PHYSICAL REVIEW C

VOLUME 9, NUMBER 4

APRIL 1974

Unitarity and off-shell effects in the impulse approximation™

D. J. Ernst, C. M. Shakin,{ and R. M. Thaler
Department of Physics, Case Western Reserve University, Cleveland, Ohio 44106
(Received 19 December 1973)

For elastic scattering of a particle from a finite many-body target, the procedure of elimin-
ating the two-body potential in favor of a two-body scattering matrix is examined. It is shown
that the theory of Kerman, McManus, and Thaler leads to unitary relations which are not of
a particularly convenient form. A simple procedure which identifies the appropriate off-shell
scattering matrix to be used in the impulse approximation is presented. The projection oper-
ator technique is employed to define an optical potential and then, in a truncated Hilbert
space, a relation similar to a two-body Low equation is used to identify the appropriate two-
body T matrix. With this latter procedure the unitarity relations are maintained in a form
which allows them to be used as a guide to the validity of the impulse approximation.

I. INTRODUCTION

In the theory of the elastic scattering of nucleons
by nuclei, the two-body potential is frequently

eliminated in favor of a two-body scattering matrix.

In the theory of Kerman, McManus, and Thaler
(KMT)?! or in the multiple-scattering series of
Watson,? this procedure requires the direct re-
placement of a many-body operator by a two-body
operator. This scheme has the disadvantage,
however, that it is difficult to know what off-shell
effects must be included in the two-body operator
so that it may “best” represent the many-body
operator it is to replace. In the Watson multiple-
scattering series, some of these effects may be
included by performing the selective resummation
as a three-body problem.?

In order to understand/better the replacement of
a two-body potential by a two-body scattering
matrix, we reexamine here the KMT formalism.
In Sec. II the theory of KMT is reviewed. In Sec.
III we examine the relationships that unitarity
implies for the T matrix. In Sec. IV we examine
the case of elastic scattering of a projectile from
a target composed of A nonidentical particles.
We employ the projection-operator* technique to
define an optical potential. By limiting the non-
elastic space to single-hole states and employing
an equation similar in form to a two-body Low
equation, we demonstrate how to identify the two-
body scattering matrix which occurs naturally in
the many-body problem. This approach is closely
related to treatments presented elsewhere.5*®
However, the application of this approach to the
simple problem considered here clarifies the pro-
cedure, and also demonstrates the origin of the
effects which distinguish the free scattering ma-
trix from the scattering matrix used in the im-
pulse approximation.

The results are shown to satisfy unitarity re-

|©

lations. In the Appendix, these results are gener-
alized to the case where the target particles are
identical.

II. MULTIPLE-SCATTERING FORMALISM

In the theory of the scattering of nucleons by
nuclei, where the nuclear force is considered to
be singular, it is customary to eliminate the
singular two-body potential in favor of a two-body
scattering matrix. In the theory of KMT one
writes a T matrix which satisfies an equation of
the form

1

TE)=Avos + A% 55 " H vie

T(E), (2.1)
where v,, is the potential between the incident
particle, labeled zero, and particle one. The
identity of the target particles has been employed
to replace V=2,0,; by Avy,. A two-body T matrix
Hw) is then introduced. This operator satisfies the
equation

1

toy (W) =vg; + 04, mtm(w), (2.2)

or equivalently,

1
Yo Tt @) @ = fig = Iy +i€) for(w) « (2.3)

Substitution of Eq. (2.3) into Eq. (2.1) immediately
yields

1

T(E) =At01(w) + (A - l)tm(w)E — ho' H,+ic T(E)
1 1
+ tm(w)[E_ T Horie o= h1+ie] T(E)
(2.4)

1374



9 UNITARITY AND OFF-SHELL EFFECTS IN THE IMPULSE... 1375

or
T(E) =Ato1(w) + (A - 1)t01(w)Gé+)(E)T(E)
+ 1o (W) GEHUE) - g6 (w)]T(E), (2.5)

where G{*(E) and g{}(w) have the obvious defini-
tions. The standard approximation used with KMT
consists in dropping the last term in Eq. (2.4) or
Eq. (2.5) and setting w =E. In this approximation,
we find that the approximate transition operator
T(E) satisfies the equation

T(E) =Ato,(E) + (A = 1)t (E)GTAE)T(E) . (2.6)

Since Eq. (2.6) is not a many-body Lippmann-
Schwinger equation, it then proves convenient to
define an operator T’(E) such that

T(E)=[(4 - 1)/A]T(E), (2.7

so that T/(E) does satisfy a Lippmann-Schwinger
equation, viz.,

T'(E) = (A - 1)‘01(E)
+(A = 1)¢,,(E)GSH(E)T(E) . (2.8)

We now note that Eq. (2.8) is still a many-body
equation. Again following KMT, we may reduce
Eq. (2.8) to a one-body equation for elastic scat-
tering by projective techniques. We define pro-
jection operators P and @ such that P+@ =1,
without at this point specifying P any further. We
then find a relation for PT'(E) from Eq. (2.8) by
observing that

PT/(E)=P(A - 1)t,,(E) +P(A- l)tOI(E)G(‘,”(E)PT'(E)
+P(A - l)tm(E)G(()H(E)QT'(E) (2.9)

and

Q[1-(A - 1), (E)G* (E)] QT (E)

=Q(A - 1)t,,(E) + Q(A = 1)t,,(E)GS AE)PT (E) .

(2.10)

By solving Eq. (2.10) for @T'(E) and substituting
that result in Eq. (2.9), we obtain

PT(E)=PU/(E)+PUE)GS*NE)PT'(E), (2.11)
with

UI(E) =(A- l)t(u(E) +(A- l)tm(E)

Q
XQE-T-H,- A= D@ 4~ Val®-

(2.12)
In order to obtain Eq. (2.12), it is necessary to
assume that [G$*(E), P]=0. If we take P to be

Psf Ko, ® 2 dko (Ko, @ 4l , (2.13)

where [120,q> o represents particle zero in a plane-
wave state incident on the ground state |®,), then
this immediately gives that [GS*X(E), P]=0.

The matrix elements of T/(E) representing elas-
tic scattering are (k}, &,| T'(E)|ky, ®4). Thus, with
the definition of P given by Eq. (2.13), we see that

PT'(E)P = T}(E) (2.14)
satisfies the equation
T!(E)=PU'(E)P + PU(E)PG{"(E)T4(E). (2.15)

The identifications

(K| TUE) |K)= (ki@a | T(E) [Ke24) (2.16)

(K [V (E) |R) = (kg @s | UNE) [KoDy) (2.17)
and

F g8 )= (G5 | G5B[Ry =2

(2.18)

transform Eq. (2.15) into the one-body equation
for elastic scattering (units such that #2=2m=1
are used),

T/(E) =08 (E) + 0 (E)gS (E)T(E) . (2.19)

The optical potential V},(E) is a complex energy-
dependent one-body potential. Clearly Eq. (2.19)
is a one-body Lippmann-Schwinger equation, with
all the properties that implies. However, ac-
cording to Eq. (2.7) the elastic scattering transi-
tion operator in the impulse approximation is
given by 7(E) which is related to 7’(E) by

#(E) =<ﬁ> 7(E). (2.20)

Since 7 rather than T’ represents the elastic
scattering operator, the unitarity relations of
interest necessarily concern themselves with 7.
However, we have noted that it is 7/ and not
that satisfies a one-body Lippmann-Schwinger
equation. This fact leads to an inconvenient state-
ment of the required current conservation. This
question will be examined at the end of the next
section.

III. UNITARITY RELATIONS

In this section we discuss the unitarity relations
for both two-body potential scattering and also for
the full many-body problem. We shall be par-
ticularly interested in the implications that the
unitarity of the S matrix has for the T matrix.

We begin by considering a general transition
operator T(E). We need not specify, at this time,
whether 7 (E) is a one-body or many-body operator,
as we are interested in formal manipulations which
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are valid for both the case when 7°(E) is a one-
body operator and when 7(E) is a many-body oper-
ator. We shall return later to the physical impli-
cations of a specific identification of T(E).

We assume that T(E) may be related to a poten-
tial v by a Moller wave operator Q'*(E):

T(E)=0 Q*YE). (3.1)
This immediately enables us to write

QUTT(EYy =0T (E)vQH(E). (3.2)
The Hermitian conjugate of Eq. (3.2) is

g’T(E)QH)(E) =Q‘+’T(E)UTQ‘*’(E) s (3_3)

and the difference between Eq. (3.3) and Eq. (3.2)
is

THE)QW(E) -2 (E) T (E) = (E)vT-vIR* E).

(3.4)
The wave operator Q‘*(E) obeys the relation
QUAE)=1+8{*(E)0 QR (E)
=1+8$*(EVT (E), (3.5)
with 8$(E) defined by
SH(E)=(E -3¢, +i€)™!, (3.6)

where 3C, is taken to be the difference between the
full Hamiltonian, H, and the potential v, i.e.,
3C,=H-v. This relation, together with its Her-
mitian conjugate, when inserted in Eq. (3.4) yields

T(E)-11(E) =77 (E)[$§* E)-8(E)] 7 (E)
+Q(+)T(E)(-U _-U"')Q(H(E)
= =21 7T (E)6(E -3C,) T (E)

+QWNE) V-0 E). (3.7)

If v is Hermitian this becomes the familiar re-
lation

T(E)-TY(E) = -2mTNE)S(E - 3¢,) T(E) . (3.8)

It is of consequence to note that the derivation
of Eq. (3.7) requires only that the wave operator
obey a Lippmann-Schwinger equation, Eq. (3.5),
and that the transition operator be defined ac-
cording to Eq. (3.1). We note that thev in Eq.
(3.1) and that in Eq. (3.7) are necessarily identical.
If we take that matrix element of Eq. (3.8) which
corresponds to forward elastic scattering, we ob-
tain the usual optical theorem.

The form of Eq. (3.7) is perhaps worthy of fur-
ther note. Let us consider the specific case
where 7(E) in Eq. (3.1) is taken to be a projection
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of the full many-body T matrix [given in Eq. (2.1)]
on a subspace of the full Hilbert space. We shall
define this projection by T'(E),

T(E) = CT(E)® .

The usual operator algebra indicates that T(E)
satisfies

(3.9)

T(E)=0(E) + U(E)G{*(E)T (E), (3.10)
where U(E) is given by

Ay 2

0 =6 [V +V gy =g ¢ 1D

where, as usual, ® +2=1. We have also assumed
that

[®,G$(E)]=0.

In general, of course, l7(E) is not Hermitian even
though V may be a Hermitian operator.
In this case, Eq. (3.7) becomes

T(E) - THE) =21 T1(E)6(E - Hy) T(E)
+WH(E)D(E) - U1 (E)[W(E),
(3.13)

where we have made the identification H,=h,+ H,,
and where W satisfies the relation

W(E) =C[1+ G$(E)U(E)R(E)P. (3.14)

It is convenient to add the condition that the inci-
dent state be included in @.
As a second example of the implications of Eq.
(3.7), we may identify T(E) with the many-body
T matrix T(E), but consider the Lippmann-
Schwinger equation, Eq. (2.1), which relates T'(E)
to V. If V is Hermitian, Eq. (3.7) implies
T(E) - TY(E) =-27i TT(E)6(E - H,)T(E) ,
so that
P[T(E) - TH(E)P= -21i OT ' (E)PS(E -~ H)PT(E)®
-27i®TY(E)Q6(E -H,)QT(E),

(3.16)

(3.12)

(3.15)

or
HE) - TH(E)=-2mi TT(E)6(E - Hy)T (E)
~2mi®TY(E)Q6(E ~H,) QT(E)P.
(3.17)

Comparison of Eq. (3.13) or Eq. (3.14) with Eq.
(3.10) indicates that

WH(E)U(E) - 0" (E)IW(E)
==2m®TT(E)Q0(E - H,)QT(E)P.
(3.18)
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If we now examine the diagonal matrix element
of Eq. (3.15) corresponding to forward scattering,
we obtain the optical theorem relating the imagi-
nary part of the forward-scattering amplitude to
the total cross section. The forward-scattering
matrix element of Eq. (3.16) or Eq. (3.17) then
yields the expected result, viz that the total cross
section may be split into two parts, the first of
which is manifestly the total cross section of scat-
tering into all possible final states included in @.
The second term then necessarily represents the
total cross section for all scatterings into states
not included in ®. Thus it is obvious that the total
cross section for scattering into the states in g is
given by
0(Q) ==(4mP e <ko | W O(E) - UNE) [(E) [k, B4

= (41:’2)2 <k0 o, T(E)TQ

><6(E -H)QT(E)k, ®,). (3.19)

This discussion is, of course, a mathematical
statement of the conventional remark that lack of
Hermiticity arises from the failure (by a trunca-
tion of the Hilbert space) to include all possible
physically available states.

If we now specify ®= P, where P is as given by
Eq. (2.13), then we are dealing with the subspace
in which the target nucleus remains in its ground
state. In this case, we may define a one-body
optical potential by

(kS| Vg [Ko) = (k54 U(E) [k4 ), (3.20)
where U(E) is given by Eq. (3.11) with ® and 9 re-

placed by P and @, respectively. The correspon-
ding T matrix, we shall indicate as T, (E),

Topt(E) = Vo (E)RGUE) (3.21)
where Q§AE) is defined by
QUNE) =1+ (E ~ho+i€) VEXE). (3.22)

The forward-scattering matrix element of Eq.
(3.7) is [where now we identify T(E) with the one-
body operator T, (E)]

(kE, Topt(E) - T pt(E) 'kE>
= =275 (K g| THA(E)S(E =ho) Top(E)| K g)

+<¢ | Vot (B) =V .(E)IZP‘”
(3.23)

where |p¢’) is the solution for energy E of the
Hamlltomgn H(E)=ho+ Vo (E). The first term on
the right-hand side of Eq. (3.23) is proportional

to the total elastic cross section, whereas the
second term on the right-hand side is proportional
to the total cross section for absorption. With

these identifications we have

47
o Imka(O) oelastlc Ononelastic ’ (324)

kg
where f ,,E(O) is the forward-scattering amplitude.
We now return to the many-body problem and
rewrite Eq. (3.15) as

T(E)-TY(E) = -27i TT(E)PS(E = hy - H,)PT(E)
-27i TY(E)QS(E —hoy—H,)QT(E) .
(3.25)

For forward-elastic scattering, we take the ma-
trix elements of Eq. (3.25) with the state |k, &,),

(ko ®,|T(E) - TT(E)[k, ,)
=-2mi(k, &,|TT(E)PS(E —ho—H,)PT(E) |k, &

~2mi{k, &,|TT(E)QS(E —hy—H)QT(E)|K, @ ,) .

(3.26)

For the optical potential V,,(E), which has been
constructed to give the elastic scattering matrix
elements of T(E), one may identify, term by term,
Eq. (3.23) with Eq. (3.26). Thus, Eq. (3.26) leads
again to the unitarity relationship of Eq. (3.24),
where now, however, each term in Eq. (3.24) can
be identified with the corresponding many-body
term in Eq. (3.26).

We now return to the theory of KMT which was
reviewed in Sec. I. We recall that the physical
elastic scattering is given by the matrix elements
of PT(E)P with T(E) given in Eq. (2.6). On the
other hand, it was the operator 7/(E) which was
shown to satisfy an equation of the Lippmann-
Schwinger form. Thus it is of interest to derive
the unitarity relations implied by the structure
of the KMT formulation of the multiple-scattering
problem.

It is worthwhile to recall that the only approxi-
mation made in deriving Eq. (2.6) for T(E) was
the omission of the term proportional to [G$*XE)
-git(w)] in Eq. (2.5). If this omission is justified
for the particular problem of interest, then T(E)
is a good approximation to the exact T matrix and
thus must satisfy an optical theorem of the form

4
+0

elastic nonelastic

TT
Imfko(o) Ototat = O,

-—(477)2 Im <koq>A'T|kod)A>

(3.27)

A model in which the neglect of [G{*(E) —g; (w)]
can be made exact, is one in which all of the
eigenstates of H, are taken to be degenerate. The



1378 ERNST,

many-body Green’s function, G$*'(E), would then
become
G{ B =

E —hy+ie, (3.28)

which can clearly be exactly cancelled by re-
defining g$I(E) as G{;AE)=G{*XE). In that case
of course, #,(E) represents the two-body T ma-
trix for the scattering from an infinitely heavy-
target particle, and is not therefore related di-
rectly to the observations. Such a model [Eq.
(3.28)] derives from the use of the closure ap-
proximation in the many-body problem. There
are, of course, other models in which the neglect
of this term is exact. We mention this here only
to demonstrate that there are models in which
T(E) may be the exact 7 matrix, and in these
models the optical theorem given in Eq. (3.27) is
also exact. Thus, we may conclude that the
neglect of the term proportional to [G$*(E)
-giiw)] in Eq. (2.5) does not preclude the exis-
tence of unitarity relations.

A unitarity relation for the KMT theory can be
derived immediately for the operator PT/(E)P
= T, (E) which satisfies a Lippmann-Schwinger
equation of the form

TL(E)=PU'(E)P + PU(E)PG{*(E)TH(E), (3.29)

where U’(E) is defined in Eq. (2.12). Equation
(3.7) then implies that T, (E) satisfies a unitarity
relation of the form

TH(E) - T4 (E) = =20 T4 (E)S(E ~ho) T, (E)

+QONE)UAE) - U (E) R (E),

(3.30)
where Q*)E) is defined by
QUAE)=1+G{H(EVUNERE). (3.31)

The physical elastic scattering amplitude, how-
ever, is given in terms of PT(E)P which is related
to T4 (E) by
PT(E)P= A T!(E). (3.32)
A~ 1 el .
If we multiply Eq. (3.30) by [A/(A - 1)], we have
the unitarity relation for PT(E)P given by

PT(E)P - PTY(E)P =-2mi (A; 1) PTY(E)PS(E ~hy)

xPT(E)P+Cq 1) GNE)
x |UNE) - UM (E)]R(E) .

(3.33)

SHAKIN, AND THALER 9

If we now take the forward-scattering matrix
element of this equation, we find the “optical
theorem”
47 2 T - PO
=% Im Ja,(0) == (4m) e Im(ko®,| T(E) ko4 )
0 0

total

A—l

== +R(k,),

A O elastic (3‘34)

where R(k) is given by

R(ky)=-(47) — k@, R NE) U(E) - UN(E)]

4kA1

x QE) [k, @4)}.  (3.35)

This is not a particularly convenient form for
an “optical theorem” to take. The difficulty is
that one is not able separately to identify the two
terms on the right-hand side of Eq. (3.33) with
elastic scattering and with nonelastic scattering,
respectively. It is clear that this came about be-
cause T/ (E) satisfied a Lippmann-Schwinger
equation while the physical elastic scattering oper-
ator is given by PT(E)P =[A/(A-1)]T,(E). Com-
parison of Eq. (3.34) with Eq. (3.27) allows one to
make the identification of R(k,) as

R(ko) =%— O elastic + ononelastic * (3 '36)

We may pursue this point further by noting that
the theory of KMT may be rewritten in a form
which identifies the “true” optical potential, that
is that potential which when inserted in a one-body
Lippmann-Schwinger equation, will generate T(E).
This can be accomplished if we write Eq. (2.15) as

PTEP=PUEP + 2= 1 PU(E)PGS(E)PT(E)P,
(3.37)

where U(E) is defined by
0(E) =25 U1E), (3.38)

with U’(E) given in Eq. (2.12). Equation (3.37) may
be written

P1 +%P O(E)PGSE)|PT(E)P

=PU(E)P + PU(E)PGS(E)PT(E)P.  (3.39)

Thus Eq. (3.38) may now be rewritten as
PT(E)P =PV, P+PV, PGS (E)PT(E)P, (3.40)

where the effective potential PV, P is given by

1
P[1+(1/A)PO(E)PG{T(E) P

PV, P=P PO(E)P.

(3.41)
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From this_’equatioll one may identify an optical
potential (k’|V,|k) defined by

(K| Vot [K) = (K@ V| K, ) . (3.42)

An integral equation which relates V,, to U(E) can
then be found from Eq. (3.42),

(R?| Vo |R) = (K24 | U(E) | KO, )
~ [ dkn&e, 0w k7,
1
X
E—~E,n+in

where U(E) is defined in Eq. (3.38).
Since PT(E)P is related to PV, P by a Lippmann-
Schwinger equation, we have immediately

(K" | VoK), (3.43)

PT(E)P - PTT(E)P==21i PTT(E)PS(E —h,)
x PT(E)P + PO (E)P(V o
-Vin PG AE)P, (3.44)
where $*)E) is given by
SEAE)=1+GHUE)PV 4 PR AE). (3.45)

The expression for PT(E)P - PT1(E)P in Eq.
(3.44) should be compared with the expression
given in Eq. (3.33). In Eq. (3.44), one may now
take the forward-scattering matrix element and
derive the optical theorem

47
Omtal =k—0 Imfko(o)
= -(411)22—’;— Im (k, @, T(E) |Ky@,)
o]

m
4ik,

- (4m)?

=0elastic
X <ﬁ0¢A [QNE) Vo= VIIQAE) IEo‘I’A) ,

(3.46)
from which we may make the identification

m
44k,

o =(47)?

nonelastic

X (Ky BAQ N E) Vg = VI JEAE) [Kop @) -
(3.47)

The unitarity relations given in Eqgs. (3.33) and
(3.46) are exact. One does not, however, wish to
calculate PT(E)P exactly, but rather to approxi-
mate the potential U’(E) defined in Eq. (2.12) and
then to calculate the corresponding approximation
to PT(E)P. For example, in KMT it is noted that
the leading term for U’(E) at high energies arises
from dropping the @-space contributions to U(E),

ie.,

UNE) = (A = 1)t,,(E) . (3.48)

It would be convenient if the unitarity relations
could be used as a guide to the validity and ap-
plicability of an approximation to U’(E). For
example, one would like to know exactly which in-
elastic channels are being ignored by the approxi-
mation in Eq. (3.48). The form of Eq. (3.33), in
which a piece of the elastic scattering cross sec-
tion is contained in each of the two terms on the
right-hand side, does not provide a convenient
method for identifying the physical implications
of an approximation to U/(E). Furthermore, Egs.
(3.45) and (3.46) provide unitarity relations in
terms of the potential V., which is related to
U’(E) via an integral equation. This is also incon-
venient. Thus one may conclude that although in
the theory of KMT one may derive unitarity re-
lations, the resulting relations are not especially
helpful in understanding the physical implications
of approximations to the theory.

In the next section, we shall examine an alternate
approach to the replacement of a potential by a
two-body scattering matrix in the many-body
scattering theory. This approach relies on the
truncation of the full Hilbert space to include the
space of the elastic scattering states plus all
single-particle single-hole excitations of the tar-
get. Since the problem may be treated exactly
in this truncated space, unitarity is treated in a
consistent manner. This approach has been ap-
plied to the problem of an incident nucleon scat-
tering from a target which is composed of A cor-
related and identical nucleons in Ref. 5. In order
to understand more clearly the treatment of
unitarity in this approach, the simple-model
problem of a distinguishable nucleon scattering
from A distinguishable, uncorrelated nucleons is
examined in the next section. It is shown that in
this approach unitarity may be used as a guide
to the validity of the impulse approximation.

IV. OFF-SHELL EFFECTS
IN THE IMPULSE APPROXIMATION

In this section we shall present a simple deriva-
tion of the impulse approximation and discuss the
implications which the unitarity relations, de-
veloped in the previous section, have for the
resulting approximation. The ¢ matrix which ap-
pears in the impulse approximation will be identi-
fied through the use of an equation which is formal-
ly similar to the Low equation. This ¢ matrix will
also be shown to be a modified Bethe-Goldstone
reaction matrix. The procedure used here is that
of Ref. 5. However, in Ref. 5 the inclusion of
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correlation effects and the need to maintain com-
plete antisymmetrization necessarily leads to a
complicated development. Here, we should like
to concentrate our attention on the identification
of the appropriate ¢ matrix to be used in the im-
pulse approximation. We shall thus examine the
simplest case, the case of a distinguishable par-
ticle incident on A distinguishable particles bound
in a “nucleus.” An alternative derivation to the
one presented here would be to generate the inde-
pendent-particle approximation to the very general
T matrix given in Ref. 6. The case where the tar-
get particles are treated as identical fermions is
a simple generalization of the following develop-
ment and is given in the Appendix.

We recall that the target ground state is repre-
sented by the A-body state vector |®,). The tar-
get is taken to be in an eigenstate of the Hamil-

lead earlier to the optical potential,

Z Voi

(K| Vol E) [Kg) = (Ea @,
{

K, <1>A> +<E; &,

In order to replace the potential operator in this
equation by a T matrix, we must explicitly include
certain of the eigenstates of QHQ. If we are in-
terested in the leading term in a hole-line expan-
sion, the appropriate states to consider are those
which arise from a single-hole state being created
in the target. We thus define our model problem
as the truncation of the @ space to include only
the space of the incident-particle and a single-
particle-hole excitation of the nucleus. This ap-
proach is thus very similar to treating the Watson
multiple-scattering series as a three-body prob-
lem.?

The A -1 particle state vector which corresponds
to particle j being removed from the state |5,) in
the target, we shall denote as |®]_,). We may
now define a projection operator @; which projects
onto the space where the A -1 particles i # j are
in the state |®]_)) and particle j is not in the state
1,,

szlo(qjlq’,{-1><q>.‘-1|qj), (45)
where ¢; is defined by
q,=1,-lb,)(b,.|, (4.6)

and 1, (or 1)) stands for the identity operator in
the space of particle zero (particle j).

the optical potential becomes

Z: Voi

(RS | Vope (E) [Ko) = < ki@,
i

Ko <1>A> + <E,; &,
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tonian H, with eigenvalue E,,

Hy|®,)=E,|®,). (4.1)

Here we consider the target to consist of A dis-
tinguishable particles occupying fully A states,
|b). The state consisting of a particle in a plane-
‘wave state (labeled by zero) incident upon the
target will be represented by |k, ®,). This state
is clearly an eigenstate of the Hamiltonian H,

= ho +H A

Hyky ,) =(ho+H,) Ky €4)

=(E,70+EA)]E0 o). (4.2)
Use of the projection operator P, defined by
p= fdﬁolio q’AXEo @, (4.3)
1 ->
(Ew)esaugrre(Too)[fooy)  wo
We may then write
QHQ z(}j Q,) H(E Q,,> . (4.7)
i 4
Moreover, H may be written as
H=hothj+vo;+ 9 v+ 9 vy +Hiy, (4.8)
PR
where H]_, is defined by
P 2
Hi = Z “2"’; +3 Z Z Vig « (4.9)
i# i#2f k=4

We now further assume that the matrix (®]_,|H|®]_,)
is diagonal in j’ and j,

(@i_.|H|®]_,) =(E‘A+Ebj)6,:,. (4.10)

With this assumption, only the diagonal terms in
j and j’ in Eq. (4.7) survive,

QHQz(Z Q,)H(Z Q,.) =3 QHQ,. (4.11)
i J i

The off-diagonal terms represent higher-order
effects (in a systematic hole-line expansion) which
will not interest us here.

With this approximation for QHQ, Eq. (4.4) for

(4.12)

Ko <1>A> .
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This formula may be reduced to the form of the
impulse approximation if we explicitly construct
in the @, space the eigensolutions of @ ;HQ;. These
eigenvectors we shall denote by @, [J5),

(Q,;HQ,)Q,|Px) =EQ,|¥g) . (4.13)
The vector Q,|§z) may be expanded as
Ql9e) =q;lu; 8 124.,), (4.14)

by

where, when the vector g, |u,, ;) is expressed in
coordinate space, it will be a function of ¥, and
T,. Thus, Eq. (4.13) implies the equation for

q; |“1.E> given by

(E-E, = Ey, =ho=h; =0y, =U;=Uoa,lu;,5) =0,

(4.15)

where the potential U, is defined for ;=j and i=0

UiF,)= j Ay By @y diry E O(F, =Fp) [Fy e o oy eyt o Ty [®1-1) Iz . (4.16)

k#j

We may now rewrite the optical potential in Eq. (4.12) as

ReloaplBY oY= 2 [ akd®kiCo, IRIXE, | b,>{<’al?;|uo, [k,
J

T amngR vy gl e 5
EA"'E

1
E'’'+ie

<“j.E’ Iqjvo; |kok,c>} .

(4.17)

At this point, it is convenient to choose an energy scale such that E, =0 and to introduce the states

4;|@,, g) which are solutions to the equation
(B =ho=hy = vy =Uy =Uo)g | &y, ) =0.

The optical potential will then become

(4.18)

ol Vo B) | Ry) = T | ik, ) (s [5,) {@',E; |6, [Kok;)
i

1

+f0 dE"(kgk} | voy 4,175, 57) m@«. e kokﬁ} .

(4.19)

In this form, the term in the curly brackets in Eq. (4.19) is similar in form to the two-body Low equation

for a T matrix. We are thus led to define ¢;(E) by

= - - > - - ° 1T 1 - >
(kgk | 5 (E) | koky) =(koky | v, | Koky) +f AE"(kok; | vos 4y |4y, ) =775 s, w7 vy 0 [ Kok - (4.20)
o E -E,,j -E' +in
The optical potential then may be written
AV BEDY f @k, d°ki(b; | Kg) (i, | by) oKy | 44 () k) « (4.21)
i

The T matrix defined in Eq. (4.20) is the T matrix
which occurs naturally in the reduction of the
many-body problem to the form of the impulse
approximation as given in Eq. (4.21).

The T matrix may be written in operator nota-
tion by

t(E) =vy +0,,G' (E)vy, , (4.20)

I

where G’(E) is defined by

1
} =
G'(E) 4% — gy +h; +U, +U, +vy)d; q;.

(4.22)

We may derive an integral equation for ¢;(E) if we
note that G’(E) satisfies

G'(E) =g!(E)‘Ionj%G’(E); (4.23)
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where g?(E) is defined by
g E)=ql(E - )y +hy +U, +Uy)q,] "2q,. (4.24)

Substitution of Eq. (4.23) into Eq. (4.21) immediate-
ly yields an integral equation for ¢,(E),

t(E) = v, + Uo.i[gj(E) +gj(E)‘1]Uojquj(E)]vo,
=Vos * vOigl(E)[ Vos + 6;G” (E)Uoj]
=0y + U8’ (BN (E) . (4.25)

From Eq. (4.25) one sees that {,(E) is a modified
Bethe-Goldstone reaction matrix in which the Pauli
principle is imposed by the operators ¢, in Eq.
(4.24) and the potentials U, and U; distort the par-
ticle propagation in intermediate states.

Thus we have two expressions for ¢;(E), Egs.
(4.20) and (4.25). As we shall see, the form in
Eq. (4.20) lends itself more readily to a discus-
sion of unitarity. The integral equation Eq. (4.25)
is, however, much more suitable to numerical
analysis. It is also interesting to note that the
solution for £;(E) involves the solution of a three-
body problem. This is most readily seen in the
equation for q,lu,. &) EqQ. (4.15), where one sees
that the problem is one of dealing with two mutual-
ly interacting particles both of which are in a po-
tential field. The full implications of the three-
body nature of this problem have not yet been in-
vestigated.

There are several effects which differentiate the
T matrix defined in Eq. (4.22) from the free two-
particle T matrix. The first of these effects is the
replacement of the on-shell energy €x, €, by the
energy €, —E,,,. In a typical nucleus, this isa
shift in energy of approximately 40 MeV. This ef-
fect can, of course, be ignored if the two-nucleon
T matrix does not change substantially when the
energy is varied by 40 MeV. This is certainly the
case for a nucleon scattering from an uncorrelated
nucleus above several hundred MeV. For elastic
pion scattering from a nucleus in the region of the
pion (3, 3) resonance, however, the T matrix is a
rapidly varying function of the energy. In this
case, one may not ignore this energy shift as is
shown quantitatively in Ref. 7.

mitian part of the optical potential is given by

RV (B) = VE (B)] | R = -m(ﬁ;,@,,

From our explicit construction of the eigenstates
of Q;HQ; we may infer the types of states which
may contribute to the anti-Hermitian part of V,(E)
and thus contribute to the absorption present in the
impulse approximation. The complete set of states
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The second effect which distinguishes the T ma-
trix of Eq. (4.20) is the presence of the operator
q;. For the case of an antisymmetrized target,

q; is replaced by an operator which excludes the
recoil-target particle from all of the space which
is occupied by the nucleons in the target (as is
demonstrated in the Appendix). The Pauli principle
has a well-known and important effect in nuclear
structure calculations.? Its importance has also
been studied in pion-nucleus elastic scattering.®

The third effect which distinguishes ¢;(E) from
the free two-body amplitude is the presence of the
distorting potentials U,(T,) and U,(T;). These po-
tentials represent the fact that particles 0 and j
are scattering in the presence of the remaining
particles and thus must propagate in intermediate
states which are distorted. This effect is also
familiar in nuclear structure calculations where
it appears as the potential which generates the
appropriate intermediate state spectrumin a
Brueckner-Hartree-Fock calculation. The sensi-
tivity of the calculational results to the choice of
the potential U,(r;) if particle 0 and j are both nu-
cleons has been studied.'® The choice is not crit-
ical because the strong short-range repulsion of
the nucleon-nucleon force is such that the impor-
tant range of intermediate momenta in a nucleon-
nucleon collision is quite high,!* and the distor-
tions due to U,(r;) are thus not large. For the
scattering of a pion from a nucleus in the region
of the (3, 3) resonance, the intermediate pion and
nucleon momenta are not high, and thus the effects
of the distorting potentials could be large. It has
been suggested'? that because the pion-nucleus
interaction is so absorptive in the region of the
(3, 3) resonance, U(r) for the pion should be treat-
ed self-consistently. One should notice that for a
singular two-body interaction, the potentials U,(r;)
as defined in Eq. (4.16) are infinite. This infinity
may be canceled by keeping certain two-hole terms
in the expansion of Q.

Finally, we should like to discuss the implica-
tions of the unitarity relations of Sec. II for
the impulse approximation as defined in Egs. (4.19)
and (4.20). According to Eq. (3.17) the anti-Her-

E0¢A> . (4.26)

for gy ]u,' g) may be characterized by the nature of
the incident wave boundary condition imposed.
These states are: (1) particle zero incident on
particle j which is bound by potential U; (not in the
state |b,), however, which is excluded by g;),



(2) particle j incident on particle zero which is
bound by potential U,, (3) particle zero and parti-
cle j bound together by the potential v,; and inci-
dent on the potentials U, and U;, or (4) particles
zero and j unbound and incident on the potentials
U, and U;. As these are the only inelasticities
available in the truncated Hilbert space, and as
the derivation of the impulse approximation re-
quires this truncation, a necessary criterion for
the validity of the impulse approximation is that
the dominant inelastic channels at a given energy
are reasonably included in the inelasticities which
arise from the insertion of the above described
solutions for |, z) into Eq. (4.26). In particular,
it is well known that the impulse approximation is
valid in the region where quasielastic scattering
is the dominant inelastic channel. We see here
that the excitation of a single target particle to a
bound excited state is also included in the inelas-
ticities present in the impulse approximation.
Most importantly, we have seen that the impulse
approximation as defined in Eqs. (4.19) and (4.20)
treats unitarity in a consistent way within the trun-
cated Hilbert space.

APPENDIX

In this Appendix, the results of Sec. IV are gen-
eralized to the case where the target particles are
identical, but the incident particle remains dis-
tinguishable. The results of this Appendix will
thus be of particular interest to the study of pion-
nucleus elastic scattering. The more general case
of an incident particle which is also identical to the
target particles has been discussed in Ref. 5.
There, the target was also considered to contain
correlations.

We begin by defining n,f ; as the fermion creation
operator which creates a particle in the bound
state b;,. The target wave function |®,) will be
taken to be a single Slater determinant, which can
be written

IQA).:HT];‘(I(») (A]-)
i=1
where |0) is the vacuum. The creation operator
for the incident particle in a plane-wave state of
momentum k we shall denote by a{. We may again
define the projection operator P as in Eq. (4.3) by
PEfdskaT‘:IéA}(@AIaiEfd“kIE o)k &,].
(A2)
If @ is then defined as the complement of P by
Q=1-P, (A3)

the definition of the optical potential given in Eq.
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(4.4) still holds.

As before, we approximate @ by keeping only
those states which are a single-particle-hole ex-
citation of the target. We thus define @; by

Q= [ @ alning, o) @ alnimiar . (a9)

The fermion creation operator 17% creates a target

particle in the state |x3) which is orthogonal to the
A bound states which are occupied in the target.
The “orthogonality scattering” states of Ref. 5
represent an explicit construction of such states.
The operator @ may then be approximated by

Q= ZQ; (A5)
i

As in Eq. (4.11), we now assume that QH®Q is ap-
proximately diagonal in the hole index j,

we-(Ye)a(Te)~Lome. e

The eigenstates of QHQ, denoted by Q|#z), may
again be expanded in terms of the particle-hole
states, ’

QIFe) = [ R R |u,, alnlm, |24) .
! (A7)
The equation
(QHQ - QEQIQ|¥5) =0 (A8)

then yields an equation for (kk’ |4, g given by
(E-€p—€p -Eb,)(m? |“j,g>-J'd3P<E| UolB) (P’ luy, £)
- [ @0l Ulxz) & Ly,

- [ o (ol vy [ Bx3) BB Ly, ) =0,
(9)

where v, is the interaction between the incident
particle and the target particles, and the following
definitions have been used:

k|U,IB) =Y (kg v, DDy, (A10)
i

X U X530 =X | ho [ X350
+ 3 Xy | vIX50;), - €xd(K - ')
! (A11)

and

By, =(bylho b)) + 3 (bybi|v]bb)) 4 - (A12)

1=1
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The matrix element {b;b, | v|b,b,), is the antisym-
metrized matrix element of the two-body inter-
action between the target particles.

This equation for |u,, z), Eq. (A9), is quite sim-
ilar to Eq. (4.14). The only differences are: First,
the Pauli principle restricts the target particles in
|uy, g) in Eq. (A7) to the space which is orthogonal
to all of the states occupied in the target; and,
secondly, the potential U in Eq. (A11l) is more
complicated than U, in Eq. (4.15) due to the iden-
tity of particle j with the other target particles.
The correct off-shell T matrix to be used in the
impulse approximation is then given by Eq. (4.17)
with the wave function g, |u,, ¢), as given by Eq.
(4.14), replaced by |u,, ), as given in Eq. (A9).

It is interesting to note that in the high-energy
limit where one may drop the subscript j on the
T matrix of Eq. (4.17), the identity of the target
particles will allow one to replace ¢(E) by At(E)
as was done in the KMT approach.
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