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The main purpose of this review is to analyze resonance phenomena in charge-exchange
processes of the type a+A—b+X (a, b=p, m, n, 3He, t), both on free hadrons and on nuclei;
inelastic charge exchange of protons and *He nuclei is considered in the most detail.

There is now a large accumulation of experimental material on these processes, which requires a
quantitative interpretation in the framework of a unified “microscopic” approach. The

present review contains a brief summary of the main properties of form factors, spectroscopic
factors, and sum rules for nucleons and composite particles. A discussion is given of

typical methods of analyzing inclusive nuclear reactions in terms of effective numbers of nuclear
clusters. An account is given of the formalism needed to describe processes involving

pions, nucleons, and A isobars; attention is focused on charge-exchange reactions as a very
simple and typical example. Consideration is given to the problem of determining the optimal set
of phenomenological parameters of the 7+ p+g’ model, and also to the interference of the
various diagrams of the effective theory. The last part of the review is devoted to a discussion of
the reaction of charge exchange on nuclei with excitation of A isobars in terms of effective
numbers; it is demonstrated that an important role is played by a number of many-body processes
which are characteristic of reactions on nuclei but absent in the case of the reaction on free
nucleons. Mention is also made of a number of general problems in the analysis of resonance
reactions in nuclear physics and particle physics, and the prospects for further research are

discussed.

INTRODUCTION

The main purpose of this review is to analyze resonance
phenomena in charge-exchange processes of the type
a+A—b+X (a, b=p, m n, *He, t), both on free hadrons
and on nuclei; inelastic charge exchange of protons and *He
nuclei is considered in the most detail. There is now a large
accumulation of experimental material on these processes
(see the review of Ref. 1 and references therein), which re-
quires a quantitative interpretation in the framework of a
unified ‘““microscopic” approach.

Inclusive reactions of the type (e,e’), (p,p’), (m,7"),
(p,n), (*He,t), (°Li,°He) are a primary source of information
about the effective NN and NA interactions, reaction mecha-
nisms, and nuclear structure at intermediate energies. The
study of these reactions led to the discovery of Gamow—
Teller and other charge-exchange resonances, extended our
knowledge of spin forces in nuclei, provided new informa-
tion about non-nucleon degrees of freedom in the nucleus,
and so forth. Among such processes, it is of special interest
to consider the charge-exchange reactions (p,A*™"), (p,n),,
(*He,t),, (°Li,°He), involving the A isobar, since by analyz-
ing these reactions it is possible to obtain information about
the role of the A isobar in the spin and isospin components of
the nuclear forces. There have been numerous studies of
charge-exchange reactions by both theoreticians and experi-
mentalists (see, for example, Refs. 1-3 and references
therein). Information about the reaction mechanism on free
nucleons is particularly important. The point is that, because
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of the relatively small (~5% at T,~1 GeV) renormalization
of the interaction in nuclei,*”’ information about the free
processes makes it possible in principle to understand the
mechanisms of charge-exchange reactions on nuclei and to
investigate the spin-isospin modes of excitation in nuclear
matter.

However, at the present time there is no complete picture
of the phenomenon. In particular, the existing approaches do
not make it possible to distinguish correctly the effects of
nuclear structure from the (p,n), reaction mechanism at
incident-proton energies T,>1 GeV.2 The analysis of the
process is considerably complicated by collective excitations
of the type (AN7"), i.e., a A-isobar-nucleon ““hole.”>~® For
intermediate energies, the renormalization of the NN—NA
interaction in going from the vacuum to the nucleus has not
been sufficiently investigated (see Refs. 2 and 4). As always,
there remains the debatable technique of taking into account
nuclear distortions in the entrance and exit channels in the
energy region under consideration.’~'" Finally, the analysis
of inclusive cross sections has its own specific features due
to the insensitivity to the details of the structure of the target
nucleus.”'" Following the terminology of Refs. 9 and 10, we
shall refer to this property as the ““universality” of inclusive
cross sections. In theoretical calculations, universality mani-
fests itself in the fact that the results of the calculations are
practically independent of the choice of the basis functions
of the shell model. For example, if, instead of Woods—Saxon
wave functions, one uses oscillator wave functions, semiclas-
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sical wave functions, or even wave functions of a free Fermi
gas, the values of the cross sections are changed by only
5-10%.>1" Experimentally, universality manifests itself in
the fact that the charge-exchange cross sections containing
information on the NN—NA interactions and on the reaction
mechanism are smooth functions of their arguments—the
mass number A and the energy of the incident particle.

Another feature of the most popular methods of analyz-
ing strong processes4‘8"2‘19 (field-theory approaches,“*g’12
the Glauber approximation,'* and so forth) is their unmistak-
able phenomenological character, reflected in the fact that the
theoretical formulas contain a large number of phenomeno-
logical parameters. This is partly due to the absence of small
parameters like a dimensionless coupling constant.'? In gen-
eral, the momentum transfers g that are characteristic of the
physics of hadronic resonances are also not small in com-
parison with the momentum (P) of the incident particles. In
the region of intermediate energies, the long-wavelength ap-
proximation kR<€1, where k is the wave vector of the inci-
dent particle and R is the characteristic dimension of the
target, is not satisfied. It should be pointed out that even the
existence of a natural small parameter of the theory in the
form (V)/E <1, i.e., the ratio of the average potential energy
of a nucleon belonging to the target nucleus in the initial
bound state to the kinetic energy of the incident particle, is
by no means always a guarantee that the impulse approxima-
tion (DWIA) is valid: in the case of reactions on nuclei,
resonance excitation of intranucleon degrees of freedom in
the system of strongly interacting particles can lead to a sub-
stantial enhancement of the contribution from channels that
are forbidden by the selection rules for processes on free
nucleons.”’

What we have said above enables us to understand the
reasons for the persistent popularity of purely phenomeno-
logical approaches involving optical potentials, but it cannot
justify them, since at the present time they no longer satisfy
the requirements of experiments: there is an urgent need for
a “microscopic” theory of processes involving nuclei at in-
termediate energies. The main difficulty in constructing such
a theory, which one would like to see based on the first
principles of quantum chromodynamics (QCD),* is associ-
ated with the fundamentally nonperturbative character of the
problems in QCD that arise in the physics of intermediate
energies. This is the reason for the phenomenological char-
acter of the theory of strong processes at intermediate ener-
gies and for the “hybrid” nature of the currently employed
approaches (apart from purely kinematic ones'>1). These
approaches are based on the use of fundamental principles of
quantum theory, as well as on phenomenological parametri-
zations of certain auxiliary form factors in calculations of
various observable quantities.

The clearest example of a theory of this kind is the
theory of finite Fermi systems. However, the use of this
theory is insufficiently correct for the analysis of the studied
class of processes, which occur primarily at the surface of
the target nuclei. This creates a need for alternative schemes
for analyzing processes in the region of intermediate ener-
gies.

The inclusive character of most experimental data ob-
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tained at intermediate energies facilitates the theoretical
analysis to some extent, since inclusive cross sections are
insensitive to the fine details of the nuclear structure, such as
effects of superfluid mixing of configurations, small defor-
mations of the target nucleus, and so forth.®?* It is for this
reason that inclusive reactions can be regarded as a conve-
nient tool for studying the reaction mechanisms and the
nuclear interaction in the region of intermediate energies.
Results from the analysis of inclusive processes can then be
used in the investigation of exclusive and ““semiexclusive”
reactions.

The special features of inclusive reactions enumerated
above lead to perfectly natural requirements on the formal-
ism for describing direct processes in the region of interme-
diate energies.

First, the formalism must be sufficiently universal, i.e.,
in the framework of a unified approach it must describe a
large class of direct processes (including resonance ones),
such as quasielastic knockout (p,pX), (e,eX), and (a,20),
fragmentation, transfer of clusters between heavy ions, ab-
sorption of slow 7 mesons (7 ,A) and of high-energy y
rays (y,A), cumulative nuclear reactions with backward
emission of fast hadrons, reactions of charge exchange, spin
flip, etc.

Second, the formalism must be sufficiently simple from
the computational point of view to use it for effective analy-
sis of a wide range of experimental data, and at the same
time sufficiently informative to permit possible identification
of the reaction mechanism.

Third, in view of the specific features of the studied
range of energies (T~1 GeV/nucleon), purely potential ap-
proximations like the DWBA become insufficiently correct,
and therefore the formalism must include both nuclear-
physics and field-theory aspects of the problem. Above all,
such a formalism must take into account the coupling be-
tween the excited “external”” degrees of freedom describing
the motion of the constituent nucleons of the nucleus and the
““internal” degrees of freedom of these constituents, since the
interactions of intermediate-energy particles with free nucle-
ons and with nuclei have an appreciable probability of excit-
ing baryon resonances allowed by the energy-momentum
conservation laws and by the selection rules.

Finally, a consistent scheme for analyzing inclusive re-
actions at intermediate energies must include methods of cal-
culating the elementary processes [i.e., cross sections of the
type do, . x_x+./dy; see Eq. (1) below].

Thus, we must seek possible ways of synthesizing the
approaches of nuclear physics and of elementary-particle
physics. Here we are led naturally to a number of questions
which constitute the essence of the problem; many of them
go beyond the scope of our review.

* What are the mechanisms of excitation and deexcita-
tion of baryon resonances, especially of the A isobar and the
Roper resonance N(1440)?

* Are these mechanisms different for free nucleons and
for nucleons in nuclei?

* What is the reason for the high selectivity of the exci-
tation of baryon resonances in reactions on nuclei?
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* What are the optimal conditions for observing particu-
lar resonance phenomena?

* What is the sensitivity of the results of calculations to
the choice of the model, and how can it be minimized?

* What properties of resonances are determined by the
first principles of quantum theory, and what properties can be
reproduced on the basis of specific models?

¢ What kinds of experiments in the physics of interme-
diate energies are most informative for identifying the reac-
tion mechanism?

Some of the questions in this list were posed in the late
1920s and early 1930s, i.e., during the period when the basic
principles of quantum theory were formulated. The questions
pertaining directly to the physics of baryon resonances began
to appear after 1953, i.e., after Fermi’s group discovered the
first and most prominent of the nucleon resonances: the
A(1232) isobar.

Despite the enormous quantity of impressive results ob-
tained since the discovery of the A isobar, an understanding
of the true role of this resonance in the physics of interme-
diate energies began to emerge only by the early 1980s,
when it became clear that many effects that had previously
been interpreted as a manifestation of short-range nucleon-
nucleon correlations are actually due to the contribution of
baryon resonances [especially the A(1232) isobar]. There are
now strong reasons for supposing that this resonance in the
pion nuclear physics of intermediate energies survives as a
separate form of baryons even in the strongly interacting
nuclear environment and can be regarded as a quasiparticle
in exactly the same way as the nucleon.*~%%-%

In attempting to satisfy the enumerated requirements on
the formalism, there arises the question of finding a single
standard for comparing the cross sections for different direct
nuclear processes with emission of nucleons, baryon reso-
nances, and clusters. In our opinion, the concept of “effec-
tive numbers” of clusters in the target nucleus makes it pos-
sible to find an answer to this question.

Several monographs®?22%?7 contain fairly detailed stud-
ies and descriptions of direct processes (mainly for the ex-
ample of quasielastic knockout of nucleons and clusters
X=p,d,t, He, a, whereas we are much more interested in
the production of resonances X=A"",...), which satisfy, with
fairly good accuracy, a relation of the type

do'a+XHX+a

Ao a(a,ax)B M
aa,

a0, N

where day(,,4x)8/d{ly is the cross section for knockout of
the final cluster X from the nucleus A, do,, xy_,x+,/d 2y is
the analogous free cross section, and N is the effective num-
ber of clusters X in the target nucleus A.

Factorized relations of the type (1) arise in a natural way
in the impulse approximation (see Ref. 28), and also in cer-
tain other cases?® (for more details, see Ref. 27).

In most of the studied cases, the value of N is deter-
mined by the properties of the target nucleus A and by the
absorption factors for the incident particle and detected frag-
ment in the nuclear medium; it is practically independent of
the reaction mechanism. Fulfillment of the relation (1) actu-
ally means that the DWIA is applicable. Therefore the dis-
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crepancy between experimental data and the results of inclu-
sive DWIA calculations contains valuable information about
the reaction mechanism. )

The results of studies of the effective numbers N sum-
marized in Refs. 9, 22, 26, 27, and 29 indicate a smooth A
and E dependence of the total effective numbers in going
from one target nucleus to another, and also for moderate
variation of the incident-particle energy in the region 7>0.6
GeV/nucleon. This behavior of the effective numbers indi-
cates the possibility of semiclassical estimates of the depen-
dence N=N(E,A).

Thus, the study of resonance phenomena in inclusive
nuclear reactions leads to an obvious succession of prob-
lems: 1) study of the combinatorial properties of the effective
numbers; 2) investigation of the phenomenon of nuclear dis-
tortions; 3) field-theoretical analysis of free processes; 4)
identification of the reaction mechanisms; 5) analysis of the
general physical conception of a resonance.

From this standpoint, we consider in our review inelastic
charge exchange of protons and *He nuclei with excitation of
the A isobar as the most typical example of charge-exchange
processes of the type a+A — b+ X. The first two sections are
devoted to the main results obtained in nuclear physics in the
development of the method of effective numbers; NN—NA
processes are discussed in Secs. 3—5; in Sec. 6 we consider
the results of analysis of the reactions A(p,n),B and
A(PHe,t),B in the language of effective numbers.

1. SUM RULES FOR NUCLEONS, DEUTERONS, ¢,
3He, AND a PARTICLES, AND THEIR PROPERTIES

Let us consider a real or virtual process of decay of a
nucleus A into fragments X and A —X:

A-X+(A-X). 2

We define the form factor of particle X in channel ¢ in
accordance with Ref. 30:

‘PXC(R)=<A{ ) \If““">, ()

(Yi

uXC(R,)]

where ‘I’{;_M" is the wave function of the parent nucleus A
1

with spin J;, spin projection M, and other quantum num-
bers o;; Ly, is the channel function of particle X, c is the
complete set of channel quantum numbers, including the
spins and the spin projections of the fragments, and A is the
operator of antisymmetrization between the nucleons of the
daughter nucleus A — X and of the fragment X.

For the nucleon channel, in the standard notation for the
spherical and spin functions and for the Clebsch-Gordan co-
efficients, the expression for the channel function 4y (R’)
has the form®'

Uve(R)= 2 (p.jsMpmlJ M)
mg.,my
Mf,m
X(Lymms|j,m)Y i (RO X1 2.m (@)W ()
where ‘I’fjf“’ is the wave function of the daughter nucleus

and A is the antisymmetrization operator
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~ 1 N
A= — -1)PP{...}, 5
Jﬁg( )PP{...} (5)

in which the sum over p includes all distinct permutations
between separable neutrons (for definiteness, we assume that
it is a neutron that is separated, and we introduce the neutron
normalization 1/yN in the antisymmetrization operator) and
neutrons belonging to the residual nucleus.

To calculate the expression (3) with the channel function
(4), we use the shell basis in the jj coupling scheme. We
introduce the standard spin-orbit function

(I)jlm(X) = 2 (1’ %’ml ’msljam)Ylm,(r)Xl/Z.ms( 0')

mg m;

(6)

and the radial shell wave function ,;;(r). Then the complete
basis function ¢,,;,(X) can be written in the form

‘Pnljm(x):unlj(r)q)jlm(x)- (7)

The subscript n in (7) is the radial quantum number. For
states of the discrete spectrum, it takes integer values. In the
case of the continuum, we shall use for n the asymptotic
momentum p of the nucleon.

Let us expand the expression [§(R—R")/R']®;,,(X) in
Eq. (3) in a series in terms of the complete set of single-
particle functions ¢,;,,(X) in the form

S(R—R')

IXjIm(R)>E T (Djlm(x)>

=2 4, (R)R@ (R, 0) (8)

n

and go over to the second-quantization representation. Then,
according to Ref. 30, we have

|lem(R)>=2 urtlj(R)Rajl())’ (9)

n

where a, is the operator of creation of a nucleon in the shell
state with quantum numbers v=n,/l,j,m.

Substituting (9) into (3), we obtain the final expression
for ¥y.(R):

Yy (R)=2 GMJi,0,d 07, L)) RU(R),  (10)

n

where
. J M JiM,;
G,ll(Jisa'i’nyo'f’l’])5<{q,,,f/ Ilanijnz}.l,-Milq’,,Ii > (11)

is the shell fractional-parentage coefficient for separation of
the nucleon.*

We note that the definition of the fractional-parentage
coefficient used in Ref. 32 agrees with that of Ref. 33 but
differs somewhat from the analogous definition of Ref. 34.
The relation between the coefficients in Refs. 32 and 34 is
given by the Wigner—Eckart theorem and reduces to the ap-
pearance of an additional Clebsch—Gordan coefficient in the
fractional-parentage coefficient of Ref. 34.
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Using the technique of Refs. 33 and 34, it is easy to
obtain explicit expressions for the single-particle fractional-
parentage coefficients corresponding to a transition between
the ground states of the parent and daughter nuclei.* In the
case of the simple shell model,

5NN V2n;, even subsystem N,
G!(sh.)= !
" 6]-JM\/1—nj/Qj, odd subsystem N,

(12)

where 2n;(2n;—1) is the number of particles in subshell j
in the even (odd) subsystem N; of the parent nucleus, and
;=(2j+1)/2 is the maximum number of pairs n; in sub-
shell j; the Kronecker symbol & in (12) takes into account
the angular-momentum selection rules.

The analogous fractional-parentage coefficients in the
superfluid shell model have the form™

5,-JN/(—1)’U;\IZQI», even subsystem N

1 _
G,,(Su.)—[ 5'~J~,-"f'

f i odd subsystem N;.

(13)

The superfluid coefficients u; and v; are determined by
the expressions™*

ui+vi=1, (14)

L PRl (15)
where ¢;, A, and Aj are, respectively, the energy, chemical
potential, and energy gap for subshell j.

In Table I we present the absolute values of the
fractional-parentage coefficients for the Fermi levels (j, ) of
the neutron subsystems of parent nuclei with 115<N=<145,
Z~80, calculated in the version of constant pairing,*?
A;=A=const. It can be seen from Table I that the single-
particle coefficients G, for filling of the subshells increase
(decrease) monotonically in the case of even (odd) sub-
systems N;. The superfluid coefficients G} (su.) are close in
value to the corresponding shell coefficients G (sh.) for a
given subshell (J,)r. Elsewhere, the coefficients G vanish.
In addition, we note that the coefficients G,',(sh.) and G }(su.)
are not only numerically similar, but also satisfy the corre-
spondence principle. According to Refs. 32, 33, and 35, the
limiting transition from the superfluid shell model to the or-
dinary shell model can be made by means of the substitution
vf—mzj/Qj for an even subsystem N; of the parent nucleus,
and v;—n;/({;—1) for an odd subsystem. Clearly, in this
limit the superfluid fractional-parentage coefficients reduce
to the coefficients of the simple shell model. >

An exposition of the general theory of fractional-
parentage coefficients for both the simple shell model and
the translationally invariant shell model can be found in the
monograph of Ref. 27.

The form factors of composite particles (d,t,’He,a) have
a somewhat more complex structure, but they can also be
calculated by means of the computational technique de-
scribed above.*?*~3

In the case of separation of a deuteron, the channel func-
tion $,.(R) is determined by the relation*"-!
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TABLE 1.

Odd neutron subsystems Even neutron subsystems
nlj - N Gi(shy | G'(su) N Gl(sh) | Glesu)
303/2 115 1,0 0,778 116 1,414 1,406
117 0,707 0,711 118 2,0 1.566
2f5/2 119 1,0 0,801 120 1,414 1,913
121 0,816 0,625 122 2,0 2,160
123 0,577 - 0,472 124 2,449 2,398
239/2 127 1,0 — 128 1,414 1,227
129 0,894 0,922 130 2,0 1,717
131 0,775 0,840 132 2,449 2,068
133 0,632 0,757 134 2,828 2,356
135 0,447 0,667 136 3,162 2,558
11172 137 1,0 0,899 138 1,414 1,770
139 0,913 0,860 140 2,0 2,026
141 0.816 0,811 142 2,499 2,283
143 0,707 0,752 144 2,828 2,522
145 0,577 0,686 146 3,162 2,723
(see Table I and the comments therein).
U(R)= 2 (J rd Mg M M) The deuteron form factors and spectroscopic factors
,’: ’fn';" ':": have been studied by a number of authors.**¥~*" In these

X(L,1,M ,Mg|J,M)L,1,M; ,MglJ,M)xq(r)
XY i (00X 11 ( 0, 0) Y Ly, (RIV /™, (16)

where x,={r,,0,} (x,={r,,0,}) represents the coordinate
and spin of the proton (neutron) forming the deuteron, R is
the coordinate of the motion of the centers of mass of the
deuteron and daughter nucleus (A —2) [for A>1, we have
R=(r,+r,)2], r=r,—r,, X4(r) is the component of the
internal wave function of the ground state of the deuteron
with relative angular momentum / (/=0,2), x, (0, 0,) is
the spin function, and L is the orbital angular momentum of
the relative motion of the deuteron and residual nucleus. The
antisymmetrization operator A in this case includes the dis-
tinct permutations of both neutrons (N) and protons (Z) of
the daughter nucleus with the nucleons of the separated deu-
teron:

Ao > (—1)PP 17
_\/W,,( )P P{...}. (17)

The form factors for ¢, 3He, and a particles are determined in
exactly the same way (for more details, see Refs. 9, 30, and
31).

The relation (3) makes it possible to determine the spec-

troscopic factor of fragment X in channel ¢:*3!

Wy = f( )\Iff,c(R)dR. (18)
From (10) it is easy to see that for closed nucleon chan-

nels, by virtue of the normalization condition for the shell
wave functions, we have

Wye=1G,(J;,0:.0p,07,1,))I (19)
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studies, it has been shown that: 1) the deuteron spectroscopic
factors W,. in heavy spherical nuclei are fairly large
(W,.~10"'-10"%) and may even exceed the a-particle spec-
troscopic factors for favored a transitions (~10"%), which
have an appreciable superfluid enhancement” (by up to three
orders of magnitude); 2) the effect of “alignment”()‘%'27 of
the angular momenta of the separated np pair may enhance
the deuteron spectroscopic factors by 1-2 orders of magni-
tude for large angular momenta L; 3) the contribution of the
d component (/=2) to the spectroscopic factor W, is appre-
ciable only for significantly suppressed transitions.”* This
means that in Eq. (16) in all the calculations one can make
use of the internal wave function of the deuteron in the ap-
proximation y,,(r)=x,.(r), discarding the term with /=2.
In inclusive reactions at intermediate energies, a large
number of levels of the residual nucleus are excited, and its
states are not detected. Therefore it seems expedient to mea-
sure the yield of fragments X by means of the quantity

WX: 2 WX( ’ (20)

c

where the summation is taken over all open and closed chan-
nels of decay of the nucleus A into the subsystems X and
A-x°

The cross sections for various direct processes with
emission of the fragment X can be estimated on the basis of
the known distributions of the spectroscopic factors Wy, in
the energies, momenta, etc.

The study of sum rules of the type (20) was begun by
Lane,*' who showed that the sum of the spectroscopic factors
of the nucleons for a given shell is equal to the number of
nucleons in that shell.
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Further progress in developing the language of effective
numbers was made in studying the phenomenon of cluster-
ing. The main results of such studies for light nuclei (A=<20)
have been obtained by Neudachin’s group. The total and par-
tial sums of the d, ¢, *He, and « spectroscopic factors for

nuclei of the 1p shell were studied in Refs. 42—44 (see the
monographs of Refs. 26 and 27).

For heavy nuclei, an analogous series of investigations
was carried out by Kadmenskii’s group.”

According to (8), the total nucleon spectroscopic factor
Wy has the form

Wy=2 Wy.= f( WR)R, @1
where
V2(R)=, ¥2 (R). (22)

Equations (8) and (9) enable us to write (22) as

\I’.ﬁ(R): 2 (vaj’M[7MIJ(‘7Mc)
Mf,M,Jf.tT/,j-l
MM J. M. '

JiM; JM
(Jf ] Mf,M |J(-,M <‘P ‘ nl]M‘an-f/ f>

X(¥S fla,,,,Mrlllf’ Moyt (R) W ;(R)RZ.

(23)

The orthonormality and completeness of the Clebsch—
Gordan coefficients

> (pisMp MU MU, MM M)
Jo M,

= 6M}MI5M’M (24)

and the completeness of the system of wave functions
\I'{Tfo for the daughter nucleus permit a substantial simpli-

fication of Eq. (23)

VI(R)=

o
n'.n.j.lm

unlj(R)un'lj(R)Rz
IM; IiM;
X(‘I’o_i Ia:lean’Ileq’o-i )

_2 an IIIJ(R)’ (25)

where n’, is the occupation number of the state v=(n,l,j,m)
in the parent nucleus A.

The quantity ‘If,zv(R) is related to the single-nucleon den-
sity py(R) by the simple equation

Yi(R)= E n\R*Z,(R)=4TRpy(R). (26)

Therefore the sum of the spectroscopic factors Wy is
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FIG. 1. Single-nucleon density for the nucleus **Pb. The dashed curve is
for the Woods—Saxon parametrization, and the solid curve is the calculation
in the Hartree—Fock approximation.

N for neutrons,

Wv=1z  for protons.

(27)

In deriving Eq. (25), we used only the properti€s of or-
thonormality and completeness of the shell basis. Therefore
the final result is model-independent in the sense that it does
not depend on the specific form of the basis wave functions
of the shell model; i.e., the given results also hold in the case
of L—S coupling, in Migdal’s \ representation for the theory
of finite Fermi systems,*~® and in the approximation of a free
Fermi gas, which is widely used in the physics of intermedi-
ate energies.>*

The properties of the occupation numbers for various
Fermi systems, including nuclei, have been well studied. S
Therefore we note here only that Egs. (25) and (26) corre-
spond to the ordinary Hartree approximation.

The effective numbers of nucleons and their distributions
have been calculated in various studies (see, for example, the
monograph of Ref. 45 or the review of Ref. 46).

In Fig. 1 we show a typical plot of the distribution of the
nucleon density in the Hartree approximation. Figure 2
shows a typical distribution of Wy, as a function of the an-
gular momentum [ of the separated nucleon.

Let us consider in more detail the distribution of nucle-
ons in the separation energies |£j|. Since the sum (21) con-
tains comparable contributions from practically all shell
states v, and not just those near the Fermi surface, it is nec-
essary to take into account the deviation of ¢; from the analo-
gous value 8 given by the simple shell model * In analyzing
the dependence of g; on so, it is necessary in principle to
include effects of fragmentatlon of shell states far from the
Fermi surface with respect to states of three, five, etc., qua-
siparticles, as well as the energy dependence of the shell
potential V(r,e).** The first effect leads to the existence of
a finite width T'; of the single-particle level j. In Refs. 9 and
48 it was shown that, by virtue of the condition I';<D~2w
(where D, is the energy interval between neighboring shell
states with given / and j), it is permissible to neglect the
influence of the fragmentation effect on estimates of the
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FIG. 2. Distribution of effective numbers Wy, as a function of the angular
momentum [ of the separated nucleon for the nucleus **Pb. The solid curve
is for the Fermi-gas approximation.

cross sections for various reactions on the basis of the sum
rule (20). The second effect is importantg and can be taken
into account by using the method of Ref. 47, in which an
analysis of the (p,2p) reaction led to an approximate expres-
sion for the depth of the potential V(e):

V(e)=Vy+ag(n—ce), (28)

where V, is the depth of the potential near the Fermi surface,
which is the same as the depth of the analogous potential in
the simple shell model, a;=—0.52, and u is the chemical
potential. Estimates of «, on the basis of optical
calculations® give the value ay=—0.30, which is noticeably
different from the value ay=—0.52 in Ref. 47. In Refs. 9 and
47 it was shown that the replacement of V, by V(e) leads to
a renormalization of the single-particle shell energies:

0
HL—E;
1+a0'

g;= e?+ ag (29)

]

According to Ref. 9, when |&}|>|u| we have &;~2&,
whereas near the Fermi surface we have & i~ s?; this leads to
an “extension” of the histogram for the partial effective

nucleon number in a given energy interval AE=F,—E,:

Wye= 2 Wo1jmO(€41j—E2) O(E | — £y)). (30)

n,j,l.m

The effect described above is demonstrated in Fig. 3.

A systematic study of sum rules for the d, ¢, 3He, and a
spectroscopic factors in the case of heavy spherical nuclei
was carried out by Kadmenskii and his coworkers in Refs.
30-32 and 48-50, and this work is summarized in the
monograph of Ref. 9. We shall list briefly the main results of
these investigations.

It was shown in the studies mentioned above that the
sum rules for d, ¢, 3He, and « are given by properties of the
shell potential that are universal for all spherical nuclei and
are even practically independent of the form chosen for the
self-consistent field. It was established by direct calculation
that the effective numbers W, for X=d, ¢, He, « are large
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FIG. 3. Distribution of effective numbers Wy, in the nucleon separation
energy: a) without allowance for the energy dependence of the depth of the
shell potential V(E); b) with allowance for this dependence.

(W,>A for nuclei heavier than 10) and are stable with re-
spect to effects of configuration mixing, even-odd effects,
and so forth.

The classifying possibilities of the energy distributions
of the effective numbers were demonstrated, and the limits of
applicability of the relations for the quantities W, were in-
vestigated. Expressions were constructed for the inclusive
cross sections for quasielastic knockout (p,pX) using the
method of distorted waves. It was shown that the angular
spectra for quasielastic knockout (p,pX) in the case of large
momentum transfers are proportional to the analogous spec-
tra for elastic pX scattering under similar kinematic condi-
tions.

In Refs. 10 and 51 (see also Ref. 9) an investigation was
made of the approximation of effective numbers with allow-
ance for nuclear distortions in the Glauber—Sitenko formal-
ism and the optical model. It was found that this approxima-
tion makes it possible to reproduce theoretically the shape of
the momentum spectra for the (p,p’d) reaction over a wide
range of energies (0.38<T,<1.4 GeV) and target nuclei
(4=<A=<64), as well as the absolute values of da/d(}, in the
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case of low energies 7,=0.38 GeV. At the same time, for
T,>0.38 GeV the theoretlcal values W, differ appreciably
from the corresponding experimental values WS and do not
reproduce the A dependence WS ~ A'”, This last fact indi-
cates a limitation of the approximation of effective numbers
in the region of intermediate energies.

The further logic of the investigations carried out in the
studies mentioned above is connected with the conception of
short-range nucleon-nucleon correlations.

The use of the hypothesis®* that the shell wave function
of a few-nucleon group X, ¥, A{{H"_]H,<Jf(r
— 1;)¢,(x;)} (where f is the Jastrow factor 3), is proportional
(in the case of small relative distances between the nucleons)
to the wave function of the corresponding free fragment X,
X.(£), according to the relation

§>H ¢, (R,0;) 31)

i=1

Vo= (C)

(where £ is the set of internal coordinates of the fragment X,
and R is the position of its center of mass) makes it possible
to represent the effective number Wx for the (p,pX) reaction
in the form

W,=F,(C2y ! f dRf2(b, ,2)p"(R), (32)

in which F, is a combinatorial factor F,=3/4NZ,
F=(N(IN-1)/4)Z; F3uy=(Z(Z—1)/4)N; F, =1/16N(N
—1)Z(Z—-1), p(R) is the single-nucleon density, normal-
ized by the condition fdRp(R)=1, b is the impact param-
eter, and f2(b,z) is the nuclear distortion factor, calculated
on the basis of the Glauber—Sitenko method.'™!'**!* The
authors of Refs. 9, 10, and 51 made use of a phenomenologi-
cal approach, in which they obtained the approximately con-
stant parameter value C5=180%50 fm® within the error cor-
ridor.

In a number of studies (see, for example, Ref. 55) it was
stated that excitation of a virtual A isobar can lead to a sig-
nificant enhancement of the cross section for free pd back-
ward scattering in a narrow range of kinetic energies. Using
this fact, and also the results of Refs. 23 and 24 on (p,n),
charge-exchange reactions in the region of A-isobar excita-
tion, we construct the dependence of C3 from (32) on the
incident-proton energy on the same scale with the cross sec-
tion for excitation of the A isobar in the reaction
p+p—n+A**. The results of this comparison are shown
in Fig. 4, from which it can be seen that excitation of baryon
resonances and short-range NN correlations can in principle
imitate each other.

2. INTEGRAL METHODS OF ANALYZING INCLUSIVE
NUCLEAR REACTIONS ON THE BASIS OF
EFFECTIVE NUMBERS

In the Introduction we have already spoken about prob-
lems associated with going beyond the DWIA and about the
method of effective numbers. This section is devoted to the
application of the method of effective numbers for the stud-
ied reactions.
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FIG. 4. Ratios C3/Ci.. and cross scctions for the reactions
p+p—n+p+a* and pp—nA** (normalized with respect to their maxi-
mum values) as functions of the kinctic energy of the incident proton.

Our discussion will be based systematically on the re-
sults obtained in Refs. 9, 10, and.- 27 from the analysis of
inclusive (p,pX) reactions involving knockout of clusters,
which are kinematically analogous to the (p,n), process. We
shall use the system of units in which i=c=1.

In Refs. 2 and 56-59 it was argued in detail that the
(p,n), reaction can be studied by the method of distorted
waves. On this basis, we write the invariant cross section for
the (p,n), reaction in the form®

2EE, 1

d
T N (Sya m3M2) 2 20+ 1

> 2m)teth

X(Pi+PA_Pn_Pf)|T’BZI;—A,A ZdPn’ (33)

where the summation goes over the quantum numbers m,
M, and f. In the first Born approximation, the matrix ele-
ment of the T matrix has the form

Zp+A,A:< {Xn_)(kn’r)w3+A(rl’ Ny )

A
X Z Vyal(r;

j=1

,r) A{XH')

X(kpar)\I’aiJiMi(rl7-"vrA)} . (34)

In Eq. (33) and in what follows, we use the following nota-
tion: E;=(P?+m2%)"? is the energy of the incident proton
with momentum P; and mass my, E,=(P*+M?3)"? is the
energy of the target nucleus A, Sy, is the square of the
invariant mass of the ptA system,
)\(x,y,z)=(x—y—z)2~4yz is the kinematic or triangle
function,'® and P;, P,, P,, and P, are, respectively, the
4-momenta of the incident proton, the detected neutron, and
the undetected fragments f=B+ A. Equation (34) is written
in the p+A center-of-mass system. It contains the wave
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function ¥, of the target nucleus A with spin J, spin
projection M, and other quantum numbers a, the wave func-
tion ¥y, of the unobserved system f consisting of the
nucleus B A—1 and the A isobar, the distorted waves x,"’
and x, ) of the proton and neutron, the operator Vya of the
transition NN —NA, and the antisymmetrization operator A.
The factor [2(27,4+1)]"! in Eq. (33) arises because of the
average over the spin projections of the incident proton and
target nucleus, i.e., both the beam and the target are assumed
to be unpolarized.

In Refs. 9-11 it was shown that the usual method of
taking into account nuclear distortions in calculating
x57(x$7?) in the optical model leads to underestimated val-
ues of the theoretical cross sections, since it does not include
the contribution from processes involving incoherent rescat-
tering of the proton (neutron) by the nucleons of the target
nucleus A (residual nucleus B +A). This effect can be taken
into account by using Glauber distorted waves:*~!’

A

Xk, r)=(2m) ¥ exp(ik,n) [ [1-T
j=1

z)Jxm( o), (35)
A-1
Xm )(km’ _(277 Ik exp(lknr)l—[ [1_

j=1

X (b=b,) 6(z=2;) 1 (0), (36)

where I'(b) is the profile function

1
r — i(Q'b)A 2 . 7
(b) Ymik Je w(q)dq (37)
In Egs. (35)—-(37), b is the impact parameter, q is the mo-
mentum transfer, Ayy(q) is the NN scattering amplitude,
X (o) is the spin function of a nucleon with spin & and spin
projection m, and &z) is the step function

1 for z=0

0(2)=[O for z<0. (38)

In Refs. 9 and 10, for the example of (p,pX) inclusive
reactions, a study was made of the approximation of effec-
tive numbers, which differs from the standard DWIA in that
the optical distorted waves are replaced by Glauber waves. In
this approximation, which makes essential use of the condi-
tion of completeness of the final states of the undetected
fragments, the A(p,n),B reaction cross section can be rep-
resented in the form (see the monographs of Refs. 9, 11, 26,
and 28, and also the references therein)

doA(,, N Aoy pnra++(Pi,Q)

dQ, ’
(39

where [®4(Q)} is the momentum distribution in the nucleus
A of the nucleons participating in the charge-exchange reac-
tion.

The nucleon momentum distribution [dDQ(Q)] can be
readily calculated in terms of the partial proton (|<I>A(Q)|2)
and neutron (|92 (Q)|>) momentum distributions:

- [ aqyor
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[PHQI=|PAQ L+ oA QP - (40)

where the factor 1/3 in (40) is the isotopic weight factor for
production of the A* isobar on the neutron. The effective
number of protons (neutrons) taking part in the (p,n), pro-
cess is determined by the integral of the momentum distri-
bution:

Npm):f dQl‘DP("'(Q))Z, (41)

In the plane-wave approximation, the effective numbers are
N/ (PW)=Z (NA(PW)=N), where Z(N) is the number of
protons (neutrons) in the nucleus A. A detailed analysis of
the properties of the effective numbers of nucleons and clus-
ters was carried out in the monographs of Refs. 6, 9, and 27,
and in the review of Ref. 22. The presence of the momentum
Q of the intranuclear nucleon among the arguments of the
cross section do,,, . +a++(P;,Q)/d(}, for charge ex-
change on a free nucleon indicates the need to take into
account off-mass-shell effects. It is customary to calculate
the off-mass-shell effects in the optical approximation.®’
However, in the studied region of energies T,,>O.6 GeV the
influence of off-mass-shell effects on the integrated cross
sections can be neglected, since the momentum P; of the
incident nucleon and the momentum transfer q satisfy the
conditions |P;|> P and |q|~Pf, where Py is the Fermi mo-
mentum. The point is that the strength of the interaction de-
pends on the momentum P; of the incident proton and on the
momentum Q of the intranuclear nucleon as (P?+Q?%)'2, so
that the overall correction due to the Fermi motion of the
nucleons and their binding does not exceed 3-5%. More-
over, the off-mass-shell effects have little influence on the A
dependence of the integrated A(p,n) B reaction cross sec-
tion in which we are interested. Because of these circum-
stances, at this stage of the investigations we can make use of
the approximation

do,ip pra++(P;,Q) _ doy,p_n+a++(P;,Q=0)

dQ, dQ,
do N ++ ( P-) |
ptp—n+A i
= .4
dqQ, lo
In this approximation, the expression (39) factorizes:
do'A(pn)AB do ++(P»)I
. iy ptp—n+A i .
aa, VN aq, 5 “3)

in the approximation of effective numbers, the expression for
N has the simple structure®!”

- N
w-| dQ[<I>,‘§,(Q)]2=(Z+ g) [ aretorv,

N
E(z+ §)<f2>. (44)
In Eq. (44), (fz) is an effective absorption factor, p(r) is the
single-nucleon density, normalized by the condition [drp(r)

=1, and f*(b,z) is the Glauber absorption factor
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where a'py(aky) is the total cross section for proton-nucleon

(neutron- nucleon) scattering, and o5y( o) is the analogous
elastic cross section. The thickness functlons T - can be writ-
ten in the standard form

T,(b,z)=A f dép({b*+ £}, (46)

T_(b,z)=A fzdfp({b2+§2}”2). (47)

Equation (45) is an expansion of the absorption factor in the
number A ,(A,) of quasielastic collisions of the incident pro-
ton (outgoing neutron) with the nucleons of the nucleus
A(B). It enables us to represent the effective numbers N in
the form

N A A
1\7=(Z+ g)fdrp(r) > > ff\p}\"(b,z)- (48)

A,=0 A, =0

We define the partial sum N, o 3

A—[vpu ( ) E E drp(r)fip)\"(b,z). (49)
A,=0 A,=0

Each partial sum (49) describes the contribution to the total
cross section from a certain group of final states of the
nucleus B +A. For example, N oo corresponds to the fact that
the state (AN ') was formed as a result of the reaction, and
there are no other excitations in the nucleus B; the quantity
N, corresponds to a process in which the incident nucleon
first excited the 1p— 1A state in the nucleus A, after which,
following charge exchange, the (AN™') excitation was
formed. In general, if v,+v, =k, this means that the excita-
tion (kp—kh)+(AN~') was formed in the reaction
A(p,n)sB.

Charge symmetry enables us to simplify the expression
(45) somewhat, since this expression implies equality of the
Cross sections: opy=0,y=0yy; therefore, instead of the
two thickness functions T;(b,z), we can introduce the
single function
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T(b)=T_(b,z)+T,(b,z)=A f dzp({b*+22}172).
(50)

In this case, in the limit of large mass numbers A>1 we
obtain the well-known eikonal approximation

felk(b) exp{ (o_tot UNN)T(b)} (51)

We note that in going from (45) to (51) we made use of the
fact that the cross sections opy(T,) and o,,(T,) depend
weakly on the energy T,(T,), since, strictly speaking,
UPN( Tp) = UnN( Tn) ()l'l]y when Tp= Tn .

If the nucleus is detected in the ground state, as was the
case, for example, in the experiment of Ref. 61, then in the
absorption factors (45) and (51) we must formally put afle
= 0. In this case, Eq. (51) corresponds to the eikonal ap-
proximation for the optical model of elastic scattering.

Substituting the expression (51) for f2(b) into Eq. (48),
we represent the effective absorption factor (f2) in the eiko-
nal approximation in the form

2w
(= f dbbT(b)e™ 7T, (52)
where 0 = oy for exclusive and o = o0y — oSy for in-
clusive reactions. The integral (52) can be estimated by the
saddle-point method:

(£ ={2m)*bo}{Ac?e|T' (b)|}, (53)
where b is the root of the equation
T(by)=0"". (54)

For energies 7,>0.6 GeV, the value of o lies in the
interval g~20—40 mb (oy =~ 40 mb, oy ~ 10-20 mb. In
this case, by=R, and |T'(by)|~1/ca, where R, is the ra-
dius of the nucleus, a is the diffuseness of its boundary, and
the approximate expression for (f) can be written in the
form

(F~{(2m)* %R a/(0Ae). (55)

It follows at once from Eq. (55) that (f*)~A %>, and
therefore the A dependence of N has the form

N=x,A"3, (56)

In Tables II and III we give the A and T, dependences of
the effective numbers N. It can be seen from these tables that
the effective numbers have the form N= k,A®, where a is a
slowly increasing function of )\p and A, :ay,=0.31 for Noc
and @;;=0.35 for N;. The series (48) then converges very
rapidly—about 90% of the total value of N comes from the
partial sum N,. This result in fact justifies our use of the
approximation of completeness and confirms the validity of
the relations (50) and (51). However, we note here that the
somewhat overestimated value a;;=0.38 for N arises be-
cause of the neglect of absorption of the A isobar in the
nucleus (for example, emission of a A isobar in the channel
of mesonless deexcitation). Allowance for this absorption re-
duces the value of a to 0.36.

To calculate the T, dependence of N and (f?), we used
the data on the cross sectlons oy and oy, which were
systematized in Refs. 62 and 63. It can be seen from Table II
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TABLE II. Effective numbers of nucleons N as a function of the mass
number A at incident-proton energy T,=6 GeV.

A N, Ny, N, N, Ny, N,
12 1,79 1,69 2,23 2,32 2,34 2,43
16 179 1.7 2,28 2,40 2.42 2,51
27 2,66 258 3.46 3,65 3.68 3.78
40 3,07 3,00 408 4,33 438 4,47
58 3,38 3,32 4,54 485 492 5,02
118 3,90 3.86 5,31 5.69 574 5,88
208 4,35 4,33 5.98 6,43 6.55 6,63

. The subscript *“‘opt” means that in the calculation of N the absorption factors were com-

* puted in the optical model of elastic scattering. The meaning of the subscripts *eik” and
“jk” (j, k=0, 3) is described in detail in the text. The same notation is used in all sub-

. sequent tables and figures. Absorption factors (48) without allowing the A isobar to go

! into the AN—NN channel are used in the calculations.

that in the studied region of energies the 7, dependence of
the effective numbers N is weak, and this justifies the valid-
ity of the approximation

ann( T,J” ann(T,).

In the analysis of the effective numbers of nucleons and
of the absorption factors, we used the following parametri-
zation of the single-nucleon density p(r). For A =20 the den-
sity p(r) was represented in the form of the Woods—Saxon

distribution
r—R -1
1+ exp( A ) } ,

p(r)=po (57)

a

where =0.54 fm and R, =1.124"3—0.86A4 7!/ (Ref. 34),
while for A <20 we used the Hartree approximation for the
single-particle density, calculated in the oscillator shell basis:

4
P(")=A(a07_r)3/2

4 2
1+ 3 (r/ay)

exp{—(r/ao)z},
(58)

where ay=1.6 fm.?***

3. ELEMENTARY PROCESSES INVOLVING PIONS,
NUCLEONS, AND DELTA ISOBARS, AND THE
CORRESPONDENCE PRINCIPLE IN THE PHYSICS OF
INTERMEDIATE ENERGIES

The contemporary formalism for describing strong pro-
cesses at intermediate energies involving pions, nucleons,
and low-lying nonstrange baryon resonances was outlined in
detail in the monograph of Ref. 7. However, a number of
questions of both technical and physical character remained
beyond the scope of that study.

For example, in the region of intermediate energies spe-
cific manifestations of the first principles of quantum theory,

such as the complementarity principle, the correspondence
principle, and the superposition principle, have been investi-
gated to a much lesser extent than in low-energy nuclear
physics. It is fairly rare that use is made of the formalism of
the quantum theory of angular momentum, which has been
well developed in the physics of low energies. The question
of the identifiability of specific models of strong processes at
intermediate energies remains practically open. The space-
time description of strong interactions is abandoned unjusti-
fiably early (in the energies).

Bearing in mind the remarks made above and also the
problem of considering in detail the general physical concep-
tion of a resonance, we shall present a modified formalism
for describing processes involving pions, nucleons, and A
isobars for the example of the simplest (p,n), charge-
exchange reaction.

For definiteness, we consider the  process
p+p—n+p+a*. In the notation of Bjorken and Drell,®
the cross section for this process has the form

2m? m dp, m dp, dp,.

= }\‘/Z(S,mz,mz) E: (271.)3 E7 (271-)3 2E,n.(27r)3

2a)

where S is the statistical factor taking into account the iden-
tity of the particles.

The notation (|=;90;|?) stands for an average over the
spin projections in the initial state and a summation over the
spins in the final state:

do

X(27T)45(P1+P2—Pn_Pp_P-n)SF<

(59

2
> my .

i

(60)

B 1
[z=f)-s.2
i mymymamy

In the P-wave approximation, the sum of amplitudes
S9N, includes the connected diagrams giving the main con-
tribution to the studied process®® (see Fig. 5).

Let us calculate the cross section (59) in the laboratory
system. Using the notation of Refs. 65 and 66, we represent
the double differential cross section for the inclusive reaction
p+p—n+p+ 7" in the form

TABLE III. Effective numbers N for the nucleus '*C as a function of the energy T p-

T,.GeV N, opt Noo Ny Na Ny New
1,0 1,79 1,69 2,67 2,98 3,06 3,12
6,0 1,79 1,69 2,23 2,32 2,34 2,43

10,0 1,83 1,74 2,24 2,33 2,34 2,43
14,0 1.83 1,74 2,30 2,40 2,41 2,51
20,0 1,93 1,84 2,27 2,33 2,34 2,43
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P, p P, P FIG. 5. The P-wave diagrams giving the main contribution
> > > > to the studied process (see the text).
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_—=F,.. , ) ) i = - .
dQ"dE" kin Pn wPphasc\ V> P A Mi_s_lMAFA(S)

><< > o, 2>, (61)

where the kinematic factor F\;, is given by

_ m4pn SF
A2(S,m?m?) (27)°

Fkin(Sspn) (62)

the density of final states (apart from a normalization) is
2
_ Px
Pobiss |E1r(p7r_ Q()f) +[7,-,-E,,| ’
qn:|l’n‘l’|v

¢ is the cosine of the angle between the vectors q,=p—p,
and p,,, given by

(63)

(64)

p Cos 077+p" Ccos 0"17
Vp’+p;—2pp, cos 0,

cos 6, is the cosine of the emission angle of the neutron, and
cos 6, is the cosine of the angle between the directions of
the outgoing pion and neutron.

The amplitude M; on the mass shell is related to the

analogous amplitude 2, in (59) by the simple equation
Mi: (277)46([)1 +p2_pp_pn_p7r)9ni 3

According to Ref. 64, to find the invariant amplitude M; cor-
responding to diagram i of Fig. 5, it is necessary to associate
a certain factor with each element of the diagram. In Refs.
65-67, the following conditions are adopted.

1) Each external fermion line corresponds to a spinor Y,
and an isospinor P .

2) Each internal pion line corresponds to a propagator

(65)

(66)

iG A(q)=——

g *—mi+ic’

(67)

3) Each internal thick fermion line corresponds to a A
propagator
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4)The 7 mesons in the initial and final states correspond
to the isotopic functions

| 1
abiiety 1RAE (69)
0
0
|7"=]0], (70)
1
+ 1 1
0

5) Each internal momentum k that is not fixed by the
conservation laws at the vertices corresponds to an integral
d“%k

W . (72)

6) The mNA decay vertex corresponds to the factor

(N T*) f;—? (8" p)(2m)* 8(Pin—Pow) (73)
where A=0,+,—:

(w*|T")=-TI,, (74)

(m'|T")=Tg, (75)

(w7 T )=-T%,. (76)

The annihilation operators of the spin (S*) of the A isobar
are determined by the matrix elements

1 3
<XZ|SfulxﬁA>=(—1)”(l 3 Hm| 5 mA), (77)
1 3
<xﬁ.A|Su|XZ)=(1 3 #m‘ > mA)- (78)
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The isospin operators T are determined by exactly the
same relations. The vector p, is the momentum of the pion

in the rest system of the A isobar with invariant mass \/ﬂ:
2 242 1/2
(Sa—m~+m7)

2
45, my| . (79)

pTr(SA):

7) The vertex of A-isobar production is given by

_<T|7T f‘rrNA

(S q)(2W)45(pln Pou)- (80)

8) The wNN vertex is given by

waN

U'q)(zw)46(pin_p()ut)v (81)

(mhT) =
where o(7) are the usual Pauli spin (isospin) matrices.

9) The quantity q in items 7 and 8 has the meaning of the
momentum of the virtual pion in the Breit system. For dia-
grams 1, 2, 3, and 4 in Fig. 5 its values in the laboratory
system are, respectively,

\/E,,+m \/E+M -

G=NFErm P~ E,,Tmp"’ (82)

[ 2m 83

©= E,,+m P> ( )

_ \/E,,+m \/E+m 84

G=VNErm P mpp9 (84)

2m -

q4= \/EPTmPp, (85)
with

P=pP,t Pt P, (86)

E+m=E,+E,+E,. (87)

10) The contribution of the p meson to the charge-
exchange reaction amplitude is taken into account by means
of the replacement®’

f‘rrNN f‘rrNA

_)f‘rrNN f‘n'NA

mo

X[S'Q]Gﬂ(Q)}, (88)

where G, is the p-meson propagator, defined by analogy
with G, and C, is the p-meson coefficient.

11) The effectlve transition potential V"'NNH ~a initem 10
must be modified to take into account two important physical
effects.

First, in each of the virtual vertices it is necessary to
insert a form factor F,(F,) in order to take into account
off-mass-shell effects:

{(0 q)(S-q)G (q)+C, [o-q]

f‘n'NNf‘rrNA

VAN NA= {F1(9)q°G (9) ¥ (S-0)

+812(¢))+C,Fo(9)g°G (q){2(S- @)
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=S} (89)

where S,,(q)=3(c-¢)(S-q)—(S- o), ¢ is a unit vector par-
allel to g, the form factors F ,(q) and F (q) have the struc-
ture

AL—m,
b i
Fp(q) A2 ) (91)

t=—q’ in the Breit system, and A, and A, are cutoff con-
stants. Then the expression (89) can be written in the form

Ve va=Ve(@)(S-0) + Vie(g)S12(§). (92)

The central (V) and noncentral (V) components of the
transition potential are related to the longitudinal (V;) and
transverse (V) components by the standard equations

Velg)=5Vi(q)+2V(q)], (93)
Vae(@)=3Vi(q)—V(g)], (94)
Vi) =T 2 )2, 95)
Vi(q)=C, MFZ(WG (q). (96)

P

Second, the expression (89) must be supplemented with
a g’ term of the Landau—Migdal type in order to take into
account short-range correlations:

f-rrNNF‘n'NA

V(@)= Vel(q)+gna F(q). (97

™

12) To perform actual calculations, it is convenient to
express V. and Vy., the components of the potential
Ve wa. in terms of the new quantities

V(0,9)=V12wV(q), (98)

. 241
V(2,q)=— —'5‘— VNC(CI)- (99)

Then the transition potential is

-2 V(Lg) 2 (1prLM)Y}y(§)0,S,,.
L=0,2 um,v,.M

VNN—»NA

(100)

The representation (100) is convenient for using the standard
technique of angular momentum. In fact, if we take into
account the fact that the matrix elements of the Pauli matri-
ces have the form

1
<Xm |U |X”11> ‘/3( lmlv -2— m")’ (101)
and introduce the abbreviated notation
Sana
W(S,)= ; VAP _(S4)GA(S4), (102)
m
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then the P-wave amplitude SUI;-P ) (j=1,2,3,4) will be deter-
mined by the expression

M = (= 1)/ W(S(/)ISF(j)

x 2 ViL.g) 2 (11pvLM)Yiy(G)
L=0,2 m v M N mp
1 R .
X Elm.-(l,J)v Emf(l,])
1 13 A
X[ 15 wm(2,))| 5 ma|Yin(Po()))
1 13
xXi1 Exm,(z,]) 5 Mals (103)
where (i and f indicate initial and final states)
( m;(l,l)—-——ml ( m,-(l,3)=m1
) mi(271)2m2 ¢ mi(273)=m2
mf(171)=mn m[(173):mp
\ m[(z’l):mp \ mf(273)=mn
r'ni(l’z)___’nz ( mi(la4):m2
mi(2,2)=m, mi(2,4)=m,
1 mA1,2)=m, 1 mA1,4)=m, (104)
mg(2,2)=m, my2,4)=m,,

and the isospin factor ISF(j) is given by the simple formula

1 1
ISF=(-1) v\/j(—z- 17(1)—17, 5 'Tf(l))

X

1 3 1 3
1 ) 7, 7(2) 7 Al 1 5 7',7'/(2) 7 TAl,
(105)

in which 7,(1)[7(2)] is the isospin projection of the initial
nucleon 1(2), 7,(1)[7/(2)] is the isospin projection of the
final nucleon 1(2), 7, is the isospin projection of the virtual
(real) pion, and 7, is the isospin projection of the A isobar.

Using Eq. (103) and taking into account what we have
said above, we can calculate the P-wave amplitude for a
reaction of the type p+p—n+ p+a" in the tree approxi-
mation.

The contribution of S-wave 7N scattering can be taken
into account according to the methods of Refs. 7 and 65-69
by adding to the P-wave diagrams analogous S-wave dia-
grams, which differ from them by the replacement of the A
propagator (the thick lines in Fig. 5) by an effective maNN
vertex (the dark squares in Fig. 6). This amplitude can be
readily calculated by using the S-wave Hamiltonian of the
N interaction, which contains isoscalar (1) and isovector
(2) components (in the notation of Ref. 7):

N m ’
Iiﬂ') 2 }LZ‘A("K)?{I("r)c'll(‘f)]lp(‘r) : (10;)
N m‘” *

According to Ref. 66, it has the form
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; f1r A ~ 1 i
M= (~ 1) 2w, D ¥in(d)| 5 1mi(1.)
T A

1 . 8w -
—A Emf(lal) G.(q)) m_ﬂami(z,j),mf(Z,j)h ,

(108)
where
K™=(-1)"v3 11 1 ! 1
=(-1) 2 (1)—7, ETf( )
X )\157,15712),1(2}—'-)\22
1
(—1)"\/3(117,,V|17,)(517,-(2)
1
- Erfu))l, (109)

in which 7 denotes the isospin projection, the subscript v(r)
indicates a virtual (real) pion, i(f ) indicates an initial (final)
nucleon, and the bracketed numbers (1) and (2) correspond
to the upper and lower nucleon lines of the skeleton diagram.

The values of the parameters A\, and A, are taken from Ref.
67:

N =A1+0.222[GeV (VS —m,—m)
AY=0.0075
A,=0.0528,

(110)

where (S is the invariant mass, and for diagrams 1 and 2 we
have

S(1)=S(2)=(E\+E,—E,)*~(p;+p—p,)%  (111)
while for diagrams 3 and 4 we have
S(3)=S(4)=(E\+E,—E,)’—(pi+p—py)* (112)

From the formal point of view, Egs. (103) and (108)
completely solve the problem of finding the reaction ampli-
tude for charge exchange of nucleons with pion production,
in the tree approximation with inclusion of § and P waves.
On the one hand, each of the amplitudes is relativistically
invariant (in spite of its noncovariant form); on the other
hand, the expressions (103) and (108) are readily interpreted
in terms of low-energy nuclear physics, since they are con-
structed on the basis of the standard quantum theory of an-
gular momentum.™

In fact, the formalism outlined above permits a smooth
transition from low to intermediate energies, and from the
practical point of view it provides a fairly convenient modi-
fication of the relativistic A-isobar model (see the mono-
graph of Ref. 7 and references therein).

Obviously, a field-theory formalism satisfying the corre-
spondence principle is of definite practical interest in its own
right, both from the point of view of a correct low-energy
limit and in the sense of possible direct application of the
nonrelativistic computational technique in the region of in-
termediate energies. However, a much more urgent problem
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is to seek unusual physical effects which could be discovered
experimentally and analyzed in terms of the formalism pre-
sented here.

4. THE PROBLEM OF DISCRETE AMBIGUITIES FOR
THE #NA AND pNA VERTEX FUNCTIONS

We have already noted in the Introduction that a consis-
tent scheme for analyzing inclusive reactions at intermediate
energies must include methods of calculating elementary
processes [i.e., cross sections of the type do, 4 y_,x+4/ddx
from Eq. (1)]. In the preceding section, we presented the
appropriate formalism, containing a number of phenomeno-
logical constants whose numerical values must be found ex-
perimentally. In this connection, there arises the question of
whether this set of constants is unique, or whether there can
exist several equivalent sets, and, in that case, the problem of
choosing an “optimal” set from among them.

In our 7+p+g’ model, the phenomenologically deter-
mined constants are the Landau—Migdal parameter gy, and
the cutoff parameters A, and A, in the monopole form fac-
tors

2 2
—m
Fylt)=—>—". 113)
b

where b=, p (b is a boson) and ¢ is the square of the
4-momentum transfer. The parameters of this model are es-
tablished on the basis of the criterion of the best fit to the
available experimental data for a large class of processes
(charge exchange, -atom processes, photoexcitation, etc.).

In this sense, the problem of finding the parameters of
the m+p+g’ model is completely analogous to the problem
of finding the parameters of the optical model on the basis of
the condition of the best description of the experimental
phase shifts in the analysis of elastic scattering of pions by
nuclei. In principle, this problem can be formulated as fol-
lows. We consider the problem of elastic scattering of a par-
ticle with fixed energy E by a potential V(r):

(T+V)y=Ey. (114)

As usual, boundary conditions for the wave function ¢
must be specified at both limits:
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FIG. 6. The S-wave diagrams with an effective wmNN vertex (see
the text).

1) Ar) is regular for r—0;

2) ¥(r) is determined by the set of experimental phase
shifts [, (E)lexp in the limit r—oo.

Thus, we arrive at a problem of the Sturm-Liouville
type for finding the natural depth, range, and diffuseness of
the potential V(r).

As a result of a formal solution of this problem, we
obtain a fixed set of “phase-equivalent” optical potentials,
from which it is necessary to select one “physical” potential
on the basis of additional criteria. We note also that the en-
ergy and L dependence of the potentials obtained in this way
corresponds to the many-body character of the problem and
to the contribution of field-theory effects.

At energies 0.8<T,=<1.5 GeV, the main contribution to
the cross section for the reaction p+p—n+p+ 7+ with de-
tection of neutrons in the region of the first diffraction maxi-
mum in the angles and the A-isobar peak in the momenta is
given by diagrams 1-4 in Fig. 5. To these diagrams it would
also be necessary to add the diagrams shown in Fig. 6, cor-
responding to the contribution of S-wave wN scattering to
the charge-exchange reaction. However, in the studied range
of proton energies and neutron emission angles and momenta
the contribution of the S-wave diagrams is relatively small
(see Fig. 7).

Before presenting the results of actual calculations, we
make a number of remarks of a general character.

It should be emphasized that our technique is based not
on perturbation theory in the interaction representation, but
on an expansion of the total amplitude in a series of renor-
malized diagrams. This means that the effects of renormal-
ization and vacuum polarization, the contribution of isobars
heavier than the A(1232), off-mass-shell effects, etc., are in-
cluded in the form factors Fg(¢) and in the g’ term. The a
priori accuracy of the m+p+g’ model described above is
similar to the accuracy of the optical model of low-energy
nucleon-nucleus scattering. From the conceptual point of
view, the most complete and convincing justification of this
approach to the problem of strong interactions can be found
in the studies of Migdal and his collaborators (see Refs. 4—6
and references therein).

To avoid misunderstandings, we shall describe our ter-
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FIG. 7. Partial contributions of the spectator and decay modes to
the cross section for the “forward” p(p,n)X reaction with allow-
ance for interference and corrections from nonresonance S-wave
7N scattering.
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minology in detail. In a number of studies (see, for example,
Ref. 67) diagrams 1 and 3 in Fig. 5 are designated as DET
(Delta Excitation in Target) and DEP (Delta Excitation in
Projectile), respectively, while diagrams 2 and 4, which cor-
respond to Pauli exchange terms, are absent, since the ob-
jects *He and ¢ investigated in Ref. 67 are not identical to the
nucleon. In the (p,n), reaction studied here, the additional
exchange diagrams 2 and 4 appear. Therefore it seems rea-
sonable to employ a more flexible terminology’" according
to which the DET diagrams will be called spectator dia-
grams, and the DEP diagrams will be called decay diagrams.
Then it is natural to refer to the first diagram in Fig. 5 as the
spectator direct (SD) diagram, the second as the spectator
exchange (SE) diagram, the third as the decay direct (DD)
diagram, and the fourth as the decay exchange (DE) diagram.

A calculation of the cross sections for the (p,n), reac-
tion in the framework of the modified relativistic w+p+g’
model was carried out for three essentially different sets of
parameters of the vertex functions:

OSET (A,=1.3 GeV, A,=1.4 GeV,
C,=3.96, gns=0.6) (Ref. 67);
JAIN (A,=1.2 GeV, A,=2.0 GeV,

C,=2.00, gn,=0.3) (Ref. 58);

DMIT (A,=0.65 GeV, A,=0.0 GeV,
C,=0.0, gys=0.9) (Ref. 72).

The coupling constants f_yy and f_ya Were set equal to
fann/4m=0.081 and f2,,/4w=0.36, respectively, i.c., the
generally accepted values.’

As was shown in Fig. 8, all three sets have similar non-
central parts of the potentials, Vy(q), whereas the central
potentials V(q) have approximately the same shape and
form an almost equidistant spectrum of depths in the order
JAIN, OSET, DMIT (from bottom to top).

In Fig. 9 we show the theoretical and experimental in-
clusive neutron spectra for the reaction p+p—n+X at
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T,=1 GeV for the case of small neutron detection angles
(<{15°). The small discrepancy between the theory and ex-
periment in this particular calculation is due to the fact that
effects of the energy resolution of the experimental setup
were not taken into account. Nevertheless, we can say that
the theory and experiment are in satisfactory agreement, and
for angles 6,,,[0°,15°] there is practically no difference be-
tween the results of the calculations for the potentials JAIN,
OSET, and DMIT.*

The significant difference between the depths of these
potentials enables us to conclude that there is a discrete am-
biguity in the determination of the parameters of the
w+p+g’ model. Neither the angular nor the momentum
spectra of the neutrons allow us to assign a preference to any
one of the sets. We note that, within a single family of pa-
rameters, small differences in the results of a calculation (or
fit) may be due to continuous ambiguities in the parameters
A, Ay, €,y and gna - Theoretical estimates of A, made in
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FIG. 8. Effective NN—NA transition potentials.
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Refs. 73 and 74 on the basis of the dispersion approach are
close to analogous phenomenological values of A, for the
sets OSET (Ref. 67) and JAIN.”

The fact that these estimates differ somewhat from the
DMIT value A, =0.65 (Ref. 72) is not fatal and does not
allow us to reject this set solely on the basis of the first
principles of quantum theory.

We shall consider simultaneously the reactions
p+p—n+X and n+p—p+X in the region of excitation of
the A isobar.

For the reaction p+p—n+X, the decay amplitudes
(DD and DE) have a small isospin weight, and, accordingly,
the contribution of the decay modes to the charge-exchange
reaction cross section is small (see Fig. 10, in which we
show the relative contributions of the S and D modes to the
cross section for the reaction p+p—n+X atT,=1GeV and
6=0° for the JAIN set). To estimate the contributions of the
various components to the total amplitude for the reaction
p+p—n+X, we show in Fig. 10 the partial (hypothetical)
cross sections d2a/d,dT, as functions of the energy of the
detected neutron. The total physical amplitude for the pro-
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cess is the result of the interference of the partial amplitudes.
It can be seen from Fig. 10 that the cross section for the
process p+p—n-+X is determined mainly by the spectator
mode, and for T,,~1 GeV, i.e., far from the threshold, this
conclusion holds for all three sets of potentials (JAIN, OSET,
DMIT) over practically the entire range of studied angles and
energies.

In order to ascertain the relative role of a partial super-
position of the individual amplitudes (SD+SE=S and DD
+DE=D), we consider the reaction n+ p— p+X, for which
the isospin weights of the S and D modes are commensurate.
In this case, the decay modes give an appreciable contribu-
tion to the total cross section. Nevertheless, even this addi-
tional information is insufficient to assign a preference to one
of the three sets discussed above (see Fig. 11).

It can be seen from Fig. 11 that the decay and spectator
amplitudes are practically orthogonal at 7,=1 GeV and
6=0°, and therefore the total cross section is approximately
equal to the sum of the hypothetical partial spectator and
decay cross sections. This result holds for all three sets
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(OSET, JAIN, DMIT) and in
independent.

The maxima of the S and D modes are separated by an
amount AE~140 MeV~m ., which indicates that this shift
has a kinematic character.

We shall consider in more detail the individual SD, SE,
DD, and DE amplitudes and their features for all three sets.

In Figs. 12a—12c, corresponding to the JAIN, OSET, and
DMIT sets, respectively, we show the results of calculations
of the partial cross sections for 6,,=0°, 4°, 7.5°, 11.3°,
13.2°. It can be clearly seen that the partial cross sections for
all three sets have a number of common properties. For ex-
ample, all the spectator components have the maximum at
practically the same position; the decay partial cross sections
have a smooth energy dependence and a sharp cutoff at the
hard boundary of the spectrum. The total contributions of the
spectator and decay components are practically the same for
all three sets (see Fig. 11), and the spectator term always
dominates in the neighborhood of the resonance maximum.
This concludes our list of the similarities of the analogous
partial cross sections for the various sets.

this sense is model-
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FIG. 10. Partial contributions of the diagrams shown in
Fig. 5 to the cross section for the p(p,n)X reaction,
calculated with the JAIN set: SD (solid curves), SE
(solid curves), DD (dashed curves), and DE (dashed
curves).

0,70 0,90

T.(Gev)

We now consider the SD and SE partial cross sections.
Figures 12a—12c clearly show significant differences be-
tween the angular and momentum partial spectra for the
three sets that we have investigated.

For the JAIN set, the SE term is much larger than the SD
term for all the investigated angles, and the corresponding
amplitudes are practically orthogonal for 6=0°, i.e., o(S)
~g(SE)+0o(SD). With increasing neutron detection angle
(6), the SE and SD amplitudes begin to interfere destruc-
tively, and this leads to a monotonic decrease of o(S).

For the OSET set, the SD term decreases monotonically
with increasing 6, remaining dominant up to 6=7.5°. The
contribution of the SE term is practically independent of the
angle 6. For <4°, the interference of the SD and SE ampli-
tudes is constructive. At large angles, it becomes destructive.

For the DMIT set, o(S)~o{(SD) for all the investigated
cases.

The contributions of the individual components to the
decay mode for the JAIN, OSET, and DMIT sets differ just
as much as in the case of the spectator modes considered
above (see Figs. 12a—12c).
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FIG. 11. Partial contributions of the spectator and decay modes to the cross

section for the “forward” p(p,n)X reaction for various sets of phenomeno-
logical constants (see the text).

The observed characteristics of the formation of the total
(p,n), reaction amplitude from the partial amplitudes cast
doubt on various intuitive arguments in favor of one or an-
other mechanism for the process. In order to resolve the ob-
served discrete ambiguity described above, we require addi-
tional arguments that are not based on the intrinsic features
of our diagrammatic technique.

One of the most attractive possibilities for testing the
JAIN, OSET, and DMIT sets is to study the Tp dependence
of the reduced cross sections for the charge-exchange
reaction.”® It is well known (see, for example, Ref. 1 and
the references cited in that review) that the A-isobar mecha-
nism of the reaction p+p—n+p+ 7" dominates in the re-
gion of energies 0.8<7,<3 GeV. The nonresonance back-
ground begins to have an appreciable influence for 7,>1.5
GeV. As has been shown by one of the present authors
(E.A.S.), it is in the region of energies O.SSTPS3 GeV that
one finds approximate scaling of the invariant reduced cross
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sections,' i.e., the invariant cross sections normalized to the
total cross section of the corresponding “elementary” reac-
tion at the same initial projectile energy and, if one is con-
sidering charge exchange of relativistic nuclei, to the corre-
sponding transition form factor and Glauber absorption
factor.

In Fig. 13 we show the results of calculations of a,..
Clearly, there is acceptable agreement between the theoreti-
cal and experimental data for the DMIT and OSET sets,
whereas the JAIN set reproduces the T, dependence of the
reduced cross sections much worse. Thus, the use of the
JAIN set is at least limited to the region of energies T,~1
GeV. Moreover, owing to the small value of the constant
g'=0.3, it corresponds to a strong effective transition poten-
tial Vf;,f;‘,_, ~a Tepresenting an attraction (see Fig. 8).

It is interesting to note that the analysis of the experi-
mental data on 7-mesic atoms leads to a constant gy,
= 0.4 ¥ 0.2, in complete agreement with gy, for the JAIN
and OSET sets. The existence of a fairly wide error corridor
in the determination of gy, may indicate a possible depen-
dence of gy, on the excitation energy.

The set of experimental data on coherent pion
production’® and also the fact that the experimental values of
the cross sections for the reaction 7+ N—-A+ 7N+
+ ar, which takes place through the mechanism of p-meson
exchange,”’~" are not small enable us to assign a preference
to the value gy, = 0.6 and, thus, to give a definitive solution
to the problem in favor of the OSET set.

A solution of the inverse scattering problem on the basis
of an analysis of the energy dependence of observed quanti-
ties is not something new. This problem is well known, both
in classical mechanics (nonrelativistic®® and relativistic®')
and in quantum mechanics (see, for example, Ref. 82). How-
ever, as we showed above, in going to intermediate energies
in quantum field theory this problem acquires an unusual
formulation; namely, for a given analytic form of the param-
etrization of the vertex functions it is formulated as a gener-
alized Sturm—Liouville problem for finding the eigenvectors
of the model.

We summarize the foregoing discussion as follows.

1) Roughly equivalent descriptions of the momentum
and angular spectra of the neutrons from the charge-
exchange reaction p+p—n+p+a* in the energy interval
0.8<T,=<1.5 GeV are given by the JAIN, OSET, and DMIT
sets of parameters A, A, C,, and gNA-

2) These sets (and the transition potentials VS ) re-
produce the total amplitude T'yy_,y, in fundamentally differ-
ent ways, leaving the value of its squared modulus
|Tyn—nal? practically unchanged. This means that in going
from one set to another the amplitude Tyy_ ya acquires an
additional unimodular factor of the type exp(ia), and the
agreement of the relativistic 7+ p+g' model with the results
of the phase-shift analysis of pion-nucleon scattering’ has the
consequence that the additional phase a is a multiple of
a,=mn (n=0,1,2,...). In its turn, the discontinuous change
of a, in going from one set to another is related to the equi-
distant spacing of the spectrum of transition potentials.®®

3) The scaling of the “reduced” invariant cross sections
(Fig. 13), in conjunction with additional data’®®® on the
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T=0.8 GeV (solid), 1.0 GeV (dashed), 1.52 GeV/A (solid with points), and
2.78 GeV/A (dot—dash); allowance was also made for the Glauber absorp-
tion factor for the p(3Hc,t) reaction.

p(a,a) (N+) reaction and on m-mesic atoms, and also the
combined information on the reaction 7+ N—A+ 7N
+ o+ o, enables us to assign a preference to the OSET set.

5. INTERFERENCE EFFECTS IN THE REACTIONS
p+p—on+p+at, n+p-sp+n+=z° AND
n+p—p+p+n-

The comparison of different inclusive charge-exchange
reactions (in particular, p+p—n+X and n+p—p+X) at
intermediate energies is of considerable interest for many
reasons.

First, such an analysis makes it possible, with a high
degree of confidence, to obtain information about the relative
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contributions of different isospin components of the nuclear
forces. Second, there is an additional possibility of studying
various effects of the final-state interaction. Third, the reac-
tions p+p—n+X and n+p—p+X serve as a test for the
appearance of dibaryon resonances.®*

Finally, as we shall show below, on the basis of the
analysis of these reactions it is possible to determine the
limits of applicability of the approximation of transition po-
tentials and of the formalism of effective numbers at inter-
mediate energies.

The purpose of the present section is to study the energy
and angular dependence of the ratio of the cross sections for
the  charge-exchange reactions p+p—n+X  and
n+p—p+X in the region of excitation of the A(1232) reso-
nance.

In most recent theoretical studies (with the possible ex-
ception of those of Refs. 65-67, 85, and 86, which were
based on the formalism of quantum field theory), inclusive
charge-exchange reactions in the region of A-isobar excita-
tion have been described by means of the meson-exchange
model (the OPE model or the w+p+g’ model) in conjunc-
tion with the approximation of a transition potential (for
more details, see Refs. 57, 58, 71, 75, and 87-89).

From the point of view of the diagrammatic technique,
this approximation corresponds to inclusion of direct and
exchange diagrams of the types shown in Fig. 5, and in the
momentum representation it is described by the NN—-NA
transition potential®’*®

Vorl 0,0)={V1(q)(§"-§)(0- @)+ V(g)([STX4]
X[oeXg)HT-7)

[cf. Eq. (88)].

For the charge-exchange reactions p+p—n+A*" and
n+p—p+A", the corresponding isospin matrix elements
are equal to the Clebsch—Gordan coefficients

(111133)——1 d (111131——1\/3
(115)

Therefore, in the potential approximation described
above, the cross sections for the kinematically equivalent
charge-exchange  reactions p+p—n+A*T and
n+p—p+A" are proportional, and

R= d0'p+pH"+A++ /dQ,dE, _

do,ppra0/dQ,dE, (116)

The relation (116), which was obtained for the charge-
exchange reaction on free nucleons, is widely used to ana-
lyze analogous inclusive processes on nuclei (see, for ex-
ample, Refs. 89-91 and others). In most studies, the charge-
exchange cross section on a nucleus is expressed in terms of
the cross section for the corresponding free process and the
effective number of nucleons participating in the reaction.
For example, in the distorted-wave impulse approximation
without the effects of Fermi motion and Pauli blocking, the
(p,n) reaction cross section has the form®*?!
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da.A(p,n)AB N
o= W)%

where (R)=3 is the integrated value of the ratio R, and (f*)
is the effective absorption factor calculated in the Glauber
approximation or on the basis of some similar model taking
into account the influence of nuclear distortions in the en-
trance and exit channels of the reaction. Analogous formulas,
having the same degree of accuracy as (117), have been used
by many authors (see, for example, Ref. 20).

The formal basis for the use of the impulse approxima-
tion is the smallness of the binding energy of a nucleon in the
target nucleus in comparison with the energy of the incident
particle (Tp~1 GeV). In this case, two fundamental prob-
lems traditionally drop out of the analysis.

1. The approximation of effective numbers presupposes
the validity of the RPA, i.e., the exclusion of interference
effects from the results of calculations.

To be more specific, in the case of exclusive reactions a
necessary condition for the validity of factorized relations of
the type (117) is the absence of interference of channels.

In an inclusive experiment, when the detector is de-
signed to detect one type of particle (X) and the energy of
the incident particles is sufficient to satisfy the approxima-
tion of completeness (the closure approximation, according
to the terminology of Ref. 28), the number of open reaction
channels is extremely large. Formally, this provides a basis
for the use of the principle of random phases for the inter-
ference terms.”®?’ For knockout reactions, this approxima-
tion is rather good (see Refs. 9, 22, 26, and 27). In the case
of excitation of baryon resonances, the physics of the process
is complicated by the fact that, besides intranuclear degrees
of freedom, much harder intranucleon degrees of freedom
are also excited. The number of channels of deexcitation of
these degrees of freedom is small at T,~1 GeV/nucleon, the
principle of random phases for these reaction channels is
completely inapplicable®>® (at least in the energy region
studied here), and in a number of cases interference of chan-
nels begins to play a decisive role in the formation of the
cross sections for the process. We note that interference ef-
fects of this kind were first studied on the basis of the for-
malism of effective numbers in Ref. 22.

2. In studies making use of the potential approach (see,
for example, Refs. 57, 58, 71, 75, 87—89, and 92-95), there
is no discussion of the degree of applicability, in the region
of energies ~1 GeV, of the relations for the transition poten-
tials obtained in the low-energy approximation without in-
clusion of field-theory effects other than a trivial retardation.

It can be seen from the following discussion that it is not
always permissible to ignore these problems.

The experimental data on the ratio R(T,,8,) for T=0.8
GeV and #=0° are more or less close to the theoretical value
R 4eor=3 only near the maximum of the A peak, and near the
upper kinematic limit of the spectrum one observes a sup-
pression of R by practically an order of magnitude (Fig. 14).
In Ref. 84 this effect was explained qualitatively by the ex-
istence of a constructive interference of the virtual A* and A”
isobars for the reaction n+p—n+X, and a destructive in-
terference of the A** and A*' isobars for the process

do'p+pﬁn+A++

FTo ; (117)
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FIG. 14. Ratio R as a function of the momentum of the detected nucleon:
a) calculation for various sets of constants of the one-boson model with a g’
term; b) calculation for the JAIN set with only the P-wave contribution
(curve 1), with the S- and P-wave contributions but without allowance for
the resolution of the spectrometer (curve 2), and with allowance for this
resolution (curve 3).

p+p—n+X. However, no consistent calculations making it
possible to reconstruct a sufficiently complete picture of this
effect were carried out in that study.

In Ref. 66 a detailed investigation was made of effects of
the interference of the A™" and A" isobars (the A" and A
isobars) excited in the reactions p+p—n+X(n+p—p+X)
by nucleons with energy in the range 0.8<T=10 GeV. Cal-
culations were performed for the OSET, JAIN, and DMIT
sets of parameters of the vertex functions.

As can be seen from Figs. 15 and 16, the ratio R(7, 8)
has a similar angular and energy dependence for all three
sets, despite the fact that the numerical values of the theo-
retical cross sections for the reactions p+p—n+X(n
+p—p+X) for T,(T,)>15 GeV are very different
[o(DMIT)>0(OSET)>0(JAIN)] (see Fig. 13). The angular
dependence of the integrated ratios (R) is weak (see Fig. 17)
and changes by less than 10% in going from the JAIN set to
the OSET or DMIT set. With increasing energy T, the ef-
fects of interference of the A™ and A” isobars in the reaction
n+p—p+X become weaker, and (R)—3 (see Fig. 18). We
note that for the entire studied region of energies and angles
the integrated quantity (R) lies in the interval 2<(R)=<3, and
this enables us to understand the success of estimates of the
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type (117) for charge-exchange differential cross sections in-
tegrated over the momentum spectrum, while these spectra
themselves can be noticeably distorted as a result of interfer-
ence of the spectator and decay modes in the total amplitude
of the resonance charge-exchange reaction.

3,0

—~ 3,0 v
>
a 4 .
L [ 0uL=7,5"
£ e
< 2,0 | ]
Lo~
- s
c s
|
a s
Y L
N r
N 1,0 | ]
H [
@ : %'M
o E
14 2
o o'o 1S HPT PO L
100 300 500 700
FIG. 15. Calculation of the dependence of the ratio
. R for the JAIN set at various nucleon emission
—~ 3,0 prrrrey YT 3,0 T T YT Ty angles, with allowance (solid curves) and without
= b allowance (dashed curves) for the resolution of the
N . spectrometer; in both cases, only the isobar contri-
E 6L.,=13,2 bution is taken into account.
B [
~ 20t 20 b
¢
c
t
a
0' -
N
° 10 1,0 |
1] [
®
0 @ '
o
E, 0 0 A e o 0 A i
100 300 © 500 700 "100 300 500 700
Q , MeV Q , MeV

The mechanism of influence of the D modes on the mo-
mentum spectrum of the detected nucleons is shown in Fig.
19. It can be clearly seen from this figure that (contrary to the
assertion in Ref. 84) the interference of the A** and A*
isobars gives practically no contribution to the process
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FIG. 16. The same as in Fig. 15, but the ratio is shown
for a fixed nucleon emission angle at various initial en-
ergies. ’
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FIG. 17. Angular dependence of the averaged ratio R at kinetic energy 1

p+p—n+X,since the decay diagrams have a small isospin
weight:

ISF(1)=ISF(2)=—v2, ISF(3)=ISF(4)=\2]3,

where the phases are chosen according to Ref. 70. For the
process n+p—p+X, the decay modes are not small. In the
case of A-isobar decay with emission of a 7' meson we have

(118)

ISF(1)=ISF(2)=—ISF(3)=—ISF(4)=2/3, (119)
while for production of a #~ meson we have
ISF(1)=ISF(2)=ISF(3)=ISF(4)= y2/3. (120)

Thus, for the process n+p—p+X there is no isospin sup-
pression of the decay components, and we observe construc-
tive interference of the S and D amplitudes (Fig. 20). It can
be clearly seen from Fig. 20 that the decay peak is shifted
into the hard part of the spectrum by an amount
wsp=~m_~140 MeV, this is explained by the difference
between the S and D kinematics (the positions of the
A-propagator singularities for the S and D diagrams). It is
interesting to note that the size of this displacement is prac-
tically independent of the neutron (proton) laboratory detec-
tion angle 6, for 6,,<15°. However, as §,,, increases from
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FIG. 18. The same as in Fig. 17, but for emission angle 0° and as a function
of the initial energy of the detected neutron.
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reaction n+p—p+X,

0° to 15° despite the constancy of the displacement
wgp=~m ., one observes an enrichment of the hard part of
the spectrum by the decay modes (see Figs. 19 and 20). It is
this effect that is associated with the decrease of R(T, ) with
increasing angle # at small energy transfers w=F p—E,<0.4
GeV in the laboratory system (Fig. 21). This effect does not
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FIG. 20. The same as in Fig. 19, but for the reaction p+p—n+X.
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FIG. 21. Calculated ratio R at energy 1 GeV as a function of the energy
transfer Q at various detection angles; the calculations include a convolution
of the theoretical cross sections with the resolution function for the Gatchina
experiment.”- '™

influence the soft part of the spectrum, where the change in
the momentum due to the deflection of the particle is small
against the background of inelastic losses.

By comparing Egs. (119) and (120), we can draw an
important conclusion. We introduce the notation M ¢(p) for
the matrix element corresponding to the sum of the reso-
nance spectator diagrams 1 and 2, and M p(p) for the sum of
the resonance decay diagrams 3 and 4 in Fig. 5. It is obvious
that

IMs(p)+Mp(p)I*=|Ms(p)|*+|Mp(p)|*
+2 Re(Ms(p)M§(p)).  (121)

It can be seen from (119) and (120) that the absolute value of
each of the terms in (121) is twice as large for the exclusive
reaction of charge exchange with production of a neutral 170
meson as for the kinematically equivalent reaction with pro-
duction of a m meson, and the off-diagonal term in (121)
has opposite signs for the processes n+p—p+p+ 7 and
n+p—n+p+7". This means that for the analogous inclu-
sive reaction n+p—p+X the corresponding off-diagonal
elements will be subtracted from one another.

Physically, this means that, in accordance with the com-
pleteness of the system of final states, the virtual A" isobars
decaying into the channels p+a~ and n+a" interfere de-
structively. If one attempts to perform a kinematically
equivalent exclusive experiment, this interference disap-
pears. Thus, in this case we encounter a nontrivial example
of the Feynman approach to quantum mechanics (see Ref. 96
and the description of the thought experiments on which the
path-integral approach is based). The correction terms de-
scribing the contribution of S-wave 7N scattering have prac-
tically no influence on the magnitude of the effect described
above, leaving unchanged the qualitative conclusion about
the possible existence of coherent states p+m =A" and
n+a"=A" with isospin 3/2.

We now compare the results of the calculation with ex-
periment. It can be seen from Fig. 14 that by including the
decay graphs in the calculation it is possible to give a quali-
tative description of the experimental data,* and allowance
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for the contribution of S-wave 7N scattering gives some-
what better agreement of the theory with experiment.

In Fig. 15 we show the results of a calculation together
with data extracted from an analysis of the reaction
p+d—n+X.7"'" The value of the ratio R(Q,6,,) was cal-
culated under the assumption that

~{ f2
(Tp+dw,+x"“<f )(0',7+,;Hn+x+ (T"+d—>p+X)’ (122)

where (f?) is the screening factor ((f>)=0.7 for 6=4°,
(f5=0.75 for 6=7.5° and 11.3°, and (f>)=0.8 for #=13.2°).

It is evident from Fig. 15 that the theory is in qualitative
agreement with experiment. Some quantitative discrepancy
between the theory and experiment can be explained fairly
readily. The rough approximation (122) does not take into
account the fact that the hard part of the spectrum of neu-
trons from the reaction, 0,4, is enriched by the con-
tribution of quasielastic processes, while the soft part of the
spectrum is enhanced by the final-state interaction.® It is
only in the vicinity of the maximum of the A peak that both
of these effects are small. We note that the values used above
for (f%) (Ref. 66) are in good agreement with other analogous
calculations in the Glauber approximation and demonstrate
clearly the well-known trend toward a decrease of the
screening effects with increase of the emission angle of the
detected particle.

The anomalous relation R(T,6)cx,™>R(T, 0) oo for the
angle =4° (Fig. 14) near the upper kinematic limit of the
spectrum is explained by the effects of the finite energy reso-
lution of the spectrometers. Therefore the convolution of the
theoretical cross section with the resolution function of the
experimental setup'"'?* eliminates this anomaly and signifi-
cantly improves the agreement between the theory and ex-
periment.

The results presented above are confirmed by theoretical
calculations for the (*He,t) reaction performed by the group
of Oset.!! A fundamental difference in our approach is the
fact that we choose a special class of experiments in which
the effect of interference of the virtual A isobars manifests
itself most clearly.

The existence of pronounced interference of the A* and
A" isobars in charge-exchange reactions imposes additional
limits on the applicability of the impulse approximation,?®
the ideology of effective numbers,”**?’ the Glauber
approximation,l“’"'z‘'“4 cascade calculations,45 and the
model of successive decays for reactions of multiparticle
production, '®

6. ANALYSIS OF THE REACTIONS A(p,n),B AND
A(*He,1),B IN THE LANGUAGE OF EFFECTIVE
NUMBERS

The experience of working with effective numbers
shows that for many direct reactions they give a good
description®!*2%27 of the experimental data. In all the cases
that have been investigated, the deviation of the theory from
experiment has been related to a breakdown of the
DWIA.!"2% For example, for the (p,pd) deuteron-knockout
reaction at large momentum transfers g, the application of
the DWIA is incorrect because of the short-lived NN
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TABLE IV. Mass and angular dependences (in the laboratory system) of the experimental cross
sections””"'"™ (at T,=1 GeV) and of the effective numbers N°*°. The value N7 is calculated theoretically

for 6,=0°.
Target NT do[A(p,n), B NP
‘mn mb/sr
6 =0 | 0=4 [6=75[6=113]| 6=4 |[6=75 [6=11,3
H 1,000 42,7 31,0 20,7 1,00 1,00 1,00
D 0,605 52,1 44,7 29,6 1,22 1,44 1,43
TLi 2,150 123,8 90,5 — 2,90 2,92 —
‘Be 2,500 177,1 132,4 81,2 4,15 4,27 3,92
1og 2,770 165.8 118.3 73,2 3,88 3.82 3.54
D ] 2,740 159,8 117,5 74,3 3,74 3,79 3,59
2c 2,960 162,3 122,9 81,3 3,80 3,96 3,92
) 3,150 220,6 159,9 118,0 5,17 5,16 5,07
b 3 3,110 246.,6 169,4 117,9 5,78 5,46 5,91
Mg 4,650 254,3 153.6 128.4 5,96 4,95 5,91
Bmg 4,650 243,6 179.6 122.5 5,70 5,79 5,92
26Mg 4,650 263,6 207,1 128.8 6,17 6,68 6,22
275 4,840 255.8 191,1 133,7 5,99 6,16 6,46
ca 5,900 331,5 228,2 162,01 | 7,76 7,36 7.83
“ca 5,860 344,0 245,1 - 8,06 7,90 —
Cu 6,790 400,2 297,9 209,9 9,37 9,61 10.14
Négy 8,130 554,7 - — 12,99 — —
124g, 8,060 533,2 - — 12,49 - -
1811, 9,020 611,5 451,8 303,3 14,32 14,67 14,66
Pb 9,270 588.4 481.6 324.5 13,78 15,53 15,68

correlations,'? and at small g the cross section for the process
is'enhanced in comparison with the DWIA as a result of the
contribution of excited clusters.?®

It should be noted that in the case of light nuclei of the
1p shell the discrepancy between NP and N7 is mainly due
to the existence of pronounced structural characteristics of
these nuclei (for example, °Li has a quasimolecular ad struc-
ture), and for A >16 the deviation of N7 from N is a direct
indication of the existence of additional reaction mecha-
nisms.

From this standpoint, we shall analyze the experimental
data on A(p,n),B reactions in the language of effective
numbers. In Table IV we show the dependence of the effec-
tive numbers N°*P(6,) on the neutron detection angle 6, in
the laboratory system, calculated according to Eq. (1) on the
basis of the experimentally measured cross sections’ ~'® at
T,=1 GeV for the angles §,=4°, 7.5°, 11.3° and 13.2°. It is

clear from this table that within the experimental errors the
approximation of effective numbers reproduces the angular
dependence of the cross sections for the charge-exchange
reaction. Thus, in general, the angular dependences of the
cross sections do“P[A(p,n),B]/d(}, favor the DWIA or
the approximation of effective numbers. Physically, this
means that the process takes place at the periphery of the
nucleus, i.e., in the region in which the nucleon density is
small, and therefore all NN and NA interactions in the
nucleus are close to the vacuum interactions.

The situation is more complicated in the case of the A
dependence of the cross sections. In Tables V and VI we
show the results of an analysis of experiments carried out in
Refs. 61 and 105 (T,=0.8 GeV, 6,=0°) and in Refs. 97-100
(T,=1GeV, §,= 4°) It can be seen from these tables that the
values of N°*® are systematically greater than N7 by approxi-
mately a factor of 1.5; this indicates clearly that the approxi-

TABLE V. The A dependence of the cross sections and effective numbers for T,=0.8 GeV at 6,=0°
according to the data of Refs. 61 and 105. The values N7 were calculated in Ref 20.

A z |dolA(pm)Bl, | N | Nexe [ AN=N=P—FT |-
Target —_— K=
arg 7 <f33)
H* 1 1 33,0530 |' 1.0 | 1,0 0 1,0 -
Al 27 13 | 2714520 | 82 | 60 2.2 1,36 | 0,34
Ti 47,9 | 22| 37121527 | 11,3 | 7.9 3.4 1,43 | 0,26
Cu 63.5 | 29 | 4250:3.2 | 12,9 | 89 4.0 145 | 0.22
w 183,9 | 74 | 6955356 | 21,1 |12.3 8.8 1,71 | 011
Pb 2072 | 82 | 6954355 | 21,1 | 12,6 8.5 1,70 | o,10
u 238 92 | 767,9:6,3 | 23,3 | 13,0 10,3 1,80 | 0,09

*Data of Ref. 106, 6—0°.
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TABLE VI. The same as in Table V, but for T,,=1 GeV at 6,=4° (Refs. 97-100).

Target A Z | dolA(p.n),BI™® | NP | NT | AN=N"P-NT E=Xr~°;*’( 2
_——-——dQ" N 33

H 1 1 42,734,3 1,0 1,0 0 1,00 -
D* 20 1 52,1352 1,2] 0,6 0,62 2,02 | 045
Li 7 3 123,873,8 291 2,2 0,75 1,35 0,50
Be 9| 4 117,135,3 42| 25 1,65 1,66 | 0,44
% 10| s 165,8%5,0 3,928 1,1 1,40 | 0,42
gl nyj s 159,834,7 37| 27 1,00 1,36 | 0,39
2cl 12| 6 162,374,8 38| 3,0 0,84 1,28 | 0,37
Yo 16| 8 220,6311,0 521 3.2 2,02 1,64 | 0,30
Bl 19] o9 246,6312,4 58| 31 2,67 1,86 | 025
Upmg| 24| 12 254,3311,5 60| 4,7 1,37 1,29 | 0,29
Bmg| 25| 12 243,6517,0 57| 47 1,05 1,23 | 0,28
Mgl 26| 12 263,6717.6 62| 4,7 1,52 1,33 | 0,28
Ta| 211 13 255,837.5 60| 4.8 1,15 1.24 | 027
“ca| 40| 20 331,5723,2 78] 5.9 1,86 1,38 | 0,22
“ca| 44| 20 344,0324,2 8,159 2,20 1,38 | 0,21
Cu| 64| 29 400,2316,1 94| 6,8 2,58 1,38 | 0,17
650 | 116 50 554,7728,0 13,0 8,1 4,86 1,60 | 0,11
sn| 124 s0 533,2326,9 | 12,5 8,1 4,43 1,55 | 0,11
lra| 18t 73 611,5326,1 14,3] 9,0 5.30 1,59 | 0,08
Pb| 208| 82 588,4323,8 13,8] 9,3 4,51 1,49 | 0,08

*For the deuteron, we give the factor (f3,).

mation of effective numbers is inadequate for the description
of the A(p,n),B reaction. The use of “optical” absorption
factors instead of Glauber factors (i.e., the transition to the
DWIA) only worsens the relationship between the theory
and experiment. In this case, the ratio K=N®?/N"~2 only
increases in comparison with the analogous values of K from
Tables V and VI

This situation can be understood qualitatively if we con-
sider the A dependence of the quantities AN=NP—NT. It
follows from Tables V and VI and from Fig. 25 that on the
whole the values of AN increase according to the law A%,
where «=0.6-0.7. If we assume that the off-mass-shell ef-
fect in the cross section do[p+p—n+A*]/dQ, is not too
large (estimates made in Ref. 57 confirm this), we can as-
sume that the expression (117) describes the part of the cross
section associated with the (p,n), reaction in which a real
A*™ or A" isobar is produced (see Fig. 22).

By definition, the diagram in Fig. 22 includes only the
direct charge-exchange process. However, in our formalism
the cross section contains both a direct and an exchange
term. In the terminology of Ref. 67, the latter corresponds

P n
p Aoo
4 ]

FIG. 22. Diagram describing the (p,n), process in the approximation of a
transition potential.
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physically to excitation of a A isobar in the incident particle
and, as was shown in that same study, plays an important
role. An analogous remark applies also to the diagram of Fig.
23 discussed below.

Bearing in mind the foregoing remarks, the observed
effective number N can be represented as a sum

N=xk AP+ Kk,A?3, (123)

whose first term is reproduced completely in the approxima-
tion of effective numbers (see Fig. 23). The second term is
associated with the process of mesonless deexcitation involv-
ing a virtual A isobar (see the diagram in Fig. 24).

In fact, by virtue of crossing symmetry, the cross section
for the process described by the diagram of Fig. 24 can be
represented in the form

(2)
do-A(p,n)AB

aq, ”jdpf dQ'Jdst(P,Q,Q’)

P, n__

—

5 - 3
® ® 8 o 0 5 s 00 0 0 0 e 0 e e
A 7 A-1".

FIG. 23. The (p,n)3" process: the produced A isobar is deexcited through
decay into a pion and a nucleon.
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FIG. 24. The (p,n)X" process: the virtual A isobar is deexcited as a result of
charge exchange on one of the intranuclear nucleons. In Ref. 91 this process
was called “mesonless A-isobar deexcitation.”

(Tp+pﬂn+A++(P,Q,)

X[P4(Q)7]? 4
N dp

o’p+pr»n+A+*(Pi7Q)
dQ, ’

d
X|G(E )| [®4(Q)]?

(124)

In Eq. (124), corresponding to the process represented in Fig.
24, ¢(P,Q,Q’) is a kinematic factor, G(E,) is the Green’s
function describing propagation of a A isobar with energy E 5
in the intermediate state, P is the momentum of the fast
nucleon produced as a result of the second charge exchange,
and Q and Q' are, respectively, the momenta of the Fermi
motion of the target nucleons on which the first and second
charge exchanges took place. In deriving Eq. (124), we have
made use of the completeness approximation, as well as an
average over the spin projections of the A isobar. As in the
case of single charge exchange, the relation |P;|>P [ enables
us to neglect the Q dependence of the cross section
do,pura++(P;,Q). Consequently, the cross section for
the (p,n)X" reaction also factorizes:

(2)
dO'A(P.n)AB :A[{/ do-p+p4~n+A*+(Pi)l

dQ, aQ, : (125)

b

AN approximgtion
ooaoao AN:NEP" - N9

AN

L4 00 B 20 20 Nt U 0 S0 B0 B S0 B B R N SN N BN B B0 B SN S I S0 B0 N A 0 20 M B

FIG. 25. Calculated dependence of AN=N“?—NT on the mass number of
the target nucleus, and comparison with the experimental data (see the text).
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800
A(p,n)\B o
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FIG. 26. Analysis of the contributions (p,n),_ ,» and (p,n), _yy (meson-
less deexcitation) for the Gatchina data; the labeling of the curves is ex-
plained in the text. The stars arc measured cross sections at the maximum of
the A peak, and the triangles are calculated by the method of cffective
numbers without allowance for the channel of mesonless deexcitation (see
the text).

AR = f 4P f 4Q' J dQy(P,Q,Q")

dUp+p—>n+A++(P,Q’)
dp

X[@y Q)]

X|G(E )| [®@4(Q)]% (126)

In Eq. (126) it is not permissible to neglect off-mass-shell
effects, since the momentum |P| is commensurate with the
Fermi momentum P.. We note also that the region of inte-
gration in Egs. (124) and (126) is determined by the width of
the A peak and by the Fermi momentum, i.e., in fact by the
properties of the Green’s function G(E ,) and of the momen-
tum distributions [y(Q) .

Equations (124) and (125) indicate that the angular spec-
tra of the neutrons from the (p,n)3" charge-exchange chan-
nel have the same shape as the analogous spectra of the
neutrons from the (p,n)" charge-exchange channel. This
result makes it possible to understand the experimental data
of Refs. 97—-100, and it also indicates the fundamental im-
possibility of separating the contribution of the A—nN
channel in the cross section for the charge-exchange reaction
from the contribution of the AN— NN channel on the basis
of an analysis of only the angular spectra of the neutrons.

Direct calculations have shown that the functions
¢(P,Q,Q’) and G(E,) depend weakly on A; the dependence
of the distributions [®%(Q)]*~A"" has been well studied
(see the discussion of effective numbers). Thus,
AN~A??=A"3A"3_in complete agreement with the ex-
perimental data from Refs. 97-100, 105, and 106.

Estimates made in the approximation of plane waves (for
the nucleon produced as a result of the second charge ex-
change) have shown that the foregoing considerations con-
cerning the role of the AN— NN charge-exchange channel
make it possible to describe the (p,n), reaction cross section
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TABLE VII. Scparation of the (p, n) and (p, n)

contributions of the charge-exchange channels on

the basis of an analysis of the experimental data of Refs. 97-100 (T, =1 GeV, 6,=4°) by the method of
least squares: {doA(p, n);B1/dQ, Y =do'V1dO),+da'?1dQ —x,A "+ k,A2® [analog of Eq. (123)]
with k,=50, &,=5.1, @=0.38. The quantity {d(r[A(p n)AB]/d().,,}T is calculated according to Eq.
(118). The corresponding cross sections are given in the table in an obvious abbreviated notation.

aexp (f a(l) . (2) aT

7 123,8 127,2 104,7 22,4 93,9

9 1771 142,3 115,2 27.1 106,8
10 165,8 149,2 119,9 29,3 119,6
11 159,8 156,0 124,4 31,6 115,3
12 162,3 162,2 128,5 33,7 128,1
16 220,6 185,3 143,4 41,9 136,6
19 246,6 200,9 153,1 47.8 132,4
24 254,3 224,4 167.3 57.1 200,7
25 243,6 228,8 169,9 58,9 200,7
26 263,6 233,0 172,4 60,6 200,7
27 255.,8 237,3 174,9 62,4 205,0
40 331,5 287,3 203,1 84,2 251,9
44 3440 311,1 210,6 90,5 290,4
116 554,7 493,4 304,4 185,0 345,9
124 533,2 511,2 312,2 199,0 345,9
181 611,5 625,6 360,5 265,1 384,3
208 588.4 674.6 380,0 294.6 397.1

not only qualitatively, but also quantitatively [see Fig. 26 and
Table VII (Ref. 107)]. An analogous situation was described
in Ref. 108 in an analysis of the (e,e’) reaction.

The present formalism was used to calculate the cross
sections for the A(p,n)B reaction in the quasielastic region
of excitation of the nucleus under the assumption that the
incident proton knocks out a neutron or undergoes charge
exchange on neutrons of the target nucleus without excitation
of a A isobar. In this case, it is necessary to replace the factor
(Z+N/3) by N in Eq. (118) and to perform all the calcula-

seen from Tables VIII and IX that the values of NZ;EX at
T,=1 GeV agree with experiment with reasonable accuracy,
whlle at T,=0.8 GeV the deviations of NCEX from N8y
become qu1te substantial. This situation can be understood
qualitatively if we bear in mind two circumstances, owing to
which the values of N gy and N&®y in Tables VIII and IX are
overestimated. The quantity N x requires a correction be-
cause it is calculated according to the formula

CX €X|
C[E’X [dO'A(p n)B /dQn]Cé’X[do-d(p n)2p/dﬂn CEX’

tions according to the prescription described above. It can be (127)
TABLE VIII. Effective numbers N( «x_for the quasifree region (T, =1 GeV; the cxpcnmcntal data arc
taken from Refs. 97— 100). The values Niyy arc calculated without allowance and N with allowance,
for energy discrimination of the cross sections 'y .
Target A z N ) N (T:EX N zax
6=4 =175 10=11,3
"Li 7 3 2,25 2,39 — 2,03 1,69
Be -9 4 2,88 3,01 3,20 2,21 1,84
10 10 5 2,17 2,17 2,35 2,10 1,72
g 11 5 2,45 2,44 2,51 2,31 1,93
2c 12 6 2,23 2,28 2,56 2,25 1,80
150 16 8 2,72 2,81 3,10 2,40 1,88
g 19 9 3,18 3,40 3,63 2,51 1,98
Mg 24 12 2,99 2,86 2,87 3,53 2,17
LMy 25 12 3,19 3,11 3,17 3,74 2,93
2pmg 26 12 3,72 3,47 3,80 3,95 3,08
2751 27 13 3,22 3,26 3,45 3,80 3,02
40ca 40 20 3,39 3,60 4,04 4,42 3,41
Y“ca 44 20 4,26 4,45 — 5,06 3,86
Cu 64 29 5,20 523 5.40 5,85 4,40
11650 116 50 6,62 — — 7,42 5,53
124gn 124 50 7,29 - — 8,03 5.93
1811y 181 73 9,37 8,66 8,90 8,92 6.58
Pb 208 82 9,79 9,23 9,83 9,45 6,92
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TABLE IX. Effective numbers for the quasifree region at 7,=0.8 GeV and 6,=0° (the experimental
data are borrowed from Refs. 105 and 106; the notation is the same as in Table VIII).

Al 27 13 1,87 4,75 2,75
T 41,9 2 2,85 6,70 3,58
Cu 63,5 29 3,40 7,66 3,98
w 183,9 74 7,16 12,22 5,95
Po | 2072 82 7,28 12,74 6.18
u 238 92 8,14 13,49 6,49

since it is impossible to obtain experimental data on scatter-
ing of protons by free neutrons [at best, one can study the
inverse reaction p(n,p)n, when a neutron beam is scattered
by a hydrogen target].

As a result of screening effects, we have
[da-d(p,n)Zp/d‘Qn]EIx X<[d0-p(n,p)n/dﬂn]eC?X > consequently,
the values of Ny in Tables VIII and IX must be
reduced by 10-20%.* The problem of correctly taking into
account the influence of screening on the value of
the cross section [do,,, p),,/dQ,,]CEX in extracting it from
[doapny2p/ 40,1 CEX requ1re§ further investigation.

The theoretical values N{gx in Tables VIII and IX are
overestlmated owing to the use of the NN cross sections
oy in the absorption factors without allowance for energy
discrimination. The point is that incoherent rescattering of
the p(n) by the nucleons of the target nucleus leads to exci-
tation of the residual nucleus and to a deflection of the proton
p (neutron n) from the angle a,(a,) of its original direction
of motion. Emission of a neutron into the region of the quasi-
elastic peak is kinematically allowed, provided that the angle
a, is not too large. The constraints on a, imposed by the
width AE, of the spectrum d*o 4, ,)5/d€},dE, (AE,~100
MeV at half-height of the experimental quasielastic peak)
have the consequence that a contribution to the cross section
Nlgx can come only from protons that are quaswlasucally
rescattered at an angle a,< arp, where the value of «
determined by the kinematics of the reaction A(p,n)B. At
energies T,<<1 GeV, the elastic scattering cross section is not
sharply peaked in the forward dlrectlon In particular, a}JN
~ 0. 50’ at 7,=0.8 GeV, where o O'NN denotes the part of the
cross sectlon a',JN associated with scattering of the proton at
angles a,< ag (see Table X), corresponding to energy losses
AE<140 MeV (i.e., below the threshold for pion produc-
tion).

It can bc seen from Tables VIII and IX that the replace-
ment of o$y by G5y (energy discrimination) significantly
improves the agreement of the theory with experiment at
T,=0.8 GeV, and a reduction of the values of N EEX at T,=1
GeV does not lead to an appreciable deviation from experi-
ment if allowance is made for the effect of screening in ex-
tracting the cross section [do /dQ,]cex from
[dUd(p,lt)X/dQIx]CEX'

We note that all the results presented above are also
applicable to the (*He,t), reaction. Allowance for the
AN—NN charge-exchange channel makes it possible to ex-
plain qualitatively the broadening of the A peak, its displace-
ment with respect to the A peak on free protons, the doubled
value (in comparison with Glauber or DWIA calculations) of
the cross section, and the A dependence of these cross sec-
tions, which were investigated in Refs. 87, 88, and 109-123.
In this connection, an estimate of collective effects in the
excitation of broad baryon resonances in nuclei'**!'* must be
made with allowance for the contribution of mesonless de-
excitation. The point is that in the region of energies under
consideration the wavelength of the A isobar in the nucleus
is smaller than the mean internucleon distance. Conse-
quently, collective effects must be analyzed together with
direct mechanisms of the type (p,n)2" and (p,n)¥V.

n(p,n)p

CONCLUSIONS

The theoretical analysis of data on charge-exchange re-
actions with excitation of A isobars has already been re-
viewed in part above; here we shall select the main results.

1. There is no doubt that the process of charge exchange
with excitation of a A isobar in a nucleus is fairly peripheral,
though the ““degree of peripherality” is not too high, since
both the phenomenological analysis (see Ref. 1) and the re-

TABLE X. Cross sections for elastic NN scattering without allowance (afv',v) and with allowance

(&ﬁ,',v) for energy discrimination.

T, Gev ad o, mb G5y »mb
0,67 23 25 11
0.80 21 23 11
1,00 18° 19 14,5
1,40 14 18 16

el

Here U‘NN is the part of the cross section o}, corresponding to scattering at an angle
a, <a for which the energy transfer is AE<m,~140 MeV. The values of oy and

Ty were obtained on the basis of the data of Refs. 42 and 63.
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sults of calculations indicate that the AN —NN channel of
charge exchange is important in the reactions A(p,n),B.

2. The experimental angular neutron spectra, both in the
region of the quasielastic peak and in the region of A-isobar
excitations, are reproduced quite satisfactorily. The differen-
tial cross sections for the reactions A(p,n) B [A(p,n)B] of
charge exchange on nuclei are proportional to the cross sec-
tions for the corresponding process on a free proton (deu-
teron), and the coefficients of proportionality are equal to the
effective numbers N and are independent of 6, . It has been
shown that the shape of the angular distribution
do[A(p,n),B]/dQ, in the region of energies |P;|=Pp is the
same for (p,n)T" and (p,n)NN processes.

3. The method of effective numbers makes it possible to
explain the A dependences of the integrated inclusive cross
sections for (p,n), (p,n)a, and (*He,t), reactions on nuclei,
just as for the total (+,’He) and ('Li,’Be) reaction cross
sections.'>%!%7

4. The momentum and angular spectra of the neutrons
from the charge-exchange reaction p+p—n+p+m" in the
energy interval 0.8<T,<1.5 GeV are described in approxi-
mately the same way by the JAIN, OSET, and DMIT sets of
parameters A, A, C o and g,’vA. However, these sets (and
the transition potentials V& ) reproduce the total ampli-
tude Tyy_,na in fundamentally different ways, giving prac-
tically the same value for the square of its modulus,
|Tyn_nal® In other words, in going from one set to another
the amplitude Tyy_na acquires an additional unimodular
factor of the type exp(ia), and the agreement of the relativ-
istic m+p+g’ model with the results of a phase-shift analy-
sis of pion-nucleon scattering’ leads to the conclusion that
the additional phase a is a multiple of m a,=m, (n
=0,1,2,...). In its turn, the discontinuous change of «, in
going from one set to another is related to the equidistant
spacing of the spectrum of transition potentials, and this pro-
vides an example of the existence of a discrete ambiguity in
the vertex functions.

6. Scaling of the reduced cross sections, together with
additional data on the p(a,a)(N+m) reaction and on
1r-mesic atoms, as well as the combined information on the
reaction m+N—A+ 77— N+ 7+ 7, makes it possible to
eliminate the indicated ambiguity and to assign a preference
to the OSET phenomenological set.

7. Owing to the existence of interference between the
virtual A+ and A" isobars in the inclusive charge-exchange
reactions p+p—n+X and n+p—p+X, the rules for cal-
culating isospin weights must be used with caution. This
interference has a different character for each of the reactions
(destructive or constructive) and leads to a substantial devia-
tion from the naive estimates, depending on the initial en-
ergy, the energy transfer, and the emission angle of the de-
tected particle. This may be especially important for
reactions on nuclei.

8. However, at the present time there is no complete
picture of the process of charge exchange on nuclei with
excitation of A isobars on the basis of a “microscopic” de-
scription. In particular, the existing approaches do not make
it possible to separate correctly the effects of nuclear struc-
ture from the mechanism of the (p,n), reaction at interme-
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diate energies. The analysis of the process is greatly compli-
cated by collective excitations of the type (AN~"), i.., a
A-isobar-nucleon “hole.” For intermediate energies, the
problem of renormalization of the NN—NA interaction in
going from the vacuum to a nucleus has not been adequately
studied. Even a number of technical aspects of the theoretical
analysis still remain debatable. We have considered only
some of the studies devoted to charge-exchange reactions
with excitation of baryon resonances and with the simplest
projectiles; reactions with fairly complex nuclei or with po-
larized particles (nuclei) have not yet been exhaustively ana-
lyzed.
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