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A number of formal theories of nuclear reactions with nucleons of low and medium energies are
systematized within the framework of a unified microscopic approach based on the integral Lippmann-
Schwinger equation and the method of projection operators. A study is made of the different
representations of transition amplitudes with direct processes, doorway states, and compound-nucleus
resonances. The practical use of the general results of reaction theory for analyzing the detailed structure
of nucleon-nucleus interaction cross sections in a wide range of energies is discussed.
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INTRODUCTION

Nuclear reactions with nucleons of low and medium
energies constitute the basic and most studied branch
of the physics of nuclear reactions. Here, in the last
10—15 years, significant progress has been achieved
in the development of general physical ideas on the
dynamics of nucleus transformation in a reaction; this
has been due to the obtaining of high-quality experimen-
tal information on details of the energy and angular de-
pendence of the cross sections and the obvious suc-
cesses in the theoretical interpretation of the data on
the basis of very general microscopic schemes of
analysis. 1-1° These schemes have much in common
with the ones generally used in model microscopic
calculations of bound states of nuclei. When consider-
ing a reaction, the main task is to allow for the states
of the continuum, which determine the open reaction
channels. 11=15 In principle, one can give a unified
description of low-lying levels of nuclei and highly
excited states revealed directly in reactions on the
basis of a single appropriate nuclear model.

In the shell approach, which has been widely used in
recent years for the analysis of single-nucleon [(p,p’),
(p,n), (r,n')] reactions, the formation of different
states of the system consisting of the nucleon and the
target nucleus is regarded as the result of successive
two-nucleon collisions with the excitation of ever more
complicated configurations of the shell model. The ob-
served features of the energy and angular dependence of
the cross sections of these reactions can be directly re-
lated to definite transitions in the shell model with a
pairing residual interaction, 1~ Transitions between
continuum states, for example, reflect the asymmetry
characteristic of direct processes in the angular distri-
bution of the reaction products. =" Intermediate struc-
tures in reactions with protons can be interpreted in
some cases as doorway analog states corresponding to
simple excitations in the model of the two-particle—one-
hole type. %82 More complicated configurations with
total energy exceeding the threshold for the emission of
a nucleon from the nucleus, the so-called quasibound
states, are typical of resonances of the compound
nucleus, +421=23 The shell approach also gives the most
general justification of the complex-potential model
applied to the analysis of average cross sections. I=?
Thus, all the basic features of the structure of the cross
sections of single-nucleon reactions can be obtained in
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a unified microscopic calculation. *~" However, this
problem is in practice very complicated because of the
need to allow for the residual interaction between all
nucleons of the system and also because of some other
fundamental difficulties relating to the application of the
shell model to nuclear reactions.* To analyze experi-
mental data, one usually employs simplified schemes
in which one takes into account transitions for only a
few distinguished nucleons, and the others, which form
a core, are described by phenomenological nuclear
models, ="

The shell approach is widely used to interpret analog
resonances, *1=%* to analyze the fine structure of giant
dipole resonances in photonuclear reactions, 1%25-21
and to investigate preequilibrium processes, 1%:20:28
The main attention is devoted to calculations of the
matrix elements of transitions between definite states
of the shell model in order to identify observed fea-
tures in the energy dependence of the cross sections.
In this review, we shall consider a somewhat different
consequence of this approach: the possibility of con-
structing a general formalism of the theory of single-
nucleon reactions with allowance for the dynamics of
the transformation of the nucleus. Note that many char-
acteristic features of the structure of the cross sec-
tions of single-nucleon reactions—the background of
direct processes, intermediate structures, coupling
of intermediate structures to compound-nucleus reso-
nances—also appear in reactions with complex parti-
cles, 1%2% in the fisson cross section, * and in photo-
nuclear reactions. !’ This indicates the existence of
certain general fundamental features of the reaction
process. The exposition of the formal theory given in
the review is somewhat more general than is needed
to describe single-nucleon reactions, which serve
mainly as a convenient illustration of the physical
meaning of the formal results.

The main part of the review is devoted to finding prac-
tical schemes for parametrizing the detailed energy de-
pendence of the reaction cross sections in a wide range
of nucleon energies, the clarification of the physical
meaning of the parameters in the shell approach, and
the establishment of the connection between the differ-
ent schemes. The systematization of the nhumerous
formalisms employed to analyze cross sections of
nuclear reactions at low and medium energies has been
considered in many specialized papers from different
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points of view, We mention here the review of Lane and
Thomas, *! the papers of Bloch,*® Lane and Robson, **
and Lynn® based on R-matrix theory, and also the in-
vestigations in the unified theory of reactions set forth
in detail in the general studies of Feshbach® and
MacDonald, ! and the applications to the analysis of
cross sections in the framework of the shell ap-
proach. 3=% In the present review, the systematiza-
tion of the different reaction theories is based on the
formalism of the Lippmann—Schwinger integral equa-
tion and the method of projection operators. *™=3 The
results of the different theories and the connection be-
tween them are presented here in a very compact and
general form, This makes it possible to obtain not only
the well known formal results of reaction theory in the

framework of a unified mathematical formalism but also -

opens up possibilities for constructing new schemes
and methods of the theory.

The well known methods of many-level parametriza-
tion of the resonance structure of cross sections in wide
energy ranges are formulated in the framework of the
so-called effective-interaction method (see Sec. 2), in
which the problem of determining the parameters of
reaction theory from experimental data is reduced in
practice to the solution of a corresponding system of
coupled algebraic equations. In the determination of
these parameters in model microscopic schemes, one
can particularize the formalism, distinguishing door-
way states of the model and excitations of the next high-
er complexity. The corresponding schemes for param-
etrizing the fine structure of nucleon cross sections
near individual doorway (analog) resonances are given
in Sec. 3.

In the region of overlapping resonances of a com-
pound nucleus, integral equations for the transition
amplitudes are more convenient. Different representa-
tions for these equations follow from the unified ap-
proach to the description of reactions with nucleons
considered here (see Sec. 4). The transition from
rigorous results to the complex-potential model and
the methods of averging of cross sections with respect
to the energy are discussed in Sec. 5. The problem of
parametrizing the detailed structure of cross sections
of photonuclear reactions near the energy of a giant
dipole resonance on the basis of the shell approach is
considered separately in Sec. 6.

1. SOME RESULTS OF FORMAL COLLISION THEORY

Many problems of the physics of quantum-mechanical
interactions, including nuclear reactions with nucleons
of low and medium energies, can be treated in a unified
manner on the basis of formal collision theory. The
principles of construction and the mathematical formal-
ism of the theory have been set forth systematically in
the well known monographs Refs. 37—40. We give here
some results needed for the applications considered
below to nuclear reactions with nucleons.

Let us consider the definition of the reaction channels,
which characterize the observable states of the system
consisting of the nucleon and the target nucleus in the
continuum. In collision theory, channels correspond to
different divisions of the system into individual frag-
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ments that do not interact with one another.?*" The chan-
nels are described by quantum numbers that refer to
individual fragments. They are their isotopic composi-
tion, the internal energy state (we denote the set of
corresponding quantum numbers by the subscript a),
the spin of fragment ¢ in the given energy state I,;, and
one of the spin components M,;. It is convenient here to
include as well the quantum numbers describing the
relative motion,

In reactions with the formation of only a pair of frag-
ments (nucleon and residual nucleus in single-nucleon
reactions) there are two possibilities for doing this. One
uses the plane-wave representation, in which the states
are characterized by an ordinary wave vector kK. In this
case, to identify a channel one takes the set of quantum
numbers {a(l,,M,M,) k} or {a(l;],) svk}, where
s=|I;+1,| is the total spin of the channel with projec-
tion v. 3 The other possibility is to use the represen-
tation in which the states have a definite angular mo-
mentum [ of the relative motion and projection »; and
the states include the complete interval of angles. In
this case, a channel is characterized by the set
{a(f,h) svlm,}.

In some applications, it is convenient to use a rep-
resentation in which the angular momenta are summed
to form the total angular momentum of the system
J= 18 +1| with components M —{a(l;],) stJM}. In the
shell approach, to describe the relative motion of the
nucleon and the nucleus one introduces the quantum
numbers I, j=1+1/2, and m; (Refs. 4—8, 11), which
corresponds to representing the channel as
{a(f,M,) 1im,} or {a(ly) LigM}.

The connection between the different representations
is established by the well known schemes of collision
kinematics. 83141 The presentation of the general re-
sults of collision theory is not in principle bound to a
particular channel definition. However, for perspicuity
of the physical interpretation of the conclusions we shall
hold to the schemes and definitions used in the shell
approach,

We assume that the channel wave functions X.(g.),
where the subscript ¢ denotes the set of quantum num-
bers, are eigenfunctions of the Hamiltonian K(KX,= EoXo)
that describes the free motion of the various fragments
a. We denote the total energy of the internal excitation
of the fragments by g, and the energy of the relative
motion by &. Then g,=g, +&. Further, we shall assume
that the total Hamiltonian H of the system can be repre-
sented as the sum H=K+4, where K includes the total
energy E; 9 describes all possible interactions between
the different fragments. Then the solution of the wave
equation (E — H)¥ =0 or (E — K)¥ =7 satisfying bound-
ary conditions corresponding to a plane wave or compo-
nent thereof with definite 7 in channel ¢ and outgoing
spherical waves in all channels (we denote this solution
by ¥;) can be formally represented as the solution of the

equivalent integral Lippmann—Schwinger equation®=4%:

Wi (B) =% (B) + (E—K +in) UYYE), )

where the small imaginary addition én in the integral
operator (the Green’s function of the problem) is needed
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to distinguish states of outgoing waves in the solu-
tions. 37-% Using the operator identity

1 1 1 1 1 1 1
F=g+gE-Ag=gt+tzE-Ay, (2)

we obtain a formal solution of Eq. (1) in the form
WE (E) = ye (E) 4+ (E—H +in) Uy, (E). 3)

Similarly, we define integral relations for the func-
tion ¥;(E), which is the solution of the general wave
equation for the case of ingoing waves in all channels
and an outgoing plane wave in channel ¢ after the
reaction:

W; (E) = ye (B) 4 (E— H—im) ™ UV (E). (4)

From the potential ¥ we separate a certain model
potential U=% - V, where V is the residual interaction,
assuming the known eigenfunctions of the equation

(E—Hy)g=(E—K—U)g=0. (5)

To construct the general formalism of collision theory
one imposes stringent requirements on the choice of the
potential U; in practice, these are realized only in the
shell description of single-nucleon reactions (see

Sec. 2). The potential U must have finite depth, and
then the eigenfunctions of Eq. (5) are defined in the
region of the discrete and continuous spectra of eigen-
values. Solutions in the continuum must correspond

to observed reaction channels, i.e., the potential U
does not mix the reaction channels (does not contain
polarizing interactions). The set of functions of the dis-
crete spectrum must be sufficiently large, correspond-
ing qualitatively to the number of resonance structures
observed in the cross sections, and the energy eigen-
values must lie in the same region as the continuum
energies, the so-called quasibound states “submerged”
in the continuum.! We assume that the chosen potential
U satisfies these requirements. Then the eigenfunctions
of Eq. (5) in the continuum, @i(E), which for appropri-
ate boundary conditions satisfy the integral equation

§F (£) =y (E) + (E—K & in)" Uy (E), (6)

can be chosen as new channel functions with the same
quantum numbers as X, where the relative motion is
described, not by plane waves, but by the waves dis-
torted by the potential U. Expressing X.(E) in Egs. (3)
and (4) in terms of ¢%(E) in accordance with Eq. (6),
one can eliminate from the definition of #; the plane-
wave states. Using the operator identity (2), we obtain
(see Ref. 38, p. 204)

WE (E) = oF (B) + (E— H & in) Vo). (7)

The channel wavefunction ¢}(g.) is constructed as the
product of the antisymmetrized function of the internal
state of the fragment, ¥,(g,), and the solution of the
problem of elastic scattering on the chosen potential
U in channel ¢. Here, one can distinguish the spin—
angle part &,(r/7) and the radial solution u}. (). The
latter is a definite combination of two linearly indepen-
dent solutions of the radial equation corresponding to
asymptotically ingoing and outgoing waves. Regarding
the functions % in what follows as a basis for expand-
ing the exact solution in the continuum, it is also con-
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venient to introduce real combinations of the solutions
ug () (Ref. T). The asymptotic behavior of these solu-
tions for scattering on a centrally symmetric (shell)
potential with allowance for the Coulomb interaction of
the fragments corresponds to standing waves*‘:

Ueg (r) —sin (kr + 0 — nl/2 + g —h In 2kr)/r,
where w, is the elastic-scattering phase shift; & =eqe,/
fiv and 0, =argl'(l +1+ k) are the parameters of the

Coulomb interaction.3! We define an orthonormal set
of real channel functions

| e2e) = W (£0) D (1/r) e (1), (€ E" | CE) = Bpecd (B — E). (8)
The corresponding normalized functions ¢x(e.) can be
expressed in terms of lcg,) (Refs. 42, 7, and 4):

@ (8c) =| cec) exp (i),
75 (8c) = | c8e) exp ( — iwc). )
Thus, when the exact continuum solution is expanded

with respect to channel eigenfunctions one can use any
of the sets ¢, @;, and lceg).

In the exposition of the general results of formal
collision theory we take the original definition of the S
matrix to be®?

Sere=(Wer, Wo. (10)

We use the integral relations for the solutions ¥; and
¥;, the identical property (2) of the operators, and the
rules for going to the limit n — 0. Then the expression
(10) for S,, can be represented in the form (see Ref. 38,
p. 207)

Sere= (e (E') 9z (E))

— 2mib (B — ) <¢;, () |V+V HLT“V\ ot (E)> (11)
(the © function reflects the law of conservation of en-
ergy in the reaction).

We introduce a transition operator T satisfying the
operator equation

W N, S (12)

E—d+im ¢

1
=V+V g

The matrix elements of this operator on the channel
wave functions define the transition amplitudes

tere (E'y E) = gz (E") Tqc (E))
and

Tee(E', E)={c'E'|T|cE). (13)

Using these definitions and Egs. (9), we represent
S in (11) as

See(E', E) = [exp (210,) See — 2atitere (E', E)] 8 (E' — E), (14a)
or

Sere (E', E) = exp (ioe) [8crc — 2a0il e (£', E)]exp (iwe) 8 (E'— E).
(14b)

The transition amplitudes calculated for one and the
same total energy E of the channels (on the “energy
shell”) form the matrices #(E) and T(E). The corre-
sponding collision matrix S(E) can be expressed as

S (E) = exp (2i) — 2xit (E) = exp (i0) [1 — 2ail ()] exp (iv),  (15)
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where exp(iw) is a diagonal matrix with the elements
exp(iw,). The determination of the collision matrix is
the main part of the problem of constructing different
interaction cross sections in terms of the elements
Sge(E) in the well known schemes of the kinematics of
nuclear reactions, %!

The investigation of the structural details of the en-
ergy dependence of the matrix elements of the operator
T entails a further particularization of Eq. (12). For
this, we introduce projection operators P and @ corre-
sponding to solutions of Eq. (5) in the region of the
discrete spectrum, [A), and the continuum, lcgy):

P=3 P P= [ |ce) (cec| dee, 0= J MM, (16)
& A
which satisfy the relations P+Q=1; P=P_; P P,

=P.b,; PP=P; PP,=P,; P.Q=0; @=Q. We write
Eq. (12) in the form

. 1 1
T=V+V gy PtV =g . (17)

In the last term, which contains an operator of projec-
tion onto states of the discrete spectrum, the small
addition 7 needed to distinguish outgoing waves in the
solutions for the continuum can always be omitted.

We use the definition (as 7 — 0)%

P—inP6(E—H,) P,
(18)

e B | cec) (cee | s 1
E— Hg—rlﬂ ZlE*Fcﬂ u]de E—H,

where the first term on the right-hand side corresponds
to the principal value of the integral, and P3(E - H;) P
=3 .|cE) {cE|. Then Eq. (17) can be represented in

the form

T=ViV Ejyo T—inP8 (£ — H,) P. (19)
This form is convenient for the transition to the real
operator #',associated with 7 by the so-called Heitler

operator equation®?-3%%;

T = 8 — i PS (£ — Hy) P1. (20)

Substituting 7 into (19), we obtain an equation for the
operatoré :
ow. (21)

i 1
K=V 4V ~ P +V 5

— =V Vi

H’

The matrix elements of the operator % on the channel
wave functions |cE) for one and the same total energy
E of the channels:

Koo (E)=(c'E| 3 |cE),

form a real and symmetric matrix K(E) which is re-
lated to the matrix T(E) by Eq. (20):

K (E)=T (E)+inK (E)T (E)
or
T (1 +ink) K. (22)

At the same time, the matrix S(E) in (15) can be repre-
sented in the form
S =exp (iv) (14 ink)™* (1 —inK) exp (i), (23)
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where fundamental properties of the S matrix such as
unitarity (SS*=1) and symmetry (S,.=S,.) (Ref. 43) are
manifested explicitly.

2. EFFECTIVE-INTERACTION METHOD

The operator relations for # (21) and 7 (17) define
corresponding systems of coupled integral equations for
the matrix elements of these operators on all possible
solutions of the model Hamiltonian H. In the construc-
tion of solutions, wide use is made of the effective-
interaction method, which enables one to go over from
the system of integral equations to a system of algebraic
equations. 7 We define the operator of the effective
interaction by’

or
Veff;(i_vp—b._#ﬂ;)"v, (24)

and then the operator equation for s (21) can be trans-
formed to the form

o eff i P | s
W=V Ve E—IT, Q%

1

eff , yreff
Aokl Sz o—Qretiy

Qv (25)
The expression on the right, which represents a formal
solution of the operator equation, is obtained by means

of the identity (2). In this case, the matrix elements of

# can be represented in the form?*!

Koo (E) u(LH Koo(E) = Koo (E)
+ ﬁ E Yerr (A )J.u'\'uc- (26)
hou
where
KL (E)- @BV cE); pe—=V 3m (] V"ff| cE); (27)

(A1), , are the elements of the matrix reciprocal to
(28)

In applications to the parametrization of the energy
dependence of cross sections in a resonance region,
one usually uses a somewhat different expression for
the elements K}, with a diagonalized level matrix A,
The diagonalization procedure is associated with the
definition of a matrix of orthogonal transformation
Q(29*=1) such that *AQ =4, A=04Q*, where 4 is
the diagonal matrix with the elements A,=E - E,. Not-
ing that

(A 1)?&

A= (E—E3) b — |V ).

2 Q== D (29)

we arrive at an expression for the elements K, typical
of the R-matrix formalism®:

Koo (B)= Koo (B)+ g 3 Fon g Tao (30)
k
where

Yoo =2 r¥er 2

Note, however, that the R and K matrices coincide
only as regards the form of the parametrization, since
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the structure and physical meaning of the parameters
are here fundamentally different.%4="% The matrix K
corresponds to transitions to the continuum without ex-
citation of bound states, and it can be identified in the
scheme considered here with direct processes. The
remaining part K! corresponds to resonances of the
compound nucleus that decay to the continuum because
of the nonzero matrix elements (c'E| V™).

This separation of the direct processes can also be
made in the T matrix. The corresponding representa-
tion for the transition operator follows from Eq. (17):

T=r°+‘0Ei—mQT‘=Tﬂ+TBQFm“QTD’ (31)
where 7, is introduced by the relation

%= (1—VP m)"
or

1o = V' —isve, P8 (E— H,) PV (32)

The elements of the T matrix can be represented in
this case in the form

T (B) =T%(E) +ae B PR (B THE, (33)
Ap

where

T8 (B)=(E || cE); Ty =V 2m (u| %|cE);
B = (B—E3) 83— (M| %] . (34)

Using the relation (32), we obtain an expression for 70
in terms of K

70— KO inKT® or T9=(i+ink® "t KO, (35)

In the general case, the quantities I'l/? are complex.
It is convenient to represent their relation to the real
elements K%, (E) and 7, (27) in matrix form. We intro-
duce a rectangular matrix I''/? with elements T'}4?; then,
using the relation for 7 (32), we obtain

T2 —y—iak'T? o T2 =(1+4iak%"y, (36)
where v is a real rectangular matrix with the elements
Y. Finally, the elements (A|7¢lp) in the definition of
B,, (34) can also be expressed in terms of the matrix
elements of the operator Veif:

O] % | ) = A | VoI ) — Ag —iT5/2, (37)
where
A =5 3 TP KL T, T= 3 THHTGL (38)
c'c c

are real quantities. The parameters I',, and E}

=E, + (A | V°* [%) are usually associated with the width
and energy of the observed resonances in the cross
sections. In practical applications, it is frequently con-
venient to use the expression for Ty, (33) with diagonal-
ized level matrix B, The diagonalization procedure is
here analogous to the one considered for K, (30), al-
though the matrices Q are matrices of a complex ortho-
gonal transformation. *® As a result, we obtain

Too (B) = 16 (B)+ 4 3 T —=—T02, 39)
k )
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where T'1/2=7,9,,TV? and E, are complex. The cor-
responding schemes for parametrizing the energy strucs-
ture of the cross sections in the resonance region are
typical of the so-called S-matrix formalism, 46-48

The relations given here for the energy dependence of
the elements of the matrices K(E) (Eqs. (26) and (30))
and T(E) (Egs. (33) and (39)) are very similar in form to
the corresponding results of R-matrix theory. * There-
fore, in applications to the parametrization of cross
sections in the resonance region many of the practical
analysis schemes constructed earlier can be applied. As
a new feature we can identify the immediate separation
of the direct process, for an estimate of which the meth-
ods of the theory of direct interactions are used. 1820
In addition, under certain assumptions about the struc-
ture of the effective-interaction operator one can esti-
mate the width of the resonances and in some cases
associate observed features in the cross sections with
definite transition matrix elements (see Sec. 3). If
however we restrict ourselves to a phenomenological
description of the energy dependence of the cross
sections in the resonance region, the interpretation of
the results in this scheme remains the same as in R-
matrix theory.

First of all, we must mention the methods of single-
and many-level analysis that enable one to obtain the set
of resonance parameters describing the main features
of the energy structure of the cross sections in the re-
gion of resolved resonances, **~** and then we shall
consider the methods of mathematical statistics of
random variables used to systematize the parameters.
The relevant distributions are the Porter—Thomas dis-
tribution, which describes the fluctuations of the reso-
nance widths of individual levels®%%! and the Wigner
distribution for the fluctuations of the distances between
neighboring resonances. ® In the region of overlapping
resonances, these fluctuations are manifested in the
energy dependence of the cross sections as the so-called
Ericson fluctuations of the cross sections. ® The aver-
age cross sections are analyzed by the same schemes
as in R-matrix theory, using the well known concepts
of the compound nucleus. ¥+ It is important that in the
shell approach there appears directly the single-parti-
cle structure of the average resonance widths (strength
functions), this being determined by the energy depen-
dence of the solutions for the channel wave functions
lce,) (8). This leads to a simple physical interpreta-
tion of the complex-potential model when cross sections
averaged over the resonances are analyzed®™? (see
Sec. 5).

In the practical analysis of experimental data one
uses different parametrization schemes, the particular
choice being dictated by the aim of the analysis, the
quality of the experimental information, and by other,
partly subjective factors. Another of the requirements
on the choice of the parametrization scheme is that of
the most detailed reproduction of the energy dependence
of the cross sections in definite ranges of variation of
the energy of the incident nucleons, given a minimal
number of experimentally determined parameters. This
requirement, besides its obvious meaning for the con-
firmation of definite assumptions about the nature of the

A.A. Luk'yanov 435



interaction, has important practical value, for example,
for the introduction of detailed information about the
structure of neutron cross sections into reactor calcu-
lations, ® This need for exact reproduction of the struc-
ture of the cross sections in wide energy ranges by
means of a self-consistent set of physical parameters
makes the problem of the further refinement of the
formalism of the theory of nuclear reactions with
nucleons very important.

3. SEPARATION OF STATES OF VARIOUS KINDS

The general results of the formal theory presented in
Secs. 1 and 2 use in reality an expansion of the exact
wavefunction of the problem with respect to a complete
set of eigenfunctions of the model Hamiltonian H,

{Ref. 7). The separation in this set of the bound states
P and in the continuum states @ corresponding to
asymptotically observed (physical) reaction channels
makes it possible to represent the amplitude as a

sum of the amplitudes of the direct processes and the
resonance part. In applications to the parametrization
of the cross sections this possibility provides definite
advantages compared with the results of the R-matrix
theory in the physical interpretation of the background
(or part of the background) in the resonance region. The
main criterion of a direct process must here be taken
to be stable asymmetry of the angular distribution of the
reaction products observed in the cross sections aver-
aged over the resonances in a wide range of variation of
the nucleon energies. 2°

The use of the effective-interaction method in this
approach makes possible a further particularization of
the formalism and separation from the bound states of
a basis set of solutions of different kinds., For example,
one can have doorway states, which are coupled direct-
ly to the continuum, or more complicated states, which
decay only because of their coupling to the doorway
states.?~! To construct the corresponding schemes of
the formalism, we represent the projection operator @
in the form of the sum @ =@+ @y +**°+@,, where
each of the terms refers to a definite type of state. We
consider the structure of the expression for the ampli-
tude T.(E) in the case when @ =Q,+ ;. In Eq. (31) for
the transition operator

1 1
T=T+T =, Qit+1o E—1, Qs

we transfer to the left-hand side the term containing
Q. Applying then the operator [1- 7,Qy(1/E - Hy), to
both sides of the equation, we obtain

1
e —I—T,ﬁ@ﬁZﬂ +70 Woﬂn (40)
where
24
= (1 — ol ';—-%,D ) T ="To+Tlo T—m Qoo

The corresponding expression for the transition
amplitude T, (E) can be represented in the form®

T c—ch'}‘ Z I‘HZ (Bﬂ JMHF

+% 2 ﬁéflzd (M_l)mmﬂu:c,

hapy

(41)
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where B, is the block of the matrix B (34) containing
only the states @y(A,, o)z

Pedi =V 2m (B | vy | M) =T )
+ 2 éf?.za (BG )Aollo (}10|Tu|?~1),
(£ — Eyy) Bpguy — (o] To [ 1)
— 3 Ol 2o (B3 raua o[ T o)- J
hollg

E

(42)

I‘IM",

The matrix elementsy|7ylpy), (Aql7yIxg), and also
(ol 7olkg) in (By)y,,, (34) can be expressed in terms of
the elements of the effective-interaction operator by
equations of the type (37).

In its extreme formulation, the hypothesis of doorway
states presupposes that for one of the types of state the
maftrix elements of transitions to the continuum are
zero. Suppose, for example, PV*!Q, =0 [1"1.1 =0 (36)];
then

Beii= 2 T (B3 rano (o | V1)
A
Mgy, = (E— Eng) By — (M | Verrl 1]
= 20 V] ) (B3 rama | Vo . (43)

It is obvious that in this case the last term in T, (41)
is nonzero only because of the residual interaction be-
tween the states of different kind ({uolVe**I2,)#0).
Note that the definitions of the coefficients Bl4? [see
Eqs. (42) and (43)] contain the energy denominator
(B3 ), s> Which leads to a resonance dependence of
the widths averaged over many levels, =7+22:66

An equivalent representation for the transition
amplitudes can be obtained from the general expression
(41) by setting PV**'Qy=0 (I'}\} =0). Then B.‘:«éﬁ = yg,
and the second term in (41) is equal to zero:

e‘c= Te'c‘l"En— 2 I‘yf‘
Apg

oVeEfgll P’> Fice.

1
s <Ml E—H off L
—Ho— Q47001 — Q4" Qn}m Q

(44)

This formula clearly reflects the qualitative features

of the energy dependence of the cross sections associ-
ated with the doorway-state hypothesis. For example,

at energies corresponding to levels not coupled to the
continuum the resonance part of the amplitude vanishes.
To illustrate this, we diagonalize in the expression (44)
for T,, with respect to the residual interaction separate-
ly in each of the groups of levels. The new states I?Lo)
and [X;) satisfy the equations

Q0 | Ry =0;  (E—Ho—Q,V*0,) | A =0,

and for the projection operators @y =33, IA) (Al and
Q=13 %) (| it is assumed that Qu—Qu, @, =9,
(Refs. 4 and 7). Then the expression (44) with allowance
for the explicit form (37) of the elements @7,@; (37)
can be represented as
1
Tee= Tg-c-l-—z';' E F:-%
Riiy
- 1 o 142
K A Wy 1"- ot
< l|E—I"tu+A+ir/2—6!_E Veffl’&),;_ih (folVeff&' > ot
ko Ao

(E—Hy—

(45)
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Obviously, for E=Ey, the resonance part of (45) is zero.

The idea of separating in @ the model states coupled
to the continuum can be further developed for the con-
struction of the transition amplitude in the so-called
hierarchy scheme, in which complicated states are ex-
cited by successive transitions between simpler states.
We represent @ in the form of the sum @ =@+ @; +
+++++@Q, Suppose PVe¥@,#0, but for all the remainder
PVQ,=0(i=1,2,...,n). Thus, doorway states are
distinguished. Suppose that @,V °*@,# 0 but for the re-
maining j=2,3,...,n we have @,V °*Q, =0 (the states
1 correspond to “corridor” states®*¢7:%) We then set
QV°"Q,+0 but @ V°Q,=0 (k=3,4,...,n), etc. De-
noting @' =@Q; +@, ++++*+@,, we transform the equation
for the transition operator 7 (31) to the form

Pt 1

. ’ 1 '
TS Qr=1 +-1209““m0011 (46)
where
' =151 E—1Ha Q't. (47)

In principle, to determine the transition amplitudes

we need only the operator PTP. Under our assumptions,
using the definition (32) for Ty, from which P1@’'=0
follows, we obtain

PP = PP+ ProQo 'ﬁ

SO QuoP. (48)

We now split the operator @’ into two parts: ’=@, +Q”,
where " =@, + ++++@,, and we transform Eq. (47):

g o o i
T'=1"+“"!E_1H0 Qv =1"+7 Q:—'moﬂ”: (49)
where
T =1+T, £‘+H.{ Q'1". (50)

Then the operator @,7'Q, in (46) can be represented in
the form

Qo' Qo= Qutoa -+ QoV Qs ——=—=5zr— AUV 0, (51)
with allowance for the fact that @,7”Q” =0. The next
step is associated with the definition of the operator
@7"Q4, for which one can use a similar scheme, writ-
ing @” =@, + Q™. Continuing this procedure to the
(n = 1)th division @"1=@, 4 +@,, we arrive as a result
at the representation of PTP (48) in the form of a con-
tinued fraction. ®® In a basis diagonalized with respect to
the residual interaction in each of the groups of coupled
model states, expression for P7P [and accordingly for
the elements T, (E)] can be written in the operator form

1
E—Hg+AL-il/2— Ny

PtP — PP 4 Pt,0, QuroP;

N =0 Veff"’ _1- A Veff ~;

=0 OO O, i,
7 preff 1 eff

Ny =" Gyt —— TV " 3,

Arn = Q-n-lVEﬁ an # anVEEf an—‘h

—4on

where Hy,, =H,+ @, V°!Q,. The expressions for the

437 Sov. J. Part. Nucl., Vol. 7, No. 4, Oct.—Dec. 1976 '

transition amplitudes in the hierarchy scheme® can be
reduced to a similar form.

These results for the energy dependence of the transi-
tion amplitude (the operator PTP) correspond to the
limiting situation in which the complicated states decay
to the continuum only through the successive excitations
of simpler and simpler states. Such a treatment can
also be given for the more general case when the decay
of a complicated state to the continuum proceeds in
accordance with the hierarchy scheme directly. In this
case, a detailed analysis of the energy structure of
the cross sections in individual resonance regions can
give information about the predominance of any particu-
lar reaction mechanism. As an example, we may take
the investigation of the fine structure of doorway analog
states?’=?? and the structure of giant dipole resonances
in photonuclear reactions.?=?' Here allowance is made
for only one level in @, and the @, states are usually
chosen in a diagonalized basis, which considerably sim-
plifies the general expressions for the amplitudes
T..(E).

The hypothesis of doorway states and the hierarchy
scheme are associated with definite physical assump-
tions of the model, which have been most fully studied
at the present time in the shell approach. *<1% In a con-
sistent scheme of this approach, the total Hamiltonian
of the system of nucleons H(1,2,...,A), where the
numbers denote the set of spatial, spin, and isospin
variables of the individual nucleons, is split into the
sum

H=d,+ 7.

Here, &4, is the Hamiltonian of the shell model:

A
5"30=;_1 h(i)= ;“ [t (&) + v (1))

t; = (*/2m;) A, is the kinetic energy operator of nucleon
i; vy(i) is the potential of the shell model; and 7" is the
residual interaction, which in the approximation of
pairing forces is defined as

7= 2 v, ) — Zve ().

i<j

(53)

This representation of the total Hamiltonian is
analogous to the one usually employed in calculations
of bound states of nuclei. The only specific feature is
the choice for »; of a potential of finite depth. The basis
set is formed by all possible antisymmetrized products
of the single-particle functions of all the nucleons of
the system that are eigenfunctions of the Hamiltonian
&8, of the shell model. Here, one can distinguish several
types of solutions corresponding to different physical
situations; 1) All nucleons of the system are in bound
states (however, their total energy may also exceed the
threshold for the emission of a nucleon into the continu-
um); 2) A—1 nucleons are in bound states and one is in
the continuum; 3) A—2 nucleons are in bound states and
two are in the continuum, etc. In the theory of single-
nucleon reactions, we restrict ourselves to solutions
of the first two types. This results in certain limita-
tions of the approach associated with the incomplete
basis, but at the same time it enables one to avoid
serious complications of the formalism and does not
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affect a number of fundamental questions of the theory

of many-particle processes. **** Functions of the first
type determine the operator

Q=N ],
where
A
(ProooTa|A) :Aiﬂl Uy (15); (54)

u,;(r;) are the single-particle solutions in the shell po-
tential wy(7) and they are orthonormalized and damped
exponentially at infinity; # is the operator of antisym-
metrization with respect to all the nucleons of the sys-
tem. The total energy E, (&, |A) =E, I\)) of a state is
made up of the energies of the individual nucleons.
States with E, exceeding the energy of emission of a
nucleon from the system are quasibound. This includes
various particle—hole configurations of the shell model,
the number of which per unit interval of excitation en-
ergy of the system (the density of states) increases
rapidly with increasing energy, approximately as the
density of the observed resonances, -7

Solutions of the second type |Bjle) (4, |Bjle)
=(gs+¢€) |Bjle)) can be written in similar form*':

A-1
e lPiley =t ] uni (v use (ra)

=" (rg .o Fag [ B) upee (ra)s (55)

where the function u;, (r,) refers to the continuum;
(ry--r, 41B) is the antisymmetrized product of the
wavefunctions of bound states; #' is the operator of
antisymmetrization of a nucleon in the continuum with
the remaining nucleons. The orthonormalized solutions
1, (r) are chosen to be real with the asymptotic
behavior

2m \1;2 1 . nl
Wjpe (r) = ( i ) + sin (err(oﬂ oo

+m—hIn 2kr) Dy, (}) h

The solutions |Bjlg) in the systematic shell approach
determine the projection operator

p=3 5 de|Bjle) Bile].
Bit

However, the corresponding reaction channels are
model channels since the solution for bound nucleons
corresponds to a definite “pure” configuration of the
shell model. Transition to the physical channels re-
quires diagonalization of the Hamiltonian of the system
of A—1 bound nucleons, this leading to real states of
the target nucleus (the residual nucleus), i.e., to solu-
tions in the continuum lcg,) (8), where ¢ is the set of
quantum numbers of the channel {B()ljJM}, &, =¢5+¢,.
Thus, requiring correspondence between the solutions
in the continuum and the physical reaction channels, we
arrive at the Hamiltonian H, (5), in which the solution
in the continuum |cg,) is constructed as a product of the
wavefunction of a real state of the target nucleus and a
single-particle solution in the potential v,

The transition to the model Hamiltonian H, extends
the possibility of the microscopic description of single-
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nucleon reactions. Here, one can use the results of the
collective nuclear models in which V corresponds to the
interaction between the single-particle and collective
degrees of freedom of the nucleus. This is a very com-
plicated and laborious problem. 1214 At the same time,
detailed investigations of the structure of the wavefunc-
tions of real states and numerous results obtained for
reactions with nucleons of low and medium energies
indicate the possibility of physical interpretation of the
data on the basis of the shell model. Simple modifica-
tions of the shell approach, in which one or several
nucleons of the real state of the target are in definite
shells, and the remainder are not excited during the
reaction process, enable one to estimate the matrix
elements of transitions due to the pairing forces, and
relate these estimates to the observed parameters of
the doorway states in the cross sections and the follow-
ing excitations in the hierarchy, 2=1%:21-2%67 15 chell cal-
culations of the matrix elements, one usually ignores
the effect of rescattering of nucleons in the continuum
(Ve =y). At the same time, in the matrix elements
(cE1V*|VX) (27) the final state differs from [A) only
by the transition of two nucleons to new shells (one
nucleon to a bound state and the other into the continu-
um). In the same way one has transitions between the
bound states, (A |V°*|p), leading in the extreme scheme
of the shell approach to a hierarchy of successive ex-
citations. It is interesting that for the description of the
resonance structure observed in the cross sections of
single-nucleon reactions there is no need to consider
rather complicated particle—hole configurations. In
some nuclei, the density of observed resonances corre-
sponds qualitatively to the number of possible states
with the excitation of not more than three or four nu-
cleons. %™ Similar qualitative considerations follow
from comparison of the resonance widths with those
obtained in shell calculations, ¢1-23

4. INTEGRAL EQUATIONS FOR THE TRANSITION
AMPLITUDES

In the effective-interaction method, the construction
of the reaction amplitudes reduces in practice to the
solution of a corresponding system of linear algebraic
equations with coefficients determined by the matrix
elements of the operator V*®!* on the eigenfunctions of
the model Hamiltonian H,. In reality, however, the ex-
pressions for these elements are integral equations for
the matrix elements of the operator of the residual
interaction (24). Therefore, in model approaches in
which it is important to separate effects associated
with a definite choice of the residual interaction it is
more convenient to use a different method in which one
considers explicitly processes of scattering of nucleons
in the continuum. This method consists of formulating
integral equations for the transition amplitudes obtained
in the construction of the solution P¥} in the continuum. §
The general form of this solution follows from the inte-
gral Lippmann—Schwinger equation (7):

LY o e — )7 (56a)

* ___ + £ BT
PW“"¢‘+1E—1{0—§—in o1 in
Defining
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QVPYE

+ 1 + 1 +
QW = QVQY: + g7 QVPY!

:—QWT

and substituting @&} into (56a), we arrive at the
equation®

PYE = e + m PVPY, (56b)
where

v 1 1 =

V=V+V0g—g—ovg O =V+V - 0. (57)

Further transformation of Eq. (56b) by means of the
operator identity (2) enables us to define the transition
operator

1
PW::¢§+mPTP¢:.
where
PtP=PVP | PVP m PVp
=PVP+PVP — H s PAP. (58)

It is this operator which is needed to determine the
amplitudes 7. (E).

The relation (58) can be obtained directly from the
equation (17) for 7 by transferring the term containing
@ in (17) to the left-hand side and defining V in accord-
ance with Eq. (57).

The operator equation (58) corresponds to a system
of integral equations for the transition amplitudes

(('E' |T|cE)=(c'E' |V | cE)
s 2 5 dE" {'E’ 1V ¢'E*) (c"E'|'r|cE)

E—E" iy

(59a)

where the last term is associated with effects of re-
scattering on and off the energy shell. Using the defini-
tion (18), we can write down a similar equation for the
matrix elements of the operator s (20):

(C'E'| K |cEy=(c'E' | V|cE)
o _{'E" |V | c"E") ("E” | | ¢E)
+2 S dE E—F »

(59b)

where the integral is understood in the principal-value
sense, i.e., off the energy shell. It is obvious that if
we neglect rescattering for E”+ E we arrive at the re-
sults of the effective-interaction method (see Secs. 2
and 3) but with V*f = V [this follows directly from the
definition of ¥ (57)].

To the integral equation (56) there corresponds a
wavefunction of the form
(E — H, — PVP) PY (E) = 0,
which was used by Feshbach® to construct the formalism
of a unified theory of reactions.? Thus, the conclusions

DThe operators P and @ differ from those used in Ref, 6, in
which P is constructed as the sum of the states of the target
nucleus excited at the given energy E, and @ is the sum over
the remainder, Although the physical interpretation of the
results and the computational schemes are different in this
case, the general structure of the expressions for the fransi=-
tion amplitudes remains the same. %"
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of this theory, like the schemes of the effective-inter-
action method, can be regarded as eonsequences of
different representations of the equation for 7 (17). This
circumstance is convenient for systematizing the
formalisms in a unified approach and establishing the
connection between the parameters and the definitions
in the different schemes for analyzing the cross sec-
tions. Considering different forms of representation

of Eq. (17), one can also formulate new schemes useful
in applications to definite reactions. For example, in-
vestigating the reaction associated with the definite
transition ¢ —¢’, one can separate these two channels
in Eq. (17) and include the remainder in the effective-
interaction operator. We then obtain a representation
of Eq. (17) in the form

=N 1
=V+Vmp°r, (60)
where
5 - 1 A= o= o
V=(1—V g 7') V=V +V g PV (61)

(P'=P,+P,, P"=P-P". The corresponding integral
equations for the amplitudes T, contain here the matrix
elements of the operator V:

('E" |T|eE)=( l:’|VEc}'
o (o' E’ jl"lc’f )(c'h"|'r[cl’)
If 2 5 ar’ E—E"+in (62)

[ 1

The equations for the elements {¢’E’|#|cE) are deter-
mined similarly.

Ignoring rescattering processes in the channels ¢’
and ¢, we arrive directly at the results of the effective-
interaction method, in which V*** must be replaced by
the operator V"¢t
uV"cff.

Ve (1y gt )

A different variant of the construction of the equation
for the transition amplitude corresponds to elastic
scattering in channel ¢. Distinguishing in Eq. (17) only
this channel, we obtain the representation

= 7 1
=V.+ V. m P, (63)

with

D (64)

Nl 7.7
=maw ) V=V +V =g

(P’=P - P,). The integral equation for the amplitude of
elastic scattering in channel ¢ can be written in the
simple form

(cE'|T|cE) = (cE' |V, |cE)

i w (cE’ VIcE ¢E"| t| cE
o § apr LB L, (65)

although it is obvious that this is only a formal expres-
sion for the complicated system of integral equations
that arise when the matrix elements of the operator ¥,
are determined through the elements of the residual
interaction V (64).

The operator form of the representation of the equa-
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tion for 7 (60) corresponds to a transformation of the

wave equation for P to the form
(E — Hy— POV Pty poWs (E) —. 0, (66a)

and the representation (63) follows from the formal
solution of the single-channel equation

(66Db)

which describes exactly the process of elastic scatter-
ing in the individual channel.

(E—He) P,Y (E) = (E— Hy— PV P.) P.Y (E)=0,

As we have already noted, neglect of rescattering
effects in the continuum off the energy shell leads to
the results of the effective-interaction method with a
redefined potential V*!f. Therefore, the main advantage
of the integral equations is the possibility of describing
processes of transition from one channel to another
under definite assumptions about the structure of the

kernel of the equation (the matrix elements (¢’E’| VIcE)).

Assuming that the potential ¥ is given, we can directly
determine the amplitudes (59). In physical problems of
reaction theory wide use is made of a representation of
the kernel of the equation in separable form. In this
case, a solution of the integral equation can be found
analytically. > 7€ A different way of finding solutions
of the integral equations (59) is the method of succes-
sive approximations leading to the Born series, 37=3?
The choice for ¥ of some nonresonance potential aver-
aged over the bound states makes it possible to con-
struct an integral scattering theory, which is usually
used at relatively high energies. 1¥~1% In the region of
low and medium energies, these results are in practice
needed to estimate the contribution to the amplitudes of
direct processes. This follows directly from our defini-
tion of the amplitude of the direct 7, (32):

PP = PVP+PVP——p

ot O

which has the saume form as the definition of PTP by
Eq. (58). All the considered variants of the integral
equations for T, can be formulated similarly for T2,
as well.

The different nature of the solutions for T, and T%,
is due solely to the difference between the interaction
potentials V and ¥ (57). The resonance part of the po-
tential V leads to resonances in the amplitudes, but if
one analyzes the amplitudes T,, averaged over many
levels, this part is usually transformed into a smooth
complex addition to the potential U (Ref. 4). In this
case, the form of the potential V averaged over the en-
ergy is quite similar to the potential ¥V, which leads to
a very similar nature of the solutions for the ampli-
tudes TY, and T,, describing elastic scattering in this
example. Therefore, using data on the total cross sec-
tions averaged over a wide range and corresponding
angular distributions of elastically scattered nucleons,
it is rather difficult, on the basis of the existing experi-
mental information, to estimate the relative contribu-
tion of the direct process, which is determined here
basically by the matrix elements of the potential U (53).
It is more perspicuous to separate the direct process
in the cross sections of inelastic reactions, in which the
nondiagonal elements of U in the shell approach are
zero. The spectra of nucleons formed in reactions are

440 Sov. J. Part. Nucl., Vol. 7, No. 4, Oct.—Dec. 1976

interpreted in this approach as the sum of individual
intense lines corresponding to direct transitions for
states with similar shell structure and a set of weak
lines associated with transitions through the stage of
excitation of complicated configurations of the compound
nucleus. As a result, the reaction cross sections aver-
aged over a large number of different transitions can be
represented as a sum of cross sections of direct pro-
cesses with characteristic angular distributions of the
reaction products and resonance processes with sym-
metric angular distribution and energy dependence of
the spectrum of the reaction nucleons typical of the
evaporative model. 1*2% The relation between the sym-
metric and antisymmetric parts of the angular distribu-
tion can here serve as a qualitative estimate for the con-
tribution of the direct process.

In investigations of nuclear reactions, induced by
nucleons of low and medium energies, integral equa-
tions are widely used to estimate the influence of re-
scattering effects off the energy shell on the matrix
elements {(c’E’|#°|cE) of direct transitions:

ps ] [ 2w (¢ E'| V| c"E") (c"E” | K0 cE!
(CE' || cBy = @B |V |cEy+ 3 § apr CELTDCTIFND
=

As direct calculations show, rescattering effects are
important only in the cases when the matrix elements
{c’E'|V|cE) are small. »="8 1 the shell approach, this
obviously follows from the selection rules for transi-
tions between definite particle—hole configurations for
a pairing residual interaction, *11

5. AVERAGING WITH RESPECT TO THE ENERGY

The results we have considered have a rigorous form-
al nature. Their application in practical problems en-
tails certain approximations that permit one to simplify
the analysis of given experimental data. In other words,
one must pass from the general conclusions of the form-
al theory to practical schemes and methods of analysis
adequate for the experimental information on the struc-
ture of interaction cross sections in different energy re-
gions. In their most general form, the results of the
effective-interaction method are used at the present
time for many-level parametrization of the energy de-
pendence of cross sections in the region of resolved
resonances. However, here too in the analysis one
takes into account a small number of bound states cor-
resonding to the number of resonances observed in the
considered interval, and the influence of the remaining
states and the contribution of the direct processes are
usually taken into account approximately. ?1=%

In the region of unresolved and overlapping reso-
nances, the fine structure of the cross sections is
smoothed by the energy averaging. If the averaging
interval [ is large compared with the mean distance
between the resonances of the compound nucleus but at
the same time small compared with the widths of the
doorway states, the averaged cross sections will reveal
only the corresponding intermediate structures and very
broad optical resonances associated with the distortion
of the channel wavefunctions IcE) by the model potential
U. In this case, the procedure for averaging the cross
sections entails rather cumbersome and at the same
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time approximate transformations, The main difficulty
resides in the need to average quantities proportional

to 1S,.(E)|%. The only experimental characteristic of the
interaction determined by the amplitude itself (linear

in S) is the total cross section of all processes:

a ~ > (1—ReSeo).
c

Therefore, the averaging considered below of the ampli-
tude #,, corresponds in practice only to the average total
cross section,

The use of averaged amplitudes in the calculation of
other cross sections always entails errors of the order
of the difference If,,[*. For theoretical constructions,
it is convenient to choose an averaging function of the
Lorentz type:

Toe(B)=(IIm) | dB'tee (BYI(E— B2+ ).

]

(67a)

Going over to a complex variable and closing the con-
tour of integration above, one can calculate this inte-
gral for E'=E +il:

tore(E) = tyo (E +11). (6'Th)

Here we use the fact that the poles of the amplitudes
t.o(E) lie in the lower half-plane [for E=E,-il',/2 (39)].
A similar averaging for |t,.,(E)|? is impossible since in
this case the poles of the amplitude are within the con-
tour of integration and it is necessary to take the sum

of all the residues at these poles. The averaging in

the form (67) does not take into account the energy de-
pendence of the amplitudes of the direct processes and
the resonance parameters in the interval I, which may
lead to errors in the region of the reaction threshold. ‘=7

The averaging of the general results for the transition
amplitudes with respect to the resonances of the fine
structure considerably simplifies the scheme for
parametrizing the corresponding cross sections. As an
example we may take the procedure for averaging over
the interval I (D <<I<«<TY%,, where I';, is the width against
decay of the doorway state and D is the mean distance
between the levels of the fine structure) of the expres-
sion for T,.(E) (45) corresponding to the extreme con-
cept of doorway states when none of the remaining states
have a direct coupling to the continuum. Writing the
expression (45) in the approximate form

- 1 ~1/2 12 5 n .
Torems Thet g 3 T THe { £ —Eg+Ag, +iTg /2
%
1

+ 3 G|V R By —E—iD ),
i

(68a)

where the approximation refers to the diagonalization
with respect to the doorway states 'ii, we represent
the sum over the resonances of the fine structure in
the interval I as a smooth function of the energy':

2 & | V| R/ (Ex, — E—il) = iTR 2. (68b)

ko
Such a representation is introduced in R-matrix
theory for resonances of the compound nucleus and is
only a qualitative estimate of the sum in the limiting
case of a large number of terms of a sum with statis-
tically distributed parameters (A | V**|Xy) and Ej,
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(Refs. 4 and 31). With allowance for the representation
(68b), the expression (68a) for T,. can he written in
the form widely used in the analysis of doorway analog
resonances’ r%:

Tore(E) =T (E)

2

g ) TLATHAE — Ex, + Ag +1 (T + TH)/21 (68¢c)
51
where the width of the decay of the doorway state to the
continuum is denoted by I'y =T'5 .° The width I'y deter-
mines the “spreading” of the doorway state over the
resonances of the fine structure that do not have a direct
coupling to the continuum. The expression (68¢c) has a
form similar to the element T, (33) in the case of a
certain reaction channel corresponding to I‘%‘ in addi-
tion to one considered. This is merely a formal simi-
larity reflecting the violation of the unitarity property
in processes described by T, (E). In the extreme con-
cept of doorway states, Eq. (68b) establishes a sum
rule for the resonances of the fine structure. In addi-
tion, using the representation of the amplitude (41),
we obtain a resonance dependence of the average ob-
served widths of the corresponding levels at energies
near the energy of the doorway state (43), 3+4+7:33-3
The procedure for averaging the amplitude T (41)
in the case when all resonances have a direct exit to
the continuum is more cumbersome but the scheme re-
mains the same as in the derivation of the expression
(BBb). 3,4,7,34

Averaging of the transition amplitude over a wide
energy interval appreciably exceeding the distance be-
tween the doorway states is usually associated with the
results of the complex-potential model. To determine
this potential in the framework of formal reaction
theory one uses a number of approximations and as-
sumptions relating to the distribution of the signs and
magnitudes of the matrix elements (cE|V**[}) in the
averaging interval. In the K-matrix scheme, which is
analogous to the R-matrix scheme, the matrix elements
of the operator # (25) averaged with respect to the en-
ergy are determined in the form?®

= i v e

Koo (E) & K (B) — = Bore = Koo+ Ko, (69)
where K, =[K%, ~(i/2)(¥2/D)] b, is the diagonal part
of By K= (1-08,,) K2 is the nondiagonal part. The
transition amplitude T (E) averaged over the reso-
nances can be expressed in terms of K(E) in accordance
with the definition (22):

Tere(B) = (1 +inK (E)* K (E)]ew, (70)

the different approximate forms of which have been
considered®4="13 ip detail in R-matrix theory.?

UThe representation of T, in the form (70) requires a certain
care near a reaction threshold energy. If the elements of the
T(E) matrix always correspond to complex energies, the
elements of K(E) are real and their analytic continuation into
the region of the complex variable E +:/ is not defined in the
general case. If the averaging in Ty, (E +4I) is done correctly
there may appear additional poles associated with singulari-
ties of the inverse matrix (1+érK)"!, but these however cor-
respond to the unphysical region.
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We now define a certain potential on which elastic
scattering leads to the amplitudes T,,(E) (70). For this,
we consider the exact equation (66b) for elastic scatter-
ing in channel ¢, writing down its integral expression
and averaging this over a wide interval I including reso-
nances of different type. We obtain

P.F; (E) =gt (E) + ﬁm PP F; (E). (71)

It is obvious that the potential U +P57C_Pc gives the scat-
tering amplitude T,.(E), which is a matrix element of
the operator P,7P, on the energy shell:

PiP,=PVP,+PV.P PIP..

1
¢ E—Hy+1in
Using Heitler’s equation, one can introduce a corre-
sponding operator P #P, satisfying the equation

1

P Pe=PVoPo+ PV Pe 5 T

PEEP, (72)

with matrix elements K’cc on the energy shell defined
by

(1+ i"“?{-cc)_1 Krzc = ?r:c or Rcc =(1— iﬂTrc)_l ?Tr.c- (73)

An approximate expression for Pj’cl-;; can be obtained in
the form

P.V.P, =~ PSED,

o
~ 55 de, dey | cey) [(ce, |é}r°|cez)—%%] (cea ], (74)

where the nondiagonal elements K7, are assumed to be
small compared with the diagonal elements K!, and re-
scattering effects off the energy shell [the integral term

in (72)] are ignored.

In the general case, the potential U +PGI7GPc is non-
local. However, in the complex-potential model it is
usually taken to be local with parameters that depend
slightly on the energy. ™" The form of the potential
is close to the density distribution of the nucleons in
the target nucleus, and the imaginary part is concen-
trated near the surface of the nucleus.!® The effect of
nonlocality is here partly compensated by the energy
dependence of the parameters of the equivalent local
potential and by the spin—orbit interaction, 7"-#

Choosing the potential of the model in such a way that
the solutions in the individual channels P ¥*(E) averaged
over the resonances [we denote them by @2(E)] coincide
with the model solutions, we can use these solutions to
construct average transition amplitudes 7.,(E). To this
end, we consider the more general problem of con-
structing the amplitude 7...(E) as the matrix element
of some new transition operator 7’ on the wave
functions:

P (E) = g (E) Tm P.V.P ¥ (E); (75a)

1

PeY2(E) = i (B) +—g—g—g PViP Y2 (E). (75b)

We determine the operator P, 7'P, for transitions be=-
tween channels ¢ and ¢’ by the condition

fore= (@ | 1| p3) = (qIE'lpe'T'Pclw:)-

442 Sov. J. Part. Nucl., Vol. 7, No. 4, Oct.—Dec. 1976

Expressing ¢; and ¢;, in terms of P,¥; and P, ¥;, and
using for T the representation (63), we find
Pyt'P =P, V.P,— P,

PV P, (76a)

73 1
dhaier = ==y

For a concrete pair of channels ¢ and ¢’ it is con-
venient to go over from ﬁc and f/",,. to the operator V
(61). Using Eqs. (64) and (76a), and also operator
identities of the type (2), we can write the equation for
P_7'P, in the form®’

1

Pot'P. =P VP, — PP, P FiTm PV P

1
E—Hf +in

P.1'P,.

(76b)

A formal solution of this equation can be found by means
of the relation

PPy E—-i";ﬁ-.L i HokE; E_f;g—g- in
where H¢ =H,+P, I"~7Pc; then
PP, =P VPe— P VP — PP S F )
E—F4in E— S +in
(76c)

The set of solutions P_¥# in all the reaction channels
can be regarded as a new basis in the continuum. De-
fining the projection operator

B j[ P () (Wi (e) Pe | de = S | B () (¥ (e) Pe | de,

which commutes with the Hamiltonian H{=H,+ P,V.P,,
and normalizing the functions P ¥¢ in such a way that

B,=P,, we can write down as integral equation for the
amplitude f,, corresponding to the operator form (76b):

toalE', E) =(¥a (E'") BV P.¥: (E))

— | § dedetee (", &)t ¥ (&) PP (e

lee (e, E). (764)

1

X E—g+in

A somewhat simpler equation is obtained when one
uses as a basis for the continuum the solutions

P¥: (E)=¢§(EJ+m“P°§P°% e

which describe elastic scattering in channel ¢
approximately, 52

Obviously, the scheme for constructing the amplitude
averaged with respect to the resonances, f,.(E), as a
matrix element of the operator 7 on the functions @(E)
=P, UiE) is completely analogous to the scheme con-
sidered above. We represent the potential V of the
residual interaction by the equation [see Eqs. (57) and

(61)]
1

iy ~ q =3 - 2 1 =
V=Vt+Vp" i Ve =7, V=Tu+‘oQ‘E__.ua v,

(77)
where

GV V P, = V" iy ps (B — H,) P

1
E=I, i

differs from 7; (32) only by the fact that we here ignore
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the distinguished channels ¢’ and c¢. In the case of two
reaction channels, 7{=V.

For the averaging with respect to the energy of the
matrix elements of the operator V for different channels
(¢'#c) the use of statistical assumptions for the signs
and amplitudes of the elements {c | V" ** [A) makes the
resonance part vanish, so that the elements averaged
with respect to the energy satisfy (¢’ VIc)={(c’'I7¥ lc).
Writing down for f,,(E) an equation of the type (76d) and
ignoring the integral term, we obtain the approximate
expression

lee(E) = (g2 (B) | 7| G2 (BY). (78a)

This expression in the case 7~ V, i.e., when the inte-
gral term (77) makes a small contribution, corresponds
to the result of the distorted-wave Born

approximationt®=18;

Tore (E) = (03 (E) | V| @2 (E)). (78b)

Another result, determined by the system of equations

Fore(B) = (i (B)| V"™ 92 (E))
—in 3@ (B) VT (BN e (B), (78¢)
corresponds to the simplest scheme of the coupled-
channel approximation. *# Both results (78b) and (78¢)
are widely used to analyze cross sections and angular
distributions of inelastic processes in the region of
overlapping resonances in the case of poor experimen-
tal resolution. 1 As a rule, the results of calculations
in these two approximations are similar. =% Only in
cases when the Born matrix element of a transition is
small for certain reasons (because of a selection rule
in the case of a pairing residual interaction, for exam-
ple) does the coupled-channel approximation lead to
qualitatively new dependences. %

The results we have given determine the amplitudes
%..(E) and I,,(E) averaged over the resonances and the
related reaction cross sections. The real average cross
sections of inelastic processes are determined, how-
ever, by the average value of the square of the ampli-
tude: 1Zg.(E) %, which in principle is different from
1Z.(E) 1%, In the effective-interaction method, the
scheme for averaging the reaction cross sections has
much in common with the one usually employed in
R-matrix theory. ! In the limit of a large number of
resonances with elements {cE | V®* |} distributed
statistically in the averaging interval, an approximate
expression for [£y(E)I? can be obtained on the basis
of the general definition of T,.(E) (33). We write the
corresponding result in the form?®:3:8420

Ty PR 2, 1 To (BT (E)
[ fere () | ”""“°(E)|+2n—_'_ﬁw)ﬂm ; (79)
where T (E) and T =3 T, are the mean resonance
widths;

Te (B) = | (¢'E | V| 0y |5 (80)

F is a function of the statistical averaging that takes
into account the difference between the mean value of the
ratio T' .I',/T and the ratio of the mean values. * Here,
we assume that the matrix elements of direct transi-
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tions in the average widths (36) are small (I'}?
={c’E|V*™* 1)) and, using the statistical hypothesis for
the distributions of the resonance widths, we ignore the
interference term between the direct and the reso-
nance part of the transition amplitude. The average
resonance widths T'(E) (strength functions) depend im-
plicitly on the energy in accordance with the resonance
nature of the functions |cE) near the single-particle
resonances of the continuum, ?

A similar expression for the average reaction cross
section can be constructed if one uses as basis func-
tions in the continuum the solutions for a complex po-
tential. =% However, the scheme of the transition from
the definition of f,, in the form (76) to £, |’ is more
complicated because of the need to estimate the average
value of the integral term of (76d). A detailed treatment
of the problem of determining the formalism of the
theory of resonance reactions and different cross sec-
tions using basis functions of the complex-potential
model can be found in Ref. 35. Because the model
Hamiltonian is non-Hermitian there are certain com-
plications in the use of the Lippmann—Schwinger method
for constructing the transition amplitudes (for example,
for the physical interpretation of the solutions @}.). In
addition, in the complex-potential model all states
decay. The main idea of the shell approach—a common
basis for the bound states and reaction channels—is
here violated.

From the point of view of the systematic approach
considered in the present paper, the transition to a
complex potential is only a convenient approximation
of the data on the average cross sections and it enters
the formalism phenomenologically. In this sense, for
the analysis of average cross sections of inelastic
processes it would be more consistent to use schemes
of the shell approach that employ a real model
potential. ’

6. AMPLITUDES OF PHOTONUCLEAR REACTIONS

General schemes for parametrizing the energy de-
pendence of the cross sections of photonuclear reactions
can be formulated in much the same way as the results
considered above. Although the inclusion of a new
photon channel requires a redefinition of the total
Hamiltonian and model Hamiltonian of the problem,
and also of the projection operator P, one can formulate
in the first perturbation order in the electromagnetic
interaction general schemes for defining the amplitude
of the transition from the photon channel (¥) to the
single-nucleon channel ¢ using expansions with respect
to the same basis functions as in the case of nucleon
reactions, 1%%6

Let us consider the structure of the general expres-
sion for the amplitude of photonuclear reactions in
formal collision theory®;

tey (E) = (Y3 (E) | Vy | Xy (£, (81)
where X,(E) is the wavefunction of the initial state,
which here corresponds to the target nucleus in the

ground state and a photon in the absence of electromag-
netic interaction between them; ¥;(E) is the solution of
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the exact wave equation of the problem H¥ = E¥ with the
asymptotic form of a plane wave in channel ¢ and ingoing
waves in all reaction channels; V, is the operator of

the electromagnetic interaction.® Restricting ourselves
in the construction of the amplitude £, to the first order
of perturbation theory in V,, we can introduce in a uni-
fied manner both nucleon and photon reaction channels, 3
In this approximation, assuming that the channels ¢ do
not contain photons, we can choose ¥;(E) in the form

4
(%2 (B) | = (0% (B)) (4+ V=g )+

where H=H,+ V, (V, is the potential of the residual
interaction between the distinguished nucleon and the
target nucleus for channels ¢) does not contain the
electromagnetic field, As a result, for the amplitude
t.,(E) (81) we obtain a relation of the type

tey (E) = (92 (E) | Ty | 1y (B, (82)

where the transition operator 7, is determined by the
equation

Tv=V1=+VnEﬁ:TmVV:Vv+Vanw (83)

Introducing the projection operators P and @ (16),
we must also include in P the photon channel. However,
the corresponding matrix elements in £,, when the
operator 7, (83) is represented by the equation
1 1

Tv:Vv+VnmPTv+Vn'E__—HDOT'r (84)
vanish. This is because the operator V, in the matrix
element {p;|V,|x,) does not contain the photon coordi-
nates, and the parts of the solutions ¢; and X, asso-
ciated with the photon parts correspond to different
physical situations and are therefore orthogonal. Thus,
the projection operator P in the definition 7, (84) is the

same as for the nucleon reactions (16). We write Eq.
(84) in the form [see Eqs. (17) and (19)]

i
E—H,

Ty = Vot Vi Pr,+V, ﬁ Qty—inV, P8 (E ~ Hy) P,

and define the effective-interaction operator V™ like
Vet (24):

Ve (1—VaP ) " Wy =V 4 Vu g PYST (85a)
and the operator

=V inVelps (£ — H,) P2, (85b)
where V,**=V°® (24), Then for the operator 7, we
obtain

T =B gy 0=+ B0 g gy O (86)

[TSE 7° (32)], which determines the general form of the

#Direct application of the results of particle collision theory
to the problem of the interaction of the electromagnetic field
and the nucleon field requires a certain care. The definition
of ¢,,(F) (81) holds only in the first order of perturbation
theory. %8
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amplitude of the photonuclear reaction in the effective-
interaction method:

by () = (9% () | 4 |t (B + 5 (0 (B) | 8129 (B %] 53 (B,
(87)

where (B),,, are the elements of the matrix that is the
inverse of B (33). The first term corresponds to the
amplitude of the direct transition resulting from the
photon—nucleus interaction and the second to the exci-
tation of quasibound states [)A) with their subsequent
decay to the single-nucleon channels ¢. The matrix
elements of the operator 70 are defined in the same
way as the elements of 7° [7(34), (36)1:

{9z (E) | T3 [ %y (E))
=exp(iog) X (14 inK%) (' E | V3| 3 (E)) exp (o).

(88)

Here we have separated the phase x,:yexp(iw,) in
such a way that the matrix elements (¢’E |V |y) are
real. Besides the amplitude of the direct transition,
we write down an expression for the amplitudes
Al in= a1V n—in A Ve [ 0, (89)
which follows directly from Eq. (85b). These elements,
which determine the probability of excitation of a quasi-
bound state |\) resulting from the electromagnetic inter-
action, reflect the possible realization of this excitation
directly as a result of the nonzero matrix elements
A1 V™ |y) and with a preliminary rescattering in the
continuum, If direct excitation of the state IA) is for-
bidden for any reasons, the second term in (89) may be
important in the determination of the radiative widths
of the resonances, 19

The expression for the amplitude of a photonuclear
reaction in the method of the effective interaction (87)
may serve as a basis for the formulation of practical
schemes of analysis of the fine structure of a dipole
resonance and of reaction cross sections near the
nucleon-emission threshold. 1%25=27:5%:87 ygyally, one
uses the results for the diagonalized level matrix B
corresponding to the formalism of the S matrix (39)
(Ref. 10). Although comparatively simple expressions
are obtained for the energy dependence of the resonance
cross sections, the S-mafrix approach leads to param-
eters that are related in a very complicated manner to
the calculated matrix elements in the shell model; for
example, in such an approach one can in practice esti-
mate only the widths of individual resonances. The ex-
perimental information relating to interference effects
in cross sections and angular distributions is here not
very amenable to model interpretation. Therefore, to
analyze detailed data on thefine structure of giant reso-
nances in photon-in, nucleon-out reactions the K-matrix
formalism has found ever wider use in recent years;
it is more convenient for physical interpretation of
interference effects in the cross sections. %%

We define the operator ¢, by the Heitler equation (20):

Ay =Tyt invr, P8 (B — Hy) PFK,. (90a)

Then for #, we can write down an operator equation
similar to (25):
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o g 1 eff eff, 1
# =V Vi g 00, = VY + Va0 s

Qv
(90b)

and determine the structure of the matrix elements of
this operator on the energy shell®:

(B |y | 1) =(cE | V5| v)
3 CE VST (At V3, (90c)
where (A")n. are the elements of the matrix reciprocal
to A (28). Obviously, the parameters in this case are
directly the matrix elements of the operators Vy** and
Vet on the model wave functions. The transition ampli-
tudes (to within phase factors) are determined by Eq.
(90a) in the form

ek | W= E (1 —inl'y)cer (c'E| K|V
-

= 2+ inKa)esr (B [ 3y | V), (01)

where T, and K, are matrices that coincide with the
matrices T and K (22) defined above. Analyzing the fine
structure of the cross sections of photonucleon by means
of the well known computational parametrization
schemes formulated in the R-matrix theory, **3" we can
directly determine the matrix elements occurring in

(cE e, 1) (90c).

The obvious possibilities of the shell approach to the
interpretation of data on photonuclear reactions in the
region of a giant dipole resonance make possible, in the
analysis of resonance structures, wide use of the ex-
pressions for the transition amplitudes obtained in the
doorway-state model and in the hierarchy scheme (see
Sec. 3). They are determined for photonuclear reactions
in the same way as for reactions induced by nucleons. ¥
In practical applications, it is convenient to use simpli-
fied formulas in which the number of levels taken into
account in the analysis and the number of possible open
reaction channels are restricted and the level matrix
is also diagonalized. As a rule, in the interpretation of
resonance structures in photonuclear reactions one
ignores direct transitions and so-called external mixing
because of redistributions in the continuum, }%25=27:57
A detailed analysis of data which are obtained with good
experimental resolution, and which include the energy
dependence of the cross sections in a wide range of
variation of the y-ray energies and the angular distri-
butions of the nucleons of the reaction and their polari-
zation on the basis of the K-matrix formalism, gives
the set of parameters calculated directly in concrete
model calculations, 25:%6

7. THE PRACTICAL USE OF THE RESULTS

The very general and compact method of construction
of different formalisms of the microscopic theory of re-
actions presented in this review employs a splitting of
the total Hamiltonian H of the problem into the sum of
a model Hamiltonian H; and a residual interaction V., It
is obvious that the main fundamental question in the
systematic analysis of a given nuclear reaction is the
choice of the model in which the solutions in the con-
tinuum contain the complete set of observable physical
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reaction channels and the density of bound model states
is of the same order as the density of the observed reso-
nances of the fine structure, =133 At the present time,
this choice is restricted to the modified shell approach
considered here and the case of only single-nucleon re-
actions. However, one can construct a general formal-
ism of the microscopic theory using different divisions
of the total Hamiltonian H =H§+ V¢ in individual chan-
nels ¢, where Hf may correspond to different nuclear
models: single-particle and collective. The practical
implementation of this formalism encounters the dif-
ficulties common in nuclear theory relating to the ex-
pansion of one basis set with respect to another, subject
to the need to take into account in each of them the con-
tinuum states. 1319858 Applied to the analysis of the
detailed energy structures of reaction cross sections
with the emission of complex particles, such a micro-
scopic approach can at present hardly give any new in-
formation about the details of the interaction compared
with that obtained in the R-matrix scheme of analysis,
although at relatively high energies the formalism of
the microscopic theory can be successfully used to de-
scribe the process of cluster knockout from a nucleus
in reactions induced by protons. 1%1%%0 Therefore, con-
sidering the possibilities of the microscopic approach
presented here in the practical analysis of experimen-
tal data and its advantages over phenomenological
theories, we shall restrict ourselves to the case of
single-nucleon nuclear reactions.

The effective-interaction method, the K-matrix
formalism, has in particular been widely used in recent
years to analyze the energy dependence in the cross
sections of (p,p’), (n,n’), (p,n), (v,n), (v,p) reactions.
The structures observed here in the different energy
ranges at a definite experimental resolution can be re-
lated directly to definite matrix elements of transitions
between states of the chosen model. In the case of aver-
aging over a broad interval (~100 keV) in the cross sec-
tions integrated with respect to the angles, broad opti-
cal resonances appear, and the angular distributions of
the reaction products in some cases clearly exhibit the
asymmetry typical of direct processes. In the analysis
of these data one makes more precise the model poten-
tial U used to describe the channel wavefunctions [cE),
which depend resonantly on the energy near the single-
particle levels in the continuum.? From the form of the
angular distributions one can estimate the contribution
to the cross sections of direct processes, *%? and also
the strength functions of different reactions that proceed
through resonance states, 35

If the experimental resolution function has a width of
the order of a few keV, the cross sections exhibit
intermediate structures, which in individual cases
can be determined as doorway analog states. The
energy E, and the decay width I'y of the corresponding
resonance can be found in a shell calculation of the
simplest state of the two-particle—one-hole type direct-
ly coupled through the pairing residual interaction to
the continuum (see Sec, 3). From the analysis of the
experimental data one can also determine the total
width of the “spreading” of the doorway state over more
complicated states that are not directly coupled to the
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continuum: T’} (69). The effective interaction method re-
flects in the most general form the concept of doorway
states and the consequences associated with it in the
energy and angular dependences of the cross sections.

Analysis of the splitting of analog resonances in reac-
tions induced by protons and of the dipole resonance in
a photonuclear reaction on the basis of states of more
complicated nature, if the splitting is observed with
sufficiently good experimental resolution, enables one
in individual cases to draw a conclusion about the nature
of the coupling of the complicated states of the continu-
um and the doorway state on the basis of investigations
of the energy dependence of the various partial-wave
cross sections in the considered region, #*2*=%! Thus,
if there is one broad doorway state and one level of
complicated nature, the analysis of the cross sections
gives, beside the resonance widths of these levels, two
further important parameters: the width I, , (38), which
characterizes the so-called external mixing in the re-
action channels (interference of levels), and the value of
the matrix element (A |V |u), the so-called internal
mixing, 21=20,36

In noting the advantages of the K-matrix formalism
over the formalism of R-matrix theory in the analysis
of the detailed structure of cross sections of single-
nucleon reactions, the main one of which is the direct
model interpretation of the resonance parameters of
individual levels and their relationship to one another,
we must also point out the relative value of these two
schemes in the problem of parametrizing cross sections
in the region of resolved resonances. Here one retains
the same methods of the single- and many-level analy-
sis as in the R-matrix theory and also the statistical
assumptions deduced from comparison with experimen-
tal data about the distribution of the resonance widths
and the distances between individual resonaaces. 1»60-62

The integral equations obtained for the transition
amplitudes in the review on the basis of the general
method are more convenient in applications to the de-
scription of cross sections averaged over resonances.
We have given here a systematic formulation of the
complex-potential model, we have considered the rela-
tionship between this model and the effective-interaction
method, and we have also formulated general distorted-
wave Born approximation and coupled-channel approxi-
mation schemes in the calculation of direct transitions.
The development of the method of integral equations
applied to the analysis of average cross sections con-
tains in particular a correct modification of the Hauser—
Feshbach formulas (79), which are widely used in prac-
tical analysis. %+%1=9 At relatively high energies of the
incident nucleons, when one can ignore the influence of
the discrete spectrum, the integral equations for the
transition amplitudes written down in the momentum
representation go over directly into the well known
equations of the many-channel dispersion theory of
reactions, 173476

The connection considered here between the different
schemes for parametrizing the energy dependence of
the amplitudes of single-nucleon reactions makes it
possible to express the various parameters in terms

446 Sov. J. Part. Nucl., Vol. 7, No. 4, Oct.—Dec. 1976

of the matrix elements of transitions between model
states of the discrete spectrum and of the continuum
for a given residual interaction. The determination of
this universal set of parameters and their model inter-
pretation is the final aim of the practical analysis and
systematization of the entire enormous bulk of experi-
mental information hitherto accumulated on the detailed
energy structure of the cross sections of nuclear reac-
tions induced by nucleons of low and medium energies.
This activity stimulates the development of precision
methods of measurement of nucleon cross sections in
wide energy ranges and progress in the perfection of
computational methods in the theory of the nucleus.
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