for the collective and cluster degrees of freedom
give overall a reasonable picture of the low-lying (below-
barrier) states and the approximate distance between the
levels of intermediate structure for the above-barrier reson-
ances. However, each of the models considered above de-
scribes well only one particular feature of the spectrum; a
complete description is not obtained (or the description
leads to unphysical parameters of the model). It should be
noted here that the extension of the spectroscopic models to
heavier systems must lead to similar spectra of the quasimo-
lecular states, which are not seen at the present resolution in
experiments with nuclei heavier than 2%Si. This may mean:
(a) the presence of an additional dynamical selection rule
preventing transitions to such configurations; (b) enhance-
ment of the coupling to such states in heavier systems, lead-
ing to overlapping of the quasimolecular resonances; (¢) a
much higher density of the levels of cluster nature.

Dynamics. Microscopic approaches

A mathematical formalism suitable for representation
of a nucleus as a system that spends some time in a complete-
ly thermalized state, called the compound nucleus, and some
of the time in other more ordered states, called at the present
time composite systems, is the projection approach to nu-
clear theory developed in Refs. 43 and 53-55. To give a defi-
nite meaning to the reaction mechanism, it is necessary to
separate the parts of the total wave function that make the
dominant contribution to the observed quantities—the cross
sections, positions of the resonances, and their widths. In the
projection approach, one can identify three directions that
have been most strongly developed in recent years: the re-
sonating group method,”® the projection-operator meth-
od,*** and the interpolation approach,’ which uses aspects
of a hyperspherical basis (K harmonics).

Resonating-group method

The resonating-group method is based on a cluster rep-
resentation of the wave function (4). The original many-
particle Hamiltonian with two-body NN interactions F( 7i)
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is projected onto the intrinsic states ®,; of the fragments,
and as a result one obtains for ¢, (R) a well-known system
of integro-differential equations® (the integral kernel is as-
sociated with systematic allowance for the Pauli principle).
The difficulties associated with allowance for antisymmetry
can be partly avoided in the orthogonal-condition model,*?
in which the results of numerous calculations show that the
elimination of the Pauli-principle-forbidden states in the
wave function of the relative motion (and, thus, in the total
wave function) is more important than allowance for the
residue of the nonlocal exchange kernel. Unfortunately, be-
cause of the great computational difficulties, it has hitherto
been possible in this method to describe only the low-lying
(below-barrier) resonances for complicated systems of the
2C 4 2C type (see Sec. 2).

Feshbach’s projection-operator method

In Feshbach’s projection-operator method,**** one
uses 2 decomposition of the complete Hilbert space into two
parts—the shape-elastic subspace P and the residue
Q(P + @=1).Initsturn, Pis decomposed into a resonance
part, R and a smooth background, p, while le decomposed
into the subspace of doorway states, d, which are comple-
mentary to the elastic resonances, and more complicated
(compound) states, §. Thus, the wave function consists of
four orthogonal parts:

Y = pWe) 4 RYG 4 dWe 4 ¥ (7)

and, in accordance with tp\is, four terms can be separated in
the scattering amplitude T

P s AT Hgy [ %) o T ok Bl Ty T - 1(8)

corresponding to resonance and nonresonance elastic scat-
tering, transition to doorway states, and transition to com-
pound states.

Because of the ambiguity in the decomposition of the
space and the as yet insuperable difficulties of many-particle
calculations with NNV potentials, the equations of the method
merely provide a scheme for the construction of models that
make it possible, on the basis of physical considerations, to
parametrize and calculate effective potentials, using them
subsequently in various model problems.

It should be noted that the developed method is widely
used to interpret qualitative effects observed in heavy-ion
physics.

Interpolation approach

In the interpolation approach,® the wave function is
sought by the variational method in the form of a sum
Y. (p) + ¥, (p) using hyperspherical functions; as in the
case of three-dimensional spherical functions, this makes it
possible to reduce the problem, after projection of the many-
particle Hamiltonian onto the multidimensional angular
functions, to motion with respect to the single collective hy-
perradial variable p (p* = 1/4 2, (r, — r;)*. The functions
W, . and ¥, are orthogonal and are required to describe
adequately the behavior of the system in the interior region
(compact states of 4 nucleons) and in the exterior region,
where asymptotically the wave function represents the rela-
tive motion of the clusters in the different binary channels.
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For the radial parts of such a wave function, one obtains a
system of coupled differential equations (in contrast to the
system of integro-differential equations in the resonating-
group method), the system having the same form as in the
coupled-channel scheme. We give a somewhat simplified
version of the system>”

(ho— E) ¥y (p) = l: D, (p) ¥ixs (0);

(e West () = 2 Viw (0) ¥t (0) + D3 (p) Wint (0),

(9
which preserves the qualitative features of the original sys-
tem. Here, /, and /4, are the effective Hamiltonians in the
interior and exterior regions; E and ¢, are the total energy
and the energy of the relative motion in channel x; D, de-
scribes the coupling of channel x to states of compound-
nucleus type; and V. describes the coupling of the chan-
nels.

One can here repeat almost literally the remarks made
on the formalisms of the resonating-group method and Fesh-
bach’s method.

Note that these approaches yield under suitable simpli-
fications (basically, approximate allowance for antisymme-
trization and replacement of transitions to unimportant re-
action channels by an imaginary part in the potential) the
widely used methods—DWBA, weak and strong channel
coupling, and the independent-cluster model. Concrete ap-
plications of the methods described above to the investiga-
tion of quasimolecular states will be considered below.

Hartree-Fock method

For calculations of binary reactions, one usually em-
ploys a modified Hartree~Fock method, in which a two-cen-
ter basis is used to obtain the correct asymptotic behavior of
the wave function in the form of a product of wave functions
of individual clusters.

In Ref. 56, elastic scattering at low (below-barrier) en-
ergies was studied by means of the Hartree-Fock method
with a two-center deformed oscillator basis and with
allowance for pairing correlations, this being usually done to
describe soft modes of collective nuclear vibrations. This
yielded the dependence of the mass parameter (the reduced
mass) on the distance between the nuclei, an adiabatic po-
tential close to the potential obtained in the contact approxi-
mation or from the folding procedure, and the density of the
system at certain resonance energies. The calculations show
that: (1) in the framework of this method it is not possible to
reproduce a large number of below-barrier resonances, the
2*Mg binding energy, and the distance to the first quasimole-
cular 0™ level; (2) asin calculations in the framework of the
collective model, the effective reduced mass depends on the
distance between the ions, increasing with their approach
toward each other (this is equivalent to allowance for a non-
local interaction); (3) there is a large admixture of an a—
1®*0-a configuration in the case of fission into two frag-
ments.

In Ref. 57, the same method, with a number of simplify-
ing assumptions, was used to obtain equations of coupled-
channel type for the description of '>C + '?C scattering and
reactions with excitation of one of the ">C nuclei to a 2+
state; the potentials were calculated as both diagonal and
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nondiagonal in two limiting cases: collisions with the '*C
deformation axes along the line joining the centers and per-
pendicular to it.

It appears to be an important circumstance that the
averaged diagonal potential obtained for the interaction of
the two '*C nuclei has a quasimolecular nature (i.e., surface
attraction with a repulsive core), irrespective of the mutual
disposition of the deformation axes of the '*C nuclei; the
nondiagonal potentials have variable sign. As in the majority
of other models, the fusion cross sections were fitted by in-
troducing an imaginary part into the diagonal potentials.

The shortcomings of the calculations in Refs. 56 and 57
such as the approximate fulfillment of the asymptotic sym-
metries, the absence of good quantum numbers of the '*C
nuclei, and the neglect of translational invariance were part-
ly overcome in Ref. 58. The J dependence of the molecular
resonances and the possible existence of a simple equivalent
local potential were investigated. The study used an NN po-
tential with not only a central part but also a spin—orbit part.
The results of the calculations reveal a number of serious
shortcomings: (1) in the E’ (R) curves there is a “*gap”
between J equal to 0-8 and 10-12 due to the limitation of the
employed oscillator basis; (2) for J > 8, the moment of iner-
tia is ~ 140 keV, a value appreciably greater than the one
observed experimentally; (3) even the band based on the
ground state is poorly reproduced, and the number of below-
barrier states obtained is much smaller than is seen in the
experiments; (4) there is an extra below-barrier state with
J =0; (5) the local equivalent potential depends on J and
has range a ~3.31 F, which is much smaller than the value
obtained in other approaches; (6) the intensity of the spin—
orbit part of the interaction obtained by fitting was found to
be 80-100 MeV, which is much greater than its actual value.

Despite the fact that the Hartree-Fock method consid-
ered above is a modern and powerful means of investigating
the interaction of heavy ions, in actual calculations it is nec-
essary to make a large number of poorly controlled approxi-
mations, and as a consequence the results must be regarded
as qualitative and preliminary.

Very interesting results have been obtained recently for
central '>C + '>C collisions in a microscopic variant of the
time-dependent Hartree-Fock method.> In these calcula-
tions, the initial configuration was specified in the form of
the ?C ground state and the excited 0* (7.6 MeV) state,
which has a linear 3a structure. This enabled the authors to
model the large range of the interaction of the two '2C nuclei
needed to describe the spectrum of the quasimolecular
states,*® as discussed above. The picture obtained for the
density distribution indicates a large amplitude of the sur-
face vibrations with energy around 1.79 MeV and a domi-
nant quadrupole mode.

Calculations of noncentral collisions in the systems
%0 + %0 (E s = 52.5 MeV, L = 13 #) and *“°Ca + “°Ca
(Eoms = 139 MeV, L = 70 7)) made in Ref. 60 again reveal a
molecular nature of the interaction, the motion having a vi-
brational-rotational nature.

Dynamics. Phenomenological schemes

Many features of the elastic and inelastic excitation
functions and of the fusion cross section at energies in the
region of the potential barrier and above can be reproduced

94 Sov. J. Part. Nucl. 18 (2), March-Apr. 1987

in the framework of phenomenological models in which
allowance is made for the coupling of the intrinsic (collec-
tive) degrees of freedom and the relative motion, processes
of transition to a thermalized compound state, and fusion.
The concept of an internuclear potential is very attractive,
making it possible to describe in a compact and clear form
many of the basic features of the reactions and scattering,
and also to obtain a physically perspicuous picture of the
mechanism of formation of the resonance structure. There-
fore, during the last fifteen years physically motivated
schemes have been proposed. They can be divided nominally
into three classes: (1) diffraction schemes; (2) parametriza-
tion of the amplitude in the spirit of the DWBA and Regge
poles; (3) scattering and fusion models which use molecular
and geometrical notions (the pioneering study in this direc-
tion was Imanishi’s model’; see Sec. 1). Strictly speaking,
the amplitude (8) can be regarded as the result of scattering
by an optically inhomogeneous dispersive medium. Leaving
on one side the traditional optical model, which is in contra-
diction with the experiments due to the fact that in the case
of a large reaction cross section (and, therefore, large imagi-
nary part of the optical potential) it is difficult to reproduce
even the gross structure (the widths of the resonances are
found to be too large), we turn to the actual calculations.

Diffraction mode/

The diffraction model has been widely used and is still
used in nuclear physics, particularly to describe elastic scat-
tering. In principle, diffraction by an absorbing medium
with a diffuse edge distinguishes several partial waves (graz-
ing angular momentum), giving correct angular distribu-
tions at forward angles. It was therefore natural to extend
this picture to the '>C 4 '2C system. For this, it was neces-
sary to take into account not only elastic but also inelastic
scattering, and also to find a felicitous parametrization of the
reflection coefficients.

In Ref. 61, the adiabatic approximation was used to
derive simple relationships between the inelastic S matrix in
the angular-momentum space and the elastic reflection coef-
ficient 7, calculated in the optical model. To study the in-
elastic amplitude, one usually employs the DWBA with the
interaction of the collective model:

Ve=R dL {R

2 @ o () 4+ 0 (@B,

o

where U(R) is the interaction potential, which is most often
chosen in the Woods—Saxon parametrization. The quantity
177, occurs in the elastic scattering amplitude in the form

FO)=f @+ S it —n) ey, 0), (10)
1

where f, (6) and o, are the Coulomb amplitude and the
phase shift, and for 7, the proposed parametrization is

g+yE0 i, 20 1, O], AD

withg (1) = [1 + exp~u|—A_-i_] , t=141/2.

The quantities 7(E) and A have a meaning close to that of
the grazing angular momentum and the diffuseness in the
model with “smeared” absorption. The reaction amplitude
is expressed®! in terms of the radial matrix element
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Bur= S uy (k;7) ) uye (kgr)dr (12)
with optical wave functions u,; (kr). For a strongly absorb-
ing medium, the matrix element (12) can be approximately
expressed®® as the geometric mean

Bur (kiks) = [Bur (kaks) B (gl (13)
and B, (k. k, ) itself is related to 7, by
Buu (ki) = — 5 i ESIL, (14)

Note that the representation of the grazing angular mo-
menta in the form T, =k, R [1 — 2n.,/(k;R)]", where
n; are the Coulomb Sommerfeld parameters, makes it possi-
ble to find the reaction amplitude in closed form. Such a
program was realized for '2C + '2Cand '°0 + 'O in Ref. 63
with the parametrization

ng (B)= {1+ exp (£

)}_1; EG:Eo"r%L(L‘:" 1).
(15)

This representation does not lead to resonances in the elastic
channel and is satisfactory for diffraction by a sphere with a
diffuse edge (smooth cutoff with respect to /) and also for
strong absorption for small / and transparency for large
(grazing) angular momenta.

However, the model has a number of serious shortcom-
ings, which put in doubt the nonresonance diffraction reac-
tion mechanism, namely: (1) it gives incorrect peak/dip ra-
tios in the '2C*(2%) inelastic channel (Fig. 12a) and an
incorrect value of the absolute cross section; (2) it describes
poorly the angular distribution in the region of angles
70< 0, <110° (this distribution is sensitive to the reaction
mechanism); (3) to describe the resonance structure, one
must use a too small value of A ( ~1MeV) (15), in disagree-
ment with the diffraction picture.

Regge-pole model

Another parametrization of the amplitude in the
DWBA and the optical model is the model of moving Regge
poles.®*** Instead of calculation of the partial-wave ampli-
tudes by means of an optical potential or form factors in the
DWBA, one introduces from the very beginning a physically
motivated universal parametrization of these amplitudes.
Allowance is made for the fact that direct reactions and
transfer reactions are peripheral with /=~k(R; + R,) and a
“window” Al~1/5.

The partial-wave amplitude is expressed as

i (1= Ly)*
f(l)=rconst pllotoy] (I+-Ly+iy)e &

l—z
(I—p1) (I —p2)

(16)

with nine parameters: z, p,, p, (complex), L,, y, A. The fac-
tor (1 + L, + iy) reproduces the specific beats in multistep
processes described by strong channel coupling.

In Ref. 64 it is noted that such a parametrization makes
it possible to reproduce very well the DWBA results and the
experiments.

In Ref. 66, such considerations led the authors to a par-
ametrization of the DWBA radial integral in the form of two
moving Regge poles,

I, 1) =const/(l — ) (' — %), (17)
where . = ., +iT,/2, with .£, (E) taken from the opti-
cal potential ¥, = — (220 4 i25)exp( — r*/9.46), which

is obtained from the convolution procedure, and with T,
~40 p~' (MeV). For '*C + '*C and "°0 + '°0, satisfac-
tory agreement with the gross structure of the reaction cross
section is obtained.

These phenomenological approaches require some
comments:

51026 cme

2

FIG. 12. Cross section of inelastic '*C + '>C(2%; 4.43 MeV) scat-
tering.”® The points everywhere represent the experimental data. a)
The continuous curve represents calculations in the DWBA, and

the broken curve shows calculations in the diffraction model; b) the
continuous curve gives the results of strong channel coupling, and
the broken curve shows the results of the band-crossing model.
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1. Inboth cases, kinematically advantageous conditions
hold for the '*C + '2C—'2C + 2C*(2%) system—in the re-
gion L ~ 10-16 the positions of the resonances in the elastic
(L) and inelastic (L — 2) channels are very close together,
and this leads to a dominant role of the width of the inelastic
channel (L —2) in the formation of the resonance (see
Imanishi’s model’ ).

2. In both cases, the amplitudes admit a Breit-Wigner
parametrization,

1

Trp~ const - [(E — Ey —ily) (B — By — iTy)]
Ep = E. + E* 2,

which clearly demonstrates the role of the kinematic favor-
ing in the isolated resonances of the entrance and exit chan-
nels.

3. In both cases, a decisive role is played by the “/ win-
dow” of width A in the “diffraction” model and ~TI; in the
Regge-pole model.

To conclude this subsection, we should mention Ref.
67, in which a mechanism of interference between the barrier
and internal waves is proposed in order to improve the de-
scription of the gross structure. The barrier wave is de-
scribed by an amplitude of the “diffraction type” (10) with
an Ericson parametrization for 7,,

1
W= -

A~0.8 v % from the unitarity condition, (18)
while the internal wave is described by the model of a moving
Regge pole. This leads to better agreement with experiment

r 2C 4 '2C and 'O + '°0 ‘and it is concluded that the
picture of a “pocket” in the potential and, therefore, a quasi-
molecular nature of the resonances matches the experimen-

tal data better than the diffraction model.

Fusion models

In the study of fusion reactions in the region of above-
barrier energies for the majority of heavy ions it was found
that the cross section can be expressed in a universal manner
in terms of a critical angular momentum /, :

tC]‘

Opus=TK2 D) (204 1) o mA2LE,.
=0

(19)

As determined from the condition [/ ~kR_ (R
=r, (A + AY*),r, =1+ 0.07F).The appearance of
this quantity is due to the existence of a repulsive core in the
interaction potential of the nuclei, which prevents a further
increase of the density in the region of overlapping of the
nuclei, after which fusion commences. We note that R, cor-
responds approximately to the minimum in the pocket of a
potential of quasimolecular type.

In the region of the below-barrier energies, the fusion
probability is basically determined by the barrier penetrabi-
lity and the influence of the internal degrees of freedom,
which facilitate fusion, and for the cross section we have the
semiclassical formula

Gflls':”BzH(i_w) ’

= (20)
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where Ry =rp(A4 1?4+ A4}7), ry = 1.4 F, this formula is
also valid for above-barrier fusion with the substitution
Ry —R_.. Both of these expressions are limiting cases of the
more general expression obtained in closed form in Ref. 68,
in which the fusion and reaction cross sections
ler oo
Opys = A2 IZ‘,O (2L +1) T); 0, =n22 :Eu @I4+1) 7. (21)

were investigated. Note that the summation over / in the
expression for o, is restricted by /. , at which T; is reduced
by a factor of 2. For an inverted parabolic barrier with char-
acteristic frequency w, we can, by replacing the summation
over / by an integration, obtain from (21)

Otus*

hoR% {
In
2E 1-exp [2n (E——V(RB)—

1-+exp [2n (E—V (Rp))/iw] }
Rcr

(E V (Rer)))/Ra]

(22)

The different behavior of I, (E) and [_,, (E) divides the
complete region of angular momenta at above-barrier ener-
gies into the region of strong absorption (/< 10), where
shape resonances are not seen,® and the region of moderate
absorption, where they may appear. This gives a qualitative
interpretation of the disappearance of the clearly defined
gross structure in the experimental data at energies above
the Coulomb barrier for angular momenta /<8.

Models using simplified microscopic representations

Coupled-channel method, DWBA, band-crossing model, and
double-resonance model

Essentially, all calculations that take into account in-
trinsic excitations of one or two fragments are constructed in
the framework of the same philosophy—the mechanism of
double excitation (see Imanishi’s model), in which one nu-
cleus (or both), excited to low-lying collective states, loses
kinetic energy and falls into the region of quasibound states
in the same (or a slightly different) potential. The process of
absorption in the remaining channels and also fusion are
described by the imaginary part of the optical potential that
acts between the point nuclei. Schematically, the Hamilto-
nian of such a system can be described as the sum of the
intrinsic Hamiltonians H 1, and Hz, the Hamiltonian of the
relatlve motion Hre, — T(R) + U(R), and the coupling

H,, (R;1,2) between them:

H = Ho + B, + Hy + Hye (B3 1, 2). (23)

The wave function of the coupled-channel method is written
in the form [see (4)]

Y= > ¢f(R){Y;(R/R)
%,J M

[Dg, (1) @, @M = E of (RYYIM (), (24)

where @, (1) is the internal wave function of a fragment with

spin I;, and x labels the different channels (I}, I,, I, I). The
system of coupled equations for the channel functions
@ 5 (R) is obtained by projecting the Hamiltonian onto the
channel basis W/M(£):
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( he  d? B2 L (I-+1)
Ey

{Ecms - _ﬂ dR* W Re

+Vz(R)+iWH(R)) } 07 (R)

= ) Ve (R) 9% (R), (25)

RFER

where £, is the excitation energy of the two ions.

In the limit of weak channel coupling, ignoring the in-
fluence of the inelastic channel on the elastic channel, we
obtain the formulas of the DWBA and the two-step DWBA.

In the framework of this approach, a great deal of work
has been done by groups of theoreticians in the German Fed-
eral Republic (double-resonance model)’>” and Japan
(band-crossing model).”*7® Many forms of diagonal inter-
nuclear potentials were investigated; they follow from two
extreme approaches:

(1) The adiabatic approach, in which the nuclear shells
have time to readjust themselves during the interaction and
the potential is close to the Woods—Saxon potential or an
oscillator potential. This type can be realized at below-bar-
rier energies, when the incident ions are decelerated in the
long-range Coulomb field and at the time when the nuclear
forces come into play lose kinetic energy that is expended on
intrinsic excitations.

(2) The approximation of a sudden collision, in which
the incompressibility of nuclear matter on the macroscopic
side or the Pauli principle on the microscopic side lead to an
effective repulsive core'* at distances less than the sum of the
radii of the colliding nuclei. The region of attraction (the
pocket) at large distances arises because of the nucleon—nu-
cleon attraction. Itis usually assumed that this type of quasi-
molecular potential is realized in the region of above-barrier
energies.

In addition, different numbers of channels with excita-
tion of one or two '>C nucleiin 2, 37, and 0," states were
included, and an investigation was also made of different
forms of the imaginary parts—surface and volume absorp-
tion, and an imaginary part with a dependence on the energy
and density of states of the **Mg compound nucleus.

Investigations were made of different variants of the
nondiagonal parts of the potentials, which were obtained by
the folding procedure with NN forces in the following forms:
a sum of two potentials of Yukawa type, & forces,” and a
sum of a Gaussian function”” and an expansion of the diag-
onal part of the potential in a Taylor series with respect to
the parameters of the quadrupole deformation and the sur-
face vibrations.

It was noted in Refs. 79—81 that the nondiagonal poten-
tials calculated by the folding procedure give results very
close to the microscopic results, in contrast to the diagonal
potentials, for which the antisymmetrization of the total
wave function has a strong influence on the radial depen-
dence and the depth. In the models which we have mention-
ed,this dependence is taken into account only in the appear-
ance of even spins for identical nuclei.

We now discuss the results.

All the listed calculations reproduce at least qualita-
tively the gross structure in the inelastic channels and the
fusion cross section, while in the band-crossing model (see
Fig. 12) and the double-excitation model (Fig. 13) they also
reproduce the splitting of the resonances in approximate
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FIG. 13. Differential cross section of inelastic '>C + '2C(2+; 4.43 MeV)
scattering in the double-resonance model.”® The broken curve gives the
experimental data, and the continuous curve shows the calculation with
allowance for the channels (0, 2%), (2%, 2%), (0,5, 0,7), (2,7, 0,"),
(47, 0/).

correspondence with the number of channels taken into ac-
count. For example, the study of Ref. 73 took into account
excitation of *Cto 2%, 4™, 0," states and two-phonon states
as a result of two-step processes (the terms of second order in
the deformations of the 2C nuclei were also retained in the
expansion of the density), and a very rich intermediate
structure was obtained. However, for spins greater than 14™
such a structure is not observed experimentally. The band-
crossing model is based essentially on weak channel cou-
pling. The use of the method of strong channel coupling’’
leads to a similar form of the cross sections (Fig. 12) but
with smoother resonances. Calculations in the DWBA®"
(Fig. 12) lead to a similar picture.

In Ref. 77 it is ngted that although the behavior of the
elastic element of the S matrix differs from that of a model of
diffraction type,®* the inelastic elements have the same char-
acteristic resonance behavior. Despite the fact that the elas-
tic phase shift does not exceed 60°, a fact which serves as the
basis for the analysis of possible resonances, the enhance-
ments in the cross section can be described by means of the
Breit—-Wigner resonance formula. Analysis of the elastic
width T, for />10 shows that ', /T" ~0.2. This indicates a
quasimolecular nature of the resonances of the gross struc-
ture and gives a semimicroscopic justification for using a
parametrization of the amplitude of DWBA type.®>*

It was noted in Refs. 7072 that the elastic cross section
at forward angles depends weakly on the employed form of
the internuclear potential—adiabatic (without core) or in
the sudden-collision approximation (with core)—and there
was a discussion of the fact that the cross section of inelastic
scattering with angular-momentum transfer A/ is more sen-
sitive to the core, owing to the dominant contribution of the
partial wave with / =J — Al due to the lower centrifugal
barrier, which masks the core at large /.

It is also necessary to point out the direct genetic con-
nection between the one- and two-step DWBA models (the
latter is equivalent to the case of weakly coupled channels)
and the phenomenological Austern-Blair model. It was
shown in Ref. 78 that in the case of a coupling potential as
the derivative of the density the matrix element
{uy =’ (r)|dU(r)/dr|u{ ™’ (r)) which occurs in the elastic T
matrix is proportional to |uf > (R)u{ *’(R)|, since dU(r)/
dr has a surface 8-function nature, and in the inelastic case
(two-step process) ~|uf  (R)GL" (R,R)u{™’(R)|.
Thus, the amplitudes are determined by the behavior of the
wave function of the relative motion in the surface region.
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Here, u{*’ and u}~ are distorted waves, the incoming and
the outgoing; G/ is the Green’s function of the inelastic
channel corresponding to asymptotic behavior of outgoing
waves. It is also noted in Ref. 78 that their energy depen-
dence agrees with the behavior of the quantities dn/dl in
(10) and (11), which occur in the parametrization of the S
matrix.

This is not surprising, since for below-barrier reson-
ances (this also applies to the near-barrier case) the wave
function in the region of a resonance can be represented in
factorized form by separating explicitly the energy depen-
dence: u(r) = A(E)f(r), where f(r) is normalized to unity
in the interior region r<R,, and |[A(E)|*~T/
[(E—E;)?+T?] (T~e " i3 the barrier penetrabi-
lity).

The Green’s function in the neighborhood of a reso-
nance can also be represented in pole form: G e )
=f(")f("')/(Ek B0,

Thus, the energy dependence of the 7 matrix is deter-
mined by the poles in the entrance and exit (or intermediate)
channels and (for a two-step process) has the form

|7y

[(E—E)*+ %) (E—Epe+T]]

which is characteristic of the general physical picture of dou-
ble excitation that provides the basis of Imanishi’s model
and the double-resonance model.”" Allowance for a large
number of channels and their strong coupling does not
change the qualitative conclusions ®? for the inelastic 7" ma-
trix (an additional shift and broadening are obtained). Ne-
glect of the effects of strong coupling leads to the band-cross-
ing model,”*"® according to which the intermediate
structure is explained by the crossing of rotational bands of
the elastic channel and the inelastic channels with excitation
of one or both nuclei to states with spin J(E *), angular mo-
mentum of the bands L=J—1,..., J+ I, and energy
E'=E—E*

17|22 (26)

Modeling of quasimolecular states in the interpolation
approach

In Ref. 82, the general scheme of the interpolation ap-
proach was used to calculate the elastic and inelastic cross
sections with allowance for the '>C + '2C*(2*) channel in
the range of energies E,,,, = 10-23 MeV, where the states
with J = 10 and 12 make the main contribution. Under the
simplifying assumptions, the Green’s function in the open
channels was chosen in the form of a sum of two pole terms,
and the nondiagonal potentials V, . (o) of the coupling of
the channels and of the coupling of the channels with states
of compound-nucleus type, D, (p), were assumed to be lo-
calized [v,,.8(p — p,,) and 77,8 (p — p,) ] in the neighbor-
hood of the channel radius p,, and a radius of the order of the
compound-nucleus radius p,; the quantities V.. and 1, were
chosen on the basis of qualitative agreement with experi-
ment. The results show (Fig. 14) that the model correctly
reproduces the intermediate structure of the resonances as
regards both the cross section and the width of the gross
structure. Note that if the coupling with states of compound-
nucleus type (doorway states) is switched off, then, natural-
ly, the results of the methods of strong and weak channel
coupling are obtained.

Other open channels can be taken into account by intro-

98 Sov. J. Part. Nucl. 18 (2), March-Apr. 1987

Tinel
16

41

2

0

Q I I ! 1 1 1

18 Ecmg, MeV

FIG. 14. Cross section of inelastic '2C + 12C( 27%;4.43 MeV) scattering in
the interpolation approach. The continuous curve gives the calculation
foronly J = 10and 12 with allowance for the smooth background from all
J < 10; the chain curve gives the experimental results.

ducing two mechanisms: surface absorption i W, in the inter-
nuclear (diagonal) potential and the possibility of decay
from states of compound-nucleus type: Ty

Calculations in the framework of Feshbach’s method

In Refs. 83 and 84, this method was used in a quantita-
tive study of the '>C + '2C elastic cross section and the cross
section of the reaction with excitation of '2C to a 2+ state
withJ = 8-14and E,,,, = 10-30 MeV, the following simpli-
fying assumptions being made: (1) the diagonal (optical)
potential is chosen to be local in the Woods-Saxon form with
a variable depth; (2) as doorway states the vibrational 2+
and 37 states of one of the '2C nuclei are considered.

Thus, the scheme reduces to a variant of the coupled-
channel method. It is pointed out in Ref. 83 that the main
contribution to the cross section is made by the amplitudes
T; and T, (8) with T responsible for the envelope of the
gross structure. The results agree poorly with experiment as
regards both the number of intermediate resonances and the
Ccross section.

In Ref. 85 the same method was used to describe the
inelastic cross section with excitation of the 0, and 3~
states in the same range of energies. The results also deviate
appreciably from the experiments.

Fusion in semimicroscopic calculations

In more realistic calculations made using the coupled-
channel method and the DWBA, the fusion cross section
Ors is determined as the difference between the absorption
cross section and the total inelastic cross section (reaction
cross section) and depends on the imaginary part of the ion—
ion potential in the elastic and inelastic channels. If there is
no imaginary part, oy, = 0. It should be noted that gy de-
fined in this way also includes the effects of other open chan-
nels possessing intrinsic structure, for example, channels
with rearrangement, and can serve only as an estimate for its
value.

Nevertheless, the results of the calculations made in
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Refs. 73-79 reveal an oscillating behavior of oy, close to the
experimentally observed gross structure (see Fig. 8). More-
over, the cross section and the positions of the characteristic
mazxima and minima are satisfactorily described.

3. ADDITIONAL METHODS OF STUDYING
QUASIMOLECULAR STATES

Both the experimental and theoretical investigations
made during the last few years indicate that channels with
excitation of one or both nuclei to their low-lying states play
an important part in the formation of the quasimolecular
resonances. As a rule, the excited states of the colliding nu-
clei have nonzero spins. This makes it possible to measure
the populations of the magnetic substates (the alignments),
which are sensitive to the nuclear reaction mechanism.

The presence of a clearly expressed rotational nature of
the gross structure of the quasimolecular resonances stimu-
lated experiments to measure y transitions within this band.
Such measurements can give new additional information
about the wave-function structure of the quasimolecular
states.

Population of magnetic substates (alignment)

A new aspect of the study of reaction mechanisms is
measurement of the alignment®**’ of a state with spin I:

Poe (V) = 1=y [ 2 3m*Pu (@)~ 1T+ 1], @D

where P,, (®) is the population of the magnetic state m for
momentum transfer AL, and & is the azimuthal angle
between k; and Kk, The population is defined as
(do(®)/dD) ,,/[Z,, (do(®)/dQ),, |, where

(do (@) __ 2@

jJ-L'gi(@stoL"
= 1 e
daQ )‘m kzi Z

JML'M’

% (L' M'ALmIIM) TposY 3m (/2, 0)Y Lopge (w/2, @) 2. @28

The paper of Ref. 86 gives the results of calculations of
the alignment for the '*C + 20, 12C 4+ 12C(21) reaction
with AL = 2 in the DWBA, the strong channel coupling
scheme, the band-crossing model, and the diffraction model.
It is noted that these models do not reproduce well the align-
ment measured at several angles, particularly the dips
between the peaks. In addition, for E 20 MeV the align-
ment tends to the statistical limit P,, = 1/3 (for identical
nuclei with I = 2 states with m = + 2 and 0 are populated).
Attention is also drawn to the need to measure the angular
distribution of the alignment, which is very sensitive to the
spin-angular-momentum coupling scheme. Measurement
of the alignment in a reaction with mutual excitation of the
two '2C nuclei to the 2+ state in the interval of energies 15—
35 MeV shows that its behavior is correlated with the peaks
in the total cross section for E_., equal to 25 and 30 MeV. %
It is noted that the main contribution to these resonances is
made by the state with (m;, m;) = (2, 2), while the main
contribution to the regions between the peaks is made by the
(2,0) and (1, 1) states, The (0, 0) substate makes a negligi-
bly small contribution at all energies.

A very promising method for detailed study of the reac-
tion mechanisms is the search for correlations using 47 ge-
ometry of ¢ counters and particle detectors in the scattering
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FIG. 15. Decomposition of the total cross section with excitation of both
12C nuclei to the 2+ (4.43 MeV) state (points) from the populations of
the magnetic substates (broken line). The crosses give the positions of the
measurements of the populations.

plane (*“crystal sphere”), when it is possible to measure not
only the alignment but also to separate the angular distribu-
tions of the products in different final states. The results of
measurements for '>C + '*C in the interval of energies
E .., = 38.6-69.4 MeV (Ref. 89) also indicate a distin-
guished role of the (2, 2) substate (Fig. 15) in the region of
the resonances 25.8 MeV (/; = 14) and 31.5 MeV (/, = 16)
due to favorable kinematic conditions—the difference
between the centrifugal energies E }*® and E }'%, is close to
twice the excitation energy of the 2% state in '*C. From the
classical point of view, the configuration of the two de-
formed '2C nuclei with axes perpendicular to the direction of
the relative motion plays the main part in the formation of
these resonances. This can serve as an indication of the con-
sistency of the directions of the intrinsic spins with the direc-
tion of the orbital angular momenta (alignment) and casts
light on the dynamics of the formation of the quasimolecular
states.

Gamma transitions within a quasimolecular band

In recent years, the attention of investigators has been
drawn to the study of E 2 transitions within the band of qua-
simolecular states in the '2C-'*C system. Estimates show
that in the case of a y transition between the resonances with
J* =14% (E.., =258 MeV) and J" = 12% (E, =19.3
MeV) the ratio of the y-decay width (T",,) to the total width
may reach T, /T ~2x 10~ (under the simple assumption
that the considered resonances have a structure character-
ized by the rotation of a rotator consisting of two touching
12C nuclei in the ground states).

The papers of Refs. 90 and 91 report detailed experi-
mental investigations that gave an upper bound ~ 83X 10-¢
for theratio ", /T, i.e., several times less than expected from
the theoretical estimates. At the first glance, these results
indicate the absence of quasimolecular states at such ener-
gies. However, it is here necessary to take into account the
important circumstance, which we have noted frequently al-
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ready in this review, that the main contribution to the wave
functions of the quasimolecular states is made, not by config-
urations in which the '>C nuclei move in the ground states
relative to each other, but by configurations with excited '2C
nuclei. Moreover, in the band-crossing model,’* for exam-
ple, the structure of the states changes strongly with increas-
ing energy and may be different forJ” = 14* andJ” = 12+,
Thus, the structure of the wave functions can strongly sup-
press the probability of E2 transitions for ¥ rays with
E, ~6.2 MeV. Thus, in Refs. 92 and 93 the contribution of
the inelastic channels to the wave functions of the initial and
final states with J™ = 14* and J™ = 12+ was taken into ac-
count in different schemes, and it was shown that the ratio
I, /T is strongly reduced and may reach (3-7) X 10~7,% in
agreement with the existing experimental data. Moreover,
the presence of inelastic components in the wave functions of
the quasimolecular states may lead to ¥ transitions within an
inelastic quasimolecular band with quite different y-ray en-
ergies.”

4. CONCLUDING REMARKS. MAIN CONCLUSIONS

The intensive experimental and theoretical investiga-
tions of heavy-ion reactions during the last 25 years have
made it possible to discover a new class of phenomena—
nuclear molecular states or nuclear quasimolecules. The
overwhelming majority of the studies in this direction have
been based on collisions of two '2C ions, though there have
been a number of experiments on other systems, up to
%6Ni + *SNi.

The essence of the phenomenon is the existence of a
large number of resonances of nonstatic nature (in particu-
lar, for the '*C + '2C system with spins 0"—14%) that are
well correlated in different channels and fit (for the gross
structure) on a rotational band corresponding to the mo-
ment of inertia of two weakly overlapping nuclei. Although
the widths of decay of these resonances to the elastic channel
are smaller than the single-particle widths, they are much
greater than follows from a statistical model and constitute
an appreciable fraction of their total widths.

Inrecent years, the unique experiments on ¥ transitions
within the quasimolecular band and the measurement of
alignment have made it clear that a fundamentally impor-
tant role in the formation of the quasimolecular states is
played by channels with excitation of the '2C nuclei to their
low-lying states, particularly with excitation of one or both
nuclei to the state 2* (4.43 MeV) (this same fact is indicat-
ed by the great success of Imanishi’s model and its wide use
in many subsequent theoretical investigations of quasimole-
cular phenomena). In this case, the system remains for an
appreciable fraction of the time in the form 12C + 2C*(2+),
and this makes it possible to propose the existence of a quasi-
molecular band of negative parity of the same structure,
which is not forbidden by the condition of identity of the '2C
nuclei and has not hitherto been sought. It should be noted
that although such a band is in the same region of excitation
energies as the well studied quasimolecular band in the
2C + '2C system, it need not be excited by the collision of
two '>C nuclei (parity selection rule), and it should be
sought in other entrance channels, in particular, in the
"2C('N, d) reaction, in which it is possible to have transfer
of the "*C nucleus in both the ground state and an excited
state.*!
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The next important feature of quasimolecular states
that must be taken into account in theoretical investi gations
and in the construction of corresponding models is the clear
manifestation of a-cluster degrees of freedom of light nuclei
in the formation of quasimolecular resonances. It is also nec-
essary to point out general features of the excitation spec-
trum of both a-cluster states and quasimolecular states at
high excitation energies—the presence of splitting or several
states with the same spin found in the study of high-lying a-
cluster states in the '°0, °Ne, >*Mg nuclei.”

One further important feature of the quasimolecular
states is the high, on nuclear scales, angular velocity of the
system. If one could rotate quasimolecular systems consist-
ing of heavy nuclei with the angular velocity characteristic
of the band of quasimolecular states in the **Mg nucleus,
angular momenta of order 200%-300% would be readily ob-
tainable. For this reason, quasimolecular states could alsobe
of considerable interest for specialists in the field of rapidly
rotating nuclei.

From the point of view of traditional nuclear physics,
the quasimolecular states can be regarded as extremal shape
isomers characterized by rapid rotation and maximal octu-
pole deformation (among the other **Mg* states, which
have predominantly quadrupole deformation).

The foregoing analysis of the theoretical methods and
models used to describe the quasimolecular phenomena in
the C + '2Csystem show convincingly that we have a qual-
itatively and quantitatively correct description of the gross
structure of the elastic cross sections and individual inelastic
cross sections and a qualitative understanding of the part
played by the inelastic channels in the formation of the qua-
simolecular resonances. The theoretical calculations and
comparison with the experimental data indicate a strong
coupling of the inelastic channels to the elastic channel
(allowance for weak coupling of the channels in the band-
crossing model) does not make it possible to explain the
structure of the inelastic cross section in the channel with
excitation of one of the '>C nuclei to the state 0,5 (7.65
MeV). However, we are still far from understanding all the
physics of this phenomenon, especially the fine structure. A
good qualitative picture is provided by Feshbach’s ap-
proach, the resonating-group method, and the interpolation
approach, though it is still not yet entirely clear which states
can ensure the fine structure of the quasimolecular reson-
ances. In this sense, study of the alignment and ¥ transitions
within the quasimolecular band will make it possible to
“feel” in more detail the structure of the wave functions of
the quasimolecular states.

In this review, we have so far considered the quasimole-
cular phenomena predominantly in the '>C + '2C system
and have hardly mentioned other systems. The investiga-
tions of the last ten years show convincingly that phenomena
of the same class are observed for a large number of colliding
ions (and, very importantly, not only e-cluster ions). These
phenomena are observed in the systems '>C + '°Q (Ref. 95),
"C + C (Ref. 9), 0 + %0 (Ref. 8), 2C + “N (Ref.
96), '2C+ 2%8i, '°0 4 28§j (Ref. 97), “C+'°0 (Ref.
98),*Mg + **Mg, 2Si + 28Si (Ref. 99), and a number of
others (Figs. 16 and 17). In particular, the structures found
in the **Si + *Si system for E s €qual to 53.56 and 59 MeV
have well-defined spins J equal to 36, 38, and 40 (Ref. 99).
We mention specially once more that the excitation energies
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of the **Ni* compound system at which these structures are
observed are of order 70 MeV. The idea of formation of a
two-particle nuclear molecule consisting of heavy nuclei,
U + Uand U + Cm, ' makes it possible to understand well
the narrow peak in the spectrum of positrons observed in
collisions of these nuclei with energies of several mega-elec-
tron-volts per nucleon.'”’ The same idea, known by the
name of double nuclear system, proved to be extremely help-
ful in the study of deep inelastic reactions, fusion, and fission
in the interaction of heavy ions in the complete range of mass
numbers and energies S 10 MeV/nucleon.'®?

The Pauli principle plays a fundamental role both in the
mechanism of formation of long-lived quasimolecular states
and in the phenomenon of anomalous backward scatter-
ing.'°*1% Consistent allowance for the Pauli principle in mi-
croscopic calculations of nucleus—nucleus potentials' leads
to the appearance in this potential of a repulsive core that
hinders the fusion of two nuclei and leads to the formation of
a long-lived surface quasimolecular state or an a-cluster
state. Simultaneously, the wave reflected from the core leads
to an increase in the elastic scattering at backward angles
(anomalous backward scattering).

There is much interest in studying not only two-particle
nuclear quasimolecules but also quasimolecules consisting
of a larger number of clusters or nuclei. The first steps in the
theoretical study of such structures were taken in Ref. 105,
while in Refs. 40 and 106 a model of three-particle nuclear
molecules was constructed and the spectra and wave func-
tions of a number of such systems were calculated. Recent
experimental investigations of highly excited *’Ne states in
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the >C('2C, a)?°Ne* reaction,'®”!%® and also of the **Si
state 147 (E*=~36.5 MeV), which is excited in the
12C 4 160 reaction,'® give serious indications of a large ad-
mixture of a three-particle ('?C-a-'>C)configuration for
the 2%Si state and the presence of configurations of (a—'*C-
@) structure in the spectrum of the *’Ne nucleus.''® The
question of many-particle nuclear quasimolecules is also in-
teresting from the point of view of microscopic explanation
of fragmentation mechanisms that are being intensively in-
vestigated in heavy-ion reactions.

Thus, nuclear molecular reactions can be regarded as a
new class of nuclear phenomena and one that is fairly com-
mon for the whole of heavy-ion physics. The study of nuclear
molecular states, both experimental and theoretical, is for
this reason of great general interest and casts light on the
mechanisms of nuclear reactions and the structure of nuclei

| at high excitation energies and high spins.

The huge volume of experimental and theoretical infor-
mation so far accumulated on quasimolecular phenomena in
the region of light and medium nuclei makes it impossible to
eliminate all aspects and nuances of these phenomena in the
framework of a single paper. For a more detailed knowledge
of this interesting field of heavy-ion physics the reader can
consult the reviews of Refs. 5, 53, 87, 99, 100, 111, and 112,
which also contain detailed references to original studies.

We are most grateful to D. P. Grechukhin for constant
interest in the work, and to V. Z. Gol’dberg, K. A. Gridnev,
and M. S. Golovkov for helpful discussions.
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