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A currently important problem of nuclear physics is reviewed— large-angle scattering of complex particles
such as a particles, °Li ions, etc. It is shown that backward scattering cannnot be described within the
framework of traditional approaches such as the diffraction or the optical model. The various approaches
used to explain anomalous backward scattering are discussed: glory scattering model, optical model with [-

dependent imaginary part, reactions with exchange, Regge-pole method, repulsive-core method, etc. The
connection between backward scattering and the cluster structure of nuclei is established.

PACS numbers: 25.70.

INTRODUCTION

Interest in the study of elastic scattering of nuclei on
one another arose in the fifties, when the optical model
of nucleon scattering was proposed and the natural at-
tempt made to apply the concept and formalism of the
optical model to the scattering of complex particles
(deuterons, « particles, and more complicated nuclei).

It proved much harder to justify theoretically and
actually implement in practice the description of scat-
tering of complex particles by a potential than in the
case of nucleon scattering. It is still not known to what
extent the many-body problem (for example, scattering
of two complex nuclei on one another) can be reduced to
the motion of a point particle in a local and complex ef-
fective potential, The parameters of the potentials de-
duced by comparing experimental data with optical-mod-
el calculations are subject to numerous uncertainties,
and this has prevented scattering data being used even
for purely utilitarian purposes such as, for example,
the description of a transfer reaction by the distorted-
wave method.

The situation which existed until about 1969 can be
briefly characterized as follows. The experimental
data as a whole, especially for scattering on heavy
nuclei, could be explained well under the assumption
that there is strong absorption within the nucleus. The
concept of strong absorption means that all partial
waves with angular momentum less than a certain criti-
cal [, are absorbed by the nucleus and do not make a
significant contribution to the scattering, while waves
with 1> I, are scattered and hardly absorbed at all. The
limiting case of such an approach is the black-nucleus
model with a sharp edge, in which the moduli of the $-
matrix elements S, are strictly zero for [ <, and unity
for 1>1,. Better agreement with experiments is ob-
tained by assuming that S, varies smoothly from 0 to 1
in a narrow range of . '

In the language of the optical model, the concept of
strong absorption means that the scattering is deter-
mined solely by the edge of the potential and is not
sensitive to its interior behavior. Therefore, potentials
that have different depths but the same “tail” give the
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same description of the scattering (in some cases, the
depth of the real part of the potential varied from 20 to
1000 MeV). This explains the observed uncertainties of
the potentials and, moreover, shows that in the case of
strong absorption the interior part of the potential has
no physical meaning. The values of S, calculated by the
optical model with strong absorption vary smoothly from
0 to 1 in a small range of [ near a certain critical [,
which is determined by the height of the barrier:

E = ZyZoetr — Io (lo+ 1) (20r?). (1)

If strong absorption is predominant in scattering,
this process is of comparatively little interest for the
study of nuclear structure. The investigations at the end
of the fifties and in the sixties were aimed basically at
elucidating the nature of the uncertainties in the poten-
tials, developing methods of using these potentials to
calculate reactions, and studying properties of the sur-
face of the nucleus.

The fresh interest in scattering of complex particles
developed after deviations from the concept of strong
absorption had been found. Two experimentally ob-

FIG. 1. Interaction potential
a of colliding nuclei: a) terms of
the total interaction potential;
v b) case of strong absorption;
; ¢) case of weak absorption;
the hatched region is the ab-
sorption region: 1) total in-
teraction potential; 2) Coulomb
potential Z;Z,e?/v; 3) centri-
b fugal potential Z2[(I+1)/(2ur?);
4) nuclear potential; 5) repul-
sive core.
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served effects—anomalously strong large-angle scat-
tering and the structure of excitation functions—could
not in principle be explained by the earlier conceptions.
To describe these effects it was necessary to assume
that partial waves with angular momenta near [, are
absorbed much more weakly than is predicted by the
older models. The transparency of the nucleus for sur-
face partial waves results in interference between the
waves (Fig. 1) reflected from the surface of the nucleus
and the waves reflected from the inner part of the
nucleus (centrifugal barrier or repulsive core). The in-
terference of these waves is manifested by the S-matrix
elements S, ceasing to depend smoothly on I and becom-
ing nonmonotonic, with bumps (see Fig. 5).

Because the surface partial waves are weakly ab-
sorbed, their orbiting becomes possible—an interaction
between the two colliding nuclei in which they rotate
about one another for a certain time without losing their
individuality. In other words, a state rather like a
nuclear molecule is formed. There is a classical analog
which illustrates the orbiting effect. Take a small black
sphere surrounded by a transparent shell and direct a
beam of light on it. Under certain conditions, there can
be total internal reflection of the transmitted light
wave, which is trapped by the surface of the nucleus.
The light is reflected from the shell and passes in-
ward, being refracted. The weak absorption of the long
waves in the surface layer of the nucleus and the forma-
tion of a standing wave in it strongly increase the back-
ward scattering compared with the case of strong ab-
sorption. By varying the energy of the incident particles
(wavelength), one can observe the orbiting of different
successive waves, this being manifested by the appear-
ance of resonances in the excitation curve.

The main interest in the study of the scattering of
nuclei on one another is due to this possibility of ob-

taining and investigating molecule-like nuclear systems.

One is particularly attracted by the possibility of study-
ing the influence of the repulsive core, whose existence
follows naturally from the Pauli principle for an inter-
action of quasimolecular type.

In this review, we shall consider only one aspect of
the problem of the scattering of complex particles:
intense large-angle scattering, which has been called
anomalous because of the unexpectedly large cross
section. We shall see that in many cases anomalous
backward scattering is directly related to molecular
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FIG. 3. Parametrization of the S-matrix elements and Argand
diagrams: a) parametrization of | S,| and the phase shift &, by
Fermi-type dependences; h) Argand diagram for fixed energy:

c) values of |S;| for different energies; d) Argand diagram for
fixed .

effects of nuclear structure. In addition to the orbiting
which we have already discussed, such scattering in the
case of nuclei of comparable masses is sometimes due
to the transfer of a cluster of particles from one nucle-
us to the other. As a result, anomalous backward scat-
tering can be used to study cluster effects in the ground

_states of nuclei.

1. BASIC FEATURES OF ELASTIC SCATTERING

Let us review briefly the main features of elastic
scattering of nuclei on one another and the methods used
to describe it. In the classical description of scatter-
ing—usually a good approximation for heavy ions—the
colliding nuclei move along paths and there is a unique
relationship between the distance D of closest approach
and the scattering angle ©:
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FIG. 4. Excitation functions (a) and angular distributions (b) .of
180 +180 gcattering: The continuous curves were calculated by
the optical model with weak absorption; the dashed curves,
with strong absorption. The parameters of the potentials are
given in the text.

K.A. Gridnev and A.A. Ogloblin 159



D =7 (1 -+ cosec ©/2)/k, @)

where n=Z,Z,¢é*/(7,v) is the Coulomb parameter and
k=V2LE/RZ® the wave number. At large distances, at
which the Coulomb forces act, the particles are scat-
tered through small angles. With decreasing distance,
the colliding nuclei begin to penetrate each other, ab-
sorption begins, and the cross section decreases rapid-
ly from the Rutherford value. The critical angular mo-
mentum [/, and © can be determined from Eqgs. (1) and
(2) if the absorption radius R, is taken equal to the
distance of a grazing collision.

The only rigorous assertion that one can make about
the scattering is that the scattering amplitude can be
expressed in the form of the well known expansion in
partial waves:

F(8)=1c () +57 3} (21 +1) exp (210) (1— 5) Py (cos©) 3)

=0

(where f,(©) and ¢, are the Coulomb amplitude and phase
shift), which includes the elements of the S matrix:

S, =4, exp (2i6)); 4;=|81|<1.

Here, 4, is called the reflection coefficient. If there is
no absorption, A,=1.

It is well known from the analysis of the experimental
data that the form of the angular distributions is rather
clearly determined by the relationship of n to kR (Fig.
2). At small n and large (> 1) kR the angular distribu-
tions have the character of Fraunhofer diffraction; for
n=kR>1, they have the character of Fresnel diffrac-
tion. At large 1 (>6) and small kR, the angular distri-
butions are structureless and in a wide range of angles
the cross section is a Rutherford one.

The elements of the scattering matrix S, contain the
entire information about the nuclear interaction. It is
in practice impossible to carry out a phase-shift anal-
ysis in the case of scattering of heavy ions because of
the large number of partial waves. There are two main
model approaches to the analysis of the experimental
data.

The first approach consists of the phase-shift
parametrization models, in which the functional form of
the S-matrix elements is conjectured on the basis of
certain general arguments. Here we have the already
mentioned model of a black nucleus with a sharp edge
in which |81 =0 for [ <[, and I§,| =1 for I>1,, and
models with smooth variation of S;. For example, in
the description of strong absorption one frequently
uses a three-parameter model with Fermi-type depen-
dences (Fig. 3(a)):

[Sei={1-Fexp[(I—lo) A}
8, =8 {1-+exp [(I —L)/Al}". } (4)

Scattering can be conveniently analyzed by the so-
called Argand diagrams, which are used mainly in
high-energy physics (see, for example, Ref. 1), i.e.,
the plots of Im S, against Re S,, which behave normally
and do not exhibit “loops” corresponding to resonances.
The parametrization of resonances will be considered
later. The phase-shift parametrization models require
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comparatively few calculations and enable one to study
the influence of individual phase shifts on the scattering.

The second and most popular approach is the optical
model. Its main advantage is the possibility of a unified
description of the scattering of particles of various
mass, charge, and energy under conditions of strong
and weak absorption. This makes the optical model
irreplaceable in the analysis of a large collection of
heterogeneous data. In virtually all calculations the
Woods-Saxon potential is used:

U = Vofr (r) +iWofw (r) (5)

with radial dependence

fr(r)y={1+exp[(r—R)/al}™"; (6)
fue (r)={1 —exp [(r —R)/al}™Y; fir= % Fu-(r).

in which the radius R and the diffuseness a may be

either the same or different for the real and the imagi-

nary parts. The replacement of surface absorption by

volume absorption for heavy ions does not make a signi-

ficant difference.

As an example, we give the strong absorbing potential
for heavy ions obtained in Ref. 2: V=100 MeV, W=40
MeV, 7y =7yw=1.20F, a,=0.49 F, ,=0.32 F. Po-
tentials of this type give a good description of forward
scattering but they are not capable of reproducing the
angular distributions at large angles.

An example of a weakly absorbing potential is that of
Maher ef al.,® which was proposed for the description
of the scattering of '®0 ions and has these parameters:
V=17 MeV, W=0.4+0.1 E_, MeV, 7, =%, =1.36F,
ay=a,=0.49 F.

The excitation functions and angular distributions of
180 + 180 scattering are given in Fig. 4. The experimen-
tal data are compared with calculations made with both
these potentials. It can be seen that the weakly absorb-
ing potential reproduces the observed structure much
better. The discrepancy between the calculations based
on the strongly absorbing potential and the experiment
increases with increasing angle.

The S-matrix elements obtained from the calculation
of the curves in Fig. 4 are given in Fig. 5. It can be
seen that the reflection coefficients in the case of weak
absorption exhibit nonmonotonicity, which we have al-
ready mentioned. The |S,| values for strong absorption
are essentially averaged values compared with the fore-
going case, and they smooth out the bumps.

We shall not here dwell on the numerous questions
related to the use of the optical model, but turn directly
to anomalous backward scattering.

151 FIG, 5. Moduli of the S-
matrix elements which de-
scribe the data of Fig. 4: the
continuous curves corre-
spond to weak absorption; the
dashed, to strong
absorption,
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2. ANOMALOUS BACKWARD SCATTERING
(EXPERIMENTAL)

By anomalous backward scattering (ABS) one under-
stands large and oscillating cross sections at angles
from approximately 130 to 180°. The ABS sometimes
exceeds Rutherford scattering by two or more orders
of magnitude. This can be illustrated by the extensive
material accumulated from the study of a@-particle
scattering on the nuclei *2C, *'°N, %180, ‘Mg, 285i,
2, 3&38Ay K, and **424418Cy at w-particle energies
above the Coulomb barrier.? A typical angular distribu-
tion of @ particles with energy 22— 24 MeV scattered
elastically on '*N and !*!®Q nuclei is given in Fig. 6,
which is taken from Ref. 5.

Anomalous backward scattering is manifested not only
in the scattering of ¢ particles but also for °Li, '*C,
16:180, and ?°Si ions. Typical angular distributions of
SLi ions scattered elastically on *He, 2C, '%0, ?%Si, and
“Ca nuclei are shown in Fig. 7, which is taken from
Ref. 6. It should be noted that ABS is generally ob-
served most clearly for nuclei that have a@-cluster na-
ture: 4 < A <48, In this connection, the shell-filling ef-
fect of the target nuclei in ABS is interesting. There is
now available extensive material on a-particle scatter-
ing on isotopes of carbon, nitrogen, oxygen, sulfur,
argon, potassium, and calcium*®7, and a number of
general features can be established.

All nuclei between °Be and **Ca for which N=2Z and
N=2Z2 +1 exhibit ABS, which varies slowly with the en-
ergy of the incident particles. ABS is manifested in
heavy isotopes if the same shell of the light isotope with
N=Z and N=Z +1 is filled; conversely, ABS is sup-
pressed if two excess neutrons occupy the next shell
outward. For example, ABS is observed in *Ar and al-
so in **Ar (with two extra d neutrons) but is suppressed
in *°Ar (with two f,,, neutrons).

The ABS behavior in Ca isotopes as the f;,, shell is
filled is interesting (Fig. 8). ABS is observed at the
ends of the shell in *°Ca and *®Ca but is suppressed in
4%:%Ca, This suppression can be explained by the cou-
pling of the neutrons to the levels of a rotational band.

Optical-model calculations by Gaul* showed that no
average optical potential could describe the scattering
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on neighboring nuclei and isotopes. It is necessary to
make additional assumptions about the reaction mecha-
nism. Below, we describe the existing ways in which
ABS is explained.

3. SIMPLEST EXPLANATIONS OF ANOMALOUS
BACKWARD SCATTERING

All the simplest ways of explaining ABS are related in
some way or another to the influence of the angular
momentum corresponding to a grazing collision, We
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have already pointed out that a potential with weak ab-
sorption enables one to describe ABS in a first approxi-
mation in the framework of the optical model; in the S, -
matrix moduli, a small peak or bump is observed at the
angular momentum corresponding to a grazing collision
(see Fig. 5). It is for this reason that Gruhn and Wall®
assume that there is a resonance in the region of the
surface of the nucleus in order to describe the scatter-
ing of 30.5-MeV « particles on “°Ca. On the basis of
this, they make a dip in the smooth S,-matrix function
at the angular momentum corresponding to the surface
of the nucleus, I ~ka:

8y={1+exp[(l —lo)/A] — b (I — o) )

and succeed in describing a-particle scattering on the
4°Ca nucleus.

A different attempt to explain ABS in the framework
of the diffraction model is due to Gubkin.? In his explana-
tion, ABS is due to the reflection of an incident wave
on the surface of the nucleus due to the abrupt change of
the wavelength on the transition from the exterior to the
interior region of the nucleus. Allowance for reflection
leads to the following parametrization of the S, matrix:

8y =mw+ Cexp (inl) [1 —n,]. (8)
The factor exp(iml) enhances the flux in the direction 7.

On the basis of optical analogies, Ford and Wheeler*®
and also Bryant and Jarmie'* show that scattering into
the region 140—180° can be regarded as glory scatter-
ing. In optics, the term “glory” was first introduced by
Van de Hulst.'? This phenomenon can be observed by
standing on mountain peaks: your shadow is projected
onto a cloud or a layer of mist and you can observe a
gradual increase in the light intensity toward the head of
the shadow and under favorable conditions colored rings
(blue inside, red outside) appear around the head. This
effect is explained by the light scattering diagram of an
individual drop. The glory effect is also observed in
nuclear scattering and its essence is well illustrated by
Fig 9.

The elastic scattering cross section for backward
angles in the case of spinless particles is given by

do/dSQ = AJ} (u); 1= kR sin (n—0), )

where R, is the range of the interaction; k is the cms
wave number of the incident particle; © is the scattering
angle; and A a normalization factor.

Figure 10, which is taken from Ref. 11, shows -
particle scattering on the *°Ca nucleus obtained by the
glory model. Glory scattering is also connected, as we
mentioned at the start, with the angular momentum cor-
responding to a grazing collision. This can be seen very
well from the relation
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FIG. 10. Description of
a-particle scattering on
40Cca by means of the glory
model. The cross section
is normalized to 1 at ©
=180°,
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lim P (c03 6) = Jo (16). (10)
It is interesting to note that the interaction range in the
glory model in the region of backward angles is less
than in the case of fitting to the forward angles in ac-
cordance with the diffraction formula. This fact was
first noted by Bobrowska ef al.!® In a different paper,!?
the same experiment of Ref. 13 was analyzed by means
of the optical model. It was shown that fitting by the
optical model is possible if the forward and backward
angles are fitted separately.

In some cases'® of backward scattering of @ particles,
resonances are observed in the excitation functions. A
resonance can be explained most easily by introducing a
Breit-Wigner term into the scattering amplitude in the
form
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Eq=15.00MeV -
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FIG. 11. Angular distri-
butions and fits with sev-
eral resonant phase shifts
in accordance with the ab-
sorbing model of elastic
scattering of o particles
on 12C at different
energies.
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Sy=exp 2in) [1—i 3} ﬁﬁﬁj (11)
R

Carter et al. '® use an absorbing model with resonant
phase shifts to interpret a-particle scattering in the
energy range 11—19 MeV on '2C nuclei. The experi-
mental angular distributions and a fit with some reso-
nance terms for the *C(x,@)'C reaction are given in
Fig. 11. It can be seen that the calculations agree
satisfactorily with the experiment. ABS can be de-
scribed in this way when resonances can be traced in
the excitation functions. However, it must be empha-
sized that ABS is also observed when resonances are
not. Examples of this will be discussed below.

4. EXCHANGE OF CLUSTERS BETWEEN TWO
IDENTICAL CORES

The simplest interactions in atomic physics are
those in which an electron is exchanged between a pro-
ton and a hydrogen atom. The exchange of nucleons be-
tween two nuclear cores was first considered by Tem-
mer.'” On the basis of the general principles of quan-
tum mechanics, one can show that in the scattering
AI(B, B)A! there is a large contribution from the ex-
change transfer A’(B, A)B’ if the nucleus B has a large
reduced width'® against breakup: B=A +C, Figure 12
shows clearly the difference between the elastic scat-
tering A7(B, B)A! and the exchange transfer reaction
Al(B,A)B!,

At distances at which the wave functions overlap, the
exchange interaction as a function of the distance be-
tween the cores is given by the exchange integral J(R)
(see Fig. 12 for the notation):

J(R)y= j Dt (rae) Vit (ra0) Dy (ratp) drac. (12)

where R>r,1,, T, Tyo =T, —R. At large distances
R between the cores, the interaction has a radial depen-
dence of the form exp(—aR)/aR, where @ =V2p_E,/li®
and E, is the energy of binding of particle C to the core.

Introducing the scattering amplitudes £,(©) and f,,(©),
which are obtained by adding (I) or subtracting (II) the
interaction J(R) relative to the optical potential, the
differential cross section of elastic scattering, o,,
and of the exchange process, 0,,, become

Opp(Op) =| [/1(Og) + Fur (Op)) 2% } (13)
054 (04) = 0pp (1 —OF) =|[f1(0.) —fu (OA)2

" The differential cross section of the exchange process,
Oz4, gives a rise of the differential cross section at
backward angles. If J(R) =0, then £,(©)=1;;(©), and 0,
is the ordinary elastic-scattering cross section; 0y,
=0.

In the reaction A’(B,A)B! it is in principle impossible
to decide whether the outgoing particle results from the
elastic scattering A’(B, B)A! or the transfer process.
The angles of departure of the two processes can be
expressed in terms of one another: ©,, =7-0,, and
their amplitudes must add. In order to understand the
exchange process better, let us consider, following
Von Oertzen,'® the semiclassical treatment of the scat-
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tering process in the case of perfect localization of
wave packets. We shall consider the exchange process
in time, i.e., a nonstationary process. In this case,
the superposition of the states (I) and (II) with their
wave functions ¥,(R)= (¢, + ¢5:)/V2, and ¥, (R)= (¢,
- pr;)/ﬁ can be represented by the equation

O @)= A{ ¥resp| i jr ’_‘;"_d:]

t

—Wirexp I —i j - (r:{) LHJ } = () CO8 [

=G0 %

L) dtJ (14)

fi

g—

3
+iqgsin| | L ae] = quic, (1) +i0,C 0.

We are interested in the situations as f— +=, i.e.,
after the collision. The integral with respect to the
time of the exchange interaction is the action function
S=J2 J(R(#)) df. The probabilities of finding particle C
together with the core A or A’ are given, respectively,
by the squares of the moduli of the coefficients C, and
(G2

[ €y () [foxe = c0s?[S/R]; | C2(8) [ == sin? [S/A].
This can be best represented by an idealized picture
which characterizes the exchange process with a chang-
ing distance between the cores in time and is shown in
Fig. 13.

In the treatment of the exchange process it has been
assumed that the spins of the cores are zero and that
particle C is exchanged with angular momentum [ =0
near the Coulomb barrier. Essentially, Von Oertzen’s
method is the method of linear combination of nuclear
orbitals, which corresponds completely to the method
of linear combination of atomic orbitals in atomic
physics . '®

The total wave function in the method of molecular
functions is

¥ (R, r) =2 % (R) ¥ (R, 1), (15)
P

where y, (R) is the wave function of the relative motion
of the cores; ¥, (R, rc) is the wave function of the valence
particle C, which depends on the distance R between the
cores. The wave function of the valence particle in the
method of linear combination of nuclear orbitals is ex-

3 "
f’ﬁ“\. ,/
\(/“\ 8
7
e
(]
.,\/\ 5
A'(8,8)47  BA*C
(b)

FIG. 12. Difference between ex~
change transfer reaction between
particles with identical cores (a)
and elastic scattering of particles
with identical cores (b); the tri-
angle of vectors connecting the

(© identical cores (c).
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pressed in terms of the nuclear orbitals ¥, (r,.) and
¥,0e (T4ec) Of this particle:

II;;J R, rg) =N (R) [@1m (fac) == Grrme (Farc)] V2. (18)

The subscript p distinguishes even and odd functions;
» is the projection of the angular momentum J onto the
molecular axis.

For even and odd wave functions, there is a system

of decoupled equations:
(=g Vh+ Uaae R)+ (V3| 205 ) 2 (R) =0, amn

where H is the Hamiltonian of the molecular system;
U, 4+ (R) is the core-core potential, which is usually
taken from the optical model; the matrix element
(U371 HI ¥}y =M (R) is the exchange interaction. As
Baur and Gelbkeal’ show, the distorted-wave method and
the method of linear combination of nuclear orbitals
give the same results.

Thus, we assume that the main contribution to the
scattering at backward angles is made by exchange re-
actions. In this case, the elastic-scattering cross sec-
tion will be determined by the expression

o (0, E) & | f (E, 7—0)— fu(E, n—6)
=fulP+1feF—21/u| | To] coS (Bu—B2)
=|fu—Tfg[P+ 4] fu| | fo] oSt (@2 - qid); =B, —Pg

(18)

where f, and f, are the scattering amplitudes corre=-
sponding to antisymmetric and symmetric wave func-
tions, respectively.

If it is assumed that f, ~f,, then, in accordance with
(18), the oscillating part of the cross section must, de-
pending on the energy and the assumption of indepen-
dence of the collision parameter, be proportional to
cos?(a/2 +n/4), where a/2=AEAR/(7v). The oscillat-
ing part of the cross section has the same form as in
the Landau-Zener-Stueckelberg formula, which de-
scribes the probability of transition to the inelastic
channel in the case of atomic collisions.?* Such oscilla-
tions of the excitation function have been observed by
Kelleter et al.?® who investigated the scattering of o
particles on "Li nuclei in the energy ranges 8.6—12.5
and 17—22.5 MeV at the angles 54.2, 72.4, and 89.8°.

The oscillating part of the excitation function is shown
in Fig. 14. It should be noted that such oscillations in
the excitation functions were observed much earlier in
atomic collisions in charge-exchange processes (in our
terminology, this is elastic transfer), for example, in
the reaction Na* + Ne— Na +Ne*.?* The order of magni-
tude of AEAR deduced from experiment is the same as
in the case of nuclear collisions, i.e., approximately
3:10"" eV-cm.

If we take the parallel between atomic and nuclear
collisions further, we must consider inelastic scatter-
ing channels. In inelastic channels in the case of atomic
collisions an oscillating structure has been observed in
the total cross sections,?®® for example, in the process
Na*+ Ne— Na*+Ne*—1735.9 A (Fig. 15). This struc-
ture was interpreted as the interference of quasimolec-
ular terms with neighboring energies. In the inelastic
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FIG. 14, Oscillating part of the excitation function of the "Li{e,@)"Li reaction:
the dashed curve corresponds to a function that depends on the time 1

+B cos(2a/NE).

164 Sov. J. Part. Nucl., Vol. 6, No. 2

K.A. Gridnev and A.A. Ogloblin 164



=
T

e ez e +he—=Ng*+Ne*—=7 7364

2 \ / A 1

5 / \4’ \‘-.-’f X t’\
5 Jﬁh J L

e I 1/ o SIS

5 WS

- N\
Q '\-} l‘_‘_*\
LI

a I 1 ki 1
v, 107 sec/ecm

ﬁ; ’\\“ .f'f\ {[\ /\ ’uﬂf\ A’.’ f\ /2')\ /\
VAVEVAVRVATRVE V..

FIG..15. Time dependence of the total cross section @, and
the oscillating part AQ/Q, of the cross section (Q,) of the in-
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collisions of nuclear particles an oscillating structure
has also been observed, for example, in Ref. 5, in the
excitation functions. It is evident that here too there is
interference between quasimolecular states. It is not
fortuitous that we here direct attention to the study of
excitation functions in exchange processes, since we
believe that such a direction is promising.

A classical example that demonstrates the role of
exchange processes in elastic scattering is the elastic
scattering of oxygen ions on '2C nuclei.!® The elastic
scattering of %0 ions on '2C nuclei at 35 MeV is shown
in Fig. 16. The contribution of exchange processes was
calculated by the distorted-wave method. It can be seen
that the backward angles are explained by the competing
a transfer *C(*%0,'2C)'°0, which is related to the elas-
tic scattering by the relation 8, (**C)=r- 6 (*°0). The
large cross section of the transfer process at backward
angles is explained by the fact that the initial and final
configurations are identical.’

It is particularly interesting to investigate exchange
in the simplest system in which cluster exchange is
possible—scattering of deuterons and o particles on
5Li nuclei. It has now been established with reasonable
certainty that SLi has a cluster structure of the type
o +d, and this is manifested in different nuclear inter-
actions of ®Li (see, for example, Ref. 25). Therefore,
in the scattering of @ particles and deuterons through
large angles strong backward scattering must arise.

The °Li+d and °Li +a differential scattering cross
sections taken from Ref. 26 are given in Fig. 17, It
can be seen that the cross section does indeed increase
strongly at large angles, The backward peak can also
be very clearly observed in the °Li +« scattering at
about 150 MeV.?" The large-angle cross sections can-
not be reproduced by the optical model but can be fairly
simply obtained under the assumption of exchange.

It is of great interest to consider how ®He +°Li scat-

/5 ] FIG. 16. Elastic scattering
of 180 ions on 12C nuclei at
356 MeV: the continuous
curve is the experimental
one; the dashed curve is cal-
culated by the optical model
with allowance for the ex—
change interaction.

7 60

00 0cms deg

165 Sov. J. Part. Nucl., Vol. 6, No. 2

tering will behave at large angles. Calculations made in
the framework of nucleon-cluster models suggest?® that
in °Li not only the @ +d configuration but also the clus-
ter configuration ®He + T is present; then the ratio of
the spectroscopic factors (for an a-particle and deu-
teron separation parameter x=0.4) is found to be

S(*He +T)/S(a +d)=0.5. According to the ordinary
ideas, a strong backward peak should be observed in
SLi +*He scattering.

The experiment of Ref. 26 shows that this is not so.
Figure 17 gives the SLi +*He differential scattering
cross section at a cms energy near the 8Li +« case

(22,7 MeV and 21.9 MeV, respectively). The cross

sections of the two processes in the forward hemisphere
have very similar magnitudes, and the angular distri-
bution curves almost coincide. But in the backward
hemisphere the differences are very great—in one case
there is anomalous backward scattering and, therefore,
exchange; in the other there is not.

Thus, the clusters predicted by the cluster model are
not manifested in the backward scattering. Nor are they
manifested in the triton transfer reaction (°Li,3He) in
the case of excitation of certain states which are
copiously formed in the “real” triton transfer reaction

{1 L L
|
| Volume absorption

do/d$2, mb/sr

i

!
i
!

0 50 120 0o deg

FIG. 17. Angular distributions of the elastic scattering of
36.6-MeV o particles, 34-MeV 3He ions, and 19,6-MeV deu-
terons on ®Li nuclei: The continuous curves are calculated in
accordance with the optical model with volume absorption; a)
a particle with parameters V=170 MeV, W=12 MeV, 7y
=1.15F, rgp=1.TF, ay=0.65F, ap=1.15 F; b) *He ions with
V=100 MeV, W=16.5 MeV, r=1.15F, %p=1.TF, ay
=0.63 F, ayp=0.94 F; c) deuterons with V=175 MeV, W=11.6
MeV, 7y=1.15F, rpp=1.7F, ap=0,76 F, ap=1.0 F; the
dashed curve is the result of calculating the exchange process
by the distorted-wave method.
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("Li,a@). On the other hand, the quasielastic knockout
SLi(p,p® He)T behaves like scattering on the cluster
%He in ®Li.

Evidently, we are here concerned with the question of
the extent to which the clusters in the nucleus are
spatially separated. It is obviously difficult for the in-
terpenetrating clusters within a nucleus predicted by
the cluster model to be manifested in surface processes
such as transfer reactions (or exchange scattering).
This is reflected by the fact that the reduced width
which characterizes the probability of a given subsys-
tem being manifested at the radius of the channel can be
small despite a large spectroscopic factor, which cor-
responds to integration over the whole volume of the
nucleus. With increasing energy, exchange may still
become observable, since deeper regions of the °Li
nucleus become accessible. Therefore, the study of
5Li+°%He scattering at high energies is of great
interest.

Thus, study of the exchange process in anomalous
backward scattering may be a tool for investigating
different types of clusters in nuclei.

5. ANOMALOUS BACKWARD SCATTERING ON
SUBSTRUCTURES

To understand how four-nucleon correlations with
T =0 can be manifested in ABS, let us consider quali-
tatively, following Ref. 7, what will be the momentum
transfer in the backward hemisphere. At about 150° the
momentum transfer in ~ -particle scattering on inter-
mediate nuclei at 25 MeV is 650 MeV/c and at 75 MeV
it is 1150 MeV/¢, whereas the maximal momentum of a
nucleon in the target nucleus is 270 MeV/c. Thus, if
ABS is to occur at energies greater than 25 MeV, colli-
sion with more than one nucleon is necessary. However,
assuming a quartet structure, one can show that the
maximally possible momentum transfer in this case is
four times greater than for independent nucleons. In
particular, simple calculations of the cluster state of
an o particle in the Woods-Saxon potential give a well
depth of ~140 MeV for the *°Ca nucleus, which corre-
sponds to a momentum 900 MeV/c¢ for a weakly bound
cluster state. Such a momentum can give rise to
anomalous backward scattering up to an energy of
~100 MeV for the incident o particles.

Bearing in mind the isotopic effects in the ABS of &
particles on Ca isotopes, one can assume that there are
inert groups of nucleons in **Ca and **Ca which are not
present in *Ca.

Several attempts have been made to describe anoma-
lous backward scattering under the assumption of an
a-particle structure of the target nucleus. Let us con=-
sider the first attempt to explain ABS: calculation of the
knockout amplitude by the distorted-wave method with
allowance for antisymmetrization.?® Agassi and Wall*
were led to include the knockout amplitude in the elastic
cross section by the following consideration: If a cluster
exists, it must be on the surface of the nucleus, and the
knockout amplitude Af, has a peak in coordinate space
in the neighborhood of the nuclear radius [, ~%kR and is
small in magnitude. Agassi and Wall regarded “knock-
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out” of @ particles from nuclei as an exchange inter-
pretation of ABS. They took @ particles because these
represent a stable cluster. Then one can ignore the ex-
change process between part of the cluster and the
nucleus and also excitation in the incident and outgoing
«a particles.

The total amplitude for all angles has the form

In=IF L Mx=Tc+ 55 3 (20+1)oxp (2ioy)
Hlklr ) (19)

X (Stapt+ a;—1) Py (cos ©).

The antisymmetrized T-matrix element for the reaction
a+a—p+Bis given in accordance with the distorted-
wave method by

Tip= ; (— NP Wyt (rpkp) Np —upP Vo Way ™ (roka)), (20)

where p is the operator of permutation between the
coordinates of the functions ¥, and ¥,; (—1)* ensures a
plus sign if an even number of particles is exchanged
and a minus sign if an odd number is. After a number of
manipulations, one can obtain the correction g, due to
the knockout process:

L 3 L, i @) Ao [ (D] 5) 1 @0, 1. (20)

¢ 00 0,
nLl.

a; =

The matrix element (¥ | A} (@)A ; (@) ¥ ) is a measure
of the number of a particles in the total antisym-
metrized wave function ¥ ; the operator A}, is the a-
particle creation operator;

I(I. &, L)= \ !”1’1 frH::.fz (%, Hl)(DanRE) Vi {leﬂ)tan(Hl) fi (12, k);

C=(4!)? for one species of particle; C=(2!)* for two
species.

The quantum numbers of an @ particle in an harmonic-
oscillator potential satisfy the relation

4
2 —A) L= i\:{ (2 (ne — 1)+ 1i)- (22)
Agassi and Wall show that the expression (21) has a

peak in 7, and also that ABS must disappear with in-
creasing energy. As an illustration, they consider scat-
tering of 24-MeV « particles on **Ca nuclei. The anoma-
lous backward scattering is explained satisfactorily.
Figure 18 shows the S-matrix element and the correc-
tion g, to it. It can be seen that the correction has a
peak in the region of the transition angular momenta .

Another microscopic approach to the explanation of
ABS is to calculate the heavy-particle stripping ampli-
tude. Noble and Coelho® show that heavy-particle
stripping is in principle capable of explaining a-particle
backward scattering on %0 nuclei with allowance for the

FIG. 18. Knockout matrix

.0 —— e element (ee@e), S-matrix
0 ﬁfﬁ —! element calculated by the
o E optical model (0OQO), and
a4k sum of the matrix ele-
ok ments (xxx) in the scat-

; R tering of 24-MeV o parti-

AN EEEEEEE cles on 4°Ca nuclei.
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cluster structure of *°0 and '2C. However, it is not
clear how accurate are the approximations they make.

Finally, a third approach to the explanation of ABS
observed in the scattering of 29-MeV o particles on
“°Ca was made by Thomson® by introducing an inter-
action V,,, (between two a particles).

Allowance for the interaction V,, by the distorted-
wave method leads to the Schrodinger equation describ-
ing Ao, @)A elastic scattering:

(23)

where ¢, is the wave function of elastic scattering; ¢
is a bound-state wave function of the target nucleus. The
integration is with respect to the relative internal co-
ordinates of the core, C=A -a, and the a cluster. The
bound-state wave function of the target nucleus is taken
in the form

(Ta_\ = rn) 'ijr.c.-\'}" ((f “‘?nu I Wm) = Er{'z.h

pe= .\: 1/‘5‘_11 '[‘F‘ngf'n'f:'u

where S, is the spectroscopic factor; £c, is the internal
wave function of the core; ®¢, is the wave function of
the relative motion; and £, is the wave function of the

@ particle. Only the relative S state is considered. The
interaction V_, is taken in two forms; in the approxi-
mation of zero range of the nuclear forces, V
=V25(r,,), and in the Ali-Bodmer form?32:

[+ 33

Vo (rie) = Vapexp (— Birh) —~V . exp(— Wird).

Earlier attempts to take into account the interaction
V. had already been made.* However, as Agassi and
Wall show,® the interaction V,, estimated by
Schmeing® does not give any peak in [ space. A short-
coming of Thomson’s work is the neglect of antisym-
metrization and the assertion that only low partial
waves are important. By and large, Thomson’s explana-
tion of ABS does not succeed.

Hitherto, none of the attempts to explain ABS by
cluster-cluster interaction have had particular success.
However, we regard their further development as
promising, since such approaches can clarify ABS at
the microscopic level.

6. OPTICAL MODEL WITH /-DEPENDENT
IMAGINARY PART

In Ref. 34, a fairly successful attempt was made to
reproduce backward scattering and the structure of the
elastic-scattering excitation functions by the introduc-
tion of an [ dependence of the imaginary part W of the
potential:

Wir, D=Wa(r) F (1), (24)

where W,(r) is the ordinary form factor of the optical
model; F(I) is a factor which depends on the orbital
angular momentum (strictly speaking, for the scattering
of particles with spin [ must be replaced by the total
spin J=I1+I,+1I | of the ingoing channel, but generally
the model is used for spinless particles).

The function F(I) is chosen in such a way as to reduce
the absorption of partial waves with angular momenta
near the critical 7 ; usually, F(I) is taken in the form

167 Sov. J. Part. Nucl., Vol. 6, No, 2

F(ly={1-

exp [({ —1.)

Aly (25)

Thus, particles with large [ are absorbed less, so
that the probability of being scattered back into the
elastic channel is greater than in the ordinary optical
model. Therefore, the scattering is mainly determined
by high angular momenta, i.e., the main contribution
to the cross section is made by a few Legendre poly-
nomials with 1~

let-Al
(@) ~ ] o a;P,{cos(-}jl_. (26)

lg—Al

dE!

Since Legendre polynomials at higher [ have larger
values at small and large angles, this increases the
backward scattering (the growth of the forward scatter-
ing is unimportant because Rutherford scattering
predominates).

The physical meaning of this procedure, which re-
duces the absorption of high partial waves, is that for
some colliding nuclei there may be a large difference
between the angular momenta in the ingoing channel and
the accessible angular momenta in the outgoing channel.
If the high angular momentum introduced by a grazing
collision of two heavy ions, i.e., in the case when [ ~ L,
is to be carried away, outgoing channels with sufflclent
decay energy and, which is particularly important,
with the emission of particles of sufficiently high mass,
must be open. But if the system decays basically by
the emission of a neutron, absorption in the ingoing
channel will be weakened.

The experiments have revealed a connection between
the character of the large-angle scattering and the
number of channels of the decaying system. As an ex-
ample, Fig. 19 shows the *2C +*°0 and *2C +°F scat-
tering cross sections® and Fig. 20 the decay channels
of the corresponding systems. In the 2C +%0 case,
appreciably fewer channels are open, and the scattering.
cross section exhibits strong oscillations and a growth
of the cross section at large angles.
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FIG. 19. Angular distributions of elastic scattering of 35-MeV
80 ions and 40-MeV °F ions on '2C nuclei. The continuous
curves are drawn through the points.
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FIG. 20. @ reactions for the ground state of different channels
in the 12C +18Q and 2C +1%F reactions.

Figure 21 shows the results of calculations in ac-
cordance with the optical model with I-dependent imag-
inary part for *C +1°0 scattering. It can be seen that
the agreement in the region of large angles is perfectly
‘satisfactory.

A model with [-dependent imaginary part means the
introduction of the two additional parameters [, and Al.
In the calculations, attempts are made to choose these
parameters on the basis of physical arguments and not
arbitrarily. Thus, one takes [, = @u/m22R(E+Q)!/?,
where R and @ are the radius and the threshold of the
main channel through which decay is possible. It is ob-
vious that considerable arbitrariness is possible here.

The model with /-dependent imaginary part has made
it possible to associate the appearance of weak absorp-
tion with the properties of an intermediate system and
explain phenomenologically effects due to weak absorp-
tion. Actual computational successes of the model are
rather sparse. It can be used to explain large-angle
scattering and the structure of the excitation functions
for some cases. However, difficulties arise with the
description of scattering through small angles (as can
also be seen from Fig. 21) and the explanation of data
obtained at different energies. The additional param-
eters of the model in fact are free, and their total
number (eight) is too high.

In addition, although concrete calculations are not yet
available, this model cannot explain the anomalous
backward scattering of particles that break up readily,
for example, deuterons or lithium ions. When these
particles interact with nuclei, the breakup channel is
always open, and through it the entire angular momen-
tum of the ingoing channel can be carried away. Thus,
if weak absorption occurs in this case, it must be
explained by other factors.

7. BACKWARD SCATTERING AND REPULSIVE
CORE

The question of the repulsive core in the interaction
of two complex nuclei is very important, since it is
directly related to the existence of nuclear quasimo-
lecules. It first arose in the attempt to explain the
resonance structure in *2C +*2C scattering. The inter-
action potential shown in Fig. 22 was proposed.® It
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FIG. 21. Calculation of the elastic scattering of 35-MeV oxy-
gen ions on 12C nueclei in accordance with the optical model with
I-dependent imaginary part of the optical potential for V=14
MeV, W(#)=0.4+125E, R=6.25, a=0.45, [,=9.2.

was assumed that the observed resonances correspond
to levels in a potential pocket, which can decay either
in the exterior region, i.e., back into the elastic chan-
nel, or through the interior barrier, forming a com-
pound nucleus which subsequently decays in the ordinary
ways. In the case of the *2C +'2C system, these levels
in the second well are quasimolecular states.

At the present time, the literal interpretation of
resonances in the energy dependence of the scattering
cross section as one-particle quasimolecular states is
regarded as uproven, since it is difficult to choose a
potential well with sensible parameters that could con-
tain the necessary number of levels with the correct
distances between them. Nevertheless, more and more
data are accumulating®+®? which indicate that quasi-
molecular states in nuclei exist and that for their ex-
planation one must invoke the notion of a repulsive core
within the nucleus.

The existence of a repulsive core in the potential
interaction of two complex nuclei follows from the
Pauli principle, which forbids their mutual interpene-
tration. This question has been considered in detail on
a number of occasions (see, for example, Ref. 37).
Let us consider here one example—the interaction of
two o particles. In this interaction a repulsive core is
manifested, as a result of which quasimolecular states
of the nucleus are formed.®

Figure 23 gives the aa phase shifts obtained from
different experiments. The phase shift 5, begins to
increase rapidly from an energy about 1 MeV and &,
from an energy about 6 MeV. This indicates an exten-
sion with a fairly abrupt boundary in the exterior region
with R< 4 F (the impact parameter b=4L is approxi-
mately 4 F at E, =1 MeV and ~3 F at E_, =6 MeV).

FIG. 22. Schematic
interaction potential
for heavy ions: The
hatched region is the
repulsive core; the
arrows indicate the
possible decay routes
of quasimolecular
states.
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FIG. 23, Phase shift of e scattering obtained from phase-
shift analysis of the experimental data.

The monotonic decrease of §, from E =5 MeV, i.e
b=~2 F, and the decrease of §, indicate strong internal
repulsion, at least for L=0 and 2.

This character of the scattering can be well described
by a phenomenological potential with repulsive core.
The form of this potential for different L is shown in
Fig. 24,% and the phase shifts calculated by means of
it are shown in Fig. 23 by the continuous curves, which
show excellent agreement with experiment.

In the chosen potential quasibound 0%, 2*, 4* levels
arise and form the well-known rotational band of the
®Be nucleus: 0—2.9 MeV—11.4 MeV, The levels of this
band have a-particle widths approximately equal to the
Wigner limit 3722/2m R2. The distance between the
levels corresponds to a moment of inertia m R? with
R,=4.5 F. All three levels of the band are not only
manifested in @« scattering but are also strongly ex-
cited in such reactions® as Li(a,d)'Be and "Li(a, {)®Be,
in which the replacement mechanism and, therefore,
the formation of a ®Be nucleus from two & particles are
possible.

Thus, all the existing experimental data are well
explained by the assumption that in the @@ system there
is a potential with a repulsive core leading to the forma-
tion of quasimolecular states. There are data®® which
enable one to extend this picture to excitation energies
of about 60 MeV and identify levels with L=26 and 8.

It is of interest to compare this nuclear quasimolec-
ular potential with an ordinary molecular potential.
Such a comparison®” is made in Fig. 25, which shows
the potential for the ground state of the hydrogen
molecule and the nuclear part of the aa potential for
the ground state of the ®Be nucleus (as a result of the
subtraction of the Coulomb interaction, the ®Be nucleus,
which is in fact unstable, becomes weakly bound).

It can be seen that the two potentials have much in
common, although the nuclear quasimolecular potential
is approximately 40 times weaker (in units of 772/M,RZ,
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FIG. 24. Potentials of aa scattering used to calculate the
phase shifts shown in Fig. 23: the dashed lines are the quasi-
bound states of 8Be: 0%, 2¢, 4*.

where M, is the mass of the subsystem and R, the ra-
dius of the core) than the ordinary molecular potential.
As a result, the localization of the “nuclear atoms” is
much less definite. Because of this, the distinction be-
tween vibrational and rotational degrees of freedom is
much less rigorous in the case of a nuclear
quasimolecule.

The work of Japanese theoreticians (see, for exam-
ple, the review Ref. 37) shows that a phenomenological
aa potential with repulsive core can be obtained micro-
scopically as a result of the Pauli principle. At the
same time, the connection to the ordinary shell model
is not lost. The repulsive core at a radius of approxi-
mately 2 F arises as a node of the wave function, which
oscillates in the internal region and rapidly increases
in amplitude in the exterior region (for R>2 F).

Baz’ and Zhukov, * using the method of K harmonics.
and taking into account the Pauli principle, conclude that
there is a repulsive core for collision of nuclei. Baz’¥
estimates the size of the repulsive core, which turns
out to be rather wide:

~ (Ry+Rd),  (27)

Poore = (it B[ — 0P - 10 ¥ =

where R, and R, are the radii of the colliding nuclei;
A, and A, are the mass numbers; p, is the variable in
the method of K harmonics; and I" is a number related

to py.

4 £ R/R;
Ep=14 MeV
Rp=0.4-10"%em Rp=1.8+10""cm
hw=0.54eV Bw=14 MeV
1?2
== =7610"eV B=0:5 MeV
8= i 7.6:107%¢

o b

FIG. 25. Comparison of potentials for the ground states of the
hydrogen molecule (a) and the “nuclear molecule” éBe (b). In
the case of ®Be only the nuclear part of the potential is given.
The relative distances are given in units of the radius R, of the
repulsive core, the energy in units of #2/pR2.
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Many attempts have been made to detect a repulsive
core in the scattering of more complicated nuclear sys-
tems. In particular, by adding an optical potential to the
core, Michaud* attempts to explain the structure of the
excitation functions.

It turns out that if one fits simultaneously the three
reactions 2C +'2C, %0 +!%0, and '2C +%0, agreement
between the calculations and experiment can be achieved
only if there is a repulsive core; moreover, the param-
eters which are obtained vary smoothly from reaction
to reaction. Up to the present time, this is the only
proof that a repulsive core exists. The resonance struc-
ture of the excitation functions is especially well mani-
fested in the scattering of identical nuclei, for which
there is symmetry about 90°. At the same time, the
study of large-angle scattering may be very sensitive
to the presence of a repulsive core in the interaction
potential of two nuclei.

The point is that low partial waves will be sensitive to
the presence of a repulsive core in the optical potential.
Because of the interference of waves reflected by the
inner and outer barriers through large angles, one can
observe an increase and oscillation of the cross sections
(Newton’s rings are an analogous phenomenon in op=
tics). To understand the role of a repulsive core in
scattering, repulsion in the form of a hard core was
introduced into the optical potential.
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The investigation shows that anomalous backward
scattering increases with increasing radius of the re-
pulsive core and decreasing range of the imaginary .
part of the optical potential (Fig. 26). When 7, >7, .,
there are no oscillations of the cross section at back-
ward angles. This is an obvious fact, since there is no
point in introducing repulsion if the incident ion breaks
up in the field of the nucleus before it can feel the re-
pulsive core. The anomalous backward scattering must
be governed by the strengths of the repulsive core and
the imaginary part of the optical potential:

. e
Veore Iiare == const; Wiy & const,

A repulsive core has been considered as one of the pos-
sible ways of decribing ABS. But there is still much to
be done in this direction. We believe that first of all
the following problem is meaningful: using one and the
same repulsive core, attempt to explain ABS and the
spectra of quasimolecular states of the considered
nuclei.

8. DESCRIPTION OF BACKWARD SCATTERING BY
MEANS OF REGGE POLES

One of the most modern and most successful methods
of describing ABS is the Regge-pole method developed
by Cowley and Heymann** and most consistently by
McVoy.*® The idea of the Regge method is that the
angular momentum [ is regarded as a variable capable
of taking any complex values. As before, physical
meaning attaches to positive integral (in units of # or
7/2) values of the angular momentum.

With each bound or resonant state a pole of the §
matrix is associated. With varying energy, this pole
is displaced in the complex I plane. This is the trajec-
tory of the Regge pole. These trajectories are used to
classify bound and resonant states in nonrelativistic
quantum mechanics and elementary particles and reso-
nances in the theory of elementary particles. On one
trajectory there may be a group of bound states with
different [ but the same principal or radial quantum
number.

The introduction of a pole term in the S(I) matrix is

18,1
0.8 y
L 10.4
0.5 10.2
A 1 A
r 0 7% 04 0.6 0.8
Mr ! Im(1) b,
I -~
- ] }J
L S T e 1
4 ) 12 14 16 Re(l)

FIG. 27. Dependence of the modulus | S;| of the S-matrix
element or the reflection coefficient on the angular momentum
I: a) Argand diagram for I=14—22; b) positions of the pole (*)
and zero (0) on the complex I plane; #® @ analysis of scattering
of 0 ions on €0 nuclei by the diffraction model with sharp
edge with one Regge pole; OO O parameters of model obtained
by fitting to the angular distribution in the framework of the
optical model.
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FIG. 28, Angular distribution corresponding to Fig. 27: the
oscillating curve is a model six-parameter fit; the decreasing
curve is the background. ABS is due to a Regge pole.

a convenient way of describing, for example, a rota-
tional band of quasimolecular states.

According to McVoy,* the S(I) matrix for given ener-

gy can be represented in the form
SW=Bn[ R =B [1ﬂ%‘fl’mz] (28)

where B(l) describes the background nonresonant scat-
tering and can be calculated by the diffraction or the
optical model. Part of the Breit-Wigner S matrix de-
scribes resonance in [/ space with elastic width D(I) and
total width I'(7) and with center at angular momentum L.
In the rigid rotator model, the angular momentum L is
the angular momentum of the rotator. For convenience,
McVoy assumes the following form for D(7) and T'(}):

D()=D[texp(l—L)Al; T(H=T{1~exp(l—L)A].  (29)
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FIG. 29. Dependence of the optical-model T, for I=0—17 on
E - The maxima correspond to the quantum numbers n: a)
dependence of T; on the angular momentum [ for E =16
MeV; b) behavior of resonances in the potential pocket—V(r)
+Vioq +HAA+1)/(2pr),
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Here, T and D play the role of reduced widths. Obvious-
ly, z(1) and p(I) have the same dependence as Eq. (29).
The reduced pole p and the reduced zero z are defined
as follows: p=TI'/2 and z=T/2 - D. In this formalism,
Ly, ', and D are the parameters of the Regge reso-
nance. The S(!) matrix has a pole at I~ L, +ip(L,), and a
zero at I=L,+iz(L,). There will always be a pole in
the upper [ half-plane and a zero in the lower half-plane
if D>T'/2, Figure 27 shows the modulus of the S-matrix
element describing the scattering of 0 ions on %0 nu-
clei at Ejq =26 MeV. The parameters of the model are:
'=6.04, D=2.76, L,=17.2, L=17.3, and A=1.4.

 Here, only one Regge pole is taken into account.

The corresponding angular distribution of elastically
scattered oxygen ions is shown in Fig. 28, which shows
that the one-pole Regge approximation ensures an
oscillating structure at backward angles.

We define the S(I) matrix as a function of the complex
energy E and angular momentum [, Then a pole will be
found at a definite combination of 7 and E in the case of
a bound state and near it in the case of resonance. Poles
can be observed most clearly as resonances in the I-
dependence of the transmission coefficient T(l, E) =1
- 18(1,E)I* at fixed energy E, ,. These resonances ap-
pear with increasing energy E,,; with corresponding in-
crease of the radial energy (the principal quantum num-
ber » corresponds to it) and rotational energy (to which
the orbital angular momentum [ corresponds). The cor-
responding transmission coefficients T, as functions of
the energy will exhibit potential resonances and their
echoes, and the potential curves [- V(r) + V,  +7%(
+1)/(2ur?)] for a given angular momentum [ will dem-
onstrate filling of the potential pocket by corresponding
n-states. This situation is well demonstrated by Fig.
29, taken from Ref. 43. It shows that some resonances
move faster than the height of the barrier, are mani-

n

2.4

7=
=1 MeV|

04

(a) (b)

FIG. 30. Strong absorption as a result of overlapping of Regge
resonances: a) reflection coefficient as a function of the angular
momentum for different imaginary parts of the optical poten-
tial; b) Argand diagrams; c) transmission coefficients.
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FIG. 31. Fitting of the ABS of & particles on *°Ca nuclei by
the square of one Legendre polynomial P;(cos@).

fested several MeV higher than the barrier, broaden,
and disappear into the background. The energy at which
resonances no longer exist will be called the filling
energy. As can be seen from the expression (28) and
Fig. 29, as E and [ move along the Regge trajectory
the resonances are raised above the barrier and in-
crease their elastic width to D=I"/2 and accordingly
T=1. For small [ and E, we have D<I'/2 and a reso-
nance is basically inelastic, whereas D>TI/2 for large
! and E and elastic resonance occurs.

As we have already pointed out, absorption in the
framework of the optical model can be interpreted as
due to completely overlapping Regge resonances. This
can be seen best in Fig. 30, which shows the moduli of
the S-matrix elements and the transmission coefficients
for different / (the radial quantum numbers n show the
position of the resonance) and also the Argand diagrams
for elastic scattering of oxygen ions on *®0 nuclei.

Now a few words on Argand diagrams. If the reso-
nance is elastic, the Argand diagram is the unit circle.
This follows from the unitarity of the S-matrix: S(1)S*(1)
=1. If the Regge resonance is inelastic (it will be in-
elastic in the case of a complex potential), the reso-
nance circle will have a radius p=T,,/T =1 B(1)| D/T and
enclose the origin if D>T"/2 but not if D<I'/2. If D
=TI'/2, the Argand diagram passes through the origin.
This corresponds to 15,| =1. With increasing energy,
the motion in the Argand diagram is in the anticlock=-
wise sense.

We now turn to Fig. 30. As can be seen from this
figure, with increasing absorption,; i.e., imaginary
part of the optical potential, the resonances become
more and more inelastic and overlap. Thus, one can
regard strong absorption as the overlapping of inelastic
resonances . One can have a situation in which many
resonances are suppressed by strong absorption (large
imaginary part) but are at the same time manifested in
the excitation functions.

Let us consider again the expression (28). If I'() is
not greater than one unit of 7, the resonance amplitude
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is determined by a single value of I, namely L;, and the
large-angle cross section has the form | Ry (cos@)!?
with weight coefficient |D(L,)/T'(L,)!I2.

In Fig. 31, taken from Ref. 7, large-angle o scatter-
ing on #°Ca nuclei is fitted by the square of one Legendre
polynomial for a-particle energies in the range 22—49.5
MeV. At all energies, the fitting is good. This result,
obtained for only one angular momentum, or when one
Regge pole contributes to the scattering, and for which
good agreement between theory and experiment is ob-
served, indicates that there is a resonance of the form
corresponding to a quasimolecular state.

Figure 32, taken from Ref. 7, shows the energy of
the **Ti compound nucleus as a function of the resonance
angular momentum describing the anomalous backward
scattering of o particles on the **Ca nucleus (dashed
curve) and as a function of the orbital angular momen-
tum corresponding to a grazing -collision (IS, ~1/2)
(continuous curve). These two curves should coincide.
The discrepancy may be due to the excitation of the
core or to the rotational band beginning with a nonzero
principal quantum number.

According to Fuller,*! quasimolecular resonance can
be regarded as a decaying surface wave propagating
around the region of strong absorption. We use the
Szegd asymptotic representation for Legendre
polynomials:

P, (cos ©)
14

I'(—+—1 b 1.2 " 3 .
=Tu—:3,)z‘) wog)  cos [(a-rifz)e—-%]; sin®=1|al

(30)

The scattering amplitude is proportional to the cosine:
cos[(a +5)© - n/4], which can be represented as a
superposition of two waves:

cos (@4 1/2) © — 7 4] =exp (— @) exp{i [(oy -+ 1/2) © —/4]} (31)
+exp (o20) exp { —i [(%; 4 1/2) © —x/4]},

where a =a, +ia,, and @,, a,>0. If this expression is
multiplied by exp(—iEt), we obtain two traveling waves.

Let us return to the expression (28). It is easy to see
that the /-dependent optical model is a special case of
the expression (28) or the rotator model. The real part
of the optical potential determines D(/) and the positions
of the resonances E_,. The imaginary part is mani-
fested in the total width I'(7). A decrease of the imagi-

FIG. 32. Rotational band

formed by the resonance
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20 sponding to ABS of o parti-
- cles on 19Ca nuclei. [0: de-
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tum (I=L.g); —: Ll +1),
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nary part of the optical potential for partial waves near
L, presupposes that I'(L,) is small. This leads to
anomalous scattering if D(7) is not small, and then I'(7)
and not D(J) is determined by the structure of the target
nucleus. To explain the isotopic effect in the anomalous
backward scattering of particles on Ca isotopes, we
shall assume that D(l) is proportional to the o reduced
width of the resonance; then a small value of D(7) will
be associated with the disappearance of ABS. In some
cases,* the one-pole approximation is inadequate, and
then two or more Regge poles are introduced. Although
the agreement with experiment can then be improved,
the physical clarity of the picture is to some extent
lost.

The successes of the Regge-pole method in the de-
scription of anomalous backward scattering are par-
ticularly valuable because this method establishes a
direct relation between elastic scattering and highly
excited states of spherical structure, which are hard
or impossible to identify otherwise.

CONCLUSIONS

Until recently, it appeared that the study of scattering
had become largely obsolete. The data being obtained
had the character of refinements of something already
known, and discussion concentrated on the details of
particular models. In addition, the models were some-
times unnecessarily complicated but without qualitative-
ly new physical phenomena, and comparison between ex-
periments and calculations sometimes reduced to the
fitting of parameters.

The discovery of anomalous backward scattering
showed that the simplest process in nuclear dynamics—
elastic scattering—is much richer in its manifestations
than had been assumed from the point of view of existing
models. The most interesting thing is that ABS was
found to be intimately related to features of nuclear
structure that can only be studied with difficulty and
sometimes not at all by other methods. Thus, anomalous
backward scattering, originally a vexing flaw in the
elegance of the optical-model concepts of scattering,
was transformed into a serious instrument for investi=-
gating nuclear structure.

There is no unified description of ABS, nor can there
be. Some of the effects are due to the existence of clus-
ters in the ground states of the colliding nuclei (ex-
change, scattering on clusters); others are due to the
formation of a resonance cluster of the intermediate
system at high excitations. It is possible that in some
cases there is no direct connection between ABS and
quasimolecular structure. The only common feature is
that to explain ABS one must dispense with the concept
of strong absorption in the surface layer of the nucleus.

In the cases when the energies of the incident parti-
cles are near the Coulomb barrier and the colliding
nuclei have similar structures, exchange models are
best in the description of ABS; however, when reso-
nances are not observed in the excitation functions but
ABS occurs, the Regge-pole model is preferable. In the
cases when there are isolated resonances at large

angles in the excitation functions, one can use the
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simplest models, in particular, an optical model with
resonant phase shifts or an optical model with I-depen-
dent imaginary part.

If isolated resonances at large angles are present in
the excitation functions and it is assumed that the main
contribution to the large-angle cross section is not
made by potential scattering, one can relate anomalous
backward scattering and the cluster transfer reaction
to the excitation of quasibound states whose widths are
near the Wigner limit. The large-angle cross section
at resonance is proportional to the spectroscopic factor
of the quasibound state. Models which treat scattering

- on substructures require further development. A model

with a repulsive core is particularly attractive. In the
light of the most recent work of the Japanese theoreti-
cians,®” the repulsive core is associated with the Pauli
principle, or, putting it more precisely, with its new
role—the formation of a phase of molecular matter.
Another interesting problem in the study of ABS is the
measurement of excitation functions on the time secale.
The oscillations in the excitation functions have a quan-
tum character, as in the case of atomic collisions.

Although many features of ABS are already under-
stood, many unresolved questions remain. To a large
extent this is due to the serious shortage of experi-
mental data. It is not clear, for example, whether ABS
is manifested on nuclei heavier than the calcium nuclei.,
There are very few ABS data for He nuclei, which have
properties closest to those of @ particles. The ABS of
weakly bound nuclei like ®Li remains unexplained. One
can be sure that in the coming years both the theoretical
and experimental study of anomalous backward scatter-
ing will remain among the most interesting problems of
nuclear physics.
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