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Many-body scattering theory is used to derive coupled reaction channel-type equations. With the choice of the Alt,
Grassberger, and Sandhas off-shell extension for the rearrangement transition operators, the effective interactions
which enter these equations are shown to be free of all relevant two-cluster channel unitarity cuts and satisfy well-
behaved dynamical equations which possess an explicit multiple scattering structure. Several approximations to
these equations are presented and the importance of various nonorthogonality effects is discussed. Symmetrized
forms of these equations which take into account the effects of particle identity are found. This permits the inclusion
of the Pauli principle in coupled reaction channel calculations in a simple and practical manner.

NUCLEAR REACTIONS Generalized coupled reaction channel and resonating
group formalisms. Dynamical connected-kernel integral equations for effective
potentials. Pauli principle and channel nonorthogonality effects.

I. INTRODUCTION

Over the past few decades two-cluster descrip-
tions of nuclear reactions, such as the distorted
wave Born approximation' (DWBA) or the coupled
reaction channel method® % (CRC), have provided
the basis for the analysis of a large variety of
physical phenomena. These methods, though often
very successful in fitting the experimental data
and in the determination of various features of
nuclear structure, suffer from some serious lim-
itations. In particular, they do not include a con-
sistent prescription for assessing their accuracy
or for calculating systematic improvements upon
them.,

A proper formulation of such approximations
can be obtained in many-body scattering theory,*°
and several studies in this direction have been
reported recently.®"!* Approximate many-body
equations based on the truncation of the asymptotic
channel space and various coupling schemes are
developed in the Refs. 6—-9. The multiple scatter-
ing structure of the exact and approximate many-
body equations is discussed in Refs. 10 and 11,
respectively. A reformulation of the many-body
equations which includes explicitly the effects of
distortions is presented in Ref. 12. Recently,
Greben and Levin have reported calculations?
comparing the DWBA and CRC approximations!~?
in various forms and the bound state approxima-
tion (BSA) to the N-body equations of Baer, Kouri,
Levin, and Tobocman (BKLT)' for a number of
systems and reactions. The primary difference
between the CRC and BKLT equations in the BSA
is the absence of so-called nonorthogonality terms
in the latter.'® The differences due to the neglect
of these terms can be considerable. However,
due to the lack of an exact model of comparison no
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definitive conclusions about which set of equations
is preferable are reached in Ref. .13.

In this work we present the derivation of cou-
pled-reaction-channel -type equations using the
many-body equations of Ref. 10 as the starting
point.'®*1® The effective interactions which enter
into these equations satisfy a set of coupled con-
nected-kernel integral equations. Our discussion
of these interactions contains two important new
features not contained in earlier discussions of
this problem.® We demonstrate that the Alt-:
Grassberger-Sandhas choice!” of the transition
operator leads to a definition of effective interac-
tions which are continuous across the elastic unitarity
cuts corresponding to the channels included inthe re-
action model. Also, our equations for these effective
interactions have an explicit multiple scattering
structure which allows a systematic consideration of
various low-density approximations. We find that
some of these lead to approximate equations which
are similar to those of the CRC method.?”® Fin-
ally, our equations are shown to be label trans-
forming'®'*® and are therefore readily sym-
metrized. This allows for a straightforward in-
clusion of the Pauli principle in the theory.

An interesting aspect of these considerations is
that in the lowest order in the interaction our ap-
proximate equations contain nonorthogonality
terms. This appears relevant to questions con-
cerning the occurrence of such terms in various
approximate theories.!3*!* We also note that,
since our equations are exact and well defined, it
is possible to generate from them, at least in
principle, solvable approximate equations to any
desired level of accuracy.

This paper is organized as follows. Section II
contains our notation and the many-body scattering
integral equations.? In Sec. III we define the ef-
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fective interactions with the aid of the idea of the re-
action mechanism.® This approach allows a compact
description of the problem as well as generalizations
toinclude excited states in a rather simple manner.
The integral equations for the effective interac-
tions are derived in Sec. IV. The antisymmetrized
forms of these equations are obtained in Sec. V.
The wave function equations which result from the
present treatment are found in Sec. VI. Some ap-
proximations based on the low-density expansion
of our equations are considered in Sec. VII. Qur
results are summarized in Sec. VIII. The details
of some of the derivations have been placed in
several Appendices.

II. N-BODY EQUATIONS

In this section we review the notation of many-
body scattering theory and present a particular
form of the scattering integral equations for the
transition operators. The detailed discussion of
this notation and the relevant combinatorial math-
ematics can be found elsewhere 5 711+ 20, 21

We define a partition a as the grouping of N
distinguishable particles into n, distinct clusters.
We use the Latin letters a, b, c,... to denote the
partitions of the system and the Greek letters
a, B, 7...todesignate the two-cluster partitions.
The unique partitions for whichn, =1 and 2, =N
will be denoted as 1 and 0. We say that a partition
b is contained in another partition a, b Ca, if b
can be obtained from a by subdividing one or more
of its clusters. We write bC ¢ to include the pos-
sibility of equality. The alternative possibility,
where b is not contained in ov equal fo a, is de-
noted by b€ a. These relations are conveniently
expressed in terms of the matrices A and A with
the elements,?*

84,5=1,0Ca

=0, otherwise, (2.1)

and
R, p=1=8,, . (2.2)

The N-particle Hamiltonian H is taken to be the
sum of the kinetic energy H, and the potential V:

H=H,+V . (2.3)

We assume that V can be written as the sum of
two-particle interactions V;,, i.e.,

V=2V, , (2.4)
i,
where ' denotes a particle pair [i.e., an (N -1)-

cluster partition].
The partition Hamiltonian H, is defined by

H,=H,+V, , (2.5)
where
Va EZ Aa.i'Vi' (2'6)
i,

is the interaction internal to partition a. The
interaction external to partition « is defined as

Vo=H-H,=0 K, Vi . (2.7)
‘l
In what follows we also require the idea of an in-

teraction which is both external to partition a and
internal to partition b, viz.,

V3= Kot Virty, v (2.8)
il

and we write V% =Ve-V4 |
The transition operator corresponding to the re-
action b—a is given by

T, =VerveGve, (2.9)
where
G=(@ -H)™! (2.10)

if the full N-particle Green’s function and z is a
complex parametric energy, the dependence upon
which we suppress unless necessary. In writing
(2.9) it is important to realize that the choice of
the transition operator is not uniquely determined
by the values of the on-shell matrix elements

< d)a (Va )Ea‘ T;T; l¢b (Vb )E a>' Here l ¢a (Va)Ra> de-
notes the eigenstate of H, with eigenvalue E(v,,
Ea) in which all the clusters of the partition a are
bound. The collection v, of the internal quantum
numbers defines a ckannel, and k , are the mo-
menta associated with the relative motion of the
n, clusters. For example, an alternative on-shell
equivalent definition of the transition operator has
been introduced by Alt, Grassberger, and Sand-
has (AGS)," viz.,

Ta.b =54.bi-l+T;t; ’ (2.11)
where

G,=(z -H,)™
and

—sa-b =1-5,,, .

The operators (2.11) possess a symmetrical re-
lationship to the total Green’s function.!® This
property has been found to be crucial for the in-
clusion of the Pauli principle into the theory of
the optical potential.’® The choice (2.11) is also
essential in generalizing the optical potential idea



22 EFFECTIVE INTERACTIONS AND THE COUPLED REACTION... 2343

to rearrangement collisions. We discuss this
point in more detail in the next section.

In order to obtain integral equations for the
transition operators which possess an explicit
multiple scattering structure, it is useful to in-
troduce the operators*®

TOb=yBdLyeGYL (2.12)

which are related to the AGS transition operators
by

Ta,5=04,5Gy 1+ VE+T®? (2.13)
In the absence of many-body forces the two-clust-
er partition-labeled operators 7% 8 satisfy the
coupled integral equations'®

TR By W (9) Gy (2.14)

Y
The remaining operators 7% withn ,, #n,>2 can
be obtained from 7% 8 by quadrature. Scattering
equations which couple only two-cluster partition
labeled operators are called minimally coupled.*
In (2.14), W2 ®(c) denotes the c-connected part
of the operator 7%'?. Also
1

we® =Za: w*t(a), (2.15)
where the prime indicates that the a=1 partition
has been omitted from the sum. We recall that

an operator O is said to be ¢ connected if its

momentum-space matrix elements have struc-
ture4.6,10,11,21

(B Bal0l B By =[ I 0@ -31)]
n=1

X0, By.:  DADL. DY) -
(2.16)

Here p; refers to the momenta of the individual
particles, B, denotes the momenta associated with
the relative motion of the clusters of ¢, and

0. (®,...DylD; ... DY) does not contain any 6-func-
tion singularities. The least connected contribu-
tions.to (2.15) are the single-scattering terms

W B ) =K, tyBg (2.17)
where
til =V‘-I+Vl' Goti’ (2.18)

is the ordinary two-particle transition operator
on the N-particle Hilbert space. We note that the
free Green’s function G, contains the kinetic ener-
gies of all the particles but no interactions.

Using the relation'®

’
W:;és :Z w* O(b) GoGB-l
b

Y WG VE-VE (2.19)
i

and Egs. (2.13) and (2.14) we also obtain integral

equations for the AGS operators

- 4 -
Ta 8 zaa,BGB 1+Z Wa'o(a)GOGﬂ 1-6"'1 2
a

FWEO(B)Gy Gp™ 4 D W ()G, Ty g -
. ,
(2.20)

Equations (2.20) are used in the next section as
the starting point for the derivation of the effect-
ive potentials for rearrangement collisions.

III. EFFECTIVE INTERACTIONS

The definition of effective interactions for re-
arrangement collisions is facilitated by the intro-
duction of the idea of a reaction mechanism
(RM)%" 7+ ° 11 a5 a set A of physically important
channels. We consider, henceforth, RM’s which
include only two-cluster channels; the generali-
zation to include breakup channels in A is non-
trivial and will be considered elsewhere. The
structure of such a RM is conveniently represent-
ed by the subset & of the set ® of all two-cluster
partitions® 11;

B={acq|v cAl . (3.1)

We now introduce the RM projector® *» 9 11

Caa)= T [ &Igulrd®) (palrakl . 3.2)
1/(1 A

We note that @ ,(A)= 0 unless a c®. For any off-
shell extension Ta, g of the transition operator,
effective interactions U ,, g(A) can be introduced
via

Toc, g=U a,B(A)+ Z "I.la' ,(A)gy(A)Ty, B (3.3a)
YER

=, 5(A)+ D T, (A)g, (AU, 4(4),
Ye®
(3.3b)
where
£,(4)=0 (A)G, . (3.4)
Evidently Egs. (3.3) yield effective two-body equa-
tions of the coupled-reaction-channel type®’!3 in
which only the channels included in the RM are

coupled. These equations are discussed in more
detail in Sec. V. When the RM is restricted to a
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single (elastic) channel vg, then 4, 5(A)
=04,3Ug,3, Where Ug 5 is the usual optical poten-
tial for elastic scattering.!®: 22

As the generalization of the theory of the optical
potential’®* 22 we require the operators U,, g (A)
to be continuous across all the unitarity cuts as-
sociated with the (two-cluster) reaction channels
from A. This requirement is motivated by the
unitarity constraints satisfied by the AGS transi-
tion operators and yields a clean separation of the
effects of the channels included in A from those
which are excluded.

From the definition of the AGS transition opera-
tor (2.11) we find the unitarity relation'®

To 8() =Tk, ple)==21) " T,  (2)8(E-H,)

XT! 32), (3.5
where z =E +¢0 and we have defined

8E-n,)=Y [ ki, (v k)

X(¢, (v, )k |6[E -E(v,,K)] .
(3.6)

From (3.3) and (3.5) we find>3

Wg, p(A) - UL 4(A)

=—2miy UL (A) 2, (A)S(E-H,)U, 5(A),

3.7
where

2.(A)=1-C_(A). (3.8)

In writing (3.7) we have ignored the contributions
of any possible pole singularities in 4 o, s(A) to
the right side. Equations (3.6)—(3.8) show that the
effective interactions U,, 3(A) defined using the
AGS scattering operators are continuous across
all the unitarity cuts corresponding to the chan-
nels VYGA, all ye®.

It is important to realize that both the on-shell
and off-shell matrix elements of U, 5(A) enter
into (3.3). Thus different off-shell extensions of
the transition operators T, s in (3.3) yield differ-
ent effective interactions U o, g (A) which may not
be free of all A-type discontinuities.®* This is the
case for the conventional off-shell extension (2.9).
For this reason we confine ourselves henceforth
only to the potentials U, g(A) defined using the
AGS transition operators (2.11), i.e., we set Ty
=TOL, B in (3.3).

From the preceding discussion it is evident

that the use of the AGS transition operators in our
development represents the essential ingredient
required to obtain effective interactions free of
all A-type discontinuities. This generalizes the
work of Ref. 16, where it has been shown that the
AGS operator can be used to obtain a well-defined
theory of the optical potential which not only in-
cludes all the effects of the Pauli principle but
also possesses no discontinuities across any of
the two-cluster elastic unitarity cuts which are
physically equivalent due to particle identity.
These results suggest that the AGS off-shell ex-
tension should be used as the standard definition
of the rearrangement scattering transition opera-
tor.

The practical usefulness of Eq. (3.3) is limited
unless one can derive well-behaved (i.e., solvable
in principle) equations for the effective interac-
tions U,, g(A) or determine them by some other
methods (e.g., phenomenologically).?® In the next
section we develop such dynamical equations
which possess an explicit multiple scattering
structure. These equations permit the systematic
development of approximations for the descrip-
tion of rearrangement collisions. This provides
a significant improvement over the traditional
developments of the CRC?'® and optical poten-
tial®?’ 2® formalisms.

IV. DYNAMICAL EQUATIONS FOR Ua,5(4)

We now derive coupled integral equations for
the effective interaction operators U, g(A) with
kernels which become connected upon iteration.
These integral equations should be manifestly free
of all A-type discontinuities. We begin our deriva-
tion by introducing the operators!®: 16

Aoc,B(A):éoc,B

2 L WG, -V g, (A)]A,, 5(A) .
¥
(4.1)
Here V;‘ g},(A) is the A-discontinuous? part of
W% °(y) G, (see Appendix A). Thus the kernels
of (4.1), and hence the operators A ., 3(4), are

free of all A-type discontinuities. We also note
that

Ao, 8(A)=04, 3

D Ag, (AWT(B) G, -V gs(A)] .
Y
(4.2)
The arguments of Ref. 16 are easily extended to
show that Eqs. (4.1) and (4.2) have connected ker-

nels after one interation.
From (4.1) and (2.20) we find!®



:ra,,ﬂ=1a,a(A)+Zx Mg, (A VIgr(ATy 5
Y

(4.3)
where the inhomogeneous term is given by

IOL, B(A)
:Z:Aoc, y(A){sy, gt [Wy,O(ﬁ)
Y

+; ' w?: O(b)ﬁnb,z]co}ce-l .
(4.4)

The only A-type discontinuity which could arise
in (4.4) comes from the discontinuous part,
Vi g8, of W' °(8) G,. This term is multiplied
by Gg~! and the product is shown in Appendix A
to possess no A-type discontinuities. Several
alternate forms of I ,, 3(A) exist!® and some of
these are contained in Appendices B and D.
Equation (3.3b) can be rewritten in the form

‘uot, B(A)=z: Ttx, 7[67, 8 _gy(A)‘uy, B(A)J .
! (4.5)

This allows us to convert (4.3) into a set of integral
equations for the effective interactions:

U, 6(A) =, 5(A)+ D, Ko (AU, 5(A),
Ye®
(4.6)
Here K, g(A) is (cf. Appendix B):

K, s(A)= {5(1, 8 _;Aa, 2 (A4)

y [1 +Z:,Wx,o(b)co'5nb. 2]}0’5(,4) .
b
4.7

Alternative forms of K, 5(A) are given in Appen-
dix B. It is also shown there that Eqs. (4.6) are
coupled connected-kernel integral equations for the
operators U,, s(A), a, p<®, with kernel and in-
homogeneous terms which are manifestly free of
all A-type discontinuities. This implies that the
U, (A) are also free of all such singularities and
remain so, even when approximated.

The connected kernel property is a necessary
condition for compactness. Integral equations with
compact kernels are essentially Fredholm equa-
tions and as such they can be solved either exactly
or approximately in a well-defined and systematic
fashion. Thus dynamical equations such as (4.6)
represent a significant advantage over alternative,
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conventional formulations?' 3> ?" of coupled reaction
channel problems in that they provide a realistic
opportunity for calculating systematic corrections
to low-order approximations. Further aspects of
these equations and their utilization are taken up
in the next few sections.

V. ANTISYMMETRIZATION

Up to this point we have assumed that all the
particles are distinguishable. When this is not
the case, all channels which are physically equi-
valent because of the particle identity must be
treated simultaneously. This can be accomplished
in a rather simple manner if we can show that the
dynamical equations of the previous two sections
are label transforming.'®’'® This concept is de-
fined in Appendix C where we also introduce the
notation and review the relevant results of Refs.
16 and 18. For the sake of simplicity, we shall
restrict ourselves to the case where all particles
are identical (such as N nucleons). The more
general case including several particle species
represents a straightforward generalization of the
present results (see also Refs. 16 and 18).

We define the antisymmetrization procedure by
choosing the RM A such that it contains all chan-
nels related by permutations, i.e., for any chan-
nel v,€ A, the channels Vp(4) , PES are also in-
cluded in A. With such a choice of the RM the
reaction set ® is closed under permutations; i.e.,
for any partition ye ®, P(y)e®. We denote by &
the set of equivalence classes of partitions includ-
ed in ®.

We now introduce the antisymmetrized effective
interaction operators

g, 5(A)=Na,5 25 GylUy 5(A) . (5.1)

ae o

One can verify*® that the operators I, 5(A) and
K, s(A) are label transforming; (4.6) then implies
that the U,, s (A) are also label-transforming
operators. The antisymmetrized form of (4.6) is
then (cf. Appendix C)

Uz 5(A)=1q,5(A)

+ 24 K5, 3(A®S(A) U5, 5(A)

yE®
(5.2)
where
Ta,5(A)=N a5 20 Golo 5(4), (5.3)
aE o

Es 6(A)=Ng s Z& QoK 5(A) . (5.4)
ae
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The antisymmetrized AGS transition operator
is

- | =
o 8=Na.5 &0 6ol 5(A) . (5.5)

aE o

Since both U 4, g and T, g are label transforming,
the antisymmetrized forms of Egs. (3.3) are then

7es (5.62)

=Ug, 5(A)+ Z fa.;g7(A)‘ﬁ;,g(A) .
YE®
(5.6b)

We infer from (5.6) that the ﬂa, 3(A) represent
the effective interactions appropriate to a CRC-
type description of rearrangement collisions in-
volving identical particles. Furthermore, the
singularity structure of U,, s(A) implies that
Ug, 5(A) is free of all A-type discontinuities.
Equations (5.1)—(5.6), together with the defini-
tions of I 4,5(A) and K'&, 5(A) given in the pre-
vious section, represent the generalization of
the results of Ref. 16 to encompass rearrange-
ment collisions.

Equations similar to (5.6) have been found for
identical particle scattering in Ref. 18, These
equations, however, involve all the two-cluster
channels and an off-shell extension for the transi-
tion operators which does not lend itself to the

formulation of multiple-scattering approximations.

VI. GENERALIZED CRC METHOD

In this section we rewrite Eqs. (3.3) and (5.6)
in wave function form to demonstrate the relation-
ship of the present formalism to the standard
CRC approaches.?”® We start by noting that for
all partitions «a, ¥ we have

(60‘s Y +G0CTOL. y)l ¢7(V'y)-ﬁy> = IIPY(V},)EY> . (6.1)

Here |9, (v,)k,) is the full scattering many-body
wave function which evolved from the asymptotic
state | ¢,(v,)k,) in the infinite past. From (6.1)

and (6.3) it is thus straightforward to obtain the

projected wave function equations

3 [(E =H,)0y,, =@ x(A) Uy, (A)]
7€ ‘
x® (A yYs(ve)ks) =0 . (6.2)

Equations (6.2) are exact and represent the multi-
channel generalization of the Feshbach optical po-
tential formalism.

Let us define the wave functions

KOWALSKI 22

X'y, B(VyEyl VBEB)=<¢)/(V7)—E7 W)B(VB)EEQ ’ (6.3)

which asymptotically describe the relative motion
of the clusters of the y partition. We also define
the complex, energy-dependent cluster-cluster
potentials (y,Bc®)

U'y, B(V'yE Y lyﬂ EB)=<¢7(V7)E7| ‘uy, B(A)l ¢B(V5)EB>
(6.4)

where the dependence on A has been suppressed.
Equation (6.2) can then be rewritten as (v, vgeA):

[E-E@y, & )]x, s (VaKalvsks)

=Z Z fdf(’y Ux,y(V)\EleyE'y)

YE®R VyeA

XX'y, B(V'y—lz{ylyﬂﬁﬁ) .

(6.5)

In coordinate space, (6.5) are exact, one-vector-
variable integrodifferential equations for the
wave functions x,, 5. Given the potentials V,,,,
(6.5) can be solved by standard CRC methods.?'?
Usually the v, ,, are approximated, e.g., by
phenomenological cluster-cluster potentials,?’ 3

In the next section we discuss some possible ap-
proximations to U, , y Which follow from the mul-
tiple-scattering structure of the operators

Uy,y (A).

In practical applications the description of nu-
clear reactions is further complicated by the ef-
fects of particle identity. We now show, using the
results of Sec. V and Appendix C, how these ef-
fects can be incorporated in (6.1)—(6.5). As be-
fore, we restrict ourselves to a system composed
of single species of identical particles, such as
nucleons.

The antisymmetrization of (6.2) can be carried
out straightforwardly since (E —H 7) 0y, , and
Uy, Y(A) are both label transforming. Using the
methods of Appendix C, one finds that

3 WNME(E - Hy)S, 5

veh
-®x(AXiz,5(A5(A)] |95 (vp)ke) =0,
(6.6)
where
| 9s(ve)ks) =R |y5(ve)ks) (6.7)

is the normalized fully antisymmetrized many-body
scattering wave function. In deriving (6.6) we
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have assumed that the channel states | ¢, (v,)k)
are properly antisymmetrized with regard to their
internal structure.

We now introduce the antisymmetrized projected
wave functions

X5, 5(i5ky | vekp) =(d5(v)k; W s(vpks) . (6.8)
Equation (6.6) then can be rewritten in the form

lE -E(, k0] %5, 8 (viks lvskp)

.8
M PN HPE S
7’

>n

XMy, ;%5,605k5lvaks)  (6.9)

Here 'U)\ 5 is the antisymmetrized cluster-cluster
effective interaction

D5, 5(vsk x| v5k7) =C ox(vo)ix | U7, 5(A) o7 (50K 7).

From the definition of U3, 7(4), Eq. (5.1) we
find

G(P)\,’X) ’

where 6(P,, %) is defined in Appendix C.

Equations (6.1)—(6.11) together with the dynami-
cal equations for U,, Y(A) found in Sec. IV consti-
tute an exact and well-defined formulation of the
nuclear coupled reaction channel problem. It is
of considerable interest, however, to see how the
standard CRC formalisms? *' # can be recovered
from (6.2) and (6.6). The conventional CRC ap-
proximation is derived directly from the Schro-
dinger equation

E-H)|y,v)k,)=0 (6.12)

in a manner which does not suggest how one can
formulate systematic improvements. This short-
coming is removed by our demonstration of how the
CRC is embedded in our general results.

If one makes the approximation
(6.13)

Uy, ,(A)=V7 =By, , G,

Y-y

Eq. (6.2) reduces to the standard CRC form

2 OA(ANE —H® (AT (vp)k5) =0,

Ye®
(6.14)

where we have used the superscript CRC to signi-
fy the approximate nature of the wave function.
The standard CRC equations? ® of the form (6.5)
are obtained by taking the scalar product of (6.14)
with (¢,(¥))k»|. The antisymmetrized counter-
parts of (6.14) are the resonanting group equa-
tions.*” One finds, using (6.13) and (5.1), that
(6.6) becomes

Z No®5(A)R(E - )€ (A)|§ (gl p) =0 .

(6.15)

The relationship of (6.13) to other systematic ap-
proximation procedures is discussed in the next
section.

VII. APPROXIMATIONS

The exact determination of the effective inter-
actions requires the solution of an N -body scatter-
ing problem. This is impractical for large N.

It is necessary, therefore, to seek approximations
appropriate to different physical situations which
can result in practical calculations.

One class of such approximations are the low-
density multiple scattering expansions.!® 2226
These approximations have been used extensively
in studies of nucleon-nucleus and pion-nucleus
scattering at intermediate energies. We now con-
sider similar approximations within the framework
of the present formalism. The simplest approxi-
mations of this type in our equations is to ignore
all but the N, (N —1)-connected terms in Egs.

(4.4) and (4.7). This corresponds to retaining only
the two-particle scattering terms in the partition
sums. One then finds that (4.6) reduces to the ap-
proximate form (cf. Appendix D):

U g, B(A)%Z—Aa, gt Bg, 1+ VE+0q Gt
i,

- E (Ea, y "'Z By, ir by Go)
i

YEB

X® (AU, a(4) . (1.1)

Equation (7.1) represents the basis for our dis-
cussion of the various low-density approximations
obtained in the present formalism. We note that
the result (7.1) follows directly from either (4.4)
and (4.7) or (B4) and (B5).

Let us consider now the integral equations for
the effective potentials U, 4 defined by (6.4) which
follow from (7.1). Let us define (v, vgeA):
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Ty, 5(V oK o| VoK 5) =; B i PalVodk oty Bg i+ Virdg | pp(ve)kp), (7.2)

xa, B(Vo(-IE aIVBE B)E <¢a(Vo!)E az‘; Eoc, i'ti’ Go

and

RN o, 8 (Vak ol ek 5 ) = Pa(Va)k ol dp(ve)k 5)T 4, 5 -

Then Eq. (7.1) can be written as (v,, Vg€ A)

Pp(vp)k e>, (7.3)

(7.4)

v o, B(VotE cclVBE B)= ‘ra, B(VcLEal VBEB)*'[E _E(VB,EB)]ma, B(Vcc Eul VBE B)

- Z Z fdil‘y[m(x,y(ucxialvyﬁ’y)"'xa, y(VaEa{VyEIy)] v‘y.ﬂ(yyﬁlylyﬁﬁﬁ) 3 (7-5)

YE® IJ,YGA

or in obvious matrix-operator notation,

V=T+N(E-8) -N+X ). (7.6)

Here § has the elements 0,50, , ,, 0k} -K,)
E(vg,k ). After a partial wave'analysis Egs.
(7.6) reduce to a set of coupled one-dimensional
integral equations. Given the input functions 7,
N, and X these equations can be solved numerically
provided the number of coupled reaction channels
is not too large.

It is interesting to consider the generalization of
the impulse approximation which follows from
(7.6). To obtain this we introduce the operator?®

V=V (I+N)1NE=-8). (7.7)
From (7.8), U'can be shown to satisfy the integral
equation

V= +NT-RNYE -8)-KI+N)D. (7.8)

In (7.8) we have defined
K= +R)71xI +R)™* . (7.9)

The advantage of (7.8) over (7.6) lies in the fact
that all the single-scattering terms (i.e., those
linear in {;: ) arise only from the inhomogeneity.
A form of the impulse approximation can then be
obtained from (7.8) by neglecting the kernel term,
namely,

T2I +I) T -KN(E-8). (7.10)

Combining (7.7) and (7.10) we finally obtain
V(I +R)HT+R(E -8)]-KXN(E -8) . (7.11)

Equation (7.11) contains channel nonorthogonality
effects arising from the overlap kernel N in a

rllznperturbative fashion, while the target-project-
ile dynamics (contained in the two-body potentials
V;» and { matrices ¢; ) appear only in the lowest
order. The nonorthogonality effects may be
small.?” % 1% If this is the case then it is consistent
to retain only terms linear in 91, 7, and X in
(7.11). We then obtain the matrix version of the
inhomogeneous terms of (7.1),

V=T+NA(E-=8). (7.12)
Equation (7.12) represents a multichannel general -
ization of the impulse approximation. Calculations
based upon (7.12) are well within the present day
computational capabilities. It should be noted that
the two-particle transition operator £;» in (7.1)-
(7.12) is defined solely in terms of two-nucleon
information. Also, the kinematics relating the to-
tal c.m. system to the two-nucleon c.m. is unique-
ly defined. In other formulations of the impulse.
approximation!®’ % the recovery of similar low-
order approximations is often complicated by am-
biguities in the definition of the appropriate kine-
matics.

Equation (7.12) yields effective potentials very
similar to those employed, implicitly, in standard
CRC calculations [cf. Eq. (6.13)] if we make the
further approximation ¢;:=V;». We then obtain
from (6.2)

2 ONANE ~HIE, (M) 9 Avpk o)
Y

- ZfﬂA)(G;u Gx™IO  (A) W HA (ve)R ),
'y#

(7.13)

where we have used the superscript 1A to signify
the approximate nature of the wave function.
Equation (7.13) differs from (6.14) in that its
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right-hand side is not zero. If we rewrite (7.13)
in momentum space [cf. (6.5)], its right-hand
side becomes

> [ diy[2E -Ew,, k) -E(n, k)]
Y

Xqy, kv, k) alA (v K [veke) .

(7.14)

Although (7.14) may be negligible if ¢, ,, is .
sharply peaked about the on-shell values of k
and k y» it is not obvious for what types of frag-
ment wave functions this will be true. Calcula-
tions comparing (6.14) and (7.13) are needed to
settle the question of the importance of the term
(7.14) which provides the measure of their differ-
ence. This comparison should present no more
difficulty than standard CRC numerical calcula-
tions [based on (6.14)] because (7.14) is nearly
of the same form as the nonorthogonality correc-
tions which appear in these works.? % %

It must be stressed that (6.14) and (7.13) are the
different end results of two distinct series of ap-
proximations. Thus, the significance of a com-
parison between the predictions of (6.14) and (7.13)
lies in the possible superiority of one approxima-
tion over the other under a given set of physical
circumstances. The usual CRC formalism, em-
bodied in Eq. (6.14), is a consequence of variation-
al reasoning applied directly to the Schrodinger
equation (6.12). It is not easy to see how (6.13)
and (6.14) result from a plausible series of approx-
imations within our particular N-particle formula-
tion® since the physical significance of the term
(7.14) is, at present, not understood. Nonethe-
less, we have shown how both (6.14) and (7.13) are
embedded in a full dynamical description wherein
higher-order corrections can be executed in a
consistent and systematic fashion.

It is also intéresting to note that Eqs. (7.13) con-
tain explicit nonorthogonality terms 3y, ,. This
may be relevant to the recent controversy'® con-
cerning the presence of such terms in many-body
formulations of the CRC-type equations. Such
terms appear in our formalism because of our
constraints on the discontinuity structure of u,,,.
Specifically, the nonorthogonality terms are gen-
erated by the 3,,,G,™ piece of the AGS off-shell
extension (2.11). Evidently the appearance and
structure of the nonorthogonality terms depend
crucially upon the off-shell extension of T, used
in (3.3) for the definition of U,, ,.

A class of higher-order approximations to
U,, s(A) can be obtained if we include the (N - 2)
(N -3)...connected terms in the inhomogenity and
kernel of the integral equations for U4, g. Such a

procedure is limited primarily by its computation-
al feasibility, and actual numerical calculations
are expected to be restricted to the equations not
much more complicated than those of the type
given in this section. It should be noted that the
practical utilization of the approximation discussed
here is based on the assumption that the nu-
cleon-nucleon interaction and the bound-state
wave functions are known. In practice, this is
often not the case and an approximate cluster
description is used, e.g., an inert core plus two
external nucleons interacting via effective poten-
tials whose parameters are adjusted to fit the ex-
perimental separation energies.®**** Finally, we
note that the results of this section can be easily
extended to include the effects of particle identiy
using the results of the previous two sections.

It should be emphasized that all the approxima-
tions discussed in this section are expected to be
valid at relatively high energies at which the
effects of target binding and multiparticle corre-
lations are small, i.e., where the terms of higher
connectivity in I, ,, and K,  , can be neglected.
Approximations to U, g(A) corresponding to other
physical situations cannot be discussed within the
present, multiple scattering approach and other
formulations of the problem must be developed.

“However, the present study suggests that any such

approach should use the AGS off-shell extension
(2.11) and (3.3) to define the effective interactions.
This ensures that the U, 5(A) are free of all A-
type discontinuities and remain so even when ap-
proximated. This is not the case with many ap-
proximations!™3’ 22 26 often used in analyses of
nuclear reactions.

VIII. SUMMARY

In this paper we have presented an N -body theory
of rearrangement collisions. This theory is ex-
pressed as a coupled reaction channel formalism
and includes all effects of the Pauli principle in a
practical fashion. As in Ref. 16, it is seen that
the use of the AGS transition operator in the def-
inition of the effective interactions is essential in
order that the effective interactions be free of all
discontinuities corresponding to the channels in-
cluded in the reaction model. The effective clust-
er-cluster interactions are shown to be matrix
elements of operators which satisfy connected-
kernel integral equations with an explicit multi-
ple-scattering structure. This feature of the
theory suggests various systematic approxima-
tions. For example, in the lowest order of a den-
sity-type expansion we obtain equations, similar
to the standard CRC equations, which represent
a generalization of the impulse approximation to
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rearrangement collisions. The effects of particle
identity are handled consistently and straightfor-
wardly in all orders of approximation.

We have shown exactly how the standard CRC
formalism is embedded in a full and consistent
N-body scattering theory. However, we were
not able to obtain this approximation from our
equations in an entirely plausible fashion. We
have suggested some specific numerical calcu-
lations which should help to decide whether the
standard CRC or our lowest-order approxima-
tion constitutes a better starting point for formu-
lating higher-order corrections. Whatever the
conclusion of such an investigation, the present
formulation of the many-nucleon scattering prob-
lem or a formalism equivalent to it provides a
vehicle for carrying out such calculations in a
well-defined and practical manner,

This work was supported in part by the National
Science Foundation under the Grant No. PHY 78~
26595.

APPENDIX A: CONNECTIVITY STRUCTURE
OF Wb (c)

We consider the connectivity structure of the
W4 ?(c) operators. Let [0], be the c-connected
part of ©. By definition W% ?(c) is given by!+}1+16

wed(c)=[VeP+VeGV ] = VI +VEG, V..
(A1)

The only discontinuous part of W% ?(c) is the term
[VZG, V2], . Since A contains only two-cluster
channels, this term cannot have any A-type dis-
continuities unless c=y€®. The part of G dis-
continuous across the A-type cut is the sum of the
pole terms ‘S’,,(A)G7 =g,(A). We therefore con-
clude that

W () =Wt (v) -V g, (AVY, (A2)

is continuous across all A-type unitarity cuts.
Consider now b=0. Since V{ =V, and

V,=G, 1 -G, (A3)

we conclude that
We o) =W ("G, - V5g,(A)]G,™ +V50,(A)
(A4)

is continuous across all A-type unitarity cuts.
Since V‘;(PY(A) is a nonsingular operator it follows
that the kernel of (4.1) is free of any A -type singu-
larities. Evidently W* °(y)G,G,™ is also free of

these singularities.

APPENDIX B: KERNEL AND INHOMOGENEITY
OF (4.6)

If we combine (2.21), (4.3), and (4.5), the ker-
nel of (4.6) is found to be

Ky \(A)=D Ag, ,(A)
Y
[V{ —'57,7\6,\"1 —W7’°(?\)GOG{1

“ X WG, 6y, 2] a(4) .
b

(B1)

Then using (4.2) in combination with (B1) we ob-
tain

K, \(A)= {6 A= Aq, ,(4)
: Y

[1 +; rwY O(b)GOE,,b, 2]}6’,\(,4) ,
(B2)

which is manifestly free of all A-class singular-
ities. Equation (B2) can be rewritten in an alter-
nate form using the identity

XZ Aq, y(A)By x =W °(N)G, [Ty, s 6(AER)
Y
=3, 506(a€®) (B3)

and we find

ch.)\(A) = [ba,)\ - Z Aa, )\(A)

YE®

_;Aa, S(4) bg'w% °(b)G0](P (A) .

(B4)

Here 6(ye®)=1 if ye®, and zero otherwise. Also,
d(yE®)=1-5(y €®). Similarly, the inhomoge-
neous term (4.4) can be written in an alternative
form using (B3). We find

Io,8{A)=2 Ay, ,(4)
Y

{LZ' W 0(b) + W 0(3)6(13603)] G,

€®B

+8(re®)3,, B}Gs'l

+04, 50(AER)GE™ . (B5)
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Many other transformations of /,, 3(A) are pos-
sible, one of which is (D1) given in Appendix D.

We now demonstrate that (4.6) has a connected
kernel after one iteration. Iterating (4.6) we get

ws(4)4 2 1o, ,(AK,, 5(A)

YER

U, B(A)=

b0 Ko (A)K, (AU, 5(4) .
Ys AEB®

(B6)
Since K, 7(A) =K,, .,(A)(PY(A) it is sufficient to

show that @ ,(A)K,, ,(A) is connected. Using (4.2)
we can rewrite (B2) as

Kot,X {Ot: "'2 W (b nb.z

-2 LW o@)G, — VS g, (A)IA,,, (A)
oy y

X [1 +zb:/ W72 °(b)G,S,,, 2]}03(/;) .

(BT)

Since W*'°(b), and V§ are constructed from inter-
actions external to partition @, these terms will
become connected upon multiplication by & ,(A),
while € ,(A)3,,,®,(A) is connected since A con-
tains only two-cluster channels. Thus the kernel
of (4.6) is connected after one iteration.

For use in Egs. (3.3) one requires only the pro-
jected operators @ ,(A)u ,, s(A)P5(A). We see
that (4.6) yields a closed set of coupled integral
equations which by the preceding argument have
connected kernels even before iteration.

APPENDIX C: ANTISYMMETRIZATION

We outline briefly the formalism!®’ '8 required
to obtain symmetrized scattering equations. For
the sake of simplicity we assume that all particles
are identical fermions. The generalization to
include several species of identical particles is
straightforward and is not considered here. Let
S be the permutation symmetry group and let

Pc S represent an interchange of particles. Then,

for any partition a of the N -particle system,
P(a)=a’ (c1)

is another partition which is physically equivalent
to a. The set of all such permutation-related
partitions defines an equivalence class

a={P@)| PeS}. | (Cc2)

The transition operators which occur in the scat-
tering theory of identical particles are labeled

by classes rather than by partitions.
The symmetry group S is realized on the N-
particle Hilbert space by the unitary operators
U(P). A partition-labeled operator O is called .
label transforming if

U(P)ea,b. .. U(P)-l :OP(a),P(b) cee (C3)
Let N; be the number of physically equivalent par-
titions in the class @ and 6(P) be the parity of the
permutation with respect to fermion interchange.
Also, let R, be the antisymmetrizer with respect
to the interchange of the particles within the clust-
ers of the partition a. (It it obvious that if ©°¢ is
label transforming, [©%,R,]=0.) Then the anti-
symmetrizer with respect to S is given by

(Na) 2 RUP, ) 6P, ; z( ) Y &.@,

I a€a

(c4)

where @ is a canonical partition of the class @. In
what follows we suppress the dependence of & (@)
upon a.

Let us introduce the antisymmetrized transition
operators

Tsp=N ZfﬂTm, (C5)
aea

where N; 3 = (N;7/N;)*/2 and Be b denotes a canon-
ical partltxon The matrix element
(pa (v )k ITa,blqbb (v, )k, ) is the physwal scattermg
amplitude where, e.g., G,|d, (V,)k,) =| b, (v, )K&,).
If the T,,, operators satisfy the generic 1ntegral
equations

Ta,b =Ia.b +E Ka.cTc.b ’ (CG)
c

where I, ,, K,,, are label transforming, then it
is shown in Ref. 18 that the T,,, are necessarily
label transforming and

T~a’3=1~;3+21€,f,a Ts,5 (cn

where .73,3 and K; 4 are defined as in (C5). The’
sum in (C7) runs over classes rather than parti-
tions and one can show'® that (C7) has a connected
kernel provided (C6) is a connected-kernel equa-
tion. The reduction of (C6) to (C7) holds if we re-
place T,,, by any other partition-labeled opera-
tors, such as, e.g., Uq, p(A).2°

APPENDIX D: APPROXIMATE FORMS
OF THE DYNAMICAL EQUATIONS

For the purpose of obtaining Eq. (7.1) we note
that Eq. (4.4) can be rewritten using the identity
(2.19) as
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A)=;Aa, A(4)
X[Wi‘{'sﬁ +'5,\' Gt + Vﬁ‘

_EWX' O(’}’)GOB),' B(GB-1+ Vg)] .
Y

(D1)

The kernel of the integral equation (4.1) for

A, 5 (A) is two-cluster connected. Thus a low-
connectivity approximation to A 4, g(A) is 84, 5.
If we also retain only {N)- and (N —1)-connected
pieces in the square brackets in (D1) we find

Io g(A) =D WO E@')+V§+TBa, 5Gs™,  (D2)
i,

which with (2.18) yields the inhomogeneous term
of (7.1). With similar approximations the kernel

(4.7) becomes

Kes(4)=-[5., 2 W 16| s(a) . 03

It is instructive to start from the alternative form
(4.4) rather than (D1). From (2.18) and (2.19) we
have

2w

=Z Kct,i’ (ti' =ty GOVi’AB.i’)
il

22 —A_a, i’ ti’KB, i'+Vg . (D)
i'

Using (D4) in (4.4) we again obtain (D2) if only the
(N)- and (N-1)-connected terms are retained and
both (4.4) and (D1) yield the same result in this ap-
proximation.
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