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-calculation. This contrasts with the usual bound-state
models.

In electron scattering we calculated the transverse
form factors for 1~ and 2~ states because these form
factors show the importance of magnetic effects. These
results were compared with experiment, and the pre-
dicted levels are generally seen. The integrated form
factors that can be derived from the energy spectra
show reasonably good agreement with experiment. We
have also seen that normalizing certain form factors
by the ratio of experimental to theoretically predicted
integrated photoabsorption cross sections improves the
results, again pointing out the importance of SU(4)
to the nuclear physics of the giant resonances. The
widths we predict for our states are in qualitative agree-

ment with experiment. This model also justifies previ-
ous identification of narrow giant quadrupole states
predicted by deForest. We have also investigated why
the high-lying magnetic 1~ state does not become huge
at large momentum transfers, although shell-model cal-
culations, including this one, predict a vanishing of the
giant dipole resonance for momentum transfers g=2120
MeV/c due to interference between the electric and
magnetic parts of the 1~ transverse operator. This is
not seen experimentally.
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The scattering matrix is derived for the scattering of nucleons by nuclei lacking one nucleon from being
doubly magic. It is assumed that an average field has been determined through a Hartree-Fock procedure
(HF). The residual interaction is treated in the random-phase approximation (RPA). In contrast to pre-
vious treatments, it is not assumed that this interaction is separable. The RPA ground state of the com-
pound system is given by a correlated wave function | ¥, ). It is assumed that states of the target and residual
nucleus can be described as one-hole states in this correlated ground state | ¥,). It is found that the RPA
equations allow for a proper definition of asymptotic states only if the full Hamiltonian (including the c.m.
energy) is used in the HF procedure. A general, yet explicit, expression for the .S matrix is obtained by
applying to the channel-channel part of the residual interaction a method first proposed by Weinberg. The
correlations contained in | ¥,) give rise to poles of the scattering matrix for real negative energies below
the energy of the lowest bound state, i.e., the ground state | ¥, ). In the energy region of physical interest,
these poles have two effects on the scattering matrix. First, a constant background term is introduced.
Second, the partial widths Ty, for decay of a compound state (X) into an open channel (¢) are complex. The
sum of the partial widths, Z\.I's, is compared with the sum of the total widths, Z)I'x. It is found that the two
sums differ by terms of second order in the admixture of correlations in the ground state. The influence of
symmetry properties of the Hamiltonian on the RPA solutions is discussed. It is shown that the scattering
matrix derived is that in the c.m. frame, and it is completely independent of the total momentum of the

nucleus.

I. INTRODUCTION

HE random-phase approximation (RPA) is a useful
tool for the understanding of collective properties
of nuclear levels.! It serves primarily as a useful model
in which the occurrence of collective modes of motion
can be theoretically understood on a microscopic basis.
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Compared with the ordinary shell-model [or Tamm-
Dancoff (TD) ] treatment, the RPA offers an improved
understanding of the relationship between symmetry
properties of the Hamiltonian and the occurrence of
collective modes.2 The RPA also yields a semiquantita-
tive account of the positions and electromagnetic prop-
erties of vibrational states.?

Since the RPA has turned out to be such a useful
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model for collective bound states, it is of interest to
study the nucleon-nucleus scattering problem within
the same approximation. Since the RPA is the only
microscopic model of collective motion, one may thereby
hope to gain an understanding of the properties of
collective compound-nuclear resonances. The ordinary
TD treatment of this problem has been studied rather
widely.* The properties of the nucleon-nucleus scattering
matrix in the TDA are well understood. The RPA differs
from the Tamm-Dancoff approximation (TDA) in that
the ground state of the nuclear system is assumed to be
a correlated wave function. Furthermore, the excited
states of the nuclear system are assumed to be given by
applying a boson operator to this correlated ground
state. We shall see in this paper that these two assump-
tions yield a scattering matrix that is different in struc-
ture from the one obtained from the TDA. We believe
that the study of this modification sheds an interesting
light on the question to what extent the analytical
properties of the scattering matrix are influenced by the
ground-state correlations.

The extension of the RPA to the nucleon-nucleus
scattering problem was studied previously by various
authors."7 In these papers, explicit solutions were
obtained only for the case of a separable two-body
interaction. This assumption is not made in the present
paper; it is hoped that one thereby exhibits those
properties of the scattering matrix that are inherent in
the RPA and thus separates them from other properties
which are due to the assumption of a separable approx-
imation.

This paper is concerned with the general solution of
the RPA equations in the continuum and with the
properties of this solution. Aside from the question
raised above, we investigate whether there is collective
enhancement of individual partial widths of nuclear
resonances; we establish sum rules for these widths; we
investigate the role of the linear-momentum operator
in the RPA and the occurrence of spurious modes of
excitation. We also give attention to the question why
the RPA equations can be solved without any real
difficulty, despite the fact that the RPA states contain
1p-1h, 2p-2h, - - - states, i.e., contain several particles in
the continuum, so that one might expect to run into
the complexities of the three- and the many-body
scattering problems.

The present study is limited to even-even doubly
magic compound nuclei, and we take into account only
nucleon channels.

In Sec. IT, we give the RPA equations and discuss the
assumptions made in deriving these equations. General
properties of the S matrix are discussed in Sec. III. The

4 C. Mahaux and H. A. Weidenmiiller, Shell-Model Approach to
ng %cglfar Reactions (North-Holland Publishing Co., Amsterdam,

5 K. Dietrich and K. Hara, Nucl. Phys. A111, 392 (1968).

6 R. H. Lemmer and M. Veneroni, Phys. Rev. 170, 883 (1968) ;
T. Fliessbach, Z. Physik 218, 385 (1969).

7K. Dietrich and C. Dover, Z. Physik 221, 340 (1969).
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content of Secs. II and III partly parallels that of
Refs. 5 and 6. In Sec. IV, we construct the S matrix
explicitly for the case of no channel-channel coupling,
and we derive sum rules for the partial widths. The
channel-channel coupling is explicitly included in the
treatment in Sec. V, which follows closely the algebraic
treatment developed earlier for the TDA. Section VI
deals with the c.m. problem. Section VII contains the
conclusions.
II. RPA EQUATIONS

When applied to a spherical nucleus in which the
nucleons interact via a two-nucleon potential V, the
Hartree-Fock procedure determines a spherically sym-
metric single-particle potential v, The single-particle
Hamiltonian /= {+v, (with ¢ denoting the operator of
kinetic energy) has a finite number of bound states and
a continuum of scattering states. The energies €,;;<0
of the bound states are labeled by the principal quantum
number 7z, the orbital angular momentum /, and the
total spin 7 of the nucleon. The bound-state wave func-
tions (1/7) w1, (7)Yy;2 are normalized to unity. Here,

Yugr=14" 22 CU55; g—w, ) Vi (0, $)xap2", (1)
K

where Y;97* is a spherical harmonic and xi2* a non-
relativistic spin wave function. The scattering states
(1/7)uy;(r, k)Yy;¢ correspond to the energy %%2/2M >0
(with M =nucleon mass). They are normalized to a
8 function in energy. The regular radial wave functions
u;(r, k) are chosen to be real. They are characterized
by a real phase shift §;;(%).

The Hartree-Fock approximation to the ground state
is given by the Slater determinant | ®,) obtained by
distributing the 4 nucleons over the lowest 4 bound
states of /. In the following, we restrict ourselves to
nuclei that are doubly magic. Then, | ®) is uniquely
defined, except for a phase. We define the total Hamil-
tonian H=T+4V, with

A
T=2 7).
=1
The expectation value of H with respect to | &) gives
the Hartree-Fock approximation EHF to the total bind-
ing energy,

4
=5(® | T | Bo)+3 > e

=1

(2)

Here and in the following, the index / extends over the
A bound states occupied in | ®y).

We define the creation operator @; for a hole in | ®y)
by the removal of a nucleon in one of the eigenstates of
ho, so that a@;| ®)=0. Deferring until later in this
section a discussion of the physical significance of those
eigenfunctions of %, that are not occupied in | ®p), we
define the creation operator a,' for a particle in an
eigenstate of / not occupied in | ®y), so that a,, | $,)=0.
The index p extends both over discrete and continuum
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states. The shell-model Hamiltonian

Hy= i ho( 7)

=1
is then written using second quantization,
Hy=— Z adltat+ > e,,a,,“ap—l- Z €r
l P I;0ccupied
= Y et:H. 3)
l;occupied

The dots indicate that we take the product of the
creation and annihilation operators in normal order with
respect to the Hartree-Fock ground state | ®). The
total Hamiltonian takes the form

H=FERF4-:Hy:4-:V:. (4)

Here, :V: is the normal form of the interaction V. It is
the residual interaction of the Hartree-Fock procedure.
Figure 1 lists the (antisymmetrized) matrix elements
of V contributing to :V':, together with their diagram-
matic representation. The graphs on the far right-hand
side of the figure stand for the antisymmetrized matrix
elements.

The simplest modes of excitation of the system are
the particle-hole states a,%@;" | ®). The usual 1p-1h
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F16. 1. Components of the residual interaction :V: of the HF
procedure. To the left is the antisymmetrized matrix element; the
p’s refer to particle states, the s to hole states. In the center are
the Feynman-Goldstone graphs corresponding to these matrix
elements, both direct and exchange. The graph on the far right
includes both direct and exchange matrix elements at the vertex.
(a) “Forward-going’’ graphs included in both the TDA and RPA.
(b) “Backward-going” graphs included only in the RPA, which
give rise to correlations in the ground state. (c)—(f) Remaining

parts of the residual interaction, which are ignored in both TDA
and RPA.

shell model (or TDA) consists in diagonalizing H in the
space of these states. The Hartree-Fock ground state
| @) is stationary with respect to such excitations, i.e.,
(%o | Ha, @t | ®)=0. Thus, | &) remains the ground
state of the TDA. Excited states are given as linear
superpositions of 1p-1h states. The method can be
extended to describe nucleon-nucleus scattering on
targets approximated as hole states in | &),

The TDA neglects all matrix elements of V except
those shown under (a) in Fig. 1. It consists in summing
over all 1p-1h intermediate states, as shown schemat-
ically in Fig. 2(a). The RPA goes one step further than
the TDA. It includes the matrix elements of V shown
in Fig. 1(b) as well as those shown in Fig. 1(a).
Figure 2(b) demonstrates that the RPA includes ‘“back-
ward-going graphs” as well as those typical of the TDA.
Inclusion of the matrix elements of Fig. 1(b) implies
that the RPA ground state differs from the TDA
ground state | &). It contains 2p-2h, 4p-4h, -+ com-
ponents built on the TDA ground state | ®). The
excited states are described as 1p-1h excitations on this
new correlated ground state.

An illustration of a graph not included in the RPA is
given in Fig. 2(c). This graph is excluded because the
RPA summation does not include the exchange of
particle-hole lines, which do not begin from (or end at)
the same vertex. In other words, the RPA summation
keeps the bubbles intact. It has been shown! that
retaining only bubble diagrams is equivalent to assum-
ing that the particle-hole pairs a,'a;" are inert, i.e., that
they behave like elementary particles. Since two crea-
tion operators for a particle-hole pair commute with
each other, the RPA is equivalent to treating each
1p-1h pair as a boson. We therefore define boson
operators AT, A as follows. We introduce the label b=
(p, 1) to denote a particle-hole pair where the particle
is in a bound orbital; correspondingly, c= (p, ) stands
for a particle-hole pair with the particle in a scattering
eigenstate of /. Here and in the following, we pay no
attention to angular momentum coupling, since we are
only interested in the general structure of the RPA
equations and their solutions. The boson operators are

(apta;t)—A4s"; (@wa,)—A4s  if p denotes a bound
orbital,
(5)
(a,f @) —>AS(E); (a@ia,)—A(E) if $ denotes a
scattering
orbital.

The energy E in the argument of 4.7(E) is defined by

E=122/2M —e, (62)

where ¢; and 72k2/2M were defined above. For later use,
we define

(6b)

— €= €.

Correspondingly, the energy (with respect to H,) of
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the operators 4sf, As is

Ey=¢,—¢;.

(6¢)

The boson operators are assumed to obey the usual
commutation relations

[4s, Ay T]= b, [4.(E), A" (E") ]=6.6(E—E),

(7
while all other commutators vanish.

The RPA to the Hamiltonian is obtained by dropping
the interaction terms (¢—f) shown in Fig. 1 and by
replacing the 1p-1h operators in the remaining inter-
action terms by the boson operators defined above. We

obtain
HB=FAF{ B VB, (8a)

Here, Hy® is given by the RPA of the unperturbed
Hamiltonian H,,

Hp= ¥ BAf At X [~ dBEAS(E) AL(B). (8)
b ¢ Y+tec

Correspondingly, VE is given by the RPA of the

residual interaction,

VB = Z ’()bbrAbTAb,

bb/

+{z / N dE’ch(E)AbTAc(E)+H.c.}
b,c

€c

+> [(ar / AE 0 (E, B') AT (E) Ao (E')
ec!

cc! Y e

+% { Z WbbrAbTAbfT—f— H.c. }

bb/

+{2 dEWbc(E)AbTACT(E)+H.c.}
b,c Yec
1 © @
+5 {z dE / AE" o (E, E')
ce! Yee ec!

XACT(E)ACIT(E’)—FH.C.}. (8¢)

The matrix elements denoted by U correspond to the
1p-1h matrix elements shown in Fig. 1(a). For instance,

Vo= Up | V| p'l)a (92)

Because of our choice of phases, all matrix elements are
real. Hence, )

Vpo="V;

if p, ' bound.

Veer (E7 E,) =P00’0(E,7 E) 5
Ve (E) =V (E). (9b)

The matrix elements denoted by W are those given in
Fig. 1(b); e.g,,

W= (pp" | V [ 1l')a (9¢)

These matrix elements are easily seen to have the

if p, ' bound.
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(a)

(b)

W

F16. 2. (a) Intermediate states summed in the TDA and RPA.
Intermediate p-h bubbles are kept intact. (b) Intermediate states
also included in the RPA. p-h bubbles are kept intact. (c) Ex-

ample of a diagram not included in TDA and RPA. One p-h
bubble is broken.

symmetry properties

Wepr ="Wprp; Wy (E) =W (L) ;

wcc’ (E7 E’) :WC’C(EI7 E) . (9d)
The factors ¥ appearing in front of the fourth and sixth
term of the right-hand side of Eq. (8¢) are to avoid
double counting. The Hamiltonian (8) is a quadratic
form in the boson operators. Indeed, the RPA can be
thought of as a harmonic expansion of the Hamiltonian
about the minimum found in the Hartree-Fock proce-
dure. The eigenvalues and eigenvectors of (8) can be
found by constructing the operators Q,', which are the
normal modes of H5, that is, which satisfy the equa-

tions
CH5, Q' 1=E.Q., (10a)
[Qm Q#T:I:auu'- (10b)

(At the present time, we do not concern ourselves
with eigenbosons of the Hamiltonian that are related
to symmetry properties of HZ like the operator of total
linear momentum, etc. Such bosons are dealt with in
Sec. VI.) Let | ¥,) be the wave function of the (nonde-
generate) ground state of HZ, ERPA the corresponding
eigenvalue,

(11)

In the following, we choose ERPA as the zero of energy,
ERPA=(), It follows from Eq. (10a) that excited states
are given by

HE | W)= ERPA | 1),

] \I’u>=QMT I \I'0>; (12a)

and that their excitation energy is E,. Since | ¥,) is the
ground state by definition, it also follows from Eq.
(10a) that

Q. | ¥o)=0. (12b)
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Once the operators Q,' have been found, Eq. (12b)
determines | ¥,), whereupon Eq. (12a) can be used to
construct the states | ¥,).

The normal mode operators Q,' are written as linear
combinations of the basic boson operators,

QﬂT= Z {Y#(b)AbT— Yn(b)Ab}

b

+ 3 [T B2 B) AL ()~ 26, B)AL(E)). (13)

The amplitudes Y,(8), Y.(8), Z.(c, E), Z,(c, E) are
determined from the eigenvalue equation (10a) and
from the orthonormalization condition (10b). These
equations yield a finite number of discrete solutions,
corresponding to the excited bound states of HE. The
Eqgs. (10) also yield a continuum of scattering states.
It is these states with which the present paper is mainly
concerned. Such scattering states are fully defined only
if proper boundary conditions are imposed in the asymp-
totic region, 7—w . We determine these boundary condi-
tions in the following way.

We assume that the states of the target, and of the
residual nucleus, are obtained by removing one particle
from the correlated ground state | ¥,) of Eq. (11), more
precisely, by operating with @' on | ¥,). It is thus
postulated that a hole in the correlated ground state is
an eigenstate of the Hamiltonian for the (4—1)-
particle system. Aside from the basic RPA assumptions
introduced above, this is the main assumption of the
present approach. It implies, for instance, that the
Hartree-Fock fields for the 4-particle system and for
the (4—1)-particle system are the same, within the
accuracy in which the other assumptions made above
are valid. Furthermore, the assumption implies that the
ground-state correlations are unchanged when a hole is
made. This is in keeping with the basic RPA assump-
tions. Finally, the assumption implies that we restrict
ourselves to a subset of all the states of target and
residual nucleus, since we do not consider, for instance,
states composed of one particle and two holes. Hence,
this assumption is rather stringent. It can only be
removed, however, at the expense of considerable addi-
tional complications. In the light of the remarks made
in the Introduction, we view the present paper essen-
tially as a model for a theory with ground-state cor-
relations and therefore do not want to consider such
complications.

A channel is thus defined by the energy and other
quantum numbers of the target or residual nucleus, and
by the orbital angular momentum and spin of the
nucleon in the continuum, i.e., by the set of quantum
numbers labeled ¢ in the relations (5). Since we have
chosen the zero of energy by putting EFPA=0, the
threshold energy for channel ¢ is given by €,>0, defined
in Eq. (6b). The boundary condition on the continuum

solutions of Egs. (11) then is that the states Q,' | ¥,),
when taken in coordinate representation, have asymp-
totically an incoming wave only in channel ¢ and out-
going waves in channel ¢ and all channels ¢’¢. This
boundary condition can be incorporated into Egs. (11)
by rewriting the latter in the form of a Lippmann-
Schwinger equation. We take the commutator of Eq.
(10a) with the boson operator 4, and use Eq. (13).
This yields

[4s, [, O, T1H-[4s, [V5, Q1 T]=+E,V,u(b). (14a)

The first commutator on the left-hand side can easily
be evaluated. We find

[A4s, [V3, Qut )= (E.—Ey) V,.(b).  (14b)

Corresponding equations are derived by taking the
commutator of Eq. (10a) with 4", 4.7(E), and 4.(E),
respectively. This gives

(4", [VE, Q' T]= (E,+ Es) Y#(b) ’ (14c)
[Ac(E)’ [VB7 QJ]]: (E“*E)Z,,(G, E)’ (14d)
[4:1(E), [V?, Q' 1]= (E+E)Z,(c, E).  (14e)

We solve these equations for the coefficients Y, (b),
Y.(b), Z,(c, E), Z,(c, E). A problem arises when we
divide Eq. (14d) by E— E,; it is here that the boundary
condition comes into play. We are presently only
interested in scattering solutions. These are specified in
terms of an incoming wave with energy E in channel c.
To denote such solutions, we replace the index u by the
pair of indices ¢, E; for instance,

Z,(d', E')—Zp (¢, E').
We write
0,t—0,M 1 (E)

to indicate the creation operator for a boson corre-
sponding to the boundary condition just given. Equa-
tion (14d) takes the form

Zet(¢', E) = exp(18:) 8.0 (E—E')

+[1/(E*—E)J[4 (E), [V?, QPHE)]].  (14f)
Since Zg®(¢’, E') occurs only under the integral sign in
Eq. (13), Eq. (14f) implies that we have an incoming
wave only in channel ¢. The phase factor exp(id.)
appears - because the wave functions w;;(r, k) were
chosen real. Here, 6,=0;;, where /, 7 are the quantum
numbers of the continuum particle in channel ¢. In-
serting all this into Eq. (13), we find the Lippmann-
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Schwinger equation
QPT(E) = exp(ide) AN (E)+ 20 {[1/(E—Ep) s, [V7, QP (E) T]AT

—[1/(B+E) T4, TV, 00N () TIs) + £ [ a2 {1/ (B = B) e (B), [V%, Q9 (B)T]

X A" (E) —[1/(E+E) LA (E), [V?, QPN (E) T14e (BN}, (15)

Equation (15) can equivalently be expressed as a Lippmann-Schwinger equation for the amplitudes Yz°(d),
Yge(b), Zg°(c, E'), Zg°(¢', E'). The latter is obtained by taking the commutator of Eq. (15) with the boson

operators and by working out the values of the commutators appearing in Eq. (15). We find

(YEc(b)) ((E—Eb)—l 0 >
V() N 0 (E+Ep)

O
>
¥\ — "Wy

2

ch(b/) ctt Jectt
Equations (16) constitute a coupled system of integral
equations. The structure of the solution to these equa-
tions is exhibited in Secs. IV and V. The scattering
state | ¥ corresponding to Q.1 (E) is given by

| WP (E) )= QPN (E) [ ¥y). (17

From Egs. (13) and (16), it is easily verified (see the
Appendix) that

[OP(E), QuPT(E) =60 (E—E"), (18a)
[0 (E), Qu P (E) ]=0=[Q.PDT(E), QuD(E)].
(18b)

Equations (18) express the orthonormality properties of
solutions of the Lippmann-Schwinger equation for the
bosons. Instead of the operators Q,P1(E) defined by
Eq. (15), we could have defined operators Q.71(E)
by replacing on the right-hand side of Eq. (15) the
denominator (Et—E’) by (E-—E'), and exp(ié;) by
exp(—16.). The scattering states

| wO(E) )=QON(E) | Wo) 17

have an outgoing wave only in channel ¢, and incoming
waves in all channels. It can be shown that the operators
Q. (E) also obey the commutation relations (18). The
ground state | ¥,) obeys both relations:

QP (E) | ¥0)=0=0Q.(E) | ¥o).

This is because the operators Q.07 (E) can be written
as linear combinations of the operators Q.?(E), and
conversely.

(19)

Wep ><YE°([)/)>

— Vo YEc(b/)

(zEc(c',E')> (exp(iac)B(E—E’)éc:c> ((E+—E')—1
- +

Zge(c', E) 0 0

YEc(b,) 0 roa'c”(Ely E”)
X +> | ar”
—'Wc’c" (El, El/)

Ooer (E') Wi (E') \[Ze°(c', E)
dE’ . , (16a)
"‘wbc’ (E,) _‘ch’ (El) ZEC(CI; El)
0 Vepr (E') Wernr (E)
>
(E+ENT) Y \=Wer (E')  —Venr (E)
Wc’c”(E/y E”) ZE”(C”, E”)
i . (16b)
_‘roc’c”(E,: EH) ZEC(Cuy El’)

We conclude this section with two remarks. The
Hartree-Fock procedure determines the 4 single-par-
ticle wave functions needed to form the uncorrelated
Hartree-Fock ground state | ®). In the frame of the
Hartree-Fock procedure, the states a,'|0) have no
distinct physical meaning. The HF procedure only
defines the single-particle states that are occupied in
the HF ground state | ). Any unitary transformation
in the space of single-particle states a,' | 0) would not
change the Hartree-Fock results and would, therefore,
lead to an equally acceptable starting point for the
RPA. We therefore expect that our RPA results are
invariant against such transformations. We now show
that this is indeed the case. Clearly, the ansatz (13) is
invariant in form under any transformation that leaves
unchanged the states occupied in | ®) and only trans-
forms the set of single-particle states not occupied in
| ®) onto itself. Such a transformation would only
modify the expansion coefficients Yz°(d), Ygz°(d),
Zg*(¢',E"), Zg°(c', E'). The same remark applies to
the Hamiltonian H? given in Egs. (8). Inasmuch as
Eqgs. (16) are a consequence of Egs. (8) and (13), they
must have the same property. The only additional fact
used in deriving Eqs. (16) is that the states @' | ¥o)
are eigenstates of the (4 —1)-particle Hamiltonian, with
eigenvalues ¢;. Both statements refer to properties of
states occupied in | ®) and are therefore unchanged
under the transformation. We emphasize, in particular,
that the energies ¢; are completely determined through
the Hartree-Fock procedure. They determine, through
Eq. (2), the binding energy ERF of the nucleus in the
Hartree-Fock approximation. We are therefore not
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allowed to change the zero of energy of the quantities €.
This zero of energy determines, however, the threshold
for the various channels and is the only additional piece
of information used in the derivation of Egs. (16).

We finally comment upon the possibility of using the
RPA for the calculation of scattering states. In classical
mechanics, the RPA has an analog. It is the expansion,
up to second order in the displacements and their time
derivatives, of the Hamiltonian around a static equilib-
rium position. This expansion is, of course, only valid
for small displacements. One may wonder whether the
RPA is applicable to a scattering problem, since infinite
distances between particles and holes are involved.
However, the expansion coefficients in quantum theory
are not the displacements but rather the coefficients of
the particle-hole admixtures in the correlated ground
state. These coefficients are individually assumed to be
small in the RPA. It is therefore as meaningful to use
the RPA to calculate nucleon-nucleus scattering proc-
esses at low bombarding energies as to use the RPA for
the determination of properties of nuclear levels in the
same energy region.

III. DEFINITION AND GENERAL PROPERTIES OF
THE SCATTERING MATRIX

In this section, we write down the formula for the
scattering matrix and discuss unitarity, symmetry, and
RPA symmetry of this matrix. By the latter, we mean
a symmetry of the matrix that is due to the special
approximations of the random-phase procedure; this
symmetry has interesting consequences for the analyt-
ical properties of the S matrix. These consequences are
discussed in the following sections.

Using the state vectors | ¥, P (E)) and | ¥, (E))
introduced in Sec. II, we write the scattering matrix
Sec(E) in the form

§(E—E') Sere(E) = (¥o O (E) | XD (E)).
For convenience, we have taken the factor 6(E—E’)
out of the ordinary definition of S(Z). Using Eqgs. (17)
and (19) we find that the right-hand side of Eq. (20)
equals the expectation value of [Q. ) (E), Q.P1(E)]

with respect to | ¥p). Since the commutator is only a
¢ number, we obtain

3(E—E") Sore(E) =[Qo O (E), Q:PN(E) ] (21)
In the Appendix, we show that the right-hand side of
Eq. (21) can be simplified, yielding

Sere(E) = exp(i0et18er) [8oor— 2imTere(E) ],
where
Too(E) = exp(—ib) [[Ae(E), V7], QBT (E)]. (22b)

As shown in the Appendix, the unitarity of the S matrix
follows from the fact that the eigenmodes of HZ form
a complete set of bosons. It is known that time-reversal
invariance of the Hamiltonian implies symmetry of the
scattering matrix. In the present context, this can be

(20)

(22a)

shown as follows. Since we assume H to be time-reversal
invariant, we can choose all matrix elements appearing
in Eq. (8) to be real. Since we have chosen our scatter-
ing states real, we have also 4.*(E) =A4.(E), 4s™*(E) =
Ay(E), etc. It then follows from Eq. (15) that

{exp(—i0.) QP T (E) ¥ = {exp(id:) QT T(E)}.

We use this relation in the commutator appearing on the
right-hand side of Eq. (21), taken for E=E’. We first
notice that the commutator, being a ¢ number, can be
replaced by its transposed value (in Hilbert space, not
in the space of channel wave functions) :

[0 (E), QPN (E)]=[0x 7 (E), QL1 (E) I
=[Q.P*(E), Q.07 (E) ]
=[02(E), Q7 (E) ]
=[QD(E), Q:P1(E)].  (23b)

The equality of the first and the last terms in Eq. (23b)
establishes the symmetry of the .S matrix.

The scattering matrix obtained in the frame of the
RPA has an additional symmetry property. We write
Eq. (10a) for a continuum solution Q.7(E) in the form

[H?, QP (E) J=EQS(E). (24a)

Taking the transpose of this equation, we find, using
the symmetry of HE,

[HE, Q.*(E)]=[HE, QP (E)]=— EQ.P ().
(24b)

(23a)

A comparison of Eqs. (24a) and (24b) suggests the
definition

QPN (—E)=Q.P (E), (25a)
QP (= E)=Q.PN(+E), (25b)
We define the matrix Sq.(—E) by [see Eq. (21)]
$(E—E")See(—E)=[Qu(—E"), Q.P1(—E)].

E>0
E>0.

(26)
Using Egs. (25), we obtain

Sc'c(—E) =Sc'c(+E)- (27)

We emphasize that Sy.(—E) as defined by Eq. (26) is
different from the value obtained by continuing
Soo(+E) analytically on the physical sheet from E£>0
to E<0. Therefore, the analytic continuation of Sec
studied in Secs. IV and V does not have the property
(27). However, the property (24) of the solutions also
has interesting consequences for this analytical con-
tinuation. Indeed, for the cases studied in this paper, it
is found that singularities.of Sero(E) located on the cut
physical E plane occur symmetrically with respect to
E=0, the energy of the RPA ground state. We postpone
a discussion and interpretation of this interesting result
until Sec. IV.
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IV. ANALYTIC PROPERTIES, POLE DECOMPOSI-
TION, AND SUM RULES FOR THE S MATRIX
WITHOUT CHANNEL-CHANNEL COUPLING

In this section, we simplify the basic equations (16)
for the amplitudes ¥, ¥, Z, Z. We assume that those
matrix elements of ¥ connecting the channels directly
with each other can be neglected, i.e., that the last term
on the right-hand side of Eq. (16b) is zero:

Vererr (El7 E”) = 07 WG’C"(E,: E") =0. (28)

This assumption is introduced only for pedagogical
reasons. Using Eqgs. (28), we shall see that Eqgs. (16)
can easily be solved explicitly and that the resulting
scattering matrix can easily be written down. This will
make it possible to focus on those properties of Sy.(E)
that are mentioned in the title of this section. We
emphasize that, in many cases, it is not justified to use
Eqgs. (28). Then, the solution of Eqgs. (16), although
still feasible, is much more complicated, as shown in the
following section. Once the solution has been con-
structed, however, the methods developed in the present
section can be employed to derive, in the general case,
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Egs. (28), we find
Toro(E) = exp(—1d,) ; {Ven(E) Y5 (b)

+Wor(E)YEe(b)}.  (29)

We now solve Egs. (16) for ¥ and ¥, again using Egs.
(28). Inserting the result into Eq. (29), we obtain

Tc’c (E) = %;4 (Ub"b’ (E) ) Wernr (E) )
Vse (E)

Myt Mypn?
X . (30a)
My Mypt) \—We(E)

In addition to the summation over b and &', the right-
hand side of Eq. (30a) also contains a 2X2 matrix
product. The matrix M is defined by

Myt Myn?
M= = (D).
Myt Myt

The matrix D is a 2M X 2M matrix, where M is the
number of bound 1p-1h states. It can be written as

(30b)

results very similar in form to those obtained for the D=1E—N, (30c)
case when Eqs. (28) hold. The situation is thus very ..
similar to that encountered in the TDA, where it is also where the matrix N is given by
found that the form of the scattering matrix obtained Nyt Ny?
in the general case is not very different from the one N= . (30d)
valid if the first of Egs. (28) applies.* —Nyi2 —Np®
Evaluating the commutator in Eq. (22b) and using Here,
Oper (E7) Ve (£) © s Wee (B Wen (E')
Nyt = Ly +Vrpr / df —————= — aF’ ) 30
W A V) +Z R :L; » E+E (30e)
s cobc' (E,) L-Oc"b’ (E/> *® Wb(:' (EI)CWC’IJ’ (El)
Nipr®= Epbppr~+ Vo — dE —————— dFf ——————= 3of
bb R )5 CZ, » tE + %: y —5 , (30f)
© cch’ (E,>wc’b’ (E,) s Wbc’ (El)coc’b' (El) .
Ny ="Whpr ) ————— — A —————= 30
=Wt 2 | E—E /. E+E (30¢)

It is obvious from Egs. (30c)—(30g) that the matrix

()

is symmetric. This shows that Eq. (30a) yields a sym-
metric 7 matrix, in agreement with the results obtained
in Sec. III.

We now discuss the analytical properties of T.(E)
as a function of the complex energy &. The integral

/ g Qe L) Vo (E) Vper (E) Vprpr (E)
&—FE'

defines, in the complex & plane, cut from er to =, a
holomorphic function of &. Similarly, the integral

[ o O (B Vv ()
e+ E

(31)

(32)

defines, in the complex & plane cut from —e to — o,
a holomorphic function of &. All integrals occurring in
Eq. (30c) for D are either of type (31) or of type (32).
This shows that the matrix elements of D are holo-
morphic functions of & in the complex & plane, cut from
e.to o, withc=1, «++, A (A is the number of channels),
and also cut from —e, to — o, with ¢=1, «+«, A, The
functions defined by Eq. (31) have a branch point at
&=¢,. This leads to the cut from e to . Conversely,
the functions defined by Eq. (32) have a branch point
at &= —e-s. This leads to the cut from —es to —o.
The occurrence of branch points at §=e¢,, withc=1, «« -,
A, is a well-known phenomenon. These branch points
are kinematic singularities, caused by the existence of
thresholds. However, the energies —e., ¢c=1, +++, A do
not correspond to thresholds. The branch points at
these energies have a dynamical, rather than a kine-
matical, origin. They are caused by a specific symmetry
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of the matrix D due to the RPA. It is easy to see that

01 01
( )D<g>( >=_D<_g>.
10 10

This symmetry is typical of RPA equations. It shows
that if an element of D has a singularity (a branch
point) at E=e, there must also be a matrix element of
D with the same singularity at §= —e,, in accord with
the statements made above. The symmetry (33) implies
a further statement. Excited bound states of the com-
pound system correspond to zeros of the function
det(D) for §>0. This can easily be seen by writing
down Eq. (10a) for a Q. creating a bound excited state.
The corresponding homogeneous equation for the
amplitudes ¥, Y, Z, Z has a nontrivial solution only if

det[D(8)]=0. (34)

Conversely, by the same reasoning we can show that
zeros of Eq. (34), with §> 0, correspond to bound states
of the compound system. It is clear from Eq. (30) that
every zero of Eq. (34), if located in the region of
meromorphy of T..(8), causes a pole of T¢.(8) to
occur. We thus retrieve the well-known statement that
bound states of the system produce poles in the scat-
tering matrix at the energies of the bound states. The
symmetry (33) implies that the zeros of det(D) occur
in pairs in the cut & plane, since

det[D(8) J= —det[D(—&)]. (35)

Hence, to each pole of T¢.(8) at E=E;>0 caused by a
bound state there corresponds a pole at §=—E;, if
(—E,) is in the region of meromorphy of T.(€). This
symmetry property is related to the symmetry (24)
and originates in the fact that in the RPA, the boson
creation and annihilation operators are treated on an
equal footing, as displayed in Egs. (8) and (13). Since,
by definition, the RPA ground state has energy ERPA=
0, it is clear that the poles at energies §<0 are not
associated with bound states of the system. They occur
because, if there exists a creation operator Q' for a
bound state at energy E;> 0, there also exists a destruc-
tion operator of this bound-state boson, with energy
— E;<0. We thus see that the symmetric appearance
about €=0 of both branch points and poles of D™ is
caused by the symmetric treatment of creation and
annihilation operators in the RPA.

In the RPA, the singularities of D! occurring for
&<0 are also singularities of the 7 matrix. These T-
matrix singularities arise from the inclusion of the back-
ward-going graphs shown in Fig. 2(b). Such graphs lead
to a boson-boson interaction, i.e., an interaction between
the unperturbed boson operators defined in Eq. (5),
which is different from the interaction included in the
TDA. This offers the following interpretation for these
singularities. We remind the reader that branch points
and poles (the latter not associated with bound states
of the system) arise at negative energies in the analyt-

(33)

ically continued scattered amplitude already for the
simple case of elastic scattering by a superposition of
exponential potentials.® In high-energy physics, it is
well known that singularities on the “left-hand cut” are
associated with the forces between the particles. We
may therefore say that the inclusion of backward-going
graphs leads to an inter-boson force, which produces the
singularities found at §<0. These singularities have
some influence on the scattering cross section in the
physical region. In this way, the backward-going graphs
produce a nonzero background scattering cross section
outside the physical resonances, as shown in Eq. (48)
below. The poles and branch points at §<0 are rather
far away from the region of physical scattering processes
(we have chosen ERPA=(Q!). Hence, we expect the
numerical effect of these singularities on the S matrix
in the physical region to be rather small. It is quite
likely, in fact, that this effect is smaller than the uncer-
tainties inherent in the RPA, so that these singularities
have more of an academic interest. Their occurrence
does show, however, that the inclusion of backward-
going graphs can lead to a behavior of the .S matrix not
encountered in the TDA. Here, we believe, lies the main
interest of these singularities.

Can there be zeros of det[D(8)] in the cut physical
& plane other than those associated with bound states
of the compound system and their mirror images about
&=0? We show that this is not the case. Suppose that
det[D(8)] had a zero at §=§; on the cut & plane, with
Imé&;540. Then an operator (it can be constructed that
creates an eigenboson of the Hamiltonian with this com-
plex energy &;. It was shown by Thouless? that if the
RPA was preceded by a Hartree-Fock minimization of
the energy, then such bosons cannot exist, and all eigen-
values of H® must be real.

The origin of the zeros of det[D(8)] in the cut &
plane can be elucidated in yet another way. It follows
from the commutation relations (10a) that if Q;" is the
creation operator of a bound boson with energy £;>0,
then the Hamiltonian has bound states at Ej, 2F;,
3E;, +++. This is due to the boson character of the
operator Qif. However, the function det[D(8)] has, in
general, a zero only at 8= Ey, not at §=2LE,,8=3E;, ++-.
This shows that the positive-energy zeros of det[D]
only give some bound states of the boson Hamiltonian
HBE| i.e., those related to the presence of one boson.
Correspondingly, the annihilation operator Q, for a
bound boson with energy E;>0, is itself a solution of
Eqg. (10a), with energy — E;<0. There are other solu-
tions of this equation, with energies —2E;, —3E,
—4F,, ---. A negative-energy zero of det[D(8)] occurs
only at the energy §=—E;, not at the energies &=
—2E,, §=—3Ey, «+-. Altogether, we see that the zeros
of det[D(8)], and hence the poles of the .S matrix, are
not associated with the bound states of HE. Rather,
they are associated with the one-boson solutions of

8R. G. Newton, Scattering Theory of Waves and Particles
(McGraw-Hill Book Co., New York, 1966).
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Eq. (10a) with discrete energy, and no discrimination
is made between positive-energy zeros corresponding to
boson creation operators Q7 and negative-energy zeros
corresponding to annihilation operators Q.

We now turn to the pole decomposition of the scat-
tering matrix and establish sum rules for the partial and
total widths similar to those* found in the TDA. We first
observe that neither 7.(&) nor S¢.(&) obeys a sym-
metry relation of type (33). This is not surprising, since
this symmetry relation is a result of the RPA equations,
but not of the boundary conditions imposed upon the
scattering solutions. The matrix D(§) is quite inde-
pendent of the particular boundary conditions chosen.
This is not so with the .S matrix, which therefore does
not display the characteristic symmetry of the RPA
equations. This also shows that Se.(—E) (E>0) de-
fined in Eq. (26) differs from the value obtained by
continuing Sy.(E) analytically to —E on the cut &
plane.

A pole decomposition of 7. (8) [or of Se.(8) ] can be
obtained by continuing these functions into the sheets
adjacent to the positive real axis of the cut & plane. It
is on these sheets that poles are found that correspond
to the compound-nuclear resonances. Since the treat-
ment of this problem follows very much the same lines
as that of the general Humblet-Rosenfeld theory, we do
not give it here. Rather, we focus on the pole decom-
position obtained in a region of the Riemann surface in
& (henceforth called the “region of interest”) restricted
in such a way that the integrals (31) and (32), as well
as the single-particle phase shifts §; and matrix elements
Vee(E), Wi (E) appearing in the expression (29) of the
T matrix, may be regarded as constants. It is known?
that this assumption makes it possible to obtain, in the
frame of the TDA, sum rules for the total widths and
the partial widths. The assumption implies that we are
far from any threshold and from any single-particle
resonances. The latter would cause a strong energy
dependence of the quantities assumed constant above.
Such resonances are dealt with in Sec. V. A glance at
the matrix D(&) in Eqgs. (30c)—(30g) shows that even
if we assume all the integrals of type (31), (32) to be
constant, zeros of detD will still appear symmetrically
about the point §=0. Those zeros corresponding to
Re&<0 lie, of course, far outside the region where our
approximation of constant integrals is valid. Therefore,
they will not coincide with the true zeros of detD, i.e.,
the zeros determined without using the approximation
described above. Furthermore, the corresponding .S-
matrix poles will have little influence on the cross sec-
tion in the energy region of interest. This influence will
consist of a smooth background. For these reasons, we
separate the 7" matrix into two parts. One part describes
the influence of the close-lying poles, the other one is
assumed to be constant. This operation is carried
through in two steps. First, we introduce the eigen-
vectors and eigenvalues of the standard® bound-state
RPA equations. This is done in order to establish the
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connection between the present and the standard treat-
ment. Subsequently, we include the effect of the con-
tinuum and introduce the pole decomposition of the
T matrix. Finally, we derive the sum rules.

We define the 2M X 2M matrix N@ as follows:

8o Fp Ve Wopr
N© =

) . (36)
— Wb — Oy Lop— Uy

Comparison of Eq. (36) with Egs. (30c)-(30g) shows
that N© differs from N by the omission of the integrals
(31) and (32), which represent the influence of the
various channels on our problem. The eigenvalue

equation
X X
N© =)
X X

is exactly the RPA equation that we would have ob-
tained had we omitted all states with nucleons in con-
tinuum orbitals. It is the equation considered in prac-
tice? for the calculation of bound nuclear levels from
the RPA. In the following, we assume that N@ does not
have vanishing eigenvalues. This assumption is reason-
able because of the following argument. It was shown
by Thouless?that the full RPA equations yield vanishing
eigenvalues for the three components of the linear
momentum operator. By full RPA equations, we mean
here the equations obtained by admitting a complete set
of HF single-particle wave functions. The equations
(37) are not identical to these full RPA equations,
since they are obtained by omitting the continuum HF
single-particle wave functions. Hence, the theorem of
Thouless does not apply to these equations. If the effect
of the continuum is small, we expect, according to
Thouless’s theorem, the occurrence in the vicinity of
&=0 of eigenvalues " of Eq. (37) associated with sym-
metry properties of the Hamiltonian and, therefore,
with spurious modes of internal excitation. We would,
however, consider it fortuitous if these eigenvalues were
to vanish exactly. This point of view is supported by the
results of numerical calculations.? We therefore assume
that all eigenvalues of N differ from zero.

The eigenvalues and eigenvectors of Eq. (37) are real.
This also follows from the work by Thouless,? who
showed that if the RPA is preceded by a HF calculation,
then the matrix of the full RPA equations is positive
semidefinite if the metric matrix

(Z -

is used. The statement carries over immediately to the
matrix N@_ which is defined in a subspace of the full
RPA equations.

The symmetry property of N© displayed in Eq. (36)
implies that to each eigenvalue € of Eq. (37), there is
a corresponding eigenvalue —e*. The eigenvector asso-

37
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ciated with —e is related to the quantities appearing
in Eq. (37) by

(X 2 <X 2
N©) =—¢\ .
X X

Let ¢;, j=1, <<+, M, be the M positive eigenvalues of
Eq. (37), and let

X
_ , ]'_.—_ 1’ .o
Xy

be the corresponding eigenvectors. (The quantities e;
should not be confused with the threshold energies e..)
We define the matrices

<Xb Xb > <Bﬂﬂ, 0 >
O= _ ) 1= )
Xy Xi 0 —dgs
6.,']'16',' 0
e= .
0 —dje

(38)

M

(39)

The eigenvectors can be chosen in such a way that
(T stands for transposed)

OTIN®QO=e, OTI0=1=007I. (40)
The matrix D~ appearing in Eq. (30b) can be written

D~1=007ID-'007I=0[O7IDO]07I=0D0"I.
(41)

The last relation defines the symmetric matrix D.
Inserting Eq. (41) into Egs. (30), we find

A

X X [ Vw(BE)
Too(E) = (Vo™ (E), Wen ™ (E) ) (D)™ :
Wbc (E)

(42)

Equation (42) implies matrix multiplication in a (2M)-
dimensional space. We have defined (j=1, «++, M)

Vil(E) = 3 (Ou (E) Xoi+Wayr (E) Xoi), (432)
b
Wes(B) = 5 (War () Xoi+Var (B) o). (43D)

According to Eq. (41), the matrix D has the form

_ [0sE—Ny' —Ny?
D= ) ; , (43c¢)
=Ny 8 E+Njy?
where
_ © Vi (E)Vei(E) © o Wi (B Wey () :
= €0 l—————‘-———] J - b/ J 2 *
Nyt =epirt E Z O ErE ) (43d)
- © Vi (E)Vey (B © Wi (E)Wey (E)
- o V(B Wy (E) © Wi (EYVer(E)
Nit= dE T dE = 43
7 Z Et—F' Z E+FE (430)

Equations (43c)—(43f) show that the matrix elements
Vwr, Weer appearing in Eq. (30c) have been removed
by the transformation and that the only coupling terms
left are the integrals of type (31), (32). This is one
reason that we introduced the transformation leading
from the energies E of the particle-hole states to the
energies ¢; of the bound-state RPA equations. We
wanted to display the connection with the usual, re-
stricted RPA calculations.? We see that the modification
of these calculations introduced by taking into account
the continuum is quite analogous to that introduced
similarly? in the TDA. The integrals appearing in Eq.
(43c) can be decomposed into a real and an imaginary
part. The former parts give rise to a shift matrix, the
latter to a width matrix and thus to the particle-decay
widths of the resonances. Typically,* integrals of type
(31), (32) have absolute values that are smaller by a
factor 10-30 than those of the matrix elements O,
“Wepr. This is the other reason that the transformation
leading to the matrix D was introduced above. It is
hoped that, in the region of the & plane presently under
study, resonances are caused by RPA states with

energies ¢; lying within that region. The influence of
RPA states with energies ¢; outside the region of interest
will be treated as a perturbation, as far as the sum rules
are concerned. The implication of this procedure is the
following. In the standard RPA treatment, ground-
state correlations and collective effects are caused by
the coupling terms “Ws . The procedure just outlined
implies that collective effects not already included in
the standard RPA treatment, i.e., in the transformation
leading to the matrix D, can be obtained by using
perturbation theory. Such additional collective effects
might arise from the presence of the continuum. We
have not been able to derive physically meaningful sum
rules without using perturbation theory.
We write the matrix D in the form

_ A C
D=
c’ B

and note that the quantities A, B, C are M X M matrices.
The matrices A and B are symmetric. We also define

(43g)
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the M X M matrix
d=A—CBI(CT,

The inverse of D takes the form

i - —d-CBt
D= . (44b)
— B——-lch——l B——l + B—-l CTd——] C B—l

It follows from Eq. (43c) that det(B) has no zeros in
the energy region of interest, its zeros all being located
far to the left of this region. In the spirit of the remarks
made above Eq. (36), we therefore assume that B! is
constant in the region of interest. The T matrix (42)
can be rewritten identically as follows. We introduce,
for each channel ¢, the vector ¥° of M components vs°,
b=1, -+, M, with

ve'=Voem 3 Cw (B™Y) D

b/t

(44a)

(45a)

According to our assumptions, the quantities v, are
constant in the energy region of interest. Equation (42)
takes the form

Teo(E)= (7)Td Y+ X Wc’b<B_1) beWbrc. (45b)
b/

The last term on the right-hand side of Eq. (45b)
represents a background term, which, under the assump-
tions made above, is constant in the energy region of
interest. This term is caused by the ground-state cor-
relations in | W), as is evident from the occurrence of
the matrix elements Wy, (E). Resonances, i.e., poles of
To.(8), in the energy region of interest arise only from
zeros of det(d), i.e., they are contained in the first term
on the right-hand side of Eq. (45b). According to the
defining equation (44a) and our assumptions, the com-
plex, symmetric matrix d is the sum of the unit matrix
multiplied by E and of a constant matrix. It can there-
fore be diagonalized by a complex, orthogonal matrix 0,

(0dOT) = b (E—&) ;

_ (00T) gy = ppr = (®T®>bb’- (46)
Hence,
(A= X (O (B—Ep) 0y, (47)
b/

The quantities & (b=1, +++, M) are the complex reso-
nance energies. Naturally, only those & are physically
meaningful that lie in the energy region of interest. For
these resonances, we expect that Im& <0, according to
the statements made at the end of Sec. III. We now
insert Eq. (47) into Eq. (45b) and obtain

1 I‘bc’llzrbcll2
Teo(BE)= — > ——
v B) = 5 D=

27T b
+ X Wes(B D)oo Were. (48a)
b5

We have used

Tp2= (27) Y2 Y Oy, (48b)
b

The partial-width amplitudes T'»'/? are complex quan-
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tities, both because the matrix © is complex and because
the quantities 75° are defined in terms of complex
matrices [see Eq. (45a)]. The matrix © occurs, in a
similar form, also in the TDA version of Egs. (48). The
quantities v;° differ from their TDA analogs by the
inclusion of backward-going graphs, both through the
last term on the right-hand side of Eq. (45a) and
through the definition of Vi, in Eq. (43a). The question
arises whether collective enhancement of the partial-
width amplitudes I';/? is possible. Such enhancement,
if it occurs, is expected to reside primarily in the quan-
tities v5°. However, we have not been able to devise a
simple mechanism that would yield particularly large
values for v;°. This question deserves further attention
and can probably only be clarified by explicit calculation
of the quantities v:°. We emphasize that the results
obtained so far are independent of any perturbative
treatment of far-lying resonances.

It is well known that for overlapping resonances, the
sum of the partial widths > ;open I'se Over all open
channels may differ from the total width (—2Imé&,).
Only for isolated resonances are the two expressions
equal, as a consequence of the unitarity of the .S matrix.
However, in the TDA it is possible to show that, on the
average, i.e., by summing over a/l the resonant states b,
the two expressions do become equal, even for over-
lapping resonances. Can we derive a similar result for
the RPA? According to Eq. (48b), we have

Zb: 2 Tw=2r > X ()2 (49)
c,open c,open b
We calculate the trace of the matrix d and find
2Im Tr{d}=—23 Im&=2 Im Tr{A—CB~ICT}.
b
(50)

A glance at Eq. (45a) shows that the expressions in
Eqgs. (49) and (50) differ. Indeed, the matrices C and B
are both complex. The imaginary parts of v;° and of
> e.open 26 (15°)2 do not vanish. Thus, the expression
given by the right-hand side of Eq. (49) is complex,
while Eq. (50) contains a purely real quantity. The two
expressions become equal only in lowest (zeroth) order
in CB~L. In this case, we retrieve the TDA result. Since
the elements of CB™' are expected to be of the order
10 keV/10 MeV (unless coherent summations come
into play), this approximation is probably quite suffi-
cient. We also notice that in lowest (zeroth) order in
B—1 ImB, the real part of expression (49) equals expres-
sion (50). It is interesting, however, that in the RPA,
the expressions (49) and (50) are different, in general.
This is because in the RPA there must always be some
poles outside the energy region of interest, in contrast
to the TDA. These poles produce the background in
Eq. (48a). Unitarity of the S matrix alone is not
sufficient to ensure the equality of the expressions (49)
and (50).

The resonance energies & defined by Eq. (46) may
not all lie in the energy region of interest. In this case,
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even the restricted sum rule obtained in zeroth order in
CB~! is physically meaningless. However, a device can
be found to remedy this situation. In Eq. (43d), one
can define the matrix A to have fewer than M rows and
columns, while the size of B is increased correspondingly,
and the matrix C becomes a rectangular matrix. There-
by, one includes only part of the resonances in the
matrix A and hopefully can select them in such a way
that they all lie in the energy region of interest. One
can then follow the steps leading from Egs. (43) to
Eq. (50) and obtain, in zeroth order in CB™, a sum rule
for the resonances that lie in the region of interest.

V. CONTINUUM-CONTINUUM INTERACTION
A. General T Matrix

Neglect of the continuum-continuum interaction
matrix elements (28) is not generally justifiable. If
these matrix elements are not neglected, the second of
the Lippmann-Schwinger equations (16) becomes an
integral equation with a kernel of infinite rank. It can
therefore no longer be solved algebraically. Rewriting
Eqgs. (16) in operator form we have

Yz*=Es{VsaYs'+ Vucls,
Zz°= exp(40;) Ac+Ec{VesYs+VecZe}, (16')

where the definition of the functions Y, Z, and A and
the operators Eg, E¢, Vir, Vae, Ver, and Ve is obtained
by comparison.

Evaluating the commutator (22b) without the re-
striction (28), we find

[[4e(E), VE], QPT(E) 1= Ac"VepYr+ Ac"VocLs?,
(51)

from which we get the 7 matrix by solving Eqs. (167)
for Y and Z. The solution for Y is

Yzt= exp(id,) D"Vpc(14F) A.. (52)
The operator D is given by
D=EB—-VBB—V30(] +F)Ec_lVCB. (53)

The operator F is defined as resolvent of the operator

(B*—E) 0
K=E¢'Vee=
0 (E+4E)1

Vererr (E', E') Werer (B, E')
X . (54)
_Wc’c”(E,, E”) _eoc'c"(E,, E”)

We therefore have
(1+F) (1—K)=1. (55)

In the case of no channel-channel coupling, both oper-
ators F and K vanish, and the elements of D are given by
Eq. (30¢).

Inserting Eq. (52) and the corresponding solution

for Z in the commutator (51), we find for the T matrix
Tc'c= Ac'TvC'C'(] +F) Ac+ AG'T{ 1 +VCC'(] + F) EC_]'}
XVeDWVpe(14+F) A..  (56)

As in the TD treatment, the transition matrix consists
of a part involving only the interaction between the
channels and a compound part involving the interaction
with the bound states. In the case of no channel-channel
coupling, the first part of Eq. (56) vanishes, and the
second part is equal to Eq. (30a).

From the defining equation (55) of F, we find

F'=1IVec(1+F)Ec U (57a)

and

DT=IDI. (57b)

Using these relations, we find that each of the two parts
of the T matrix (56) is symmetric. It can also be seen

that
01 01
F(E) =F(—E) (57¢c)
10 10

and that the matrix D defined in Eq. (53) fulfills the
same RPA-symmetry relation (33) as the corresponding
matrix defined in Sec. IV. It follows that the transition
matrix (56) has the same structure and symmetries as
Eq. (30) and that the discussion given in Sec. IV can
be extended to include the channel-channel interaction.

B. Convergence of the Born Series

The transition matrix given by Eq. (56) can be
calculated only if we can construct the resolvent F. A
straightforward approach to solving the integral equa-
tion (55) is iteration. The resulting Born series

F=K+K4-Ki - - - (58)

converges, for a fixed value of E, if and only if all eigen-
values 7@ (E) of K(E) obey the inequality

[ (E) | <1. (59)
The eigenvalues 7@ (E) are defined by
Ec Ve @ (E) =@ (E)Y@ (E), (60a)
where ¢ (E) stands for the amplitudes
4 (¢, B)
Y@ (E) = . (60b)
=¥ (d, E')

It follows from the definitions (9) that the matrix ele-
ments of the residual interaction can be written as
matrix elements between two single-particle states

Vororr (B, E") = (tyr (K') | Ve | e (B ),
Werorr (B, B) = (e (K') | Worwrr [ g (R7)). - (61)

The second of these equations is true because the radial
wave functions have been chosen real. With the aid of
these expressions, the eigenvalue equation (60) can be
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written as a set of coupled integral equations

L ) ()|
)T

X A{ Vv | ¢por@(E) Y= Wipr | g @ (E) )}
=9@(E) | ¢+ (E)),

(B Yy (B
- [ L) ) 20)
X{ Wy | ¢err @ (E) )= Vv | §or @ (E) )}
=n@(E) | $+“(E)),
for the functions
| ¢ @ (E) )= [dEY5 (¢, E') | up (E')),
| $@(E) y=[dEYe® (', E') | up (k') ). (62b)

We assume that these functions, as well as the functions
7@ (E), can be continued analytically to complex
energies §. Whenever one of the functions 7@ (&) has
a pole, there is a region in the complex-energy plane
surrounding the pole for which | (&) | >1. If one of
these poles lies close to the real axis, the corresponding
region overlaps the real axis, and the convergence condi-
tion (59) is violated.

Inspection of Eq. (62a) shows that ¢ (&) has a pole
wherever there is a single-particle resonance. Indeed,
such a resonance corresponds to a pole situated on one
of the nonphysical sheets, of at least one of the expres-
sions

[ am L1 22 @) |

E—F ’
Near the pole®* with energy &, this integral can be
approximated by*

de, ‘ (k) ><“p’(k,) l ~ | W™ (Epp) ><wmres(8po) l
E—FE' E—g«
Xsﬂ'm'

(63a)

(63b)
The resonance energy &% is given by

E0=8pgt€xy, (63c)

while the single-particle Gamow function wp,™(&,,) is
a solution of
(8po— ko) | wpe™ (Epq) )=0, (63d)

which behaves asymptotically like an outgoing wave.
This condition can only be met at discrete (complex)
values &,, of the energy. These are the energies of the
single-particle resonances. In the following, we assume
that values of 7@ (E) for which | 7@ (E) | >1 on the
real E axis occur only because there are single-particle
resonances close to the real E axis. This is consistent
with the main assumption made in this paper, namely,
that the combined HF and RPA procedures give a

8a We assume that there is only one single-particle resonance
associated with definite angular momentum and spin of the
particle. Hence, the Kronecker symbol on the right-hand side of
Eq. (63b).
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good approximation to the actual nuclear wave function,
and that the residual interactions to the HF are weak.
For a more detailed discussion, we refer to Ref. 4.

If 9@ (&) has a pole at &, the coupled equations
(62a) can be reduced to

(sco_ ho— éc') l ¢c'(m) (860) >= 0,
(&+hoter) | $(8) )=0. (64)

These equations do not contain the residual interaction,
and their solution is

l ¢'0’<a) (800) >= Nco(a) l Wpo™™ (890) )50'007
| @e@ (&) )=0. (65)

In the vicinity of the energy &%, the background scat-
tering function for elastic scattering from the HF
potential v, is given by the one-level approximation?

Scuco(o) (E)= exp(2i6¢0)
=~ exp(2ik) [(E—&*) /(E—¢&»)]. (66)

Here, & is the background potential scattering phase
shift.

With this, we have established the connection between
the poles of the functions (&) and the narrow single-
particle resonances. In order to simplify the presenta-
tion, we assume that only one of these functions has a
pole in the energy region of interest. The generalization
to the case where more of the functions have poles is
straightforward. The number of 7 with | 9@ (E) | >1
is always finite, for each value of the energy E.°

The residue of the function 7(8) at the pole & is
obtained from Egs. (62) with the aid of the approx-
imate relation (63b). Using this property and Eq. (65),
we find

1(E)RN/(E—&%) (67a)
with
N = (wpe*(Ep0) | Vioto | wpi™ (Ep0) )- (67b)

C. Separable Approximation

As we saw in Sec. V B, the series (58) cannot be used
for the calculation of the resolvent F, if narrow single-
particle resonances exist. In this case, the scattering
matrix can be obtained with a method proposed by
Weinberg!® and applied to nuclear reactions by Glsckle,
Hiifner, and Weidenmiiller.® The method consists in a
modification of the continuum-continuum interaction
operator Vee. An operator of finite rank Vg is subtracted
from the full operator V¢e in such a way that the norm
of the difference operator Ec*{Veoc— Vs} is sufficiently
small to allow a perturbation calculation of the resolvent

Fi=E¢{Vee— Vs}+Ec{Vee— Vs}Ec ™ {Vee—Vs} - -.
(68)
9 W. Glsckle, J. Hiifner, and H. A. Weidenmiiller, Nucl. Phys.

A90, 481 (1967).
10 S, Weinberg, Phys. Rev. 130, 776 (1963); 131, 440 (1964).
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Since the operator Vg is of finite rank, the resolvent of
Ks=E¢*Vg can be constructed algebraically, and the
full resolvent F is readily obtained.

It follows from the discussion in the last subsection
that the ideal choice for the separable potential Vg is
such that the eigenvalues of K—Kjg are identical to those
of K, except for the finite number p of @ (E) (a=
1, .-+, p), which violate the convergence condition
(59). The corresponding p eigenvectors of K will become
null eigenvectors of K—Kg if Kg is chosen ideally. As
before, we assume p=1 for reasons of simplicity. The
ideal choice Vs© for the separable potential is then
given by

Vs@=[1/NO(E) Vec¥¥" Ve (69a)
with
NO(E)=yTIVecy. (69b)
With these definitions we have
VsOY(E)=Vecd (E), (69¢c)

and the operator Kg©@ =E¢*Vg® has the same poles and
residues as the full operator K defined in Eq. (54).
All eigenvalues of the difference operator K—Ks© have
magnitude less than one. The resolvent of K—Kg© can
thus be calculated with the Born series (68).

The prescription (69) for the construction of the
ideal operator V5@ can only be followed exactly if the
eigenfunctions of K are known. This is usually not the
case. It is, however, possible to replace these functions
by approximate functions. If the latter functions are
chosen in such a way that they agree, at £=8&%, with
the exact eigenfunctions of K, it is still possible to split
the kernel K into a separable part, which contains the
effects of the poles, and a nonseparable part, which can
be treated as perturbation. It can be seen from Eq. (65)
that a possible choice for the approximate functions is
given by

| Wer(E) )= | wp™ (8po) )bcrcos

| We (E))=0. (70)

A different choice for | W(E)) is discussed in Ref. 4.
Using"the choice (70), we define

((up’(kl) 1 rOl’lo I wpores(gpo) >>
VecW = . (1)
(g (B') | Wity | wpe™(Ep0) )

With this and Eq. (67b), we define the separable
potential

Vs= (1/N)VeeWWT Ve. (72)

(E— Ep) 655 — Oppr
Dg= +Wapr

0

(E+ Ep) b +Our O

It can be easily checked that the operator
Ks=Ec Vs (73)

has, at §=§%, the same residue as K. In order to evaluate
the transition matrix, we write the formal solution of
the RPA equations (16)

Zp°= eXp(%&) A+ KpZgt+KsZg*+ (K—' Ks) Zg® (74&)
with
KB=EC_1VCB(EB"VBB)_IVBC (74b)
and
Ks= EC_IVch ( 1/N) WTIVcc. (74C)

The kernels Kz and Kg have finite ranks 20 and 1,
respectively. The resolvent of (Kz+Ks) can therefore
be calculated algebraically. The resolvent of K—Kg, on
the other hand, is obtained from the Born series (68)
within our approximation. Carrying through this pro-
cedure, we find

Tc’c= Ac’T(vCC_ VS) (] +F1) A,

+ A T{14 (Vee— Vs)(1+F)E¢ "} VeeDaVac(1+Fi) A,
(75a)

where the index G indicates that one row or one column, '
or both, are added to the corresponding matrices occur-
ring in Eq. (56). This is because we explicitly treated
the single-particle resonance, approximated by a Gamow
function. We have

Vper (E) Wy (E)
Voo=| —Wur(E) —Up(E) (75b)
Vo, (B Worrgr,o(E')
and
Vee=Veclle (75¢)
with
Vast,er (B) = (Wpy™ (8p0) | Vtorr | (K') ),
W2M+L¢' (E,) = <wp0res (8110) I t.\’Vlol’ I up'(kl) > (75d)
The metric matrix lg is defined by
1 0
lg= . (75€)
01

For the (2M+1) X (2M+1) matrix Dg we obtain

— Wepr 0

—Vec(14-F)E¢Vee. (76)

N

It can easily be checked that Dglg is symmetric and therefore that both parts of the T' matrix are symmetric, too.
The behavior of the scattering matrix in the vicinity of the resonance energy & is best seen if the 7' matrix
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(75a) is expressed as ratio of two determinants. Inserting this into Eq. (22a), we obtain

exp (64 16,+) De

c’e E =
S ( ) detDg

2irVae(1+Fo) A,
(77)

A T(1+FT)VeeTle  8oo—2imAeT(Voe— Vs) (14-F) Ay

In order to illustrate the physical content of this expression, we confine ourselves, for simplicity, to one continuum
of states, i.e., to the elastic scattering of nucleons in a state of fixed spin and parity. Near the resonance energy,

we use the approximate relation (63b) to obtain

(E— Ep) btp— Oppr

detDg= +Wepr

o
Varry1,pr
where the quantities
Osamr41= (Wp® | Vit | wpi™® (Epy) ),
Wa,aar1= (Wp® | Wiriy | 05 (o) )

have been defined in analogy to Egs. (75d).

Comparing Eq. (78a) with the background scattering
phase shift (66), we see that the two denominators are
the same. It can also be shown that the determinant in
the numerator of Eq. (77) has a pole at §=&%*, which
is canceled by the numerator of Eq. (66). As a result,
the scattering matrix has no pole at the single-particle
resonance energy &%, but its poles are given by the zeros
of the determinant (78a). In keeping with the discus-
sion in the last section, we see that this determinant has
M1 zeros at positive energies and M zeros at negative
energies. This asymmetry could be removed if the
Weinberg state corresponding to negative single-
particle energy would be included in the definition of
the separable potential. This, however, is not practical,
since this energy is far outside our region of interest.
It is apparent from Eq. (78a) that the M zeros of the
determinant at negative energies would not contribute
to the cross section in the physical region at all, if the
backward-going interaction W were switched off. From
the similarity between Eq. (75a) and the corresponding
result (30) of Sec. IV, it can be seen that pole decom-
position, sum rules, and the separation of the poles at
negative energies can be carried through by the same
methods. The matrices 0, D, A, and d defined in Sec.
IV have to be augmented by one row and one column,
and a background part of the S matrix can be pulled
out in a similar way.

VI. LINEAR MOMENTUM

(78b)

The exact Hamiltonian H has a number of symmetry
properties. It conserves particle number, linear momen-
tum, angular momentum, and electric charge. The
spherical HF procedure with separate orbits for neu-
trons and protons conserves all of these quantum

11 In principle, the HF energy could be lowered by mixing neu-
tron and proton orbitals through the exchange part of the nuclear
force. For even-even self-conjugate (7,=0) nuclei, this will not

happen. Furthermore, we assume it does not happen for spherical
even-even nuclei, even if there is a neutron excess.

— Wb Op,2m41
(E4Eb) 6o +Owr  —Wo,onr41| » (78a)
Wonr+1,6/ E—§gv»—N

numbers except for linear momentum. There is a danger,
then, in making an approximation to the residual inter-
action to obtain approximate excited states, that these
excited states may have spurious components in them
that correspond to the motion of the c.m. of the nucleus.
Such a problem is certainly present in the TDA. How-
ever, the RPA separates out exactly the c.m. modesfrom
the intrinsic modes of excitation. This fact follows from
the translational and Galilean invariance of the inter-
action V. The former states that the linear momentum
commutes with H,

I:H7 Pq:|=0) (793)
and the latter leads to
[H, R1=[(P¥/24M), R]= (h/iAM) P, (79b)

where P, and R, are the gth components (¢=1, 2, 3) of
the total linear-momentum operator and c.m. coordi-
nate, respectively,

A A
Py= (/1) 2 Vo(§),  Re=(1/4) 2 7,(4), (79)

[Pg, Ry )= (7/1)8(g, 7). (79d)

The RPA to P, and R, is derived by taking the p-h
parts of these operators and replacing the p-h operators
by bosons as prescribed in Eq. (5). Writing the p-h
matrix elements of P, as
®u={p | Pq| 1),
CHE)=(p | P |1),
the boson form of P, is
Pr=73 0 (A — )
b

$ bound

$ continuous

(80a)

+ % [T B 0a(E) (41 (E) = 4,(E)). (80b)

The linear combination (At—A4) comes from the fact
that P, is an imaginary Hermitian operator. For R.?
we have

RB= 3 ®u(Ast+4s)
b

+3 / " 4E 0.8(E) (A1 (E)+Ao(E)).  (80c)
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The linear combination (474 A4) comes here because
R, is a real Hermitian operator. Since the boson com-
mutation rules differ from those between p-h operators
only by p-p and h-h terms, one finds that the commuta-
tion rules given in Eq. (79) are preserved in the RPA;
that is,

[H%, PF]=0, (81a)
[HE, RF]= (h/iAM) P, (81b)
[PqBr Ry %)= (1i/1)8q,¢' (81c)

Clearly, P,® is an eigenmode of HE, with zero eigen-
energy. It commutes with both the bound and the
scattering modes of excitation discussed in Sec. II. This
is easily seen by commuting Eq. (10a) with P2. Using
Jacobi’s identity for double commutators, with the fact
that the commutator of two bosons is a ¢ number, we

have
[P, QuT]=0. (82a)

Since P,? is Hermitian, it follows that it also commutes
with Q,. The operators Q,f, Q, also commute with R/5.
To see this, we commute again Eq. (10a) with R,?, use
Jacobi’s identity and Egs. (81b) and (82a), and we find

ERqB’ Qut] = [RqB, Qu:] =0. (82b)

Thus the RPA excited modes are completely intrinsic
modes of excitation. We have the freedom, as given in
Eq. (12b), to choose the RPA ground state so that it
is an eigenstate of the RPA linear-momentum operator,
with eigenvalue zero':

P | ¥)=0. (83)

Because of Eq. (82a), the RPA excited states are also
eigenstates of Pg®, with eigenvalue zero. In particular,
the scattering matrix derived in Sec. II is an intrinsic
scattering matrix; that is, it is the scattering matrix in
the c.m. frame.

The point may be raised that the RPA states are not
eigenstates of the full linear-momentum operator P,.
However, Marshalek and Weneser® have emphasized
that this is not the correct interpretation of the RPA.
The exact dependence of the exact eigenstates of H on
the linear momentum is known simply because of the
translational and Galilean invariance of V. This tells
us that an exact eigenstate (including scattering states),
with total momentum k has the form (assuming box
normalization)

| Xyp)=N"12exp(ik-R) | Xou), (84a)

12 Because of this condition, | ¥, ) is not normalizable. However,
this does not affect the calculations of any intrinsic matrix ele-
ments, since the overlap (¥, | ¥,) always cancels out. The scat-
tering matrix is, for example, given by

3(E—E') Sere(E) = (¥o | QO (BN QO (E) | ¥o)/ (To | Wo)
=[0v O (E), QDN (B)];

thus it agrees with Eq. (21).
1B E. R. Marshalek and J. Weneser, Ann. Phys. (N.Y). 53,
569 (1969).

where | X, ) is an intrinsic state; that is,
P, | Xou)=0. (84b)

The c.m. and the total momentum dependence of all
operators are also known exactly and can be separated
from the intrinsic part. Hence, we need only worry
about the intrinsic structure of our states, since the only
quantities of physical interest are the matrix elements
of intrinsic operators. As seen above, the RPA produces
intrinsic states to the RPA order; that is, the RPA to
the linear-momentum operator gives zero when it
operates on the intrinsic states, Eq. (83). The RPA
order keeps terms in H quadratic in the bosons, but no
higher. If we try to improve the approximation by
including the cubic terms in the Hamiltonian as well,
then the improved approximation to the linear-momen-
tum operator will retain this property with respect to
the new intrinsic states, so long as we keep all the cubic
terms in the Hamiltonian. So it is with higher orders:
As long as we are consistent and keep all boson terms
to a given power, the resulting states will be intrinsic
states.

Equation (81b) introduces an inhomogeneous set of
RPA equations, unlike the homogeneous equations
encountered in solving for the eigenmodes of HE. Such
a set of equations will occur only if there is an eigenboson
with zero energy. Since we expect the ground state to be
nondegenerate, such zero-energy modes occur only when
an exact symmetry of H is broken in the HF approx-
imation. From what was said at the beginning of this
section, the P.B are the only zero-energy bosons, and
there is no other set of inhomogeneous equations than
(81b). Knowing this, we may write HZ in its diagonal
form. Denoting the bound eigenbosons by Q.f, we have

Br=EA S EQ104 S [ aE BN (E)
X QP (E)+ (PB*/2AM).  (85)

The c.m. energy is separated from the intrinsic energy
dependence. In particular, the RPA ground-state energy
ERPA has the HF c.m. energy,

Eqm BF=(d; | P2/24AM | &),

subtracted out. The separation of the c.m. effects by
the RPA that has been discussed in this section makes
it unnecessary for us to choose, in the HF procedure,
an intrinsic Hamiltonian,*

Hy=H—P/2AM. (86)
A Lippmann-Schwinger equation cannot be written for
the scattering states of such a Hamiltonian in the HF

approximation. To see this, we note that the two-body
part of P2/2AM gives a velocity-dependent interaction

1 & . .
mlgmi’(z) (7).

1 A, K. Kerman, J. P. Svenne, and F. M. H. Villars, Phys. Rev.
147, 710 (1966).
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Such an interaction does not have a finite range, and
thus the scattering solution is not asymptotically a free
particle plus target nucleus. Physically this makes sense,
since the outgoing nucleon has a constraint on its co-

ordinate, namely,

A-1 .
ro(4) =~ Zl re(7)s
-
and is not independent of the coordinates of the other

nucleons.
It was stated in Sec. IV that, if the S matrix is con-

1
Er—F'

Q.D1(E) = exp(is.) {AJ(E)‘*‘ Z /t’ dE/(

1
E+FE

— e [0,V A IO

E+E,
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tinued analytically in energy, it has poles at energies
corresponding to the eigenenergies E, of HB. We saw
above that H? also has zero eigenenergies corresponding
to the linear-momentum operators Pg8. The question
arises whether the .S matrix has poles at zero energy.
The answer is no. To show this, we expand the scat-
tering solutions in terms of the complete set of bosons
(O, Quy QPT(E), QP (E), P, RP). Using similar
arguments to those used in Sec. II for expanding the
scattering solutions in terms of the complete set of
bosons {A4f, As, AF(E), A.(E)}, we can derive the
result

[Qu P (E"), [VE, AM(E) Qe DT (E)

[ (), [V, 41 (BT (E) )+ £ (525 [0, [V, 415 TI

i 3 .
;{E_qz::l[[f’q ,[V ,ACT(E)]]RQ

+(—ﬁ-— [P2 [VE, AMNE)]]—[RSE, [VE, A1 (E) ]])qu]} . (@87

IAME

From the expression for the I' matrix given in Eq.
(22b), we see that the singularities encountered in the
analytical continuation of the 7' matrix discussed in
Sec. IV coincide with those of exp(—1d;)Q. M 1(E),
since 4,(E) is well behaved. The second term in Eq.
(87) gives rise to branch points at E=-¢.. The third
term produces poles at E= = E,. The last term appears
to give a pole at £=0. Such a separation of pole terms
is valid because, if a term in Eq. (87) gives a pole at a
given energy, then it must be an eigenboson-of H5. To
see this, we assume that the eigenboson equation (10a)
can be analytically continued. Now let us suppose that
Q. DT(E) has a pole at E=§; we separate the pole
term, call it 7T(E), from the regular part J1(E),

QM1(E) = exp(—1d:) {[1/(E—8&) JIT(E)+JT'(E)}.
(88a)

Premultiplying Eq. (10a) by (E£—&) and taking the
limit £—¢&, we get

[HE, I(8)]=8I1(8). (88b)

Hence, the pole part of Q.7(8) must be proportional to
the eigenboson of H® with eigenenergy &.

This means that, to investigate the analytic behavior
of exp(—13.)Q."(E) as E—0, we need only look at the
coefficient of P2 given in Eq. (87). We can simplify
this coefficient by putting V&= HZ— H,®— E"F in the
double commutators. By using the fact that the 4™’s
are eigenbosons for the unperturbed Hamiltonian

[HP, AMNE)]=EAMNE), (89a)

along with Jacobi’s identity and Egs. (80) and (81),
we find that

LPF, [V?, AS(E) J1=E[AN(E), PP]l=ECA(E),

(89b)
[RZ, [VE, A (E)]]
=E[A’MNE), RFI+ (h/iAM)[ A1 (E), P”]
= —ERA(E)+ (h/iAM) ®u(E). (89¢)

The coefficient of P.® in Eq. (87) then becomes just
(i/h)®R2(E). The problem reduces to investigating the
analytic continuation of the single-particle matrix ele-
ments ®R.?(E). We need only look at the radial matrix
element. This radial matrix element of ®.2(E) is of the
form

1 ©
- / dr wy i (r, k) rw, 2 (r).
474

(90)

In this matrix element, #;; and w,;;* are the wave func-
tions of the particle and hole, respectively, in the
channel ¢. The energy is given by E=7%2/2M — ¢,;.
Continuing the energy E to zero means continuing the
particle energy %%?/2M to take on the value of the hole
energy €. Thus, the question reduces to studying the
behavior of the single-particle wave function uyj (7, k),
as k is continued to [ (2M /7i2) €,1; ]42. This wave function
does have poles at energies corresponding to energies of
single-particle bound states with the same orbital and
total angular momentum that #;; itself has. However,
the hole wave function in the matrix element in Eq. (90)
can never have the same orbital angular momentum as
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the particle wave function in (90) (i.e., '#1) because
the c.m. operator changes the parity. Thus, #,;(k, 7)
does not have a pole for £ continued to [ (2M /72) €1, 142,
and consequently ®.2(E) does not have a pole at E=0.
Thus, the T matrix does not have a pole at E=0. This
result is satisfactory because the zero corresponding to
Eq. (81a) follows from the translational invariance of
HE (to the RPA order). The eigenmodes Pg? are the
generators of these translations. They do not generate
internal excitations of the nucleus, but they generate
translations of the nucleus as a whole and thus do not
affect the scattering matrix in the c.m. frame.

VII. CONCLUSIONS

Using single-particle wave functions determined from
a HF potential, we have written down the RPA equa-
tions that determine the scattering of nucleons by
nuclei lacking one particle from being doubly magic. It
was assumed that states of the target and residual
nuclei can be described as 1-h states in the correlated
ground state | ¥o) of the RPA for the compound system.
This assumption is probably one of the most severe of
our approach. It can only be removed at the expense of
considerable formal complications. We found that the
RPA equations allow for the proper definition of asymp-
totic states only if the full Hamiltonian H is used in the
HF procedure, rather than the intrinsic Hamiltonian
given in Eq. (86).

The scattering eigenfunctions of the system deter-
mined by the RPA are linear combinations of #-particle-
n-hole states, with =1, 3, 5 -+, and thus contain
states with 1, 3, 5, « -+ nucleons in continuum orbitals
of the HF Hamiltonian. In spite of this fact, the RPA
equations are free from the mathematical complications
of the quantum-mechanical three- and many-body scat-
tering problem and have the structure of equations
typically obtained in many-channel scattering. This is
so because of the basic RPA assumption that excited
states of the system (including the scattering states)
are obtained by applying a boson operator Q,.' to | ¥,).
The operator Q. is written as a linear combination of
boson creation and destruction operators A%, 4, with
coefficients ¥, Y, Z, Z. The RPA equations are linear
equations for these coefficients and hence do not refer
to more than one nucleon in a continuum orbital. They
are therefore “connected” equations in the sense of
Weinberg!?® and thus well behaved. In other words, the
potentially dangerous many-particle-many-hole states
all appear in the wave function of the correlated RPA
ground state. There they cannot cause any difficulties,
because the intrinsic part of | ¥,) is square-integrable.

Without resorting to separable two-nucleon poten-
tials, we have given a general formula for the 7" matrix.
For translationally and Galilean-invariant two-nucleon
interactions, it was shown that this is the 7" matrix in
the c.m. frame, in the RPA. All eigenfunctions con-
structed from the RPA are also eigenfunctions of the

RPA to the linear-momentum operator. Failure of con-
servation of linear momentum can only be caused by a
breakdown of the fundamental RPA assumptions, not
by an incorrect treatment of the linear-momentum
operator within the RPA. While E=0 is an eigenvalue
of the RPA equations (with the linear-momentum
operator as eigenboson), £=0 does not correspond to
a singularity of the RPA 7" matrix.

From the general form of the 7" matrix, it was shown
that the .S matrix is unitary and symmetric. The form
(56) for T, while quite general, is not transparent,
because it contains a yet-unknown resolvent operator
F. This is so because the RPA equations constitute a
system of integral equations of infinite rank and there-
fore cannot be solved by algebraic means. In order to
display the structure and energy dependence of T
explicitly, we constructed the resolvent operator F fol-
lowing a procedure suggested by Weinberg.® F is the
resolvent of the integral operator containing the chan-
nel-channel coupling Vee. While it was found that the
Born series for F may diverge, and hence cannot always
be used to calculate F, the causes of the divergence were
exhibited. It was seen that single-particle resonances in
the HF field are the cause of such divergences. It was
found possible, in full analogy to the TDA*? to intro-
duce a separable potential Vg in such a way that the
Born series for the operator containing (Vee— Vs)
would always converge, while the treatment of Vg itself
causes no problem, Vg being separable.

The resulting formulas for the 7 matrix make it
possible to discuss the structure and, to some extent,
the analytical properties of this matrix. For reasons of
simplicity, this was only done for the case of no channel-
channel coupling V¢e. The extension of the treatment
to include V¢ is straightforward. All S-matrix elements
were found to contain the same function (detD) in
the denominator. Essentially, this function is the gen-
eralization of the Jost function to the present problem.
Because of the RPA, the matrix D has the remarkable
property that detD(—&) = detD(8). This leads to the
statement that, on the physical sheet, poles and branch
points of the .S matrix caused by detD occur symmetri-
cally about the point E=0. A detailed discussion of
origin and physical significance of the left-hand singu-
larities was given. They are due to the backward-going
graphs.

The pole expansion of the T matrix yields, even in the
case of no channel-channel coupling, a background
term due to the left-hand poles. The presence of these
poles also limits the possibility of deriving sum rules for
the partial and total widths, in contrast to results
obtained in the TDA. Indeed, the sum rules hold only
up to and including first order in the matrix elements
of the backward-going graphs. We remark that these
matrix elements contribute to the correlations in the
RPA ground state | ¥o), where they enter in first and
higher order.

During preparation of this manuscript, the authors
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received a manuscript by Hahne and Dover,"® in which
some of the problems studied in the present paper are
investigated for the case of a separable two-nucleon
interaction. In this case, an algebraic solution of the
Lippmann-Schwinger equation can be obtained. While
some of the problems discussed above (the relationship
between the HF procedure and the RPA, the role of the
linear-momentum operator) are not investigated in
Ref. 15, the work there provides a very interesting and
useful counterpart to the present investigation, because
the motion of the poles in the complex plane and the
values of the partial widths can be studied as functions
of the parameters characterizing the separable potential.

Ut (E) = Z <[A,,, V2, QON(E) 114" &

+ 3 [ an (Ao (@), e, 091 (B) T (B)

In the above, we have put the energy denominators to
the far right to illustrate better our argument. We then
operate on the RPA ground state | ¥o) with U, T(E).
Consider the first of the energy denominators given in
the above expression. Since H? | ¥,)=0, we have

[1/(E—Ey)]| %o)=[1/(E—E—H")]| %), (A3)
which is equivalent to
[1/(E—=Ey) ]| ¥o)=[1/(E— E—H") ]
X {14 (B +VE)[1/(E— Es—HP) ]} | ¥o).  (A4)
Using the operator identity
A1/ (E—E—HP) J=[1/(E—H")]4:", (AS)
we get
A/ (E—Ey)] | Wo)=[1/(E—H") J4s"
X {14+[1/(E— E) J(ERFF*+VE) } | ¥0o).  (A6)

We can thus pull the (E—HyF)™! factor outside the

summation sign in Eq. (Al1). Doing this for all other

energy denominators as well, and resumming (and

integrating), we get

USPH(E) | wo)=[1/(E*—HP) J{[VZ, Q.PN(E)]
+ UMD E) (ERF+VE)} [To). (A7)

If we commute the last two operators in the curly

15 F, Hahne and C. B. Dover, Nucl. Phys. A135, 65 (1969).
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APPENDIX

In this Appendix, we show that the scattering solu-
tions given by Egs. (15) and (17) agree with those
derived by Dietrich and Hara.? We then show (i) that
the scattering modes obey the boson commutation rules
given in Eq. (18), (ii) that the scattering matrix is
given by Eq. (22), and (iii) that the scattering matrix
is unitary. :

Let us define UM 1T(E) to be

UM E)=Q:PT(E) — exp(is,) A (E). (A1)
From Eq. (15), this is just
E+E, )
1
5~ L), [V, 0 T E)) . (a2)

brackets, the expression becomes
USHYE) | W)
=[1/(E*—HP) J{[V?, QDT (E) I+ [UHDH(E), VE]
+ (B VE) USSDNE) } | Wo)
=[1/(E*—H,") J{exp(i5;) [V", 4.1 (E)]
+(EEFHVA) USSNE) ) W), (A8)
where we have used the definition of UM T(E) given
in (Al). We then bring the second term on the right-
hand side to the left-hand side, and we finally get

[1/(Er—H?) J(E—HP) U (E) | ¥o)

=[1/(E*—Ho") Jexp(i6,) [V, A (E)] | %), (A9)
from which we conclude that
ULHV(E) [ Wo)=[1/(Er—HF) ]
X exp(iée) [V?, A1 (E) ]| W), (A10)

using the fact that U, P7(E) has outgoing scattered
waves only. This result agrees with that of Dietrich
and Hara.b

The commutators between the creation and destruc-
tion operators for scattering modes can then be calcu-
lated. For example, we have

[QP(E"), QP (E) ]= exp(—ide)
X[A4(E), Q:P1(E)]

HLU®(E), QPNE)].  (Al1)
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If we use the expression in Eq. (15), the first term
becomes

exp(—18,) (4o (E'), QP (E) ]=6:06(E—E')
+ exp(—id) (E*—E')7[Ax(E'), [VE, QPN (E)]].
(A12)

In order to evaluate the second term in (A11), we can
sandwich it between the RPA ground states, since it is
just a number:

[U. D (E), Q.P(E)]
= (% | [Ue P(E"), Q:HT(E)] | To)
= | UsD(E)QHP(E) | ), (A13)
where we have used Eq. (12b). Using (A10) above, we
get
[UD(E), QPTE) ]=— exp(—idy) (ET—E)?
X (Wo | [Ae(E), [VE, QDNE)T] | Wo). (Al4)

This term cancels with the second term in Eq. (A12),
and we get

[QeP(E"), QP (E) ]=6b.0(E—E').
It is easier to show that

[Q« P (E"), QP (E) J=[QePT(E'), QDT (E) ]=0.

(A16)
Since the commutators are just numbers, we can
evaluate them by sandwiching them between the RPA
ground state as was done in (A13). Using (12b), we
verify that these commutators vanish.

In a manner equivalent to deriving Eq. (A10), we
can show that

UONE) | ¥)y=[1/(E—H")]
X eXp(—i5c)[VB, A, (E)] l \I’l))s

(A15)

(A17)
where

UN(E)=Q.OT(E)— exp(—id.) A5 (E). (A18)

Using this relation, we can derive commutators like
(A15) and (A16) with (4) superscripts replaced by
(—) superscripts. Furthermore, we can derive the
expression for the scattering matrix given in Egs. (22).
In a development similar to that used in Egs. (A11)-

(A14), we find
[Q-C(E), Q:P1(E) = exp[i(:+0.) 6 (E—E')bexr
+ exp (i) [Ae (), [V, QP (E) 1]
X{(Et—E)'—(E-—E)1}. (A19)
Hence, in this case only the real parts of the terms in
curly brackets cancel, and the imaginary parts add.
Using the fact that
Im[1/(E*—E")]=Fns(E—E'),

we arrive at Eq. (22).
For reasons identical to those used in deriving Egs.
(A16), the other possible commutators vanish; namely,

[ (E), 09 (B)1=[Qv N (), QP (B)]=0.
(A21)

All the scattering eigenbosons commute with bound
eigenbosons simply because they are solutions to the
eigenequations (10a) for different energies. Using Eq.
(10a) and Jacobi’s identity, we can easily see that

EMEQC(+) (E): Q#T:]= [Qc(+) (E): [HB: QuT:D
=E[Q.P(E), Qu'].

[Q:P(E), Q.1]=0,
if E,%E.

Thus the set of bosons {Q.", Qu, QP T(E), Q. P (E),
P2, RB} form an orthonormal set of bosons. They also
form a complete set in the sense that any boson expand-
able in the set {47, 4,, A.T(E), A.(E)} is expandable
in this set. In particular, the scattering bosons Q. (E)
are expandable in this set. These bosons commute with
all the bosons in the former set of bosons, except for the
eigenbosons Q. VT(E). The commutator with these
bosons is just the scattering matrix, Eq. (20):

Qc(—) (E) = E Scc’ (E) Qc'(+) (E).

(A20)

(A22)
Thus,

(A23)

(A24)

Commuting this equation with the conjugate boson
Qe OT(E"), we get

S(E—E") o= 5 S (B)[Qur (B, QurH ()]
= 5 Sew(B) Boor (E)S(E—E"). (A25)

Thus, the .S matrix is unitary.



