Contributions of the direct and statistical reaction
mechanisms in scattering of fast neutrons by low-lying

levels of light and medium nuclei
V. M. Bychkov, A. V. Ignatyuk, and V. P. Lunev

Physics and Power Institute, Obninsk

D. Seeliger, S. Unholzer, D. Schmidt, T. Streil, and D. Hermsdorf

Technical University, Dresden, GDR
Fiz. Elem. Chastits At. Yadra 14, 373419 (March-April 1983)

The main features in the behavior of the functions for excitation of low-lying nuclear levels by neutrons are
analyzed and the connection between these features and the parameters of the optical and statistical models
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INTRODUCTION

Investigations of the interaction between neutrons and
nuclei have been a subject of unflagging interest in all
stages of the development of nuclear physics. In the
first place, this is due to the specific properties of the
neutron, which, in contrast to charged particles, can
penetrate into a nucleus and induce nuclear reactions
at an arbitrarily low kinetic energy. As a result, neu-
tron absorption or scattering experiments are very in-
formative for studying the resonance structure of nu-
clear-reaction cross sections and also the associated
properties of excited nuclear states. As the energy of
the incident neutrons is raised in such experiments,
one can investigate in detail all the effects that arise on
the transition from isolated to overlapping resonances
and, at even higher energies, one can study the behav-
ior of all the main components of the averaged descrip-
tion of the cross sections of nuclear reactions.

In the theoretical analysis of the interaction cross
sections of various particles with nuclei, wide use is at
present made of the division of the reaction mechanisms
into fast direct processes, in which a comparatively
small number of degrees of freedom in the nucleus are
excited, and the slower statistical or compound proc-
esses, which are associated with the excitation of fairly
complicated “long-lived” states of a compound nucle-
us.'™* Reactions for which one of these mechanisms is
dominant are well known.>* However, the situation
when both mechanisms make comparable contributions
to the observed cross sections is very common. A typ-
ical example of this situation is provided by the fast-
neutron scattering cross sections considered in the
present paper. We hope that the discussion of them will
not only demonstrate the possibilities of the existing
theoretical models in describing the experimental ma-
terial accumulated in recent years but also draw to the
attention of the experimentalists the data that, when ob-
tained with more accuracy, will be of the greatest in-
terest for the further development of our ideas about the
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mechanisms of nuclear reactions and the properties of
highly excited nuclei.

1. THEORETICAL DESCRIPTION OF THE
MECHANISMS OF ELASTIC AND INELASTIC
SCATTERING OF NEUTRONS

Optical model and direct transitions. To analyze dif-
ferential scattering cross sections, averaged over res-
onances, wide use is presently made of various modifi-
cations of the optical model of the nucleus.* In the
simplest phenomenological formulation of this model,
the interaction of the incident particle with the nucleus
is approximated by a local complex single-particle po-
tential whose imaginary part simulates in integrated
form the inelastic processes accompanying the elastic
scattering. For nucleons, the optical potential is gen-
erally chosen in the form
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where V, is the depth of the real part of the potential,
W, and W, are the amplitudes of volume and surface ab-
sorption, V,, is the spin—orbit component of the poten-
tial, %, is the pion Compton wavelength, and f,(7)

={1 +exp[(r - r,A"?)/a,]}* are the form factors of the
corresponding parts of the potential.

Solving the problem of scattering of particles by the
potential, we can determine the set of diagonal ele-
ments of the collision matrix or the S matrix and by
means of them find the differential, do,(6)/dQ, and in-
tegral, o,, cross sections of elastic scattering. In the
optical model, the diagonal elements of the collision
matrix also determine the transmission coefficients

Ty Er) =1—18;41% (2)

which characterize the probability that a nucleus ab-
sorbs particles with given orbital, I, and total, j, ang-
ular momentum. Summing the contributions of all the
angular momenta, we obtain the integral cross section
for formation of the compound nucleus,
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and adding the elastic scattering cross section, we find
the total particle-nucleus interaction cross section,

oy (En)=a,+oc=2nk;‘1;j(2j+ 1) (1—Re 8yy), (4)

where x,=%/VZE, is the wavelength of the incident
particles, and E, is the energy of these particles in the
center-of-mass system. The basic equations of the op-
tical model and methods for solving them are presented
in great detail in Refs, 5 and 6, and in many laborator-
ies there are now programs that implement this model
on computers.”

It was already noted in the early analyses of scatter-
ing cross sections that for nucleons of medium energies
the imaginary part of the optical potential is much less
than the depth of the real potential.® Under such condi-
tions, the mean free path of the nucleon is comparable
with the nuclear diameter, and this not only increases
the “transparency” of the nucleus for the incident nucle-
on, but also raises the probability of direct nuclear re-
actions, which take place without formation of a long-
lived compound nucleus. In many cases, the direct-re-
action cross section can be successfully described in
the framework of the distorted-wave Born approxima-
tion.* The equations of this method for the differential
inelastic-scattering cross sections can be represented
schematically in the form

» - 2
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where C}:‘; are geometrical coefficients determined by
the laws otf composition of the angular momenta of the
nucleon in the entrance, i, and exit, f, channels, u(¥)
are the radial wave functions of the optical model, and
F,(r) is the form factor of the excited state of the target
nucleus.

In the phenomenological approach based on the rela-
tions of the collective model,® the form factors of direct
transitions are usually written in the form

Fatr) =(2£f1°;112$’ (6)
where B, is the amplitude of the collective excitations of
the nucleus of given multipolarity A. Using the rela-
tions (5) and (6) to analyze the inelastic-scattering
cross sections of nucleons, we can investigate the dis-
tribution of the amplitudes B, over the spectrum of the
excited states of the nucleus. On the basis of such an
analysis, very extensive spectroscopic information has
now been accumulated on the collective properties of
the lowest levels of nuclei.® However, at higher ener-
gies there is as yet very sparse experimental informa-
tion on the distribution of the deformation parameters
B,(U) and, therefore, on the part played by direct proc-
esses in the excitation of these levels.

The relations (5) determine the probability of direct
transitions only in the first order of perturbation the-
ory. If the coupling of the entrance and exit channels is
sufficiently strong, then in analyzing the cross sections
of direct reactions one must take into account the part
played by transitions of higher order. The most syste-
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matic way of solving this problem is in the framework
of the coupled-channel method.? In the practical reali-
zation of this method, the interaction of the incident
particle with the nucleus is simulated by means of a
generalized optical potential

VEd =V -+ Ve o), (7

which includes not only the single-particle optical po-
tential (1) but also the potential V,, which couples the
channels and depends on the coordinates £ of the ex-
cited states of the nucleus. Since the coupling of the
channels leads to a significant complication of the scat-
tering problem, the analysis of experimental data is
usually done with allowance for only a comparatively
small number of channels corresponding to excitation of
the low-lying levels of the target nucleus. In this case,
the imaginary part of the generalized optical potential
(7), as in the single-channel optical model, character-
izes the integrated influence on the considered scatter-
ing channels of all the remaining reaction channels.

Strong coupling of the channels is manifested in the
first place in collective excitations of nuclei, and the
phenomenological generalized optical potential is chos-
en, as a rule, in the same form as the single-particle
potential (1), but with form factors f,(r,2)=[1
+exp{(r - R,(R))/a,}]™ that depend on the collective var-
iables, namely, the Eulerian angles and the deformation
parameters of the nucleus. For rotational axisymmet-
ric nuclei, the corresponding radii R; can be written in
the form

R; (0") =r A ['1+.2:|3LYJ.9(0')]: (8)

where 8’ is the azimuthal angle around the symmetry
axis of the nucleus, and j, is the equilibrium deforma-
tion parameter of the nucleus. The connection between
the coordinate system of the deformed nucleus and the
system with the fixed direction of motion of the incident
particle can be found by means of rotation functions.®
For vibrational nuclei, the radii R, are approximated
by the relations

zay 13 y!

Ry (8, @) =r AY [M% Yo (B @)1 ©)
where 0 and ¢ are polar angles in an arbitrary coordi-
nate system. The coefficients «,, in this case are re-
lated to the dynamical-deformation parameters B, by

muz(ﬁ%ﬁ (o + (= )" 8L, (10)

where b3, and b, , are the operators of creation and an-
nihilation of vibrational excitations in the target nucle-
us.? Using the relations (8) or (9), we can expand the
form factors f,(», Q) with respect to spherical harmon-
ics and find the explicit form of the channel coupling
potential in (7) for rotational and vibrational nuclei.

The equations of the generalized optical model for the
deformed optical potential introduced in this way have
been discussed by many authors, and a detailed analy=
sis of these equations together with references to the
original papers can be found in Tamura’s well-known
review.? In recent years, programs that implement the
relations of the generalized optical model have been
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successfully developed in many laboratories,”'® and in
international nuclear-data centers much work has been
done on the testing and unification of such programs.’

On the basis of the generalized optical model one can
determine not only the diagonal elements of the colli-
sion matrix but also the nondiagonal elements S;f; ;s
which characterize the cross sections for direct excita-
tion of the corresponding levels:

olr=—T5 S\ or fygin e
L 2(I,+1) “:%5'( + )ISDIE. n'l’:’l = (11)
Here, J and 7 are the total angular momentum and the
parity of the states of the system consisting of the tar-
get nucleus and the nucleon, and I, is the spin of the
target nucleus. The nondiagonal elements also occur
with the diagonal elements in the definition of the trans-
mission coefficients:

T B =1— 3 |875 e I° (12)

n'l’y
This relation makes it possible to find the transmission
coefficients not only for the ground state but also for
excited states, and at low energies of the incident neu-
trons the differences between them may be very appre-
ciable.'**? Knowing the transmission coefficients, one
can readily find in the generalized optical model the in-
tegrated cross section for absorption of particles by the
the nucleus or, which is effectively the same thing, the
cross section of the reactions that proceed through a
compound-nucleus stage.

Scattering of neutrons involving a compound nucleus.
To consider absorbed particles, the compound-nucleus
model proposed by N. Bohr is generally used. The ba-
sis of this model is the assumption that there exists in
the reaction a long-lived intermediate stage, during
which the nucleus “forgets” the conditions of its forma-
tion and then decays in accordance with statistical laws
independently of the initial conditions of formation of
the compound nucleus.’ Relations of such a model,
formulated with allowance for the conservations laws
for the angular momenta and also the statistical distri-
butions of the widths for the competing decay channels
of the compound nucleus, are well known as the
Hauser—Feshback—Moldauer relations.*'* For the ex-
citation cross sections of isolated levels, these rela-
tions can be written in the form

comp akg Jo f?}" e{:;' o F}Ijl'}' 9‘!’5“ 2
O =T Er =T DRI+ 905 (En)'—E'B{.,‘_”— —5nn'(T) ,
: i

- (Ene)

n i

(13)
where @77 = 2m(I'7%;)/D’" are the transmission coeffi-
cients that characterize the ratio of the mean partial
widths (™) of the resonances to the distance D’ be-
tween the resonances, and Fyjy ;.. are corrections for
the fluctuations of the widths. If the distribution of the
partial decay widths is deseribed by a %2 distribution
with y degrees of freedom and there are no correlations
between the widths for the different decay channels, the
correction for the fluctuation of the widths will be de-
termined by

F= (14 g tm) Jat (1 ) ™5™ )
(3

157 Sov. J. Part. Nucl. 14(2), March-April 1983

The fluctuation correction increases the cross section
of elastic scattering through the compound nucleus and
simultaneously decreases the eross section of the in-
elastic processes. When there are only a few open
channels, the decrease may be very appreciable,®

Although the relations (8) and (9) are comparatively
simple from the computational point of view, various
problems that have not yet received complete theoreti-
cal solution arise when they are used to analyze exper-
imental data. In the first place, there is the problem
of determining the connection between the transmission
coefficients @'{," and the transmission coefficients T/
of the optical model, and also the question of correla-
tion of the width in the different decay channels and the
determination of the number p,; of degrees of freedom.
A rigorous solution to these problems is known only
for the region of comparatively low energies of the in-
cident neutrons, which corresponds to isolated reso-
nances in the nonaveraged reaction cross sections. Un-
der these conditions, the distribution of the neutron
widths satisfies the Porter—Thomas law (y',"_,' =1), and
the transmission coefficients e{; are related to the cor-
responding transmission coefficients of the optical
model by

T = Off — (817 /4. (15)

The situation is much more complicated for over-
lapping resonances. The connection between O3] and
T{; in this case can be represented in the form

J 3t Jat Jm

Nii'=06y — “;,-- M nettin (16)
but to determine the terms MJ% we now need to know the
correlation properties of the resonance amplitudes of
the scattering matrix.***®* So far, these properties
have not been studied at all well, and our knowledge of
them is based, not on direct experimental information,
but only on the results of statistical simulation of the
resonance structure of neutron cross sectiong,!**5
Such simulation showed that when sufficiently many
channels are open correlation between the resonance
parameters may lead to an effective canceling of the
terms with different M:l',f.n‘l'.f" If it is assumed that this
“suppression” of the M terms is a common property of
the region of overlapping resonances, the @,; can be
directly identified with the transmission coefficients of
the optical model.'® However, the question of the ef-
fective number of degrees of freedom for the different
decay channels remains open. For overlapping reso-
nances, we do not have a rigorous determination of v,
and can only expect the number of degrees of freedom
for the partial neutron widths to be bounded by the in-
equality 1<y, <2. On the basis of statistical simula-
tion of the cross sections, a simple empirical relation
for the effective number of channels was proposed in
Ref. 16:

v =1+ VT )

It should be borne in mind that this relation describes
reasonably well only the general tendencies in the vari-
ation of the fluctuations of the neutron widths in the re-
gion of overlapping resonances and does not pretend to
a high accuracy in the case of a small number of open
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neutron channels,'®

Initially, the Hauser—-Feshbach-Moldauer relations
were obtained under the assumption that there is no
contribution of the direct-reaction mechanism. Later,
it was shown'*'® that the general structure of these re-
lations is still maintained when direct processes are
present. In such a case, it is merely necessary to
determine the transmission coefficients with allowance
for the contribution of the direct processes, and also
to take into account in the corrections for the fluctua-
tion of the widths the correlations of the widths in the
channels associated with the direct transitions. These
correlations will somewhat increase the fluctuation
correction, but this is significant only when there is a
small number of open channels strongly coupled to the
direct transitions.® With increasing number of chan-
nels, the correlation effects rapidly become weaker,
and there is a simple superposition of the cross sec-
tions of the direct reactions and reactions through the
compound nucleus.

On the basis of our discussion of the methods for de-
scribing the cross sections of nuclear reactions aver-
aged over the resonance structure, we can formulate
a number of problems whose solution is topical in the
study of the scattering of fast neutrons: 1) How must
the parameters of the optical potential be chosen for a
simultaneous analysis of the differential cross sections
of elastic and inelastic scattering; 2) how good a de-
scription of the experimental data should we strive for,
given the existing uncertainties in the parameters of
the employed models; 3) given the existing uncertain-
ties, how unique are conclusions about the relative con-
tributions of the direct and compound scattering mech-
anisms at different neutron energies? The bulk of the
present review will be devoted to answering these ques-
tions.

2. CHOICE OF THE PARAMETERS OF THE OPTICAL
POTENTIAL

When the optical model is used to analyze the cross
sections of nuclear reactions, one of two aims is usual-
ly being followed: 1) the achievement by a single “uni-
versal” set of optical-potential parameters of an opti-
mal description of the observed scattering cross sec-
tions for a large number of nuclei; 2) the achievement
of the best description of the differential cross sections
of inelastic scattering and also the integral cross sec-
tions of inelastic interactions or the total reaction
cross sections for a definite nucleus and a definite en-
ergy of the incident particles. Naturally, the physical
content of the optical model will depend to some extent
on the problem that is posed. In the first case, the pa-
rameters found for the optical model reflect the general
variation of the single-particle average field of the nu-
clei and also the distribution of the probability of ab-
sorption of the nucleons in the nucleus determined by
the imaginary part of the optical potential. But in the
case of independent fitting of the parameters of the op-
tical potential at each energy point, the optical model
appears rather as a phenomenological method of pa-
rametrizing the properties of the collision matrix av-
eraged over the energy. In this case, variations of the
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parameters with the energy, and also the fluctuations
of the parameters of nearby nuclei, can be due not only
to variations of the average field but also include vari-
ous structural effects associated with the individual
properties of the nuclei.

There have been many attempts by different authors
to find a universal set of optical-potential parameters
(see, for example, Refs. 5 and 6). At neutron energies
above 14 MeV, the parameters found by Becchetti and
Greenlees' from joint analysis of the differential cross
sections of elastic scattering of protons and neutrons
with energies up to 40 MeV have been widely used as
such a sel. Their parametrization was used to take into
account the isotopic dependence of the real and imagin-
ary parts of the potential, and also the variations in the
depth of the potentials with the energy:

V,=56.3—24(N —Z)/A—0.32E,;
W,=(0.22E,—1.56) or 0
W,=13.0—12.0(N — Z)/A—0.25E ;
V=62,

(18a)

The geometrical parameters were taken with somewhat
differing values for the real, imaginary, and spin-orbit
components of the potential:

=147 PP =r,=126; r,,=1.01;

al® =0.75; ol =ua,=0.58; a,=0.75. }

(18b)

" All the quantities in (18a) are in mega-electron-volts

and in (18b) in fermis.

The investigations of the differential cross sections
of elastic neutron scattering made in Refs. 18-26
showed, however, that at neutron energies below 14
MeV the Becchetti—Greenlees parameters do not, as a
rule, give a satisfactory description of the observed
cross sections. In particular, for neutrons with energy
8 MeV a systematic analysis of the elastic-scattering
cross sections was made by Holmgqvist and Wiedling'®
for a large number of nuclei, and their description of
the experimental data is shown in Fig. 1. The param-
eters of the optical potential corresponding to this de-
scription are shown in Fig. 2. It can be seen that not
only the geometrical parameters but also the depths of
the potentials that ensure the best reproduction of the
observed angular distributions fluctuate very strongly
from nucleus to nucleus. The amplitude of these fluc-
tuations does not change significantly if the calculations
of the optical potential are made with geometrical pa-
rameters averaged over the complete set of the ana-
lyzed nuclei and only the depths of the real and imagin-
ary parts of the potential are varied (see the black cir-
cles in Fig. 2). Holmgqvist and Wiedling proposed as a
universal set in the range of neutron energies from 1.5
to 8 MeV the following parameters of the optical poten-
tial:

V,=44.44-1-0.19874
—1.893.10-342
+-4.527.107848;
W,y=5.89
+9.376.1024
—T7.343.10442
+71.408 -11%’;:143; (19)
Vio=8.0; ro=r,s
=1.183 4+ 3.10744;
re=1.18344-10%4;
a,=a,,=0.66;
a,=0.48.
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FIG. 1. Differential cross sections of elastically scattered
neutrons with energy 8.05 MeV. The open circles are the ex~-
perimental data, the continuous curves are the theoretical cal-
culations with individually chosen parameters, and the broken
curves are the calculations with the parameter set (19).
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FIG. 2. Optical-potential parameters obtained from the de-

scription of elastic neutron scattering (see Fig. 1). The open
circles are obtained in the case of fitting of all parameters of
the potential, while the black circles are obtained for fixed
geometrical parameters (19).
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Calculations of the differential cross sections of elastic
scattering of neutrons corresponding to these param-
eters are shown in Fig. 1. Although for each particular
nucleus the deviation of the experimental data from the
calculated curves for the parameter set (19) is some-
what larger than for individually chosen parameters,
the description of the observed angular distributions by
the common set of parameters is on the whole fairly
good. As was shown in Ref. 19, the description of the
experimental cross sections of elastic scattering at
neutron energies 4.56 and 2.47 MeV is about as good.

Using in their analysis a more extensive set of exper-
imental data on elastic scattering of polarized and unpo-
larized neutrons, Pasechnik et al.?° obtained an entirely
different set of parameters for the averaged optical po-
tential for the same range of energies (1.5<E, <6.1
MeV):

V,—=48.7—0.33E,; r,=r,=rep=125;
W,=T7.2+0.66E,; a,=a,,=0.65; (20)
Veo=T.5; a,=0.47.

The difference between the parameters (20) and (19) is
partly due to the difference between the approaches to
the selection of the experimental material—in Refs. 18
and 19, the results of the original measurements of the
authors were mainly used, whereas in Ref. 20 all ex-
perimental data with comparable errors were taken in-
to account in the analysis. In many cases, the exten-
sion of the analyzed data makes it possible to reduce
appreciably the influence of systematic errors of indi-
vidual measurements on the deduced parameters of the
optical potential.

On the other hand, the difference between the param-
eters (19) and (20) reflects the ambiguity, noted by
many authors, in the procedure for finding the param-
eters of the optical model (see Refs. 5, 6, and 18-20).
It is helpful to express the interconnection between the
variations of the energy and geometrical parameters of
the optical potential in the form of the integral relations

- \ fs(r)rear. } (21)
0

fo=22 (fo () rars #,=
[1]
Sets of parameters that correspond to equal values of
the integrals 7, and #, give effectively equivalent de-
scriptions of the experimental data.

The optical-potential parameters given above were
found for the spherical optical model. At the same
time, many of the analyzed nuclei have low-lying col-~
lective levels, which are excited very strongly in the
direct inelastic-scattering mechanism. But at high in-
tensities of the direct transitions the coupling of the
elastic and inelastic scattering channels becomes im-
portant, and to study it we must go over from the sin-
gle-channel to the generalized optical model.

In seeking the parameters of the generalized optical
potential it is evidently best as a first approximation to
use the parameters of the spherical potential found for
magic nuclei, In such nuclei, the effects of the channel
coupling are much weaker than in nonmagic nuclei, and
this is a very favorable condition for studying the en-
ergy and isotopic dependence of the parameters of the
potential. For nuclei with closed neutron, N=50, or
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proton, Z=50, shell, a detailed investigation of the
differential cross sections of elastic scattering of neu-
trons at energies from 7 to 26 MeV was made in Ref.
21. From the analysis of these data, and also the ob-
served energy dependence of the total neutron cross
sections for the tin isotopes in the region of neutron
energies up to 15 MeV, the following parameters of the
optical potential were obtained:

Vo=54.2—22 (N — Z)/A—0.32E,;

W,=3.0—14 (N —2Z)/A+0.51E,; }

W,=0: r,=1.2; ¢,=0.7; r,=1.25; a,=0.65.

(22)

For the spin-orbit part of the potential, the param-
eters V,,=6.2, r,,=1.01, and q,,=0.75 were chosen,
and these were not varied in the process of describing
experimental data. The parameters found for nuclei
with a closed neutron shell (N=50) differed from (22)
only by slight changes in the geometrical characteris-
tics of the optical potential. When (20) and (22) are
compared with the sets of parameters (18) and (19), the
most striking thing is the appreciable difference be-
tween the energy dependences of the imaginary part of
the optical potential. As will be shown below, the cor-
rect determination of this dependence is extremely im-
portant for analyzing the part played by direct proces-
ses at neutron energies below 7 MeV.

The main differences between the descriptions of the
differential cross sections of elastic scattering of neu-
trons in the spherical and generalized optical models
can be demonstrated by means of the results shown in
Fig. 3. The calculations shown here for both models
were made with the same set of optical-potential pa-
rameters,

V,=51.85—24(N —Z)/A—0.33E,; W, =255V E,;
Wo=0; W,o=7.0; } (23)
re=ry=r,=1.25 a,=a,,=0.65; a,=0.48,

and for the generalized optical model the dynamical-

deformation parameters B, for the lowest quadrupole

and octupole excitations were taken on the basis of the
available experimental data on direct reactions and

Coulomb excitation of low-lying levels of even—even

nuclei.?® For odd nuclei, the model of weak coupling of

the odd particle to the collective quadrupole phonons of
the even—even core (the core-excitation model)® was
used in the given calculations,

Comparing Figs. 1 and 3, we can conclude that for the
even—even S, Cr, Fe, Ni, and Zn nuclei, in which the
relations of the phenomenological collective model re-
produce the properties of the low-lying collective levels
comparatively well, the description of the experimental
data in the generalized optical model with the unified
set of parameters (23) is approximately the same as in
the spherical optical model with individually fitted pa-
rameters. A similar conclusion will hold for the odd
Cu and Nb nuclei, in which the core-excitation model
agrees reasonably well with the observed schemes of
the low-lying levels, But the core-excitation model
does not reproduce the experimental spectra of the lev-
els in the Mn, Co, and As isotopes nearly so well, and
from the data given in Fig, 3 it can be seen that it is
precisely for these isotopes that the description of the
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FIG. 3. Theoretical description of the differential cross sec-
tions of elastically scattered neutrons with energy 8. 05 MeV in
the coupled-channel model (continuous curves) and in the spher-
ical optical model (broken curves) with the parameter set (23).

angular distributions in the adopted coupled-channel
model is less satisfactory than in the case of individual
fitting of the parameters of the optical potential (see
Fig. 1).

In recent years, the coupled-channel method has
penetrated further and further into the practical analy-
sis of neutron cross sections, and numerous examples
of the description of differential cross sections of elas-
tic scattering of neutrons achieved by means of it are
given in Refs. 25-27. Despite a certain spread of the
optical-potential parameters deduced in such analysis,
it can be concluded on the whole that the parameters
obtained in the framework of the coupled-channel meth-
od fluctuate from nucleus to nucleus much less strongly
than the individual sets of parameters of the spherical
optical model. In addition, the parameters (22) and (23)
of the real part of the optical potentials also agree
much better than the analogous parameters of the sin-
gle-channel optical analysis (see Fig. 2) with the tradi-
tional parameters of the single-particle potential of the
shell model. This agreement between the results is one
of the important achievements of the generalized opti-
cal model.
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3. ON THE DIFFERENCES BETWEEN THE
DYNAMICAL-DEFORMATION PARAMETERS IN
INELASTIC NUCLEON SCATTERING AND COULOMB
EXCITATION OF NUCLEI

At energies of the incident neutrons above 7T MeV in
medium and heavy nuclei, the total number of open de-
cay channels of the compound nucleus is so great that
scattering through the compound nucleus does not make
any significant contribution to the observed excitation
cross sections of the low-lying levels. Under these
conditions, the cross sections of inelastic scattering by
low-lying levels are entirely determined by the direct
transitions, and their analysis becomes a very effective
tool for studying the characteristics of collective ex-
citations of nuclei.

At the present time, the bulk of the data on the collec-
tive properties of nuclei is extracted from the analysis
of Coulomb excitation of low-lying levels. In accor-
dance with the ideas of the collective model of the nu-
cleus, the reduced probability of the corresponding
electric v transitions is related to the dynamical-de-
formation parameters (10) of the nuclei by

B (EM, 0+ — A = [(3/4m) Ze R}? B}. (24)

The systematics of the deformation parameters ob-
tained on the basis of this expression have been dis-
cussed on many occasions.**?* Usually, it is assumed
that the same values of the parameters also determine
the cross sections of the direct reactions of inelastic
scattering of particles by low-lying collective levels.
From the point of view of the microscopic approach,
this assumption is not sufficiently rigorous, since it
does not take into account the differences between the
excitation of the isoscalar and isovector components of
the form factors of nuclear transitions. The origin of
such differences can be readily followed in the example
of valence transitions in the simplest shell model.

For nuclei with a closed neutron shell, low-frequency
excitations can be formed only from proton transitions,
and since the two-particle effective forces for noniden-
tical nucleons are much greater than for identical nu-
cleons, the form factors of the direct transitions in
such nuclei must be appreciably greater for the (n,n’)
reaction than for the (p, p"). At the same time, the op-
posite picture must be observed for nuclei with a closed

proton shell. This is a simplified example, and in real -

nuclei the polarization of the nucleons in the closed
shells has an influence on the intensity of the valence
transitions, However, the main qualitative features of
the considered differences between the form factors of
the inelastic scattering of protons and neutrons remain
when polarization effects are taken into account. A
quantitative analysis of the differences expected in this
case between the dynamical-deformation parameters
for electromagnetic excitations of nuclei and inelastic
scattering of nucleons was made in Ref. 30.

The theoretically predicted differences between the
nuclear and electromagnetic deformation parameters
were confirmed by recent very accurate experimental
investigations of the cross sections of inelastic scatter-
ing of neutrons by near-magic nuclei.”** These exper-
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iments measured to high accuracy the differential cross
sections for elastic and inelastic scattering of 11-MeV
neutrons by the nuclei **Sr, *°Zr, and **Mo, which have
a closed neutron shell, N=50, and also by the tin iso-
topes 116%118,120,122,1245, © which correspond to a closed
proton shell, Z=50, The results of these measure-
ments for the tin isotopes are given in Fig. 4 together
with the theoretical description of the observed cross
sections.® Analysis of the elastic-scattering cross
sections made it possible to determine fairly reliably
the parameters of the optical potential for each of the
considered nuclei, and subsequent description of the in-
elastic-scattering cross sections in the framework of
the distorted-wave Born approximation made it possible
to determine the quadrupole-deformation parameters

M), The deformation parameters found in this way are
given in Table I. This table also contains the experi-
mental values of the deformation parameters obtained
by the analysis of the cross sections of inelastic proton
scattering, A{’, and the description of Coulomb exci-
tation: AY’. Although in many cases the errors in the
deduced deformation parameters are comparable with
the expected differences between the parameters, the
available data nevertheless make it possible to speak
with confidence of a systematic difference between the
parameters BS, B, and B{’, and these differences
are in good agreement with the results of the theoreti-
cal analysis of the nuclear and electromagnetic defor-
mation parameters given in Table L.

The above theoretical estimates of the dependence of
the deformation parameters on the method of excitation
of the nuclei were obtained on the basis of the simplest
schematic model of polarization effects, when all high-
frequency core excitations are concentrated in two col-
lective modes—the isoscalar and isovector quadrupole
giant resonances.’® The shortcomings of this approxi-
mation can be eliminated by analyzing the form factors
of the nuclear transitions in the framework of more
realistic microscopic models, Such an analysis was
made for an effective interaction of the nucleons rep-
resented in the form of separable multipole forces
matched to the real average field of the nuclei.®® Such
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FIG. 4. Experimental data and theoretical description of the
cross sections of elastic and inelastic scattering of 11-MeV
neutrons for tin isotopes.

Bychkov et al. 161



TABLE 1. Quadrupole dynamical-deformation parameters deduced from the excitation of the
lowest 2* levels of nuclei with a closed neutron, N =50, or proton, Z=50, shell (Ref. 27).

Dtk Nuclei with ¥'=50 Nuclei with Z=50
il 88§y S0zr 23708 11680 1188 1208n 1208 1218
pg 0.133(7) 0.085(8) 0.099(5) | 0.120(10) 0.109(7) 0.106 (5)  0.400(6) 0.092 (6)
i 0.11 0.070 (5) 0,080 (6) | 0.133 0.134 (10) 0.119 (10) 0,112 (7) 0.108 (7)
-
mxe,?:t:k;-’l
pepe | 1.2 1.2 1.3 0.90 0.81 0.90 0.90 0.85
By 0,44(2)  0,094(5) 0.416(8 | 0.118(7) 0.108(3) 0,106(2)  0,402(2) 0.696 (2
ﬁ(zﬂ > ﬁ(aﬂ) = N_ap) thﬂ < 5(2") < p?’!l’)
e BB | 1.35 1.33 1.31 0.58 0.89 0.90 0.90 0.91
eory’
pey 0.15 0.093 0.109 0.105 0,093 0,099 0.094 0.084

*The numbers in the brackets give the errors in the last decimal place of the experimental

values of the deformation parameters.

forces are widely used to describe the collective prop-
erties of nuclei,® and by means of them it is possible to
reproduce very well all the main features of the ob-
served spectral distributions of the intensities of low-
and high-frequency excitations. For the ratio g{"/g%#’
of the deformation parameters the values 1.08-1.12
were obtained in this analysis for nuclei with N=50 and
0.90-0.94 for the tin isotopes.3? Although these num-
bers are somewhat smaller than the estimates of the
schematic model (see Table I), the general systematic
difference between the quadrupole-deformation param-
eters in the considered groups of nuclei persists in a
very stable manner when the theoretical description is
varied.

When we move away from the magic numbers, we
must expect a weakening of the shell effects and a cor-
responding decrease in the difference between the de-
formation parameters for the different fields that in-
duce the nuclear transitions. Since the absolute values
of the deformation parameters always increase at the
same time, for nonmagic nuclei the study of the depen-
dence of the deformation parameters on the inducing
field is a very complicated experimental problem. The
main difficulties in the way of its solution can be
demonstrated by the example of Ref. 33, which reports
the measurement and analysis of the cross sections of
elastic and inelastic scattering of neutrons with ener-
gies 6, 8, and 10 MeV by the "%7%*®%%ge igotopes. The
original analysis of these data in the framework of the
spherical optical model and the distorted-wave Born
approximation for the inelastic channel showed that al-
though the description of the observed cross sections
can be fairly good, the parameters which are then ex-
tracted are too unrealistic, The isospin dependence of
the real part of the optical potential is almost two times

" weaker than the dependence (22) obtained for the nearby
nuclei, whereas the quadrupole-deformation parame-
ters are several times larger than in the description of
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Coulomb excitation.

These difficulties can be eliminated to a considerable
degree if the elastic and inelastic scattering cross sec-
tions are analyzed on the basis of the coupled-channel
method. For 8-MeV neutrons, the description of the
experimental data obtained in this method is given in
Fig. 5, and the corresponding quadrupole-deformation
parameters are given in Table II together with the pa-
rameters found by analyzing the inelastic scattering of
protons® and the data of experiments on electromagnet-
ic excitation.®® According to the results of the proton
investigations, we have in the selenium isotopes differ-
ences between the nuclear and Coulomb deformation pa-
rameters of the same sign, B’ >pB{’, as in the nuclei
considered above with a closed neutron shell, N=50.

At the same time, the ratio BY’/B8%’ increases with the
filling of the shell, approaching the values given in Ta-
ble I. On the basis of the available data, it is still dif-
ficult to understand what conclusions should be drawn
from the results of the neutron experiments. The de-
duced parameters 8" may, in addition to the statistical
errors of the analysis indicated in Table II, be also
distorted by the systematic errors associated with the
choice of the optical potential. To eliminate such er-
rors, it is necessary to investigate the differential
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FIG. 5. The same as in Fig. 4 for selenium isotopes and 8-
MeV neutrons.
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TABLE II. Quadrupole-deformation parameters for the first
2* levels of selenium isotopes (references are given in square
brackets).

Isotope B{™ [33) 8P (3] BV (351
Tese 0.28 (1) 0.278 (7) 0.310 (2)
i88e 0.27 (1) 0.243 (6) 0,268 (3)
s3e 0.25 (1) 0.210 (5) 0,232 (2)
828e 0.22 (1) 0,159 (4) 0.192 (2)

cross sections of inelastic neutron scattering in a wider
range of energies of the incident neutrons and, evident-
ly, only on the basis of the results of such investiga-
tions will it be possible to draw reliable conclusions
about the differences between g{*’ and 8{*’.

The foregoing was entirely concentrated on the quad-
rupole-deformation parameters, which determine the
intensities of direct excitation of the lowest 2 levels of
even—even nuclei. A similar dependence of the dynam-
ical-deformation paramaters on the inducing external
field can be expected in the case of direct excitation of
higher levels or levels of different multipolarity. Com-
paratively extensive experimental information is now
available on direct excitation of the first octupole lev-
els of even—even nuclei for scattering of various parti-
cles.? 23,36 Unfortunately, the errors in the octupole-
deformation parameters then deduced are in the major-
ity of cases still so large that on their basis no unam-
biguous conclusions can be drawn about the differences
between the nuclear and Coulomb deformation param-
eters. Experimental data on transitions with high mul-
tipolarity A > 4 are very sparse. Although a systematic
theoretical analysis of such transitions has not yet been
made, it can be expected from the general ideas of the
microscopic approach that for the corresponding, com-
paratively weakly collectivized levels the differences
between the effective deformation parameters for dif-
ferent particles will be significantly greater than for
the lowest, strongly collectivized quadrupole and octu-
pole levels. Experimental investigations of these dif-
ferences would be of considerable interest, both for the
study of the structure of multipole excitations and for
the analysis of the integrated contribution of direct
transitions in the various nuclear reactions.

4. ANALYSIS OF THE DIFFERENTIAL CROSS
SECTIONS OF INELASTIC SCATTERING OF
NEUTRONS BY LIGHT NUCLEI

Above, we have considered nuclei for which the di-
rect mechanism of excitation of the low-lying levels is
predominant at energies of the incident neutrons above
6 MeV. If at the same energies we go over to lighter
nuclei, then in them scattering through the compound
nucleus becomes important as well as the direct mech-
anism. Analyzing the angular distributions of the scat-
tered neutrons, we can investigate the energy depen-
dence of the contributions of both mechanisms. Partic-
ularly favorable for this is the region of mass numbers
20<A <40, in which one can more readily than in medi-
um and heavy nuclei distinguish experimentally the ex-
citation functions of individual levels, while at the same
time the observed neutron cross sections are still av-
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eraged over a fairly large number of compound-nucleus
resonances.

Among the light nuclei, the isotope **Si has been
studied in most detail; for it, measurements and an
analysis of the differential cross sections of elastic and
inelastic scattering of neutrons by the first 2* level (Q
==1.779 MeV) in the range of energies of the incident
neutron from 6 to 15 MeV were made in Refs. 37-44,
while in Refs. 43 and 44 the excitation cross sections
of higher levels were also studied. The observed elas-
tic-scattering cross sections and their theoretical de-
scription are shown in Fig. 6.** Similar data on the
cross section for inelastic scattering of neutrons by the
2* level are given in Fig. 7, and Fig., 8 shows data on
the cross sections of inelastic scattering by the levels
4* (Q@=—4.618 MeV) and 0* (@=-4.979 MeV).

In the theoretical analysis of the scattering cross sec-
tions, the possibility of describing the experimental
data on the basis of the spherical optical model was
first investigated. The optical-potential parameters
found from the description of the differential cross
sections of inelastic scattering of 10-MeV neutrons*!
were used. It can be seen from the results of the cal-
culations given in Fig. 6 that with these parameters it
is possible to achieve a fairly good description of the
observed elastic-scattering cross sections for the com-
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FIG. 6. Differential cross sections for elastic scattering of
neutrons by the isotope **Si (the points) and the different com-
ponents in their theoretical description. The broken curves
are the cross sections for scattering through the compound
nucleus; the dotted curves, the cross sections of potential scat-
tering in the coupled-channel model; the continuous curves,
the total cross sections of the two scattering mechanisms inthe
coupled-channel model; and the chain curves, the analogous
cross sections in the spherical optical model.
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plete range of energies of the incident neutrons from 7
to 14 MeV. However, difficulties arise when this opti-
cal potential is used to analyze the inelastic cross sec-
tions. On the one hand, excessively large quadrupole-
deformation parameters are needed in the description
in the distorted-wave Born approximation of the cross
sections of direct excitation of the first 2* level in the
region of energies E,>10 MeV.* At the same time,
the cross section of inelastic scattering through the
compound nucleus is too large at low energies, this be-
ing manifested especially clearly in the analysis of the
excitation cross sections of the levels 4; and 05,*

If we go over to the coupled-channel model, then to
describe the experimental data we must above all re-
duce the imaginary part of the optical potential. These
changes characterize the part played by the inelastic
reaction channels taken into account in the redistribu-
tion of the flux of incident neutrons, and the depth of the
imaginary part of the potential decreases more strong-
ly, the larger the number of channels included in the
coupling scheme. In the calculations, we adopted the
rotational coupling scheme of the levels 0{-2;-4;, and
to it added the vibrational coupling scheme of the levels
0{-0;. This required a decrease in the imaginary part
of the optical potential by almost two times. The re-
sulting description of the angular distribution of elasti-
cally scattered neutrons differs overall very little from
the description in the framework of the spherical opti-
cal model (see Fig. 6), Much more important is the
consistency obtained in the coupled-channel model in
the results of the analysis of the inelastic neutron-scat-
tering cross sections. The decrease in the imaginary
part of the potential significantly decreases the cross
sections of elastic and inelastic scattering of the neu-
trons through the compound nucleus, and this agrees
well with the experimental data at neutron energies 7
and 8 MeV, where an appreciable contribution of the
compound scattering mechanism is observed.

It should be noted that for neutrons with energy 7-8
MeV the analysis of the differential elastic-scattering
cross sections in the region of the deep minimum (8
~110°) makes it possible to investigate the part played
by overlapping of resonances in the description of the
correction (14) for the fluctuation of the neutron widths.
The cross section at the minimum is almost completely
determined by scattering through the compound nucle-
us, and by analyzing the observed cross sections we
can find the mean value F of the correction for the
elastic channel. Since the total number of open decay
channels of the compound nucleus at these energies is
fairly large, the corresponding correction must ap-
proach its maximal value: F,,=3 in the absence of cor-
relation between the resonance parameters and F,, =2
for strongly overlapping correlated resonances,'®®
The value of the correction needed to describe the ex-
perimental data, F, =1,6-1.8,%° is very close to the ex-
pected mean value of the correction for strongly over-
lapping resonances, and this result is an experimental
confirmation of the need to take into account the corre-
lation of the resonance parameters in calculations of
the mean cross sections of neutron reactions. The re-
quired fluctuation increase in the elastic-scattering
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cross section is well reproduced in calculations that
use the relation (17) to determine the number of open
channels, which can be taken as additional evidence for
the effectiveness of this very simple simulation of the
statistical properties of the neutron widths.

In calculations of the cross sections of direct inelas-
tic neutron scattering a very important question is the
choice of the deformation parameters that determine
the form factors (8) of direct excitation of collective
levels. The rotational nature of the lowest levels of the
28Gi nucleus is usually identified on the basis of the ob-
served intensity of the E2 transitions,* and also the re-
sults of analysis of the differential cross sections for
inelastic scattering of charged particles.*®*® However,
the equilibrium-deformation parameters are then de-
duced with a very great uncertainty. The origin of this
situation can be readily understood from the description
of the cross sections for scattering of 10-MeV neutrons
by the levels 0%, 2*, and 4" of the rotational band given
in Fig. 9. The theoretical curves were obtained for two
sets of parameters B8, and B, corresponding to an elon-
gated cigar-shaped (8,>0) and oblate lens-shaped (8,
<0) nucleus. Neither the elastic-scattering cross sec-
tions nor the angular distributions of inelastic scatter-
ing of neutrons by the first 2* level are sensitive to the
choice of the sign of the equilibrium deformation, and
it is only the data on the excitation of the 4* level that to
some extent distinguish the alternative sets of param-
eters.

Since an analogous conclusion also applies to the dif-
ferential scattering cross sections of charged particles,
to determine the deformation parameters data on the
asymmetry of the scattering of polarized protons were
used in Refs. 47 and 48 in addition to the inelastic-scat-
tering cross sections. As a result of joint analysis of
these data for 20.3-MeV protons the parameters 3,
=-0.55 and 8,=0.33 were obtained,*” whereas for 24.5-
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FIG. 9. Calculations of the cross sections of elastic and in-
elastic scattering of neutrons with energy 10 MeV under dif-
ferent assumptions about the equilibrium deformation of the
nucleus *¥8i. The continuous curves correspond to 5;=0.48
and B, =~0.30; the chain curves, to f,=—0.48 and p=0. 10.
For the 4" level, the cross sections of the direct processes
corresponding to the two assumptions are also given (dotted
curve and the crosses).
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MeV protons the values were B,=-0.40 and 8,=0.10.**
In Ref. 49, for the range of incident-proton energies
from 14 to 40 MeV, data on the probability of proton
spin flip during scattering were used as well as the in-
elastic-scattering cross sections. The hexadecapole-
deformation parameters then found depend rather
strongly on the proton energy, varying from f8,~0.35-
0.40 at 14 MeV to 8,=0.15 for high-energy protons. The
quadrupole-deformation parameters varied much less—
from B,=-0.4 to —0.5 at proton energies below 20 MeV
to B,=-0.37+0.05 for high-energy protons.

The energy dependence of the deformation parameters
evidently reflects the inadequaéies of the rigid-rotator
model used to analyze the experimental data. The ob-
served ratio of the energies of the rotational band, E,,/
E, =2.59, like the ratio of the reduced probabilities of
the E2 transitions, B(E2; 4*~2*)/B(E2; 2"~ 0*)=1.06
+0.14,% differs appreciably from the values corre-
sponding to the rigid-rotator model: (E,,/E,)™" =3.33
and B(E2; 4*-2*)/B(E,; 2‘~0*)=1.43. Ignoring these
differences when analyzing the inelastic-scattering
cross sections, we deduce somewhat distorted values of
the deformation parameters, and the variations of the
parameters with the energy characterize the possible
distortions.

The influence of the deviations from the coupled-
channel scheme of the rigid-rotator model on the dif-
ferential cross sections of direct inelastic scattering of
neutrons was investigated in Refs. 43 and 44, in which it
was found that a decrease in the coupling of the 2} and
4} levels with a simultaneous increase in the hexadecap-
ole-deformation parameter leads to a general improve-
ment in the description of the observed angular distri-
butions for scattering of neutrons by the 2] and 47 levels
for the complete range of energies of incident neutrons
from 7 to 14.8 MeV. The deformation parameters 8,
=0.48 and 8,= —0.30 then obtained are close in absolute
magnitude to the values obtained from the differential
cross sections for scattering of protons of comparable
energies.*"*® The signs of the deformation parameters
were chosen on the basis of an analysis of the excitation
cross sections of the level 4], but in view of the uncer-
tainties in the analysis mentioned above great signifi-
cance should not be attached to this choice. Given the
existing errors in the neutron cross sections, it is still
impossible to fix all the parameters of the optical po-
tential, and the values found for the deformation param-
eters in fact include the possible errors in the deter-
mination of the remaining parameters. These errors
can be eliminated by increasing the reliability of the
measurements of the differential cross sections of
elastic and inelastic neutron scattering, i.e., by ob-
taining experimental data with accuracy comparable to
that of the data given in Figs. 4 and 5.

However, the existing uncertainties in the choice of
the parameters of the generalized optical model are not
very important for the determination of the ratio of the
contributions of the direct and compound scattering
mechanisms to the investigated neutron cross sections.
It can be seen from the data in Figs. 7 and 8 that for the
levels 2! and 0} direct scattering becomes predominant
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at neutron energies above 8 MeV, whereas for the level 6,b
4; this occurs above 10 MeV. For the level 2}, the ob-
served integrated inelastic-seattering cross sections

at neutron energies below 10 MeV are shown in Fig. 10.

0.8}

The results of measurements of the different experi- e
mental groups (see Refs. 37—-44 and 50-53) agree rea-
sonably to within the indicated errors. Analyzing the &
observed asymmetry of the angular distributions of the
scattered neutrons, we can trace the contribution of the ozf
direct transitions up to the neutron energy 3 MeV.
If we consider simultaneously the entire set of exper- G S e TRy
imental data on the angular distributions of the neutrons FIG. 10. Integrated cross section of inelastic scattering of
scattered elastically and inelastically by the level 2}, neutrons by the 2° level of the ®Si nucleus. The dotted curve
the optimal description of the observed cross sections shows the cross section of direct inelastic scattering; the
is given by the coupled-channel model with the optical broken curve, scattering through the compound nucleus; and

the continuous curve, the total cross section of the two scat-
tering mechanisms. The literature sources are indicated by
square brackets.

potential (20), in which the imaginary part is reduced
by 20% when allowance is made for the 0{-2 level cou-
pling (8,=0.48), i.e., W,=5.7+0.52E, is taken, The
parameters of the integrated cross sections of direct
and compound scattering of neutrons by the first 2* lev-

el corresponding to this choice are given in Fig. 10. If we go over to the range of neutron energies below
When the set of parameters (23) is used, the cross sec- 3 MeV, the main problem in the analysis here is the
tion of direct scattering in the region of energies E <6 experimental determination of the average cross sec-
MeV is too large. This defect can be readily eliminated tions. In the experimental data, one can clearly see a
by changing the energy dependence of the imaginary fluctuation structure of the neutron cross sections (Fig.

part of the potential (23), and for the same choice of the 11). Since the amplitude of the observed fluctuations is
imaginary potential the sets of parameters (20) and (23) determined primarily by the resolution of the neutron

become almost indistinguishable. If the number of spectrometers, it is a fairly complicated problem to
coupled levels is increased, it is necessary to decrease correct the observed cross sections and the average
even further the imaginary part of the optical potential, cross sections obtained on their basis for the resonance
though mainly by decreasing the first term in the chos- absorption of neutrons in the target. Even more com-
en parametrization of W,, leaving the energy depen- plicated is the construction of the angular distribution
dence essentially unchanged. Such a dependence is re- of the elastically and inelastically scattered neutrons
quired, in particular, to describe the angular distribu- averaged over the fluctuations, and at the present time
tions shown in Figs. 6-8, we simply do not have sufficient experimental data for
aG,b

o0 E_J}g\
= <
[ W

15F

La . 1000 B

asf

G(&),mb/sr
3
T
5
L]
{
A

Qo6

—~
S
T

ao4

a0z, ) I S S B
a0 y : , 030 0 80 720 6,deg
15 . 2 25 10 £y, MeV

FIG. 11. Dependence of the total cross section cri. the elastic-scattering cross section 04 (0 =20°), and the cross section of inelas-
tic scattering by the first level a,, (6 =60°) of the %8Si nucleus on the neutron energy. The continuous curves are the cross sections
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perimental points are obtained by combining the results of measurements with different energy resolutions, %
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such a construction. Nevertheless, comparing the ex-
isting data with optical-model calculations, we can
conclude that there is qualitative agreement between
the theoretical description and experiment (see Fig.
11). For a more rigorous quantitative analysis of the
data and verification of the applicability of the differ-
ent sets of optical-potential parameters, we need more
accurate measurements of the angular distributions of
elastically and inelastically scattered neutrons.

The direct mechanism of excitation of the lowest lev-
els in a wide range of excitation energies was also in-
vestigated for the *S nucleus (Refs. 37-41, 50, and 57).
For neutron energies above 7 MeV, the observed dif-
ferential cross sections for inelastic scattering of neu-
trons by the level 2] (@=-2,23 MeV) are shown in Fig.
12 together with the results of a theoretical description
of the cross sections.®” The optical-potential param-
eters in this description were determined by analyzing
the differential cross sections of elastic and inelastic
scattering of neutrons with energy 8 and 9 MeV,*® and
for the comparatively small extension of the range of
energies of the incident particles it was not necessary
to introduce any changes in these parameters. Since
the spectrum of the low-lying levels of %S corresponds
fairly well to the ideas of the vibrational model, the
calculation of the direct transitions in the coupled-chan-
nel method was based on the vibrational 0;-2] level
coupling scheme, and the deformation parameter 8,
=0.30 was taken to be the same as in the description of
the inelastic-scattering cross sections of charged par-
ticles.*®

Similar experimental data and the results of the the-
oretical description of the cross sections for scattering
of neutrons by the level 2} (@=-1.369) of the **Mg nu-
cleus are given in Fig, 13.°® The calculations used the
rotational 0j-2; level coupling scheme and equilibrium-
deformation parameters 8,=0.55 and 8,=-0.05. Since
in Mg the ratio E,,/E,, =3.02 of the energies of the
levels of the rotational band is much closer to the pre-
dictions of the rigid-rotator model than in Si, the dif-
ferences between the equilibrium-deformation param-
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neutrons by the first 2* level of the nucleus **S. The theoretical
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eters extracted in different experiments are appreci-
ably less.* " But with the existing errors of the ex-
perimental data it is still impossible to establish wheth-
er the differences are due to the uncertainties in the
choice of the optical-potential parameters or whether
they characterize real differences in the isovector com-
ponents of the intensity of direct excitation of levels
when different particles are scattered.

It can be seen from the results of the calculations of
the cross sections of the direct and compound mechan-
isms in Figs. 7, 12, and 13 that the contributions of the
two mechanisms to the observed excitation cross sec-
tions of the first 2* level become approximately equal at
neutron energies 7-9 MeV. At higher energies, direct
excitation is dominant, and the integrated scattering
cross section varies comparatively slowly with increas-
ing energy of the neutrons. At neutron energies below
7 MeV, the behavior of the excitation functions is de-
termined basically by scattering through the compound
nucleus, but nevertheless it is impossible to ignore the
contribution of the direct transitions when describing
the cross sections for scattering by the collective lev-
els in the entire range of energies to the threshold (see
Fig. 10).

To investigate more fully the part played by direct
transitions in the region of the maximum of the excita-
tion functions of the low-lying levels, systematic mea-
surements were made in Ref. 59 of the differential
cross sections of elastic and inelastic scattering by the
first levels of even—even and odd light nuclei for 3.4-
MeV neutrons. To eliminate possible systematic er-
rors of the experiment, the measurements of pairs of
neighboring even—even and odd nuclei were made simul-
taneously. Under these conditions, the relative behav-
ior of the differential scattering cross sections for the
given pair of nuclei is determined with a much smaller
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error than the absolute cross sections, which contain
not only the statistical error of the measurements but
also the errors of the corrections introduced for the at-
tenuation and multiple scattering of neutrons in the
samples, the efficiency of the neutron spectrometer,
and so forth. The observed angular distributions of the
elastically and inelastically scattered neutrons are giv-
en in Figs. 14 and 15 together with the theoretical de-
scription of the cross sections. The obtained integrated
inelastic scattering cross sections for the complete in-
vestigated group of light nuclei are given in Table III.

The theoretical calculations were made in the cou-
pled-channel model with allowance for the 0;-2; rota-
tional level coupling for even—even nuclei and the cou-
pling of the Ij ground state to the complete multiplet of
levels (IT® 2*) for the odd nuclei. To decrease the num-
ber of coupled equations in the odd nuclei, the spin—-or-
bit splitting of the reaction channels was ignored. The
equilibrium-deformation parameters were taken to be
the same as in the description of the scattering of neu-
trons of higher energies (8,=0.55 for *Na and **Mg; B,
=0.48 for *Al and *®Si), and the parameter set (19) was
used for the optical potential. It was found, however,
for the example of the even—even nuclei that approxi-
mately the same description of the observed differential
cross sections can be obtained for the parameter set
(20), and also the parameters used to describe the dif-
ferential cross sections for scattering of neutrons with
energy 7-12 MeV if the imaginary part of the potential
in them is reduced by about 20%.

Overall, the results of the calculations agree rather
well with the observed differential cross sections of in-
elastic neutron scattering (see Fig. 14), but much less
well with the inelastic-scattering cross sections (see
Fig. 15). The calculated integrated cross sections for
inelastic scattering through the compound nucleus are
always less than the experimental cross sections (see
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FIG. 14. Differential cross sections for inelastic scattering

of 3.4-MeV neutrons. The broken curves show the cross see-
tion for scattering through the compound nucleus; the chain
curves, the direct potential scattering in the coupled-channel
model; and the continuous curves, the sum of the two scattering
mechanisms.
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Table IM), and this, like the observed general asym-
metry of the angular distributions of the inelastically
scattered neutrons, indicates a significant contribution
of the direct scattering mechanism for the majority of
the levels. The “fluctuations” of the angular distribu-
tions (see Fig. 15) still remain unclear. At the pres-
ent time, it is difficult to decide whether they are due
to ignored errors in the experimental data or reflect
real fluctuations of the differential cross sections as-
sociated with the restricted interval of the averaged
resonances of the compound nucleus.

5. ANALYSIS OF THE EXCITATION FUNCTIONS OF
LOW-LYING LEVELS OF MEDIUM NUCLEI

The general features that we have found above in the
energy dependence of the contributions of the direct and
compound neutron-scattering mechaisms are also man-
ifested in heavier nuclei. Because of the increase in
the level density of the compound nucleus with increas-
ing mass number, the fluctuation effects in the behavior
of the averaged cross sections become weaker, and for
the majority of medium and heavy nuclei the relations
of the statistical theory must reproduce well the differ-

TABLE IlIl. Cross sections of inelastic scattering of 3.4-MeV
neutrons by the first levels of light nuclei.

Target Level energies, , mb. HEM
nucleus MeV " “exp' ™ %eale "aaxp' *
23Na 0,439 5/2+ 443494 55
24Mp 1.369 2+ 511+93 9
2741 0.842 1/2* 130+23 59
1,013 3/2+ 17030 88
285§ 1.779 a2 588177 79
ap 1.270 3/2+ 429+88 55
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ential and integral excitation functions of isolated lev-
els in the entire range of energies to the threshold.
Analyzing the corresponding experimental data, we can
investigate the part played by direct transitions and the
energy dependence of the optical transmission coeffi-
cients at comparatively low energies of the incident
neutrons., We shall discuss the results of such investi-
gations for nuclei of the iron group, for which the most
detailed experimental information is currently avail-
able,

The differential cross sections of elastic and inelas-
tic scattering by the first 2* level of the *Cr nucleus
for neutrons with energies 5, 6, and 7 MeV are shown
in Fig. 16.° We also give the results of the theoretical
description of the cross sections with the set (20) of the
optical-potential parameters. As in the analogous cal-
culations for light nuclei, the amplitude of the imagin-
ary part of the potential (20) was decreased by about
20% in the coupled-channel model, and the quadrupole-
deformation parameter B,=0.23 was determined from
the data on Coulomb level excitation.® This choice of
the parameters ensures a good description of the ob-
served asymmetry of the angular distributions of the
inelastically scattered neutrons, and this permits a
fairly reliable determination of the contribution of di-
rect transitions (see Fig. 16). The contributions of the
direct inelastic-scattering mechanism and scattering
through the compound nucleus are approximately equal
at energy 6 MeV of the incident neutrons. At lower en-
ergy, the integrated cross section of the direct transi-
tions is slightly increased, whereas the cross section
of the compound scattering mechanism increases com-
paratively rapidly.

The results of measurements of the integrated cross
sections of inelastic scattering of neutrons by the first
2* level of **Cr are shown in Fig. 17, The significant
spread of the experimental points at neutron energies
below 3 MeV is due, in the first place, to methodologi-
cal errors in the measurements of the different auth-
ors, and not to fluctuations in the averaged cross sec-
tions. With improvement in the experimental methods,
this spread was partly eliminated, and the results of
later measurements agree, as a rule, much better than
the original experimental data.®® The observed energy
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FIG. 16, Differential ecross sections of elastic and inelastic
seattering of neutrons by the level 2] (@ =~1.435 MeV) of the

52Cr nucleus,® The theoretical curves are the same as in Fig,

6.

169 Sov. J. Part. Nucl. 14(2), March-April 1983

Sin, b
ier

4.5+

I LT %
2 =B g

7 I L L i L L ——o——__g
1 & 3 ) 5 6 7 En,MeV

TFIG. 17, Integrated cross section of inelastic scattering of
neutrons by the levels 2] (@ =—1.435 MeV) and 4] (@ =—2.370
MeV) of the "Cr nucleus. The theoretical curves are the same
as in Fig. 10, and the literature sources are indicated by the
square brackets.

dependence of the inelastic-scattering cross sections
can be well described by the theoretical curve obtained
for the optical-potential parameters (20) and taking into
account not only the scattering of neutrons through the
compound nucleus but also the incoherent contribution
of the direct transitions.®

A similar analysis of the experimental data on the
differential and integral cross sections of excitation by
neutrons of the lowest levels of the even—even nuclei
*%Fe, °®Ni, and °Ni was made in Refs. 22 and 65-67.
The conclusions of these papers regarding the contri-
bution of the direct transitions and the choice of the op-
tical-potential parameters do not differ significantly
from the results obtained for 5*Cr. If we compare the
excitation function of the first 2* level in the nuclei *Cr
(see Fig. 17) and #*5i (see Fig. 10), we can see that the
energy dependences of the direct and compound compo-
nents of the inelastic-scattering cross sections in light
and medium nuclei are qualitatively similar. The ob-
served quantitative differences between the direct seat-
tering cross sections are due to the higher values of the
quadrupole-deformation parameters of the light even-
even nuclei, and the more rapid decrease in the cross
sections of scattering through the compound nucleus
with increasing neutron energy in medium nuclei re-
flects the general increase in the density of the excited
levels.

Figure 17 also shows the experimental data on the ex-
citation functions of the 4; level of the **Cr nucleus,
The relations of the statistical theory describe fairly
well the observed integrated scattering cross sections
in the range of neutron energies from the threshold to
7 MeV, and it is only at higher energies that it becomes
necessary to take into account the contribution of the
direct transitions.

Systematic investigations of the part played by direct
transitions at neutron energy 3.4 MeV were made in
Rei. 68 for a set of neighboring even—even and odd nu-
clei of the iron group. The measured differential cross
sections for elastic scattering of neutrons by the nuclei
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51V, %*Mn, *°Fe, and %*Co are shown in Fig. 18, and the
cross sections of inelastic scattering of neutrons by
low-lying levels of the nuclei %'V, 5¢Fe, and 5°Co in
Figs. 19 and 20. For **Mn, the obtained differential in-
elastic-scattering cross sections are largely similar to
the *'V cross sections.®® The energy resolution of the
spectrometer (about 100 keV) did not make it possible
to separate the inelastic scattering by the first excited
level 7/2° (@=-0.126 MeV) of the 5Mn nucleus from the
elastic-scattering peak, and for this nucleus Fig. 18
shows the total cross section of elastic scattering and
scattering by the 7/2" level. For the same reason, the
measured inelastic-scattering cross sections for *°Co
determine the total cross sections for scattering by the
three 3/27,9/27,3/2" levels with energies 1.099, 1.190,
and-1.291 MeV, respectively, and also by the 1/2°, 11/
27, and 5/27 levels with energies 1.434, 1,460, and
1.471 MeV (see Fig. 20).

The observed cross sections were described theorei-
cally in the coupled-channel model for the vibrational
0;-2; level coupling scheme in the nucleus *Fe and the
equivalent coupling scheme of the ground state I;to a
multiplet of levels (I;® 2*) in odd nuclei. The optical-
potential parameters (19) were used together with the
dynamical-deformation parameters 8,=0.23 for **V and
Mn and B,=0.211 for °°Co. To shorten the amount of
computing time in the odd nuclei, the spin-orbit split-
ting of the scattering channels was ignored. The re-
sults of the calculations agree fairly well with the mea-
sured differential cross sections of elastic and inelas-
tic neutron scattering. The obtained integrated inelas-
tic-scattering cross sections are given in Table IV. In
the penultimate column of the table, we give the con-
tribution of the compound scattering mechanism corre-
sponding to the parameters of the statistical model giv-
en above. For the majority of the considered levels,
the observed inelastic-scattering cross sections exceed
the calculated cross sections for neutron scattering
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FIG, 18, Differential cross sections for elastic scattering of
3.4-MeV neutrons by nuclei of the iron group. The notation is
the same as in Fig. 14.

170 Sov. J. Part. Nucl. 14(2), March-April 1983

sol- /2
S e e Sy

1S

sf 1z~ J
[ dtpmpets it

0k

T 32"

a6/dR, mbisr
n

015 '\‘.‘.—"-—»-——"
I L 1 N PR T
Jo 60 S0 120 7150

cms’

FIG, 19. Differential cross sections for inelastic scattering
of 3.4-MeV neutrons by the lowest levels of the nucleus 'V,

through the compound nucleus, and, together with the
asymmetry of the angular distributions of the scattered
neutrons, this result indicates that the direct processes
make an important contribution. Estimates of this con-
tribution are given in the last column of Table IV.% It
can be seen that for the levels of the odd nuclei with
high spin values the part played by the direct transi-
tions is very appreciable, and it cannot be ignored in
describing the excitation functions of these levels.

It should be noted that for the **Fe nucleus investiga-
tions of the angular distributions of inelastically scat-
tered neutrons at energies of the incident neutrons be-
low 3.5 MeV were also made in Refs. 69-71. Compar-
ing the results of these papers, we see that there are
appreciable discrepancies in the estimates of the con-
tribution of the direct transitions. The discrepancies
are due, on the one hand, to differences in the observed
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TABLE IV. Cross sections for inelastic scattering of 3.4-MeV
neutrons by low-1ying levels of nuclei of the iron group.

TABLE V. Neutron strength functions of even—even nuclei of
the iron group (in units of 10~%).

Level Spherical optical Coupled-channel model Experi 72
Target 5 : HFM ar dir Target Xperiment
gy energies, I Texp’ mb Tealc ""exp’ %l Oac faexp,% g il model
MeV s0 51 s0 | 51 50 3
0,319 5/2- | 287432 80 4.6 s0Cr 3.64 1.25 4,90 1.34 3,608 | 0.33+0,12
sty 0.928 32 | 13415 86 6.5 s2Cr 5,32 0.96 4,82 1.15 2.5%50.9 | 0.52%0,12
-t | im | E | mem | oW | T A I I I G Py
s ] 56Fo 4.62 0.80 3.05 .93 2.6+0.6 | 0.45%0.05
s8Fp i o 2.64 0.88 | 3.6%1.2 | 0.6%0.2
0.983 9/2- | 164+26 86 15.7 88Nj — = 3.01 0,81 2.8%0.6 | 0.5%0.1
5Mn 1.289 12- | 10216 88 292 SONj 3.90 0.7% 2,53 0,81 2,7£0.6 | 0.3%0.1
(IF—=5/27) 1.527 3/2- 00+15 116 9.3 2N — - 2.45 01,80 2.8+0.7 | 0.3%0.1
1.884 1/2- 8119 112 2= SaNi — —_ 2.43 0,79 2.9+0.8 0.640.2
s0Fo 0.845 2+ 643114 72 12.4
1.099 3/2- Similar discrepancies for a larger group of nuclei were
e 1o gﬁ: ] 25541 104 10.8 discussed in Refs. 72-T4. An interpretation of these
o v e . . .
U712 :224] dﬁ } 213+44 ot e discrepancies can be sought in the theory of doorway
1.4t 3 11-»112 4 ﬁ'q states” or in other formulations of the microscopic
' e b theory of nuclear reactions,” but irrespective of the ex-

asymmetry of the angular distributions of the scattered
neutrons and, on the other, to differences in the pa-
rameters of the optical potential. Analysis of the ex-
periments with high resolution showed™ that the deter-
mined fluctuations in the energy dependence of the cross
sections remain even in the case of averaging over an
interval of 200 keV, and, therefore, the differential
cross sections measured at individual energy points
still cannot be identified with the mean optical cross
sections. If in choosing the parameters of the optical
potential one attempts to describe the inelastic-scatter-
ing cross sections in a wide range of energies,?®% then
for °®Fe approximately the same estimate of the inte-
grated cross section of direct inelastic scattering is ob-
tained as for °*Cr (see Fig. 17). Therefore, if to de-
scribe the excitation functions of low-lying levels of
odd nuclei we use the parameter sets (20) or (22), we
obtain for neutrons of energy 3.4 MeV contributions of
the direct transitions that are 1.5-1,8 times higher
than those given in Table IV. For a more reliable
analysis of the part played by the direct processes, ac-
curate measurements of the differential cross sections
for scattering of neutrons by the levels of odd nuclei
with spins I} > I§ would be of great interest.

In the description of the low-energy parts of the ex-
citation functions of isolated levels, the agreement be-
tween the parameters of the optical model and the ex-
perimental values of the neutron strength functions is
very important, The spherical optical model with opti-
mal optical-potential parameters (19) or (20) repro-
duces only the global dependence of the neutron strength
functions on the mass number,®® but for individual nu-
clei the differences between the observed strength func-
tions and the predictions of the optical model are very
appreciable. As an example of these differences we
can take the experimental and calculated strength func-
tions of the nuclei of the iron group given in Table V.
Although the transition from the single-channel optical
model to the coupled-channel model improves on the
whole the description of the experimental data, for
many nuclei the discrepancy between the calculations
and the experiments is still appreciable in the latter.
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istence of a more fundamental explanation of the nature
of the observed effects, the experimental values of the
the strength functions must undoubtedly be taken into
account in a phenomenological analysis of the excitation
functions of low-lying levels of definite nuclei.

The part played by the neutron strength functions in
describing the near-threshold behavior of the excitation
functions of the first levels of even—even nuclei can be
seen from the results presented in Fig. 21. Calcula-
tions with transmission coefficients T,,(E,) correspond-
ing to the spherical optical model give a significantly
too large cross section for inelastic scattering of neu-
trons by the first 2° level. But if renormalized trans-
mission coefficients are introduced in the calculations—
chosen such that at neutron energies below 100 keV they
correspond to the experimental strength functions (s,
for even partial waves and s, for odd), and at neutron
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FIG. 21, Description of the near-threshold parts of the excita-

tion functions of the first 2* levels of even—even nuclei of the
iron group for the transmission coefficients of the coupled-
channel model (broken curves) and for the transmission coeffi-
cients “tied” to the experimental values of the neutron strength
functions (continuous curves), The experimental points are ob-
tained by combining measurements of different authors (Refs.
60-64, 66, 70, and 71),
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energies 2-3 MeV go over smoothly into the transmis-
sion coefficients of the generalized optical model—the
description of the near-threshold part of the excitation
functions is significantly improved (see Fig. 21). A
similar effect can be achieved by the choice of the opti-
cal-potential parameters V, and W,.™ In this case, the
energy dependence of the optical-model parameters in
the region of low energies (E,< 3 MeV) will be very dif-
ferent from the dependence observed at higher ener-
gies.” It should be noted that a “tying” of the transmis-
sion coefficients to the resonance values of the strength
functions is, as a rule, also necessary for consistent
description of the total neutron cross sections and
cross sections of radiative capture of neutrons at low
energies E, < 1 MeV.%

We encounter an effect of the same nature, although
manifested differently, in the analysis of the near-
threshold parts of the functions of excitation by neu-
trons of the first levels of heavier nuclei.’® Figure 22
shows the observed cross sections for inelastic scat-
tering of neutrons at energy 300 keV above the thresh-
old of the 2* level, and also the results of the theoreti-
cal description of these cross sections, The transmis-
sion coefficients used in the theoretical calculations
were determined in the coupled-channel model with op-
tical-potential parameters V,=53-54 MeV and W,=2-3
MeV, which give optimal description of the neutron
strength functions of the s and p resonances. For the
majority of the nuclei, the inelastic-scattering cross
sections are also reproduced reasonably for such a
choice of the parameters (see Fig. 22). However, for
some Ge, Se, and Te isotopes an appreciable discrep-
ancy between the calculations and the experimental data
is observed. A more detailed analysis of such isotopes
showed that agreement with experiment can be achieved
by taking into account the coupling of a sufficiently
large number of inelastic-scattering channels and a
simultaneous decrease in the imaginary part W, of the
optical potential to 1 MeV.”® This leads to a significant
increase in the contribution of the direct transitions,
and for individual partial waves (in particular, for the
p wave) the contribution may even exceed in the near-
threshold region the partial cross section of the com-
pound neutron-scattering mechanism. This result indi-
cates the possibility of strong correlation of the neutron
widths of the p resonances in some of the Ge, Se, and
Te isotopes. Further study of such correlations will be
of considerable interest for improving our ideas about
the mechanisms of nuclear reactions.

Since calculations of the strength functions with opti-
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mal sets of the optical-potential parameters still on the
average reproduce quite well the general behavior of
the transmission coefficients, it is natural that in many
nuclei we do not observe significant deviations of the
experimental excitation functions from the theoretical
description obtained with a “common™ optical potential.
However, for nuclei in which the above features of the
energy dependence of the excitation functions of the first
levels are manifested and require for their explanation
an appreciable change in the parameters of the potential
in the low-energy region, one would expect similar ef-
fects in the excitation functions of all the following lev-
els, including the region of unresolved levels. The ex-
perimental study of such effects could give information
about the differences between the optical potentials for
the ground and excited states of nuclei. Very interest-
ing results in this direction were obtained in Ref. 79,
which demonstrated the possibility of extracting the en-
ergy dependence of the cross section for absorption of
neutrons by a highly excited nucleus (U= 8-12 MeV)
from analysis of the low-energy part of the neutron
spectra of the (p,np’) reaction on Ni, Zr, and Sn nuclei.
The obtained cross sections indicate an appreciable dif-
ference between the absorption of neutrons in an ex-
cited and nonexcited nucleus, but as yet the data are too
few to draw on their basis unambiguous conclusions
about the change in the optical potential in highly ex-
cited nuclei,

Some ideas about the expected differences between the
transmission coefficients for the ground states and
first excited states of nuclei can be obtained from the
calculations of the neutron strength functions in the
coupled-channel model.'***? In the framework of this
model, one can take as the entrance channel any of the
considered definitely open scattering channels and then
follow the resulting changes in the strength functions or
transmission coefficients. As an example, Table VI
gives the results of calculation of the transmission co-
efficients of s and p neutrons for the ground and first
excited states of the nuclei **Fe and °*Zr at neutron en-
ergies 0.1 and 1,0 MeV.'? At low neutron energies (be-
low 0.1 MeV) the differences between the transmission
coefficients are very appreciable, but they decrease
significantly with increasing energy of the incident neu-
trons.

On the basis of such calculations it can be concluded
that the traditional procedure in which the transmission
coefficients are taken to be the same for the ground and
excited states of nuclei can distort in a certain manner

TABLE VI. Transmission coefficients T;; for the ground and
the first excited state of nuelei.

T: it

moets | Ene Mev State Toila Tiin Ty ot
0.1 Crind 0.526 0,0135 0.0100
6Fe Excited 0.742 0.0088 0.0074

e =10.24 1.0 Ground 0.832 0.158 0.140
Excited 0.735 0.113 0.410

0.1 Ground 0.089 0.143 0.282

927y Excited 0.068 0,074 0.164
Bo=0.13 1.0 Ground 0.215 0,946 0,964
Excited 0,180 0.758 0.873

Bychkov et al. 172



the results of the analysis of the low-energy parts of
the excitation functions of levels, and these distortions
may be very appreciable in the region of the maxima of
the maxima of the corresponding strength functions.
Therefore, the inclusion of these effects in the descrip-
tion of the neutron cross sections is, although it does
complicate the analysis, necessary when one is consid-
ering the ever more accurate experimental data.

CONCLUSIONS

The main results of the above investigations into the
scattering of neutrons by low-lying levels of light and
medium nuclei can be briefly summarized as follows.

1. For the analysis of the differential cross sections
of elastic neutron scattering, the transition from the
single-channel optical model to the generalized coupled-
channel model eliminates a large amount of the spuri-
ous fluctuations of the optical-potential parameters. In
the framework of the generalized optical model, one
can follow much better the energy and isotopic varia-
tions in the depth of the potential and, in particular, the
significant difference between the energy dependence of
the imaginary part of the optical potential at neutron
energies up to 15 MeV and in the region of higher en-
ergies.

2. Accurate measurements of the differential cross
sections of inelastic scattering of neutrons by the low-
est collective levels of even—even nuclei are a very ef--
fective means for investigating the structural differ-
ences between the isoscalar and isovector components
of nuclear excitations. Such differences have hitherto
been studied only for the lowest quadrupole excitations
of near-magic nuclei with a closed proton, Z=50, or
neutron, N=50, shell, and considerable interest at-
taches to investigation of the analogous effects in the
excitation of higher levels.

3. The direct inelastic-scattering mechanism makes
an important contribution to the observed cross sec-
tions for excitation of the lowest collective levels even
at comparatively low neutron energies E, =3 MeV. Al-
lowance for the direct transitions reduces the inte-
grated cross sections for neutron scattering by the
compound nucleus and changes accordingly the trans-
mission coefficients for the different partial waves.
Analysis of the excitation functions of the 4; and 0; lev-
els of 28Si demonstrates the important part played by
these changes in the consistent description of the ex-
perimental data, Study of these changes for a larger
group of nuclei will facilitate the further improvement
in the methods of theoretical analysis of the cross sec-
tions of nuclear reactions, and also the more accurate
determination of the parameters of the optical poten-
tial, which is used for many practical applications of
neutron physics.

4, In the description of the near-threshold parts of
the level excitation functions it is in principle impor-
tant to take into account the individual structural ir-
regularities in the variation of the neutron strength
functions. So far, the influence of such irregularities
has been followed only for a limited number of the low-
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est levels of even-even nuclei. The extension of this
direction of investigation may become very fruitful for
the study of the differences between the optical poten-
tials for the ground and excited states of nuclei.
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