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A semimicroscopic approach to the description of the interaction of low-energy nucleons with
nuclei is presented. The optical potentials and form factors of inelastic transitions are obtained in
a closed form on the basis of effective nucleon-nucleon forces, which depend on the density of the
matter distribution in the nucleus, and allowance for the Pauli principle in the density-matrix
formalism. The influence of exchange effects on the properties of the nucleon-nucleus interaction
is analyzed. A semimicroscopic coupled-channel method is formulated and used to analyze
experimental data on the elastic and inelastic scattering of protons by nuclei. The connection
between the deformation parameters of the nucleon potential and the parameters of the isoscalar
and isovector deformation of the nuclei is investigated in the isospin formalism. The contribution
of exchange effects to the energy dependence of the isobaric-spin potential is established.

INTRODUCTION

Study of the interaction of low-energy nucleons with
nuclei is a topical problem of low-energy nuclear physics.
Study of the scattering of low-energy protons and neutrons
by nuclei is still an important source of information about
the nuclear-reaction mechanisms and nuclear-structure
properties. In a number of recent investigations (see, for ex-
ample, Refs. 1-3), experimental data have been obtained
with so-called high resolution, the angular distributions of
inelastically scattered protons being measured in a wide
range of angles for several tens of excitation levels of the
target nuclei at a proton energy around 25 MeV. These ex-
perimental data are analyzed in the framework of the stan-
dard version of the coupled-channel method. As has already
been noted in the literature, such a method of analysis is
subject to some shortcomings, which include the existence of
a large number of free parameters [optical-potential param-
eters, deformation parameters, etc. ], neglect of the antisym-
metrization effects, and the absence of a connection with
semimicroscopic nuclear models.

At the same time, to describe nuclear-structure proper-
ties, semimicroscopic approaches are being developed
strongly in nuclear theory: the self-consistent theory of finite
Fermi systems,* the quasiparticle-phonon model,® nuclear
field theory,® microscopic variants of the model of interact-
ing bosons and fermions,” and so forth. As a rule, these mod-
els are used to analyze inelastic nuclear transitions associat-
ed with electromagnetic interactions. It is of interest to use
the semimicroscopic nuclear models to describe the inelastic
scattering of nucleons by nuclei. Such possibilities do not
exist in the framework of the standard version of the cou-
pled-channel method.

In the theory of nuclear reactions there has been exten-
sive development of semimicroscopic methods (resonating-
group method,® energy-density functional method,” folding
model,'®'? and others), in which, on the one hand, the
shortcomings inherent in the microscopic analysis of experi-
mental scattering data are eliminated and, on the other, it is
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possible to use semimicroscopic nuclear models to analyze
nuclear-reaction mechanisms. Among these approaches, the
folding model possesses the greatest simplicity and univer-
sality. It is equally applicable to spherical and deformed nu-
clei, to simple and composite projectile particles, and to the
description of elastic and inelastic scattering. Generaliza-
tion of the folding model and allowance for many-particle
and exchange nucleon-nucleon correlations make it possible
to include explicitly in the treatment the effects associated
with the density dependence of the effective nucleon-nu-
cleon interaction and the Pauli principle. The part played by
the latter is particularly important in the description of the
interaction of low-energy particles with nuclei.'*'® Apart
from the study of the part played by the Pauli principle,
investigation of the interaction of low-energy nucleons with
nuclei is of great interest in connection with the fact that at
low energies the coupling of the channels is more important
and, as a consequence of this, there is a greater probability
(as compared with high energies) of excitation of target-
nucleus states of complicated structure.

In Refs. 17 and 18, the folding model and the density-
matrix formalism were used to develop a semimicroscopic
approach in which the optical potentials and the form fac-
tors of inelastic transitions are constructed in a closed form
with allowance for many-particle and exchange nucleon—
nucleon correlations for the case of strong channel coupling.

Study of the inelastic scattering of low-energy nucleons
by nuclei is an important source of information about the
parameters describing the deformation of the matter distri-
bution in nuclei and about transition densities. Experimental
investigations with high-energy protons, and also with pions
and other particles, have suggested that the deformations of
the neutron and proton distributions in nuclei can exhibit
significant differences.’”! These differences lead in their
turn to differences in the parameters of the isoscalar and
isovector deformation of the optical potential. From this
point of view, it is of interest to analyze the isospin structure
of inelastic transitions in nuclei manifested in the inelastic
scattering of low-energy nucleons by nuclei in the frame-
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work of a semimicroscopic approach; for in this approach
the form factors of the inelastic transitions are directly relat-
ed to the proton and neutron transition densities. The for-
malism of the semimicroscopic approach includes in a natu-
ral manner a description on a unified basis of inelastic
scattering of nucleons by nuclei and quasielastic and quasi-
inelastic scattering, the amplitude of the process in the latter
case being basically determined by the parameter of the iso-
vector deformation of the optical potential; in the semimi-
croscopic approach this parameter is directly related to the
parameters describing the deformation of the proton and
neutron distributions.

For the description of peripheral processes in the inter-
action of heavy ions, wide use is made of optical potentials
constructed in the double-folding model on the basis of the
effective M3Y interaction.?> However, this interaction does
not contain a density dependence, and the Pauli principle is
taken into account in it effectively by the introduction of a
zero-range pseudopotential. As a result, the use of the M3Y
interaction to describe the scattering of light particles (nu-
cleons and & particles) by nuclei is unsuccessful. It is there-
fore necessary to construct potentials for the interaction of
nuclei with both simple and composite particles on the basis
of a unified effective nucleon-nucleon interaction in the
framework of a unified scheme for taking into account nu-
cleon—-nucleon correlations.

I. POTENTIALS AND FORM FACTORS OF INELASTIC
TRANSITIONS

In the folding model, the potential of the interaction
between two colliding particles 4 and B is determined by

Usp (R) = \ S. pPra)p(rp) V(Ira - R —rp|)drdrs.
i L)
Here, p(r, ) and p(r ) are the densities of the nucleon
distributions in the nuclei, and ¥ is the potential of the effec-
tive nucleon—nucleon interaction. If the structure of the inci-
dent particle is not taken into account, the double-folding
potential (1) is replaced by the single-folding potential

vo={pE)Vie—r|)ar. )

Expandingp(r') and ¥(|r — r'|) in multipole series, we
obtain

Um=F0500) Y5 (0. 9) 3

Uso(r) = § s (r, 7) s () ()2 (4)

In the collective model, p, , (#') and U, , () are, respective-
ly, the transition densities and form factors of inelastic tran-
sitions with transfer of angular momentum « to the target
nucleus, and U o, (r)/y/4 is the central part of the optical
potential. In the optical model and in the macroscopic meth-
ods of analyzing inelastic scattering (DWBA and coupled-
channel method), U, , () are parametrized and include op-
tical-potential parameters and the deformation parameters
B }o of the potential. The optical-potential parameters are
subject to both discrete and continuous nonunigueness. In
the case of nucleons or high energies, this nonuniqueness can
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be eliminated, but in the case of composite particles or low
energies it is not possible to eliminate the nonuniqueness of
the optical-potential parameters in the framework of the op-
tical model.

In the folding model, the potentials and form factors of
the inelastic transitions are determined in accordance with
(4) by specifying the central and transition densities, which
can be determined either from an experiment that is inde-
pendent with regard to the interaction of low-energy nu-
cleons with nuclei (electron or pion scattering, interaction of
high-energy protons with nuclei, electromagnetic transi-
tions, etc.) or from calculations in the framework of a nu-
clear model. An effective nucleon-nucleon interaction can
be constructed on the basis of the vacuum interaction with
allowance for the nuclear medium® or can be taken from
calculations of nuclear-structure properties. Thus the poten-
tials and form factors of the inelastic transitions in the fold-
ing model do not contain free parameters and are not subject
to the nonuniqueness inherent in the macroscopic ap-
proaches. In addition, they are directly related to the nu-
clear-structure properties—the matter distribution in the
nucleus and the transition densities, and also the effective
nucleon-nucleon interaction,

The potential in the form (2) is the so-called direct term
in the interaction of a nucleon with a target nucleus. To take
into account the Pauli principle, we introduce the density
matrix p(r, r'); then a potential” including direct and ex-
change terms can be expressed in the form'!

U, ¥) =86—1) [Vol(r—r1p@)
+ Vet =1 o (e 1), (5)

Here, V5 (|r —r'|) and Vg (|r —r'|) are, respectively, the
contributions of the direct and exchange parts of the effec-
tive nucleon—nucleon forces to the nucleon—nucleus interac-
tion. As is well known, the optical-model potentials also con-
tain spin-orbit, Coulomb, and imaginary terms. With regard
to the Coulomb term, it can always be calculated by means of
the folding procedure (usually, the charge distribution is
specified in the form of a uniformly charged sphere, but dif-
fuseness of the charge distribution can also be taken into
account™). The spin-orbit term in the optical potential can
be constructed on the basis of two-particle spin-orbit forces
(see, for example, Ref. 26). The situation with regard to the
imaginary part of the optical potential is more complicated.
According to Refs. 27 and 28, the absorption potential has a
dynamical nature and its complete calculation requires
knowledge of the complete spectrum of states of the target
nucleus and the compound system. What is actually possible
is the calculation of the contribution of individual states to
the imaginary part of the optical potential, the states of col-
lective nature making the most important contribution. The
contribution of these states to the absorption potential was
calculated for the first time in Refs. 29-31.

Two approaches have been developed for the calcula-
tion of the imaginary part. The first of them is based on
explicit allowance for the structure of the target-nucleus
states.’**? Comparison of the absorption potentials calculat-
ed for the *°Ca and ?**Pb nuclei in Refs. 34 and 35 with
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phenomenological optical potentials shows that the theo-
retical calculations reproduce about 50% of the strength of
the absorption potential. An alternative approach is based
on the results of the theory of nuclear matter obtained in the
approximation of a local density.’*™* In this approach, the
imaginary part of the optical potential is found to be greater
than for the phenomenological potential. Thus, in both ap-
proaches it is necessary to renormalize the depth of the ab-
sorption potential. However, the underestimation or overes-
timation of the imaginary part can be due not only to the
value of the strength constant of the absorption potential but
also to the “geometrical”’ parameters of the potential. There-
fore, although calculation of the imaginary part of the opti-
cal potential is an independent interesting problem in nu-
clear theory, to analyze scattering mechanisms in the
framework of the semimicroscopic approach it is more expe-
dient to use parameters of the absorption potential extracted
from the description of elastic scattering in the optical mod-
el.

The expression (5) is written down in the first order in
the effective nucleon-nucleon interaction. There are also
second-order corrections (the imaginary part of which has
been discussed above), whose real part is related to the so-
called core-polarization effects, i.e., the effects of the rear-
rangement of the motion of the nucleons in the target nu-
cleus under the influence of the incident particle. The
importance of these polarization terms is essentially deter-
mined by two factors—the structure of the incident particle
and the closeness to which the colliding nuclei approach
each other. For composite particles and appreciable overlap-
ping of the nuclear densities, the second-order effects can
have a significant influence on the strength and shape of the
potential in the interior and surface regions. However, be-
cause of the strong absorption the scattering cross sections
are weakly sensitive to the behavior of the potential in the
interior region of the nucleus. In the case of nucleons, the
contribution of the terms of second order in the effective
interaction to the real part of the nucleon potential was cal-
culated for the *°Ca and °*Pb nuclei in Refs. 39 and 40. It
was shown that near the Fermi energy this contribution is
localized on the surface of the nucleus, while further from
the Fermi energy it makes a correction to the interior part of
the potential not exceeding 10%. Thus, for the description of
the scattering by nuclei of nucleons with energy exceeding
15-20 MeV the second-order terms can be ignored. Another
approach to this problem exploits the fact that (5) contains
an effective interaction, so that the polarization terms can be
taken into account by renormalizing the parameters of this
interaction.

Through the allowance for the Pauli principle, the semi-
microscopic potential is nonlocal, and, in its turn, has the
consequence that the Schrédinger equation for the descrip-
tion of elastic scattering becomes an integro-differential
equation, and the system of the coupled-channel method is
transformed into a system of integro-differential equations,
so that much computing time is needed to solve such a sys-
tem. The characteristic magnitude of the nonlocality is di-
rectly related to the range of the effective nucleon-nucleon
forces, which have a short range. By virtue of this, it is possi-
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ble to go over from the nonlocal to a local, but energy-depen-
dent, potential in accordance with the procedure explained
in Ref. 41. Thus, instead of (5) we have

v ={votr—rppa)ar

+ Ve (lr—r" Do 0 ') o Gk (1) 5) ds; )
§=1r —r;
k2 (1) = 25 (E—U (1) =V (1)l (N

Here,J, [k(r)s] is aspherical Bessel function which appears
in the localization procedure, and V¢ (r) is the Coulomb
potential.

Local approximation for deformed nuclel

We expand all quantities on the right- and left-hand
sides of (6) in multipole series. We obtain®*

Uso(r)= § puo (") 0B (ry ) (2 + UL () (8)
0

U (r) =3 Suar | va () oroo (s 8) 1 (k (1) 8) 2ds; (9)
0

AR

S = [ SEYEED] E2gov0 L0y, (10)
pan(rs == [ p(r, 1-48) Va0 docdos (1)
Tre () )= § o (k (1) 9) Yoo (0) do. (12)

In Egs. (8)-(12), all quantities except p(r, r') have
been determined. The density matrix can be calculated for
spherical or deformed nuclei on the basis of the single-parti-
cle formula (see, for example, Ref. 42):

p(r, ¥') =2 ¢ (r) @; (r).
1
However, instead of this exact but rather cumbersome pro-

cedure a closed expression is, as a rule, employed for p(r, ).
The simplest such expression is the Slater approximation:

p(r, ) = (R) —o— fo (sFer); (13)
ke (R)=[F o (R)] 5 (14)
R=— (r+1). (15)

A more realistic expression for p(r, r') with, however, a
structure as simple was proposed in Ref. 43:

p(r, ') =p (R) %:’, (sk); (16)
S
b R)=| o TR — v ®)]| 7. (1N

Here, 7(R) is the kinetic-energy density of the motion of the
nucleons in the nucleus.

Equations (8)—(12) in conjunction with (13), (14) or
(16), (17) constitute a formalism by means of which it is
possible, using information on the effective nucleon-nu-
cleon forces, the central density, and the transition densities,
to construct semimicroscopic optical potentials and the
form factors of inelastic transitions for deformed nuclei. The
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application of this formalism directly to the analysis of ex-
perimental scattering data encounters the following difficul-
ties. We note that in the case of deformed nuclei the param-
eters B4 of the static deformation of the matter distribution
in the nucleus occur [see Eq. (7)] in the integrand of the
exchange term, but the same parameters occur on the left-
hand side of the relation (6). Thus, to find the potentials and
the form factors of the inelastic transitions it is necessary to
employ a cumbersome iterative procedure, and this makes it
difficult to extract the parameters £ % from analysis of ex-
perimental scattering data. The second difficulty is associat-
ed with the description of scattering by nuclei with vibra-
tional states. In this case, the parameters 8% have the
meaning of dynamical deformation parameters, and on the
transition to the phonon representation k(r) becomes de-
pendent on the phonon creation and annihilation operators.
Integration in (6) becomes impossible and, thus, the formal-
ism does not apply directly to the description of the excita-
tion of vibrational states.

In Refs. 17 and 18, a semimicroscopic approach was
developed that makes it possible to overcome both of these
difficulties. To obtain closed expressions for the quantities
U, (r), we use the multiplication theorem for Bessel func-
tions.** In the case of the spherical function £, (uz),

©o

o =3 5 in (@) (515" (18)
We determine z_and u by the relations

po=0— K (r) /K8 ()] (19)

k() =25 (E—UP (r)—Ve () (20)

U3 (1) =~ Ubo ()
k@) =32 [UE O+ D UF0 (1) Yo (o) ]I
.

+ 3 BT 20 (1) Yo (0) ] P @
Sl }

To separate explicitly the dependence on 3 7, we also intro-
duce

[7?0 (1 =UrLo (r)/BY;

Pz (1) = 1o (r)/BL.

Using (19) and (21), we obtain for the nth term in the ex-
pansion (18)

arin (ko)) (8 Jae ), (22)

k3 (r) 2
It is readily seen that the expansion (22) converges rapidly,
since the factor multiplyingj, [k, (#)s] in (22) is apprecia-
bly less than unity for all » and, in addition, Ju (x) decreases
rapidly with increasing n. Retaining in (18) the first three
terms, substituting in (9), and taking into account (12), we
obtain for U}, () the system of equations
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UL (r) =Pd 1o (r) + B8 1y (1) % (1) V E UE (1)
FBLL 12 (r) 2 () Vi (WUF (0124 S 3V Bl
AOA

X % (r) [Usioo (r) +BET 2o ()] I, ()

+?%(1_5Lu)fw(r)“2(r)

X D) Seane [2U% (r) BRU Lo (r)
AN
+Ufa (1) UL (r) +BSBSU 2o (r) OBo ()]s
% (r) = m/ (ko (r) 12).

(23)

Here I, (7) for A #0 is determined by
Lo () =V & [ 0x(5) Proo (7 5) fo (ko (r) 8) s2ds
0

and in all the remaining cases 7,, (r) is determined by the
relations

Lin () =31 § 08 (5) Drao (1, 8) u (ko () ) ™2, (24)

0

Equations (23) contain as small parameters the nuclear de-
formation parameters 3 %, and also »” (r)1I, (r), which are
less than unity for all ». Thus, the solutions of (23) can be
sought as series in 8 2 and »" (#)[ rn (F); in these series, the
number of terms must be matched to the method by which
the system (23) is obtained. As a result, solving the system
(23) to terms of second order in B £ and x(r), we obtain

Ug(r) =T (r) +Loo (r) [1 % () Loy ()]

g 2 GO () 1) [FD (1) + Lo (9] 480 (2); (25)
A

Upo(r) =B (T80 (r) -+ T o ("] +B8 1.0 (7) 3 (r) V5 Iy ()

1
—_—

1 " ap =
T 2 2 BB Sk () w (r) (TR (1)
il T

+ Lo (r)] + 8z (o). (26)
To simplify these expressions, we have not written down
explicitly the terms quadratic in x (7). In addition, the corre-
sponding direct terms are added to the solutions of (23)

Equations (25) and (26) give, when allowance is made
for exchange effects, closed expressions for the spherically
symmetric part of the potential U, (7), which can be regard-
ed as the main contribution to the real part of the optical
potential, and for the inelastic-transition form factors
Upo (r) with angular-momentum transfer L. In contrast to
the expression (9), the expressions (25) and (26) can be
directly used in the coupled-channel method to analyze ex-
perimental data and extract from this analysis the param-
eters £ 7 . In addition, after the transition to the phonon rep-
resentation the expression (26) becomes suitable for the
description of elastic scattering with the excitation of vibra-
tional states.
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2. EFFECTIVE NUCLEON-NUCLEON FORCES AND THE
PAULI PRINCIPLE

Nuclei are fermion systems, and it is therefore impor-
tant to take into account the identity of nucleons in describ-
ing nuclear reactions. The Pauli principle has a significant
influence on the interaction of low-energy particles, espe-
cially composite particles, with nuclei. Thus, a consequence
of the Pauli principle is the appearance at short distances of a
core in the ion-ion potential.*** In the case of nucleons,
exchange effects significantly determine the energy depen-
dence of the nucleon optical potential and also other proper-
ties of the optical potential and the form factors of inelastic
transitions.

To take into account the Pauli principle in the descrip-
tion of inelastic nucleon scattering by nuclei, wide use has
been made of the microscopic distorted-wave Born approxi-
mation (microDWBA).* In this approach, the interaction
responsible for the inelastic transitions is taken to be an ef-
fective nucleon—nucleon interaction, and the wave functions
of the initial and final states of the target nucleus are con-
structed with allowance for antisymmetrization, while the
“distorted” wave functions of the scattered nucleons are
found in the framework of a phenomenological optical mod-
el. Thus, in the microDWBA the Pauli principle is not taken
into account in a consistent manner for the elastic and inelas-
tic channels. More recently, the microDWBA has been de-
veloped further. In a number of studies,*’~*" an interaction
constructed on the basis of realistic nucleon—nucleon poten-
tials has been used as the effective nucleon—nucleon interac-
tion. In this way, unity is achieved in the description of the
interaction of free nucleons and the interaction of nucleons
with nuclei. We note that in the microDWBA channel cou-
pling is not taken into account, and it is used mainly at inter-
mediate nucleon energies. Generalization of the folding
model to take into account exchange nucleon-nucleon cor-
relations*2 makes it possible to treat the Pauli principle in a
unified manner in the description of elastic and inelastic
scattering of nucleons by nuclei, and the formalism of the
semimicroscopic approach presented in the previous section
makes it possible to implement this description at low ener-
gies too, where the channel-coupling effects are important.
It should, however, be noted that in the microDWBA the
antisymmetrization is taken into account exactly, whereas in
the semimicroscopic approach in the presence of channel
coupling it is taken into account in the local approximation
of the density-matrix formalism. Thus, these two ap-
proaches to the description of inelastic scattering of nu-
cleons by nuclei can be regarded as complementing each oth-
er. Note also that much work has been done (see, for
example, Refs. 34, 37, and 51-56) on the construction of a
microscopic optical potential with allowance for antisym-
metrization effects, but in the corresponding studies the de-
seription of only elastic scattering of nucleons by nuclei is
considered.

The effects associated with the manifestation of the
Pauli principle in nuclear reactions are essentially deter-
mined by the properties of the effective nucleon—nucleon in-
teraction. In the general case, it contains central, tensor, and
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spin—orbit components. For the central component, we can
write down the expression

v (r) =1 (r) {ag + a; (1,%2) 4 a6 (0,03) + o (T,75) (040,)}.

(27)
For even—even nuclei, after application of Eq. (2), the first
two terms in (27) make a nonzero contribution to the optical
potential, the second term leading to the appearance of an
isobaric-spin potential, the properties of which will be con-
sidered in detail below. We write the expression (27) in the
alternative form

v(r)=Vof () {W+ B LEpS  py ST
< L
—p i ian ) (28)

Applying the antisymmetrization operator to the right-hand
side of (28), we obtain the following expressions for the
strength constants of the direct and exchange parts of the
effective interaction in Eq. (5):

VD==% (4W + 2B —2H — M);
V=YL (4M +2H —2B—W).

Allowing for the Pauli principle in explicit form [the second
term in Eq. (5)] involves cumbersome calculations which
can be carried through to the end only in an approximation
(for example, in the local approximation of the density-ma-
trix formalism). An alternative is to take into account the
Pauli principle effectively by a renormalization of the effec-
tive nucleon—nucleon interaction. Such a program can be
realized by using the so-called M3Y interaction. In this case
Ve =0, and Vp, (r) has the radial dependence™

o—2,57

— 47
Vp (r)=1999 S — — 21345

— 276 (1 —0.005E/4) 8 (r).

The last term is called the zero-range potential and effective-
ly takes into account single-nucleon exchange.”* The energy
dependence of the pseudopotential reflects the energy de-
pendence of the exchange term in the semimicroscopic opti-
cal potential [see Eqgs. (6) and (7) |. The simple structure of
the M3Y interaction makes it possible to develop an analytic
variant of the folding model,””*° a representation in Gaus-
sian form being used for the central density and transition
densities. The analytic folding model was used in Ref. 58 to
analyze the connection between the shape of the nuclear po-
tential and the shape of the nuclear matter distribution, and
in Refs. 59 and 60 it was used to investigate the radial depen-
dence of the nucleon, a-particle, and ion—ion potentials. In
Refs. 61 and 62, alternative variants of the analytic folding
model were also developed.

The shape of the optical potential or the matter distri-
bution in a nucleus can be characterized by the angle depen-
dence of the corresponding half-decrease radius:

R=Ry"[1+ 3 BL Va8 @) |.
: ? :
Here, the indices v and p relate to the potential and the mat-

ter distribution, respectively. For definiteness, an axisym-
metric shape of the distribution is taken. The deformation
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parameters /3 }” can be determined on the basis of the inte-
gral formula®®
g 4 f g(r) rA'YM (0, ¢)dr
ﬁl=2l+1 {g@rar
Satchler® formulated a theorem from which, in particular,
it follows that®*

i g=(p.v). (29)

GT=al4; = { @ yrvean I= U@ (30)
Applying this theorem and using (29), we obtain®®

B (r*e = PR () (31

rhy, = 3 gMrhdr/l, (Jo=J, J,=A). (32)

It follows from (31) that because the effective nucleon-nu-
cleon forces have a finite range the deformation parameters
B i and B differ. This difference is greater, the larger is A.
As was shown in Ref. 58, allowance for the Pauli principle
through a zero-range pseudopotential leads to a smoothing
of these differences. The analytic folding model gives a sim-
ple analytic dependence of the parameters 3  on the ener-

gy™:
B (E) =P3. (0) {1 —n,E}, (33)

the coefficient 7, depending on the parameters of the effec-
tive distribution and the parameters of the matter distribu-
tion in the nucleus. Calculation with the M3Y interaction
for light nuclei gives a value of 7, not greater than 0.001
MeV ™' for both nucleons and & particles.*® Thus, in the
interval AE = 100 MeV the change in the deformation pa-
rameters of the potential is only a few percent. An analogous
conclusion was drawn in other theoretical studies,*?
whereas analysis of experimental data on the scattering of
low-energy protons leads to a strong energy dependence of
the parameters 8 § (see, for example, Ref. 66), this being
due to the inadequate description of the scattering mecha-
nisms at low energies.

It was noted in the Introduction that the use of the M3Y
interaction to describe scattering of nucleons was not so suc-
cessful as in the case of heavy-ion interaction. This is the case
because the nucleons are more sensitive to the details of the
optical potential, which are determined not least by ex-
change nucleon-nucleon correlations, which are not expli-
citly considered when the M3Y interaction is used.

Energy dependence of the optical potential

We now consider the consequences of taking into ac-
count explicitly exchange effects in the density-matrix for-
malism of the semimicroscopic approach. We consider the
energy dependence of the semimicroscopic optical potential
due to the effect of the Pauli principle. Adding in (25) the
contributions of the main terms containing x>, we obtain for
the central, 3 4 -independent part of the optical potential®’

122 (1) Tog (r) Tpp ()

Us ()= U8 (1) + oo (r) — 0o

(34)

The fraction here gives a correction to / oo (#) that does not
exceed 15% at all r. Therefore, to study the energy depen-
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dence of the nucleon optical potential, we can regard I o, (7)
as the main contribution to it. We again use the multiplica-
tion theorem for the spherical Bessel functions [see Eq.
(18)]. We now determine z’ and 2’ in this formula by

We=[1+E/ | U7 () v

2m

#=E0s L= (5| 0B e e
Applying (18), we obtain

Jotho () 9) =1 () 9)— s -1 B () )

After substitution of (35) in the expression (24) for I o, (r),
we obtain an expansion of the exchange part of the potential
in powers of the energy'”*’:

Us (B, 1) = US0, ' — v () E + & (r) E2 L, (36)
where

m 1/2 ¢ o ol m :
o= (] i B B oo Do ().

Here, I'§, (r) differ from the previously defined quantities by
the substitution & , ( r)—£ (7). In the optical model, the ener-
gy dependence of the nucleon optical potential is established
empirically. With increasing energy, the depth of the optical
potential decreases, i.e., the potential becomes shallower.

For different sets of optical potentials there are differ-
ent values of (0).%® Itis important that in the optical model
¥(r) and & (») have the same radial dependenceas U (E, r),
and a linear approximation is generally used. In Ref. 69, the
experimental data on the elastic scattering of nucleons were
analyzed in the framework of the phenomenological optical
model in a wide range of energies and the mass number. In
the linear approximation, a value equal to 0.24 was obtained
for ¥(0).

One of the reasons for the appearance of an energy de-
pendence of the nucleon optical potential in the semimicros-
copic approach is the allowance made for the Pauli principle.
With increasing energy, the effect of the Pauli principle be-
comes weaker, the exchange integrals 7,, (r) become
smaller, and at the same time the value of ¥ in (36) becomes
smaller. The potential becomes shallower. Fora quantitative
estimate of the part played by the exchange effects in the
formation of the energy dependence of the optical potential,
it is necessary to fix the parameters of the effective nucleon—
nucleon interaction. As effective forces, we use Wilder-
muth-Schmid forces.” These forces have been successfully
used to describe NN and aa scattering at low energies, and
also to describe the cluster properties of light nuclei. The
parameters of the effective potential are given in Table I. The
calculation made in the semimicroscopic approach for the
target nucleus **Mg gives 3(0) = 0.15. This value can be
taken as the average for a large group of nuclei, since the
values of the exchange integrals depend weakly on the mass
number. Comparison with the empirical value shows that
allowance for the Pauli principle explains 60% of the energy
dependence of the optical potential, The energy dependence
is also due to the contribution to the optical potential of the
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TABLE I. Parameters of effective nucleon-nucleon forces.

Vo, MeV a, F w B M

—72.98 1.47 0.3742 0.1158 0.4408

0.0692

terms of second order in the effective interaction.?#071-7
As noted earlier, this contribution is localized in the surface
region of the nucleus and is maximal near the Fermi energy.
In Refs. 71 and 72, a study was made of the relative impor-
tance of the two factors (Pauli principle and second-order
terms) leading to the energy dependence of the optical po-
tential. Numerical calculations for the *°Ca and *°*Pb nuclei
showed that allowance for the Pauli principle leads to a de-
crease in the depth of the potential (in agreement with the
conclusions of the semimicroscopic approach), while the
contribution of the second-order terms leads to an increase
in the depth of the potential, i.e., gives the opposite effect in
the energy dependence of the nucleon potential. However,
with increasing distance from the Fermi energy the contri-
bution of the second-order terms decreases, and the Pauli
principle plays the dominant role in the energy dependence
of the optical potential. It should also be noted that the ef-
fects of localization of the second-order terms influence the
energy dependence of the optical potential. In addition, the
effective nucleon—nucleon interaction can also depend on
the energy.*®

In the phenomenological optical model, a regular de-
pendence of the geometrical parameters of the optical poten-
tial on the energy has not been established. The formalism of
the semimicroscopic approach makes it possible, at least in
the linear approximation, to obtain a simple analytic depen-
dence of the “geometry” of the potential on the energy. Us-
ing the Slater approximation for the density matrix p(r, r')
and the short-range property of the effective nucleon-nu-
cleon forces, we can write approximately
12mp, (1)

IDI (r)g kg (7)

Vi § 7(5) 71 (kr () 8) 70 (1) 8) 2 ds.
0

The integral over s can be calculated analytically,* giving

Ky (N8 () /]
—_—a

I (r) =~ 12:&3/2a31’EMexp [—— 7

kp(r)
” {éSinhG(r)_ cosha (r) } .
i % (r) a(r) 1’ (37

o(r) =208 g2,

2

As the calculations show, the product of the exponential and
the expression in the curly brackets in (37) depends weakly
on r. Ignoring this dependence, we finally obtain

pg/° (r)
(1 ug@ne
Here, J § is the contribution to the strength of the two-parti-
cle effective forces from the exchange part of these forces. It
follows from (38) that the strongest energy dependence of
the optical potential corresponds to the interior and surface
regions, the energy dependence becoming weaker than 50%
at the “tail” of the potential. Since in accordance with (38)

v(r) > JEC (38)
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¥(r) is approximately proportional to py’°(r), the changes

in the geometry of the potential with increasing energy occur
smoothly.

We can consider similarly the energy dependence of the
form factors U, (#) of the inelastic transitions. Using the
expressions (25) and (29), for low-energy nucleons we
again obtain a linear energy dependence of the parameters
B4 [seeEq. (33)]. A calculation with Wildermuth-Schmid
forces gives for the coefficients 7, and 7, the values 0.0016
and 0.0061, respectively. The value 0.0016 for %, is close to
the estimate obtained in the approximation of a zero-range
pseudopotential, and the larger value of 77, for A = 4 is due
to the appreciable contribution of the exchange effects,
which depend on the energy, to the form factor of an inelas-
tic transition with transfer to the target nucleus of angular
momentum A = 4 (this question is discussed in more detail
below). Note that, in contrast to the pseudopotential ap-
proximation, the energy dependence of the optical potential
and of the inelastic-transition form factors is obtained expli-
citly in the semimicroscopic approach without additional
parametrization of the effective interaction. In addition, the
enhancement of the energy dependence of B ; cannot be de-
scribed in the pseudopotential approximation.

Effect of mixing of multipoles

Besides the energy dependence of the optical potential,
another manifestation of the Pauli principle in the interac-
tion of nucleons with deformed nuclei is the so-called multi-
pole-mixing effect.'” A description of this effect is contained
in the general expression (9), and it takes the form that the
component of the potential is determined not only by the L
component of the density but also by A components different
from L. The expressions (25) and (26) of the semimicrosco-
pic approach are convenient for analyzing this effect. Since it
is determined by terms quadratic in 3 4, its manifestation
requires fulfillment of the relation

(BR)2=B1.
As a rule, this condition is satisfied for 4 < L.

We consider in more detail the fourth term in the
expression (26):

U (8% r)= z'ﬁgﬁg'sr.nf
AL
% Ly (M) % (1) 1020 (r) + oo (P)). (39)

Setting L =4, A =A4"=2in (39) and using for S, ,,, Eq.
(10), we obtain

Uio (B% 1) = (B2 (r) Lax () [T () + Lo ().

The direct term U R, () is proportional to £ 4, so that under
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FIG. 1. Form factors of inelastic transitions with L = 2 and L = 4 (con-
tinuous curves) and contribution to their direct terms (broken curves):
1) calculation with Wildermuth-Schmid forces; 2) with Volkov V1
forces.

the condition (8 4)*»/3 4 the exchange part of the inelastic-
transition form factor can make an appreciable contribution
to the total form factor and, thus, lead to an increase in the
cross section of inelastic scattering with transfer of angular
momentum L = 4 to the target nucleus. For example, for the
**Mg nucleus the values of 8% and B £ obtained in Ref, 74
are, respectively, 0.44 and — 0.024, and one can therefore
expect an appreciable contribution of the exchange effects to
the form factor of an inelastic transition with L = 4. The
results of calculations made using the Wildermuth-Schmid
forces, and also with the Volkov V1 forces™ in Ref. 17, are
given in Fig. 1. For the transition with L = 2, the direct term
is more important than the exchange term for both Wilder-
muth-Schmid and Volkov forces, whereas for L = 4 the mul-
tipole-mixing effect is manifested in both cases, the exchange
term dominating over the direct term on account of mixing
of terms with L = 2 in the form factor.

Allowance for this effect can lead to an increase in the
cross section of scattering with transfer L = 4 (the experi-
mental data on the scattering of low-energy neutrons by
heavy deformed nuclei contain indications of an enhance-
ment of such transitions™ ). Note that even for 52 ~0 the
amplitude of the transition with transfer L = 4 calculated in
the DWBA is nonzero. When inelastic scattering is de-
scribed in the framework of the coupled-channel method,
allowance for the multipole-mixing effect leads to an addi-
tional channel coupling, which, in contrast to the standard
version of the coupled-channel method, is realized without
transitions to continuum states. We note also that in the
pseudopotential approximation there is no multipole-mix-
ing effect, and the enhancement of the inelastic transitions
can be described only by introducing an additional parame-
trization of the effective nucleon-nucleon interaction. The
zero-range pseudopotential must now depend (through the
constant &) on the angular-momentum transfer L. This de-
pendence can be established not only empirically but also by
calculations in the semimicroscopic approach. Equating the
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optical-potential moments ¢} calculated in the semimicros-
copic approach to the moments calculated in the pseudopo-
tential approximation, we can determine d ().

As was noted in the previous section, the closed expres-
sions for the inelastic-transition form factors constructed in
the semimicroscopic approach make it possible to apply this
approach to the description of the interaction of low-energy
nucleons with vibrational excitations of nuclei. We shall now
consider how allowance for the Pauli principle affects the
properties of this interaction.

Nucleon-phonon interaction

To describe the properties of low-lying states of odd
nuclei, wide use is made of the particle-vibrator model (see,
for example, Ref. 77), in which the interaction of nucleons
with core vibrations is considered. During the last three dec-
ades, this model has evolved from the very simplest forms of
the model of an excited core to modern semimicroscopic
models such as the quasiparticle-phonon model and the
model of interacting bosons and fermions. A topical problem
is that of taking into account the Pauli principle in the de-
scription of the interaction of the particles (or quasiparti-
cles) with the phonons. A number of investigations have
demonstrated the important part that the Pauli principle
plays in forming the properties of low-lying nuclear states.
In particular, in Ref. 78, which was based on a study of the
part played by the Pauli principle in the structure of de-
formed nuclei, it was concluded that there are no collective
two-phonon states in deformed nuclei. It was noted that the
exchange term has an important influence on the order of the
levels and on the splitting of multiplets in the model of inter-
acting bosons and fermions.

In the macroscopic approach of Ref. 79 the static poten-
tial is augmented by interaction of the particle with the vi-
brational field of multipolarity 4 by a correction having the
form

&V = — )(;,{r) : Y?p (B. q‘)mi\u' (40)
I

where y; () is determined by the derivative of the static
potential:

% (r)y= Ry aV (r)/ar.

The expression (40) contains the dynamical variables o e
only to the first power, but the terms of second order in a aat
can also be included in it. For the transition in the expression
(40) to the phonon representation, one usually makes the
substitution

(41)

G~ g (Bt (—)" b7, .

Here, 3, is a dynamical deformation parameter.

We list the difficulties associated with allowing for the
Pauli principle in the interaction of incident particles with
phonons. The use of (40) in conjunction with (41) does not
make it possible to do this, since the expression (40) does not
contain the coordinates of the core nucleons, and therefore
the antisymmetrization procedure cannot be implemented.
One of the ways of solving the problem is to go over from the
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phonon operators to quasiparticle operators and then take
into account the Pauli principle. Such-a program can be real-
ized in the quasiparticle-phonon model, though this method
of solving the problem cannot be applied directly in prob-
lems with a continuum.

In the semimicroscopic approach, the Pauli principle is
taken into account in the following manner in the particle—
phonon interaction.®® The matter distribution density in the
nucleus can be represented in the form

p (r) = po (r) + 8p (r),

dp (r)= ?’I g Pap (1) ahuyhu 9, 9).

(42)

Here, the correction 8p(r) contains oscillations of the nu-
clear matter density about the equilibrium position. Using
Egs. (3) and (26),in which 8, is replaced by the parameters
@;,., and carrying out the substitution (41), we obtain for
the nucleon—phonon interaction the expression

V(r; by, bu)
= ;’ S o (1) Yo (8, @) BoA [pu+ (— ) 61, -l
n

£ B Fraailt) Frgls )

hp Rakopine
X 8 (Mhghi Watta) BuAT [Bagy,

(=) B ] BT DDague + (— ) By, —pal; (43

A

—2172 (2500 | A0) (AaAghipg | AW); (44)

S (MAoh; =1
(Mihah; pyts) X%
A

&l

= (2A -+ 1)¥2, (45)

The inelastic-transition form factors of first and second or-
der, f, (r) and F, ; (r), are determined by

Fa (r) = (T 2o (1) Tno (V] T Zog () % ()] =+ Ty () 2 (7) Lo ()
(46)

Fagna (1) =Tyt (7) % (7) [(1 —8300) TR0 (1) +Tngo (). (47)

In contrast to the macroscopic approach, the terms of
second and higher order in the phonon operators appear in
the semimicroscopic approach only through the allowance
made for the Pauli principle. For this reason, the particle-
phonon interaction depends in all orders on the nucleon en-
ergy [through k, (#)]. Finally, in contrast to the macro-
scopic approach, the inelastic-transition form factors de-
pend explicitly on the angular-momentum  transfer.
Analysis of the radial dependence of the second-order form
factors reveals that there are differences here too—in the
macroscopic approach F(r) ~&%0(r)/dr?, whereas in the se-
mimicroscopic approach F ; (#) ~ (dp/dr) 2, This circum-
stance can lead to differences in the magnitude and shape of
the angular distributions of particles scattered inelastically
by nuclei with excitation of vibrational states.

The expressions (43)-(47) solve in closed form the
problem of taking into account the Pauli principle in the
particle-vibrator model in the semimicroscopic approach. It
follows from the foregoing exposition that allowance for the
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Pauli principle gives rise to a renormalization of the parti-
cle-phonon interaction, and this renormalized effective in-
teraction can be used equally to solve discrete-spectrum
problems (calculation of the energy spectra of odd nuclei) as
well as continuum problems (description of inelastic scatter-
ing of nucleons by nuclei). The basic assumption for the
derivation of the expressions (43)-(47) came from hydro-
dynamic representations of the density of the nucleon distri-
bution in a nucleus [see Eq. (42)]. However, the sphere of
application of Egs. (43)-(47) can be extended by bearing in
mind that the phonon states can be described in the language
of different semimicroscopic nuclear models. In this case
and under the assumption that the form of the interaction
(43)-(47) is preserved, the transition from the hydrody-
namic to the semimicroscopic description of the target nu-
cleus consists of replacing the hydrodynamic transition den-
sities p,o(#) in the form factors (46) and (47) by
semimicroscopic densities calculated in the framework of
nuclear models. Thus, unity is achieved in the method by
which the Pauli principle is taken into account in the de-
scription of the properties of nuclear structure and nuclear
reactions, and it becomes possible to extract information
about the nuclear model from analysis of experimental data
on the inelastic scattering of low-energy nucleons by nuclei.

Since allowance for the Pauli principle significantly de-
termines the properties of the optical potential and the in-
elastic-transition form factors, one must also expect it to
have a considerable influence on elastic and inelastic scatter-
ing cross sections. It is known that the elastic scattering of
low-energy a particles by light nuclei is characterized by an
anomalously large cross section at large angles (see, for ex-
ample, Ref. 81). This effect has become known as anoma-
lous backward scattering. Many hypotheses have been ad-
vanced for its causes; one is that it is due to manifestation of
the Pauli principle in the interaction of the a particles with
light cluster nuclei. In the case of nucleons, such anomalies
are not observed, but here too allowance for the Pauli princi-
ple leads to a rise in the cross sections at large angles. This is
illustrated by Figs. 2 and 3, which give the cross sections
calculated in the semimicroscopic approach for elastic scat-
tering of 17.5-MeV protons by the **Mg nucleus'® and the

do/d2, mb/sr

150
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FIG. 2. Angular distributions of 17.5-MeV protons elastically scattered
by 2*Mg. The continuous curve is the calculation with allowance for ex-
change effects, and the broken curve is the one without exchange effects;
the experimental data (black circles) are taken from Ref. 82.
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FIG. 3. Angular distributions of 27.1-MeV protons inelastically scattered
by the **Ni nucleus with excitation of the state |2;") (E, = 1.45 MeV,
2 = 0.18). The notation is the same as in Fig. 2.

cross sections of inelastic scattering of 27.1-MeV protons by
the *®Ni nucleus.®*

Density dependence of the effective forces

Besides the exchange nucleon-nucleon correlations, an
important part in forming the properties of nuclear structure
and the nucleon-nucleus interaction is also played by many-
particle nucleon-nucleon correlations, which are usually
simulated by a density dependence of the effective nucleon—
nucleon forces. The dependence of the effective interaction
on the matter distribution density in the nucleus can be
found in the approximation of a local density in the theory of
nuclear matter.*®* Another approach to the solution of this
problem is to parametrize the density dependence of the ef-
fective interaction and to find the corresponding parameters
by calculating the nuclear-structure properties or the char-
acteristics of nucleon-nucleus scattering. Usually, a factor-
ized form of the effective nucleon-nucleon forces is as-
sumed:

Ve (It —1' |5 0) =Ve(lr—1r'|; O)F (p).

The factor F(p) takes into account the saturation of the ef-
fective forces, i.e., the fact that with increasing matter distri-
bution density in the nucleus the interaction force decreases
and vice versa. The form for F(p ) most frequently employed
is

Fp)=C( — ap"). (48)

Here, C and a are parameters; in the linear approximation®
in the density, » = 1. In addition, the value n = 2/3 is also
used (see, for example, Ref. 85), and also, instead of (48),

an exponential form of the density dependence of the inter-
action.%¢

It was shown in Ref. 87 that the dependence of the effec-
tive forces on the matter distribution density in the nucleus is
due mainly to the short-range part of the nucleon-nucleon
interaction. In accordance with this, and also using the lin-
ear dependence in F (p), the density term in the effective
interaction can be expressed in the form

Vo (r, r'):dp(l*z"—")a(r—r'). (49)
Substituting (49) in Eq. (2), we obtain for the contribution
of the density term to the effective interaction in the optical
potential

8Upo (1) =dp} (1) + 4 3} (B2 p 3o (r). (50)

A

In Refs. 18 and 88-90, the influence of the density depen-
dence of the effective interaction on the angular distribu-
tions of elastically scattered protons was studied. It was es-
tablished that this influence is more important for medium
and heavy nuclei than for light nuclei. With increasing value
of d, the cross sections for elastic scattering through large
angles decrease, as a rule. When channel coupling is includ-
ed, the angular distributions become less sensitive to the den-
sity-dependence parameter 4.

With the aim of establishing the dependence of d on the
mass number, an analysis was made in Ref. 88 of the angular
distributions measured in Ref. 91 of 30.3-MeV protons elas-
tically scattered by the nuclei *°Ne, *°Ca, **Ni, '2°Sn, and
208Pb. The analysis was made in the framework of the optical
model with potentials calculated in the semimicroscopic ap-
proach with allowance for the Pauli principle and the den-
sity dependence of the effective interaction. For the spin—
orbit term and the absorption potential, the corresponding
expressions from the optical model with parameters (fixed
in the process of the calculations) taken from Ref. 92 were
used. Analysis of elastic scattering of electrons by these nu-
clei yielded the parameters of the charge distribution in the
nuclei. Further, it was assumed that the neutron distribution
in the nucleus is identical to the proton distribution. For the
parameters V', and V' values the same for all nuclei and
corresponding to the Wildermuth-Schmid parameters were
taken (see Table I). Thus, the only free parameter in the
calculations was d. It was determined for each nucleus by the
best description (minimal y* was used as the criterion) of
the experimental angular distribution. The results are given
in Table II and in Fig. 4. It follows from the data of Table II

TABLE IL. Parameters of the density dependence of the effective nucleon—-nucleon forces determined
by analysis of proton elastic scattering by nuclei in the framework of the semimicroscopic (s.m)

approach,

Nucleus 20Ne 40Ca BAN| 1208n 208Ph
d, MeV . F¢ 860 600 650 740 650
Naw/ X o 2,0 0,67 0.80 1.2 1.8
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FIG. 4. Angular distributions of 30.3-MeV protons elastically scattered
by the *°Ca and °*Pb nuclei. The continuous curves are calculated in the
semimicroscopic approach, and the broken curves in the optical model;
the points are the experimental data.

(second row) that for all nuclei the description obtained for
the experimental data is overall not worse than in the macro-
scopic optical model. In Fig. 4, the results are presented for
two nuclei, though analogous results were obtained for other
nuclei as well.

As follows from Table I (first row), the density-depen-
dence parameter of the effective interaction changes by only
20% compared with the mean value over all nuclei. It must
here be borne in mind that, for example, for *°Ne the angular
distributions are not very sensitive to the values of d. As the
calculations showed, for d = 700 MeV - F° the description
of the angular distribution of protons scattered by *°Ne is
also fairly good. Analysis of the angular distributions of
25.7-MeV protons elastically scattered by Mo and Pd pro-
tons made in Refs. 89 and 90 led to the same values of the
parameter d. Thus, it may be concluded that for a single
value of the density-dependence parameter of the effective
interaction (with a small spread) a good description has
been obtained for the elastic scattering of protons by nuclei
in a wide range of mass numbers. It should be noted that
allowance for a number of factors, such as channel coupling,
a difference between the proton and neutron distributions,
and more exact allowance for exchange effects, may lead toa
certain renormalization of the optimal value of d.

1t is of interest to compare the semimicroscopic optical
potentials with the optical-model potentials. Figure 5 shows
potentials calculated in the semimicroscopic approach at
proton energy E, = 30.0 MeV for the **Ni and '*°Sn nuclei
together with the optical-model potentials. It can be seen
that the potentials agree from a certain value of » less than
the half-decrease radius (indicated by the arrow in Fig. 5).
The exchange effects make a significant contribution to the
values of the potentials, particularly in the surface region of
the nucleus. Allowance for the Pauli principle leads, in parti-
cular, to a radial dependence of the potential that differs
from the radial dependence of the Woods—Saxon potential.
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3. ALLOWANCE FOR CHANNEL COUPLING

When low-energy nucleons interact with nuclei, an im-
portant contribution to the cross section of the processes is
made by multistep transitions due to the strong coupling of
the open inelastic channels. There are indications that at
intermediate proton energies (E, ~800 MeV) channel cou-
pling is important for the description of inelastic proton scat-
tering by nuclei.”® Among the inelastic channels, the most
important contribution to the multistep transitions is made
by processes with excitation of collective states of the target
nucleus. In this case, the channel coupling can be taken into
account in the framework of the well-known formalism of
the coupled-channel method® (coupling of collective states
of a deformed target nucleus was taken into account for the
first time in the adiabatic approximation in Ref. 95).

In the semimicroscopic description, the difficulty of
taking into account the channel coupling arises because of
the Pauli principle, which causes the system of differential
equations to become a system of integro-differential equa-
tions. However, in the local approximation of the density-
matrix formalism, at least for the collective model, this sys-
tem can be reduced to a system of differential equations in
which the optical potential and the inelastic-transition form
factors are renormalized. The formalism of the semimicros-
copic approach presented in the previous section makes it
possible to write the system of the coupled-channel method
in a closed form and apply it to the description of elastic and
inelastic nucleon scattering using both rotational and vibra-
tional models of the nucleus.

Following the standard version of the coupled-channel
method,” we write down the Hamiltonian of the system,
which consists of the incident nucleon and the target nu-
cleus, in the form

H=T4H, + Vaueg + Vorupr: (51)

Here, T is the kinetic-energy operator of the nucleon, H, is
the Hamiltonian of the target nucleus, ¥V ,, is the diagonal
part of the operator of the interaction of the nucleon with the
target nucleus, which does not give rise to inelastic transi-
tions, and ¥, is the part of the interaction operator re-
sponsible for the channel coupling.

We represent the total wave function of the complete
system in the form

*“311

FIG. 5. Proton optical potentials for the **Ni and '*°Sn nuclei. The contin-
uous curves are calculated in the semimicroscopic approach, the chain
curves correspond to the potentials of the optical model, and the broken
curves to the contribution of the exchange terms.
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where @, ,, are the functions of the collective states of the
target nucleus, and (), ; ., is a spherical spinor:
an;‘nmj=m; (Lymysmg | jam;) i[Y‘n"'zx“"s'
"8

Substituting the expansion (52) in the Schrddinger equation
with the Hamiltonian (51) and eliminating the functions
®; 1, » We obtain the system of equations™

df L mileet) . 2m
{ dr2 re

+kx } Ryr1,i, (1)
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X R, (53)

k=

In the standard version of the coupled-channel method, two
forms of collective model are usually considered: rotational
and vibrational. For the rotational variant,

nlﬂj;'a (r)r

2 (E—E,)]".

Vcoupl= 2 Uy (N Y5 (0, g); (54)
Sk VoY () dw
o, (r) = | Ok (55)

1-+exp {(r— Ry [1+ D) BE.¥E,0(w)
?.'

In the case of the vibrational variant, the integral formula
(55) does not apply, and after expansion of (54) in a Taylor
series, retaining the first two expansion terms, we obtain

Veoupt = ZL‘J' Z: fa (r) @5, Y2, (0, @)

+2 2 2 Fapng (1) S (MAgh; ppty) %11 %hana Y an (0 @),
Ao Aghepgua

(56)

where
o) = Lot i (57)
th(r)=_l;%g_a__(_i_1—_{;'%' (58)
o == exp = aR . (59)

Comparing (54) with (3), we can see that the interaction of
anucleon with deformed nuclei has the same structure in the
macroscopic and semimicroscopic approaches. A basic dif-
ference is that the form factors of the macroscopic approach
are determined by the properties of the phenomenological
optical potential and the deformation parameters 8 of the
potential, whereas the form factors of the semimicroscopic
approach are determined by the parameters of the effective
interaction and the transition densities. As V giag in the semi-

148 Sov. J. Part. Nucl. 17 (2), March-Apr. 1986

microscopic approach we can consider a real optical poten-
tial, for which we shall in accordance with (25), (34), and
(50) have

Ugo (r)=UG (r )+dp§(r)+ oo (r)
o w2 () Tog (r) Ty (1)
I 1.,1(,3“ p ke 4:: 2 (B5)?

X plo(r) + H SV (B2 1o () w(r)
A

% [0 F0 (r) 4 2dpy (1) pro (r) + T (). (60)

The momentum kpo (7) in (60) is now, in contrast to the
expression (20), and because of the density dependence of
the effective interaction, determined by

ko () =22 [ E—UP (r) — dof (r)
—2 2 BRI~V (], (61)
A

For v, () we obtain in the semimicroscopic approach in
accordance with Egs. (26) and (49)

BE [+ Toy (r) % (r)] i) (r)

+ 2dp, (1) PLu (r) =TI (r)]

Upro (1) =

+BLT 4 (r) = (r) Lo (7)

1 ’ 7’ i ~ ~
+r d % 32 PABE S Lanepro (r) pavo ()
1 fxt
+Tfﬁ; ?Z Seandpy (r) % (r)

¢ [UPo () +2dpy () rvo (r) + Ineo (7).

An analogous situation obtains for the vibrational variant.
In accordance with Eqgs. (43) and (56), the structure of the
interaction is the same in the two approaches, but the form
factors in the semimicroscopic approach, in contrast to
(38), are determined, as in the rotational variant, by the
parameters of the effective interaction and the transition
densities. In accordance with (46), (47), and (49), we ob-
tain for f; () and F, ,_ (r)

Toa (r) = (1 + Toy (r) w (r)] (D20 () -+ 2dpy (r) P () 4 T o ()]

(62)

A Tpg (r) % (r) oo (1); (63)
Forna () = dpago () pago (7) + Tnge () 2 () (TR0 ()
o+ 2dpy () pago ()
- Ti0 () (64)

The relations (54), (56), (60)~(64) in conjunction with the
system (53 ) constitute the formal basis of the semimicrosco-
pic coupled-channel method (SCCM).

We now consider the advantages that the SCCM pos-
sesses over the microscopic coupled-channel method for the
analysis of experimental data on nucleon-nucleus scatter-
ing. The real part of the optical potential and the form fac-
tors of inelastic collective transitions in the SCCM are deter-
mined by the parameters of the effective nucleon-nucleon
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FIG. 6. Angular distributions of 27.1-MeV protons inelastically scattered
by the **Ni nucleus with excitation of the states |2, ) (E, = 2.77 MeV,
B, =0.022), |2, )(E, = 3.04MeV,53, =0.051),and |4;" }(E, =2.46
MeV, 3, = 0.096). The continuous curves are calculated in the harmonic
approximation of the semimicroscopic coupled-channel method, and the
broken curves in the anharmonic approximation.

interaction, which depends on the matter distribution den-
sity in the nucleus, the central density, and the transition
densities, and, thus, does not contain free parameters. In the
presence of strong channel coupling, allowance is made in
the local approximation of the density-matrix formalism for
the Pauli principle simultaneously for the elastic channel
and the inelastic channels. Finally, information about the
nuclear-structure properties enters the SCCM formalism
through the transition densities. This information can be ex-
tracted from experiments that are independent of the scat-
tering of low-energy nucleons by nuclei (for example, from
scattering of electrons or high-energy protons). On the other
hand, the transition densities can be calculated in the frame-
work of the semimicroscopic nuclear model. In this case,
using the SCCM to analyze the experimental cross sections,
it is possible to establish how well the nuclear model de-
scribes the transition densities.

With the aim of realizing numerically the SCCM, the
ECIS program was modified in Ref. 83. This was achieved
by replacing the phenomenological form factors and the real
part of the optical potential, (57)-(59), by semimacrosco-
pic quantities in accordance with Egs. (60), (61), (63), and
(64). In addition, the form factors F; ;_ (r) were introduced
under the summation sign. It should be noted that in the
standard ECIS version there is the so-called folding proce-
dure. However, its implementation makes it possible to take
into account only terms of the type U5 (r) and U7, (r). All
the effects associated with exchange and many-particle nu-
cleon-nucleon correlations are ignored, but they strongly
influence the cross sections of both elastic and inelastic pro-
cesses.

We note that the system of equations (53) contains only
coupling of open channels, and therefore its solution makes
possible description of the contribution of direct mecha-
nisms to the scattering cross section. The coupling of the
open channels with the closed channels, which is ignored in
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(53), leads to the formation of bound states of the com-
pound system. At low energies (Ey <10 MeV) of the nu-
cleons, the contribution of such processes to the scattering
cross section is appreciable, but with increasing energy it
falls. Therefore, the use of the SCCM to analyze experimen-
tal cross sections is preferable at nucleon energies exceeding
15-20 MeV.

In Ref. 83, the modified version of the ECIS program
was used to describe the inelastic scattering of 27.1-MeV
protons by the *Ni target nucleus. The calculated cross sec-
tions together with the experimental angular distributions
obtained in Ref. 1 are given in Figs. 3 and 6. It follows from
these results that in the semimicroscopic approach it is possi-
ble to give an overall successful description of the cross sec-
tion of inelastic proton scattering with excitation of the low-
est levels of the **Ni nucleus. As regards the nature of the
target-nucleus states, analysis made in the framework of the
harmonic and anharmonic approximations of the vibration-
al model showed that in the states |2;" ) (E, = 1.45 MeV),
|257) (E, = 3.04 MeV), and |4;F) (E, =2.46 MeV) the
single-phonon component is dominant. This conclusion is
also confirmed by investigations made earlier."*° The state
|2, ) (E, =2.77 MeV) cannot be described in the frame-
work of the vibrational model in either the harmonic or the
anharmonic approximation.

The interaction of 25.6-MeV protons with the isotopes
94.96,1000 1 was analyzed in the SCCM in Refs. 96 and 97.
The experimental angular distributions of elastically and in-
elastically scattered protons were obtained using the isoch-
ronous cyclotron at the University of Hamburg.? Figure 7
shows the excitation cross sections of the states |2;")
(E, =778 keV), |4;) (E, =1628 keV), and [3;)
(E, = 2235keV) of Mo calculated in the semimicroscopic
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FIG. 7. Angular distributions of 25.6-MeV protons inelastically scattered
by the **Mo nucleus: 1) |2, ) (E, = 778keV, B, = 0.16); the continuous
curve is the calculation in the semimicroscopic coupled-channel method
with allowance for the channel coupling |0," )—(2," ); the broken curve is
the same for |0;" }—[2;" )—|3; ); the chain curve the same for 0,")
—2;")—=|477); 2) |4, ) (E, = 1628 keV, B, = 0.058), the continuous
curve for |0; )—|4,"), the broken curve for [0, Y2, )—=4" ) 3)
|37) (E, =2235 keV, B, =0.167), the continuous curve for |0;")
2t )= 137).
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TABLE III. Values of deformation parameters determined from the analysis of different processes

for the **Th nucleus.

Process E, MeV Be Bs
Coulomb excitation 16—17 0.238+0,006 0,130£0,02
(e, e') 45—100 0.238+0.002 0.101-0,003
(n, n') 0.7—3.4 0.1£04-0.010 0.071+40,012
(p, p") 20,26 0.215--0,005 0.080=0,005
(py ) 23 0.23+-0,01 0,0504-0,015
{p, p') 35 0.210-0.003 0.069+-0.003
(o, ') 50 0.1524-0.009 0.0414-0.008

approach together with the experimental angular distribu-
tions. For all three states, it was assumed that the single-
phonon components make the main contribution to them. It
can be seen that in this case too a good overall description of
the experimental results is obtained. Allowance for the chan-
nel coupling somewhat improves the description of the cross
sections for the excitation of the states |2, ) and [4;7). In
the case of the state |3 ) it is also necessary to consider the
coupling with high-lying states. Analogous results were ob-
tained in Ref. 97 for the description of proton interactions
with the isotopes **'°Mo.

The numerical calculations presented in this and the
previous section show that in the semimicroscopic approach
it is possible, using the same effective interaction, which de-
pends on the matter distribution density in the nucleus, to
describe elastic and inelastic scattering of protons by nuclei
in the presence of channel coupling. We note that the calcu-
lations made in Refs. 83, 96, and 97 used the transition densi-
ties of the Tassie model. It is of interest to go beyond the
framework of this model and use transition densities con-
structed in semimicroscopic nuclear models. It will then be
important to take into account the differences between the
proton and neutron transition densities, since these differ-
ences determine the isospin structure of the inelastic transi-
tions.

4. ISOSPIN STRUCTURE OF INELASTIC TRANSITIONS

Analysis of particle-nucleus interaction in the frame-
work of the collective model makes it possible to extract
information from the experimental scattering data about the
static and dynamical nuclear deformations. The values of
the deformation parameters are then dependent on the spe-
cies of particle that interacts with the target nucleus.'®%®
This is illustrated by the results given in Table III, taken
from Ref. 99. It can be seen that the differences between the
values of the deformation parameters extracted from the
analysis of the scattering of particles of different species by
the same target nucleus exceed the experimental errors in the
determination of these values. Thus, there are certain syste-
matic variations in the relationships between the various de-
formation parameters. They are due to the difference
between the proton and neutron distributions in the nuclei,
and also in the corresponding transition densities. In addi-
tion, the projectile particles interact with different strengths
with the protons and neutrons of the target nucleus, and this
leads to different sensitivities of the interaction of particles
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of different species to the distribution of the protons and
neutrons in the nucleus with which they interact.

For low-energy protons and neutrons, the following re-
lation holds by virtue of charge invariance and the Pauli
principle: V,, =¥, = (1/3) Ve = (1/3)V,,. Therefore,
low-energy protons are more sensitive to the neutron distri-
bution in the nucleus and vice versa. As was noted in Ref. 21,
this circumstance makes it preferable to use low-energy nu-
cleons rather than high-energy nucleons to investigate the
differences between the proton and neutron transition densi-
ties. However, the nonuniqueness of the optical potential
and the existence of channel coupling at low energies make
the implementation of such an investigation much more dif-
ficult.

In Ref. 98, the effective-charge model was used to study
the connection between the deformation parameters ﬁpp,
and 3, . of the potential and the target-nucleus structure.
Nuclei with vibrations of » type (with a closed proton shell)
and p type (with a closed neutron shell) were considered.
The following relations were obtained:

Bop 1.4 0.106—0.306%
511; =TT 021270.612¢ (65)

Brns 1 0.10840.306¢
Bp ~ 1F021230.612E
g =V — 2)/A.

(66)

In Egs. (65) and (66), the + sign corresponds to nuclei
with n-type vibrations, and the — sign to nuclei with p-type
vibrations. In accordance with (65) and (66), 5,,p-/ﬁ,,,,r >1
for nuclei with a closed proton shell but Bpp, /B, <1 for
nuclei with a closed neutron shell. This conclusion agrees
well with the data given in Table IV (taken from Ref. 100).
Comparing the third and fourth rows of this table, we can see
that there is not only qualitative but also quantitative agree-
ment between the predictions of the effective-charge model
and the data extracted from analysis of the cross sections of
inelastic nucleon-nucleus scattering. In Ref. 101, the effec-
tive-charge model was generalized to nuclei with open shells.
In a number of cases, the model correctly reproduces the
relationships between the deformation parameters obtained
from analysis of the scattering data. However, to unify the
description of the connections between the deformation pa-
rameters of the potential and the matter, on the one hand,
and the scattering mechanisms on the other, it is necessary to
have analogs of the relations (65) and (66) containing the
parameters of the effective interaction used to describe the
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TABLE IV. Values of deformation parameters determined from the analysis of inelastic nucleon

scattering by nuclei and as calculated in the effective-charge model, 4 = 2.

Nucleus 90Zyr 92Mo 1188n 1208n 1228n 1248n
Bpp. 0.070(5) 10.080(6) |0.134(10){0.119(10)| 0,112(7) | 0,108(7)
B 0.085(8) |0.099(5) |0.109(7) |0,106(5) |0,100(6) | 0,092(6)

Br i B 1,2 1.3 0.81 0.90 0,90 0,85

(experiment)

ﬂn“,/ﬁpp, 1,33 1.31 0,888 0.896 0,903 0.911
(model)

scattering mechanisms. Such relations can be readily ob-
tained in the formalism of the folding model by using
Satchler’s theorem. We obtain'%?

Vnpzﬁpk+ VanNBaa
VapZ—+VanV :

Boar, 2=

(67)

Here, B, is the deformation parameter of the potential of
the interaction of particle @ with the nucleus, ¥, and V,,
are the strengths of the effective interaction of a with the
proton and neutron, respectively, and A is the angular-mo-
mentum transfer. In (67), it is assumed that (r*), = (r*),
= (r*),.., i.e., the geometrical parameters of the corre-
sponding distributions are the same. To go beyond the
framework of this restriction, we determine the quantities

6}"1.

B = Pp (P, (68)

It was shown earlier (in Sec. 2) that on account of
Satchler’s theorem the quantities §,; are invariants, i.e., do
not depend on the shape of the radial dependence of the ef-
fective interaction or the radial dependence of the matter
distribution density in the nucleus. Thus, this relation, in
contrast to the wusually adopted relation (8;R),
= (B,R),,"” is model-independent. Using (68) and
Satchler’s theorem, we obtain instead of (67)

Vapzﬁm—‘k VunNﬁn;\
VapZ-+VanN .

Daar, i= (69)

The allowance for the difference between the geometrical
parameters has been reduced to the substitution

(70)

This rule is universal. In what follows, we shall use the rela-
tionships between the parameters /3, bearing in mind that it
is always possible to go over to relations of the type (69) with
allowance for the substitution (70).

It is readily seen that for 8,, = B,, = Bo; the quantity
B, in (67) does not depend on the particle species and is
determined by the matter deformation parameter 3, . Thus,
all the differences in B, , are due to the differences in 3,;
and 3, . Making a combined analysis at a given energy (as
was shown above, the deformation parameters of the poten-
tial depend on the energy) for the data on the scattering of
particles of different species (for example, protons and neu-
trons, or protons and electrons) by nuclei, it is possible to
determine the parameters 3,; and ,; from the two rela-

Bsa = s
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tions (67). There is a much larger amount of data on the
electromagnetic interaction (inelastic scattering of elec-
trons, probabilities of electromagnetic transitions, etc.) than
on the interaction of neutrons with nuclei, and therefore,
having in mind a combined analysis of the data on proton
scattering by nuclei and experiments with electromagnetic
interaction, it is helpful to obtain the relationship between
Bua /B, and 5”,-, 1/ Bem,» - Inverting the relation (67) in the
case a=p, we obtain'®®

R
P =tg (1-78) (F2—1).

(71)

The expression (71) makes it possible, using experimental
data on the scattering of low-energy protons by nuclei and
the probabilities of electromagnetic transitions, to deter-
mine the differences between the proton and neutron defor-
mations. Thus, scattering of low-energy protons by nuclei
complements the scattering of high-energy protons and
pions as a source of information about the isospin structure
of the transition densities. An appreciable amount of data
has already been accumulated on the differences between the
proton and neutron deformations, which have been investi-
gated theoretically and experimentally. They are reflected in
the recently published review of Ref. 21, and therefore we
shall not dwell here in detail on this question.

Note that, as follows from (71), when B S /Bem,z >1
wehave3,, /B,: > 1,i.e., the target nucleus is a nucleus with
n-type vibrations, and, conversely, when ,ﬁ’pp,, 1 Bem i <1we
have 3, , /B,; <1, i.e., the target nucleus is a nucleus with p-
type vibrations. These conclusions agree with the predic-
tions of the effective-charge model.”®

Isoscalar and isovector deformations

The differences between the proton and neutron transi-
tion densities can be conveniently described in the isospin
formalism. The distinctive feature of this formalism is the
unified treatment of both inelastic particle-nucleus scatter-
ing and charge-exchange reactions. We define the isoscalar,
Pos (1), and isovector, p,; (r), components of the transition
densities:

Por () = ppa (1) 4 pna (7); pun () = ppa () — . ().

In accordance with (29), (30), and (32), we obtain for the
parameters of the isoscalar, /3 §, , and isovector, 3 {, , matter
deformations the expressions
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Jor . BY, = 4n a2

R T
The parameters of the isoscalar and isovector deformations
of the potential are related to 8§, and 8%, by (31):

4
s S
ﬁ‘”‘_'zi\.-{—i

Bir (™io =B (Mo

In the folding model, it is easy to establish the connec-
tion between the parameters £4,, 8%, and 8, , B,, (Ref.
104):

Bar _ Z 14- (B, /B3, &

Bor ™ N A—(Bo/BG E
If it is assumed that the matter isovector deformation pa-
rameter vanishes, £ 4, =0, then it follows from (72) that
4p1 =4, . This result corresponds to the standard collective
model, which does not take into account the differences
between the proton and neutron transition densities.

It is of interest to find the connection between the pa-
rameters of the isoscalar and isovector deformations of the
potential and the potential deformation parameters extract-
ed from analysis of data on the scattering of low-energy nu-
cleons by nuclei. Using (67) and (72), we obtain'®®

(=0, 1).

(72)

1= (i_'gﬁ E) ﬁ‘nn‘, Ampp‘, & A
1+'%‘ (‘l—% §) Bnnf, ;,I'Bpp-, A
Theratios 8, , /B, , are determined by analyzing the ex-
perimental data on scattering with certain errors, but these
errors, as follows from the data in Table III, are less than the
actual differences between 3, , , and B, due to the differ-
ences between the proton and neutron transition densities.
Thus, (73) makes it possible to study the isospin structure of
the interaction potential by analyzing the experimental data
on inelastic scattering.

Quasielastic scattering cross sections provide other ex-
perimental data from which the potential isovector deforma-
tion parameter 5 {; can be determined directly. Lane' pro-
posed a charge-invariant form of the nucleon-nucleus
interaction potential:

v

1.

v
Boa

(73)

U ) =Uo(t)+U, (1) 1. (74)

Here, U, (r) is the isoscalar part of the potential, and the
second term is the isovector part. In the isospin representa-
tion, the diagonal part of the isovector potential makes a
contribution to the nucleon optical potential responsible for
elastic scattering, while the nondiagonal part corresponds to

an interaction leading to a “rotation” of the isotopic spin t of
the incident nucleon, i.e., to a quasielastic (p, n) scattering
reaction. Thus, Lane’s potential (74) makes it possible to
describe on a unified basis, without the introduction of addi-
tional parameters, the elastic scattering of protons and neu-
trons by nuclei and also the quasielastic (p, n) scattering
reaction.

In Ref. 106, Lane’s model was generalized to the case of
the interaction of nucleons with deformed nuclei. For the
interaction giving rise to the quasi-inelastic scattering reac-
tion, we now have in accordance with Ref. 106

Upnoa (s 0, 9) = Bir e U o (1) Yo (6, 0); (75

Upn,o (r) = 2 (N — Z)'2A-V,f (r). (76)

Here, V', is the strength constant of the isobaric-spin poten-
tial, /() is its radial dependence, and 2(N — Z)'/24 — ' is
the nondiagonal part of the operator (tT)/4. In the case
A = 2 and for the interaction of protons with an even—even
nucleus, the interaction (75) leads to the excitation in the
residual nucleus of the state |2%), the isobar analog with
respect to the state |2;* ) in the target nucleus. In accordance
with (75), the probability of excitation of this state is direct-
ly determined by the isovector deformation of the potential
(in accordance with its origin, it can also be called the defor-
mation of the isobaric-spin potential). There have been var-
ious investigations into the quasi-inelastic scattering reac-
tion with excitation of isobar analog states, and the potential
isovector deformation parameters 5 %, have been extracted
in the framework of Lane’s model. In one of the recent stud-
ies,'”” the angular distributions of the neutrons in the (p, n)
reaction on the nuclei ***°Fe and ***%5>5*Njj were studied at
protonenergy E, = 35 MeV. For all the nuclei, the potential
isovector deformation parameters were extracted in the
framework of Lane’s model and the DWBA by analyzing the
cross sections for excitation of states that are the isobar ana-
logs with respect to the |2;") states of the target nuclei.
These parameters are given in Table V together with the
values of the parameter ¥, and the isoscalar deformation
parameters /3 5, (which are represented by the Bem values
from Ref. 108; the differences between 3}, and Bemo are
insignificant compared with those between S ¥,and 8, ). It
can be seen that the ratios 8 §, /8%, lie in the interval 3-5.
In Ref. 107 the ratio 8 1, /84, was analyzed for the giv-
en nuclei on the basis of the relationships of the effective-
charge theory,” and it was concluded that the ratio
B 12/B, extracted by analyzing the quasi-inelastic scatter-

TABLE V. Values of parameters of the isoscalar and isovector deformation of the potential and

strength parameters of the isobaric-spin potential.

Reaction Boz B12 Vi, MeV
54Fe (p, n) 54Co 0,18 0,74 —16.55
8Fe (p, n) 5Co 0.23 0.69 —18,0
58Ni (p, n) 58Cu 0,187 0,94 —16,76
80Ni (p, n) *Cu 0,211 0.92 —16,86
%2Ni (p, n) %2Cu 0.193 0.67 —18.96
84Nij (p, n) ®#Cu 0,192 0,64 —19,11
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ing reaction agrees with this theory. On the other hand, the
ratio B 3, /B 5, can be determined, as noted above, from data
on the inelastic scattering of protons and neutrons by nuclei.
Using the corresponding data for Ni isotopes from Ref. 109
and (73), we obtain for 8 }, /8§, values in the range 1.5-2.0.
Thus, the values of the isovector deformation parameters
extracted from the scattering data are 2-2.5 times smaller
than the corresponding values obtained from analysis of the
quasi-inelastic scattering reaction.

A number of studies have considered the possible rea-
sons for this discrepancy, and it has been suggested that one
of the main ones is a significant contribution of multistep
processes to the quasi-inelastic scattering reaction.''%!!!
Their neglect in the DWBA leads to overestimated values of
the parameter 8 |, . Allowance for the multistep processes in
the coupled-channel method leads to values of 3 |, close to
the B %, values extracted from the scattering data.''® In this
connection, a more suitable source of information about the
parameter /3 §, could be the (*He, #) reaction, for which, as
was noted in Ref. 111, the multistep processes are less impor-
tant. However, in the case of this reaction the problem of
constructing an optical potential for composite particles
arises.

It was noted in the Introduction that the analysis of
experimental data on nucleon scattering by nuclei in the
framework of standard collective models is subject to var-
ious shortcomings. Everything that we have said also applies
to the use of Lane’s potential in the framework of the collec-
tive model for describing charge-exchange reactions. Transi-
tion to the isospin formalism of the semimicroscopic ap-
proach described in the previous sections makes it possible,
using a single effective interaction and taking into account
exchange and many-particle correlations, and also the
strong channel coupling, to describe in a unified manner pro-
ton and neutron scattering by nuclei and also charge-ex-
change reactions.

Exchange effects and isobaric-spin potential

Taking into account explicitly the isovector compo-
nents of the effective nucleon-nucleon forces, we obtain in-
stead of (5) the following expression for the nonlocal nu-
cleon optical potential;

U ) =8@—r) [{ Voo (Ir—rD) oo () dy
—Tor { Vor (Ix— ) gy () dry] + Vg (7 — ' )
X Po (v ') — To, Ve (| *— 1" |) py (ry ¥).

Here, Vo (8), Vo (5), Vi (8), Fg, (8) are, respectively, the
contributions of the isoscalar and isovector components of
the effective interaction to the direct and exchange parts of
the potential; in the case of protons 7o, = — 1, and in the
case of neutrons 7o, = 1; po (1, r') and p, (r, r') are the cor-
responding components of the density matrix:

Po (v, 1) = pp (v, 1) + pn (v, 1');

py (r, ¥') = Pp (r, ©') —pn (x, 2
Using the local approximation, for the main terms in the real
part of the optical potential we obtain
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Uy (r) = UIJ)J () 4 Tgo,0 (1) — 7Ty [U? (r) + Lo, (D]
(77)

In (77), {00 (#) and I oy ; (7) are determined by the expres-
sions (24), in which we have substituted the isoscalar and
isovector densities, respectively, and the strength constants
are related to the parameters of the effective forces by the
relations

- . i . —-— ’
Voe=ap; Vpy=aq; Vgy=ag Vg =ag

(here, a] differ from a; by the allowance for the antisymme-
trization). To cast the expression (77) into the form em-
ployed in the optical model, we assume equality of the geo-
metrical parameters of the proton and neutron distributions.
We then obtain

Us()=UR (1) {1+ 702 255}

+ Iop, 0 (2) {1+Toz'f:£‘1v_TZ} .

g

(78)

In the case of effective Wildermuth-Schmid forces, a; and ]
take in accordance with the data in Table I the values
a, = — 20.97 MeV, a, = 10.57 MeV, a;, = — 23.64 MeV,
a. = 11.05 MeV. Substituting these values in (78) and ex-
panding 7,,, we obtain

Uy () =U (r) {1 F0.50 N2

+In, o0 () {1 F 047252}, (79)

The — sign corresponds to neutrons, and the -+ sign to
protons. It can be seen that the Wildermuth-Schmid forces
give a value of the isobaric-spin potential close to the value
established in the analysis of the experimental data. The rel-
ative contribution of the exchange effects associated with
allowance for the Pauli principle to the isovector part of the
optical potential is approximately the same as in the direct
terms. This is due to the fact that a, /a, ~a./a;.

We now investigate the energy dependence of the iso-
baric-spin potential. In this approach, as noted above, it is
due to the effect of the Pauli principle, as a result of which
the nucleon optical potential is nonlocal, its energy depen-
dence arising from localization, In accordance with (77),
for the isovector part of the optical potential we have

Uy (r) = UF (1) + Toon (1):
Using for the Bessel function in 7o, (#) the multiplication
theorem, we can expand I (), as in Sec. 2, in a series in

powers of the energy. In the linear approximation for the
isovector part of the optical potential, we obtain

N—Z

Uy (B, r)=Uy(0, r)——=1,(r) E; (80)
R A 9
()= 2100 | % I§ (r). (81)

Here, £(7) = [ (2m/#)| U5 (r)|]"/% As in the case of the
isoscalar part of the optical potential [see (36) ], Egs. (80)
and (81) make it possible to obtain the energy dependence of
not only the depth of the isobaric-spin potential but also of
its geometrical parameters. The energy dependence of the
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isobaric-spin potential is less reliably established by analyz-
ing the empirical material than is the energy dependence of
the isoscalar part of the optical potential. The results ob-
tained in Ref. 112 by analyzing the (p, n) reaction suggested
that this dependence is nonlinear. At the same time, in the
review of Ref. 113, it was concluded on the basis of an analy-
sis of data on the elastic scattering of protons and neutrons
by nuclei that there is a linear dependence of the isobaric-
spin potential on the energy. A calculation in accordance
with (81) gives the value y, (0) = 0.08. Comparing this val-
ue with the value 3, = 0.16 given in Ref. 113, we conclude
that allowance for the Pauli principle is responsible for 50%
of the energy dependence of the isobaric-spin potential.

It follows from (79) and from the analysis of the calcu-
lation of the values of /o, (r) for different nuclei that the
contribution of the exchange part of the isovector potential
to the optical potential is about 3% of the optical potential
even for heavy nuclei with a large neutron excess. Therefore,
for analysis in the semimicroscopic approach of the experi-
mental data on proton and neutron scattering by nuclei it is
sufficient to take into account only the direct part of the
isobaric-spin potential; effectively, the contribution of the
exchange correlations to the isobaric-spin potential will be
taken into account by the renormalization of the parameter
d, the parameter of the density dependence of the effective
interaction. At the same time, the influence of the exchange
correlations on the isovector part of the potential is impor-
tant for the description of charge-exchange reactions in the
semimicroscopic approach. In this case, instead of the ex-
pressions of Lane’s phenomenological model [see Eqgs. (75)
and (76) ] we shall have for the interactions responsible for
the quasielastic and quasi-inelastic reactions, respectively,
Upnyo (r) = 2 (N — Z)Y24-1 [UT (r) + Tp, (M)]; (82)
Upnyr (1) =2(N —Z)P2 A7 (UD (1) + Tp0, 1 ()] Y0 (B, ).

(83)

The contribution of 7 o, (#) to the interaction U,,o(r)isup
to 30%; in addition, as was shown above, Uppo () and
U, (r) depend on the energy of the incident nucleon be-
cause of allowance for the Pauli principle. The expressions
(82) and (83) in conjunction with the formalism of the se-
mimicroscopic approach presented in the previous sections
makes it possible to describe in the framework of a unified
approach the elastic and inelastic scattering of protons and
neutrons by nuclei with allowance for strong coupling of the
inelastic channels and also quasielastic and quasi-inelastic
reactions. The channel coupling through the charge-ex-
change interaction is weaker than the coupling of the inelas-
tic channels, and it can be taken into account by perturba-
tion theory.

At the present time, there is no systematic microscopic
description of processes of scattering and charge-exchange
reactions in the presence of strong coupling of the inelastic
channels. In Ref. 114, an attempt was made to describe the
(p, n) quasi-inelastic reaction on a large group of nuclei at
proton energies in the interval 22.8-45 MeV using an inter-
action analogous to the interaction in the form (82). How-
ever, the parameter a, was free and varied from nucleus to
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nucleus. In addition, the real part of the optical potential was
not calculated with effective forces but was taken from the
optical model; thus, a reconciliation at the microscopic level
in the description of scattering and the (p, n) reaction was
not implemented. In Ref. 115, the folding model with
allowance for exchange correlations was used for a com-
bined analysis of the inelastic scattering of protons and neu-
trons with energy E = 11-26 MeV on the isotopes *°Fe
with the aim of extracting information about the differences
between the proton and neutron transition densities. The
calculation was made in the DWBA, but for these nuclei it is
important to take into account channel coupling at low ener-
gies. As noted earlier, its neglect can lead to distorted infor-
mation about the relationship between the parameters 3, ;
and f3,, . In the light of what we have said, it is of interest to
implement the semimicroscopic approach to the description
of the interaction of low-energy nucleons with nuclei as pre-
sented in the present review in a combined analysis of experi-
mental data on elastic and inelastic scattering of neutrons
and protons by nuclei and on quasielastic and quasi-inelastic
reactions. This is also important from the point of view of
verifying the nuclear-model ideas about the isospin structure
of the transition densities in the description of nuclear reac-
tions.

CONCLUSIONS

We formulate the main conclusions and results set forth
in the review. In the semimicroscopic approach to the de-
scription of the interaction of low-energy nucleons with nu-
clei the optical potentials and form factors of inelastic transi-
tions are constructed on the basis of information about the
effective nucleon-nucleon forces, the central density, and
the transition densities with allowance for the Pauli princi-
ple in the local approximation of the density-matrix formal-
ism. In contrast to the standard versions of the optical model
and the coupled-channel method, such a description does
not contain free parameters; on the other hand, it makes it
possible to use information about nuclear-structure proper-
ties to analyze experimental scattering data.

Analysis of the part played by the Pauli principle in the
interaction of low-energy nucleons with nuclei leads to the
following conclusions. The optical potentials and the form
factors of the inelastic transitions depend on the energy of
the incident particle, and exchange correlations are respon-
sible for more than 60% of this dependence. In the case of
the interaction of nucleons with deformed nuclei, we en-
counter the so-called multipole-mixing effect, according to
which transitions associated with transfer to the target nu-
cleus of angular momenta A >4 are enhanced. The allowance
for the Pauli principle renormalizes the nucleon-phonon in-
teraction, terms nonlinear in the phonon operators appear-
ing; in all orders, the interaction becomes energy-dependent.
The calculations which we have made showed that
allowance for the exchange effects leads to an increase in the
cross sections for elastic and inelastic scattering of nucleons
by nuclei in the backward hemisphere.

At low energies, it is important to take into account
channel coupling. In the semimicroscopic approach, there
exists such a possibility for nuclei with both static and dy-
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namical deformation. Calculations made for even—even nu-
clei demonstrated a good description with the same effective
interaction, dependent on the matter distribution density in
the nucleus, for both the elastic and inelastic scattering of
low-energy protons by nuclei. In this connection, it is of in-
terest to generalize the formalism of the semimicroscopic
approach and to use it to analyze scattering of nucleons by
odd nuclei.

Transition to the isospin representation makes it possi-
ble to establish a number of simple relationships between the
deformation parameters that characterize the differences
between the proton and neutron transition densities. The
introduction of the parameters of the isoscalar and isovector
deformation of a nucleus leads to a unified description of the
various processes of nucleon-nucleus interaction. On the
one hand, these parameters determine the isospin structure
of the inelastic transitions; on the other, they are directly
related to the cross section of the charge-exchange quasi-
inelastic reactions. In this connection, it is of interest to use
the semimicroscopic approach for the description of the
scattering of protons and neutrons and also the charge-ex-
change (p, n) reaction on the same nucleus. From the ex-
perimental point of view, it is also important to investigate
charge-exchange reactions with composite particles [for ex-
ample, (*He, )], since in this case the multistep processes
are less important and it is possible to obtain more reliable
information about the isovector deformation parameters.

The nucleon optical potentials and the form factors of
inelastic transitions constructed in the semimicroscopic ap-
proach with allowance for the exchange and many-particle
nucleon-nucleon correlations can be used as the basis for
finding by the folding method the corresponding quantities
for composite particles with their subsequent use to analyze
the interaction of composite particles with nuclei in the peri-
pheral region. In this way, it would be possible to achieve
unity in the description of the interaction of nucleons and
composite particles with nuclei.

It is a pleasant duty to thank B. L. Birbrair, F. A. Gar-
eev, S. G. Kadmenskii, V. G. Solov’ev, and V. A. Khodel’ for
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lows, we shall call only the first term in (5) a folding potential.
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