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Abstract

The charge exchange X(,A,,; , A, )Y can be reduced

N+t
in a fully antisymmetrized description to one of elementary
nature, n+p—+=n'+p'. The t-matrix for the latter has, of
course, to be averaged over the momenta distribution of

the bound constituents. For sufficiently large bombarding
energies and small Q values, the nucleon carried by the
incident system may be considered as quasi-free. That car-
ried by the outgoing system is then described in a similar
fashion. This sort of approximation is consistent with the
determination of t from an equation of the Bethe-Goldstone
type. Solutions of this equation are sought which apply to
the finite nucleus. Here, however, in contrast to the more

usual situation one of the nuclear constituents is viewed

as being in continuum states, the other in bound states.

The application of the development to Bé’(He3,T)B9*
is solely for the purpose of concreteness. A major aspect
of the analysis is that the virtual excited states of the
intermediate system are taken into account. This is done
by making specific assumptions concerning the single par-
ticle transitions brought about by the addition of a
nucleon to the target nucleus. In addition, the possibili-
ty of a collective intermediate state excitation is con-
sidered. This is described through the introduction of a

continuum two-particle bound state. Such a state gives




rise to the principal renormalization of the two-particle

transition operator.

The final form of the elementary transition operator
is one having a single-particle spectrum of excitations,
renormalized by the coupling to the collective state.
The transition operator is additive and can be classified
both as to diagonality of its matrix elements and
according to the resonance structure of these. In its
form as a sum of diagonal and non-diagonal operators, the
former is responsible for nuclear distortions, the latter
for the physical change of state. It is the non-diagonal
operator which determines the direct interaction processes.
It, in particular, induces changes of stafe for just a few
target constituents. The diagonal part of the interaction
operator is moreover expressible as a sum of resonant and non-
resonant terms. These are respectively contributions arising
from the continuum bound state and those described as po-
tential scattering. The latter again include virtual tran-~

sitions of the interacting constituents.

Emphasis is put upon viewing the reaction problem in
terms of the self-consistency requirements of the H-F method.
This, together with procedures arising out of Brueckner theorx
leads to the characterization of the interaction dynamics in

the manner just described.




Introduction

We shall be dealing with the direct interaction

process. In particular, we consider here nuclear charge
exchange as described on such a picture. The charge ex-
change process is an interesting one since for low Q-
values and large bombarding energies it is nearly an
elastic process. It, on the other hand, can connect ex-
cited and ground state nuclear configurations. This means
that it has a specific utility for the investigation of the

properties of nuclear excited states.

In light nuclear systems where the role of the
Coulomb force may be neglected, the isotopic spin may be
considered a good quantum number. Thus in collisions in-
volving such systems, we have a selection rule governing the
transition which can occur. Rather than attempting to use
the exchange reaction as a means of extracting intormation
about the two-nucleon force, we assume this to be known.
The force is considered to be charge-independent and its
parameters given, for example, by the analysis of Gammel

and Thaler {1).

What one does seek to do with the exchange reaction
is to take into account the renormalizations of the two-
body force. The concept of the direct interaction involves
a statement that a few nucleons are involved in the reaction

process. Additionally, or consequently, the energy sharing
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between interacting systems ought to be slight. It is

then consistent to argue that the renormalization of the
two-body force is small. However, the simple picture is
not altogether valid. We can get at the necessary modi-
fications by considering those processes which give rise
to a large shift of energy in the single quasi-particle
states which define the self-consistent Hartree-Fock, (H-F),

potential.

The modificationsin the direct interaction picture
have to do with the accounting for possible dynamical corre-
lations which may occur in the two-nucleon system. In parti-
cular, the two-particle bound state of Brueckner, Eden and
Francis (2) is an example of the correlated motion of which
we speak. We shall see that the existence of this positive
energy bound state has to do with the coupling of collective
motions into the single quasi-particle spectrum. This
special configuration, characterized by a large shift in
energy for a single quasi-particle state, is not alone re-
sponsible for all of the couplings to collective excitations.
There are other configurations which depend for their
existence upon the couplings of three bodies, e.g., two
particles and a hole. Some, not all, of these configurations
are summed by the canonical transformation technique of
Bogoliubov and Valatin (éml. On the other hand, an alter-

native characterization of the coupling to the collective

b




motions is given by the Brueckner theory Sﬁl. Here one
speaks of the direct excitation of a collective motion by

a single quasi-particle. However, when both computations,
that of the canonical method and that of the reaction-
matrix method, are done self-consistently the condition
emerging for the energy shift is a single one. There are
to exist two quasi-particle states, one of which is an
intermediate state. The difference in energy between these
two states is to be approximately equal to the excitation'

energy for a given collective motion. (5,6) This remarkably

simple result seems so intuitively obvious. It, on the

other hand, is not a trivial statement. This is so for the
reaction problem, at least, as long as we attempt to con-
struct a self-consistent description in terms of the non-
hermitian scattering matrix. Estimates made in a non~self-
consistent way, and we shall always mean the self-consistency
implied by the H-F method, gzz are unreliable, these being
devoid of theoretical foundation. For the first thing,the
force coupling a particle to a collective motion is not
otherwise known, nor can it be estimated. The nature of

the assumption concerning the long or short range character
of the force presupposes the answer to the problem. Next,

we know that the readjustments in the quasi-particle spectrum
must not be so large as to imply correspondingly gross
corrections in the ground state energy computations. The

effects of the collective couplings are then to alter the




quasi-particle lifetimes, in the main. Lifetimes depend

in a very delicate way upon the dynamical correlations.
Here there is altogether no reason to trust other than self-

consistent estimates.

We adopt the point of view that the reaction-matrix
and canonical transformation methods are procedures whereby
the program of successive diagonalizations in the H-F method
is achieved. A unique answer exists in the overall scheme.
Such being the case, one is entitled to take their common
result, together with the more transparent physical state-
ment, that already given, as a basis for unacerstanding the
two-particle bounc state. In another language, this state
is responsible for fluctuations about the neutron giant re-

sonance.

A fully self-consistent program is difficult to carry
out. Moreover, if we just wish to unuerstand how the direct
interaction model is to be corrected, it is equally unneces-
sary. The basic features which we hope will survive in an
exact analysis are extracted from some naive models. Thus
the discussion of SectionII describes charge exchange as
deriving from the interaction of two nucleons moving in a
given potential well. One of the pair is in continuum states
and the other in a bound state. An oscillator representation
is used for the well. And, as we consider the reaction

9
B%.(Hg ,T)B ¥ for explicitness, only the states, those of




the p- and (s,d)-shell, of two major shells are taken into
account. The relationship of the elementary two-nucleon

charge exchange, proceeding through given virtual states,

to the overall nuclear exchange is discussed in Section JI.

To approximate the description of two nucleons moving
in the self-consistent field of other nuclear constituents
a many-particle formalism ought to be employed. Consequent-
ly, an equation of the Bethe-Goldstone type (8) is to be
solved. It is also possible to arrive at an equally satis-
factory description of the pair motion by classical techniques
owing to reaction theory. We think here of the resonating
group method as modified by certain elements from Watson's
formulation of multiple scattering theory. (9) Such a com-
posite representation can be put on a varilational basis. This
1s enough to guarantee the required self-consistency of the
representation. However, we do not carry out the program
of systematic evaluation which i1s thereby implied. Nonetheless,

it is this point of view which forms the basis of our entire

discussion.

Apart from the single particle transitions to inter-
mediate states, there may be others involving smaller energy
denominators. These excitations may be described as collec-
tive. It is possible to include the contribution to the
charge exchange made by virtual excitation of collective
motions. This is done by carrying out a diagonalization of

the two-nucleon force with respect to a given set of inter-

e




mediate states. Such is equivalent to the introduction

of configuration mixing. The deduction of a collective
state excitation is achieved by means of the specificity
approximation to the internucleon force. Only T = O collec-

tive states are described by our analysis here.

Knowledge of the two-particle wave function is equi-
valent to that of a two-body transition operator. We shall
refer to either of these according to convenience. It is
possible to simply add the t-matrices for single particle
and collective excitations. The result is an overall, or
total, two-body operator describing, here, the charge ex-
change process. The underlying notion is that one contri-
bution contains the scattering states of the two-particle
spectrum of excitations. The remaining contribution repre-
sents the bound states of the spectrum. Such a simple pro-
cedure 1s not altogether correct. It, at the least, violates
any sum rule which we might be able to construct for the
two-particle strength function. Put more simply, part of
the force considered to be avallable in the scattering
states, has been lest in making up the bound states. This
introduces the notion of renormalization. In correcting the
'simple addition of t—matrices; we are then led to this aspect

in a natural way. Section III contains the relevant analysis.

In carrying out the renormalization discussion,certain

additional features appear. The nuclear system to which a
nucleon is added, thereby initiating the charge-exchange

process, undergoes fluctuations of states. Accordingly,

-10-




that state in which we seek to add a particle may already

be occupied. We account for the possibility of such processes
by sketching the corresponding self-energy computation.

The remainder of Section III is concerned with diverse

topics departing somewhat from logical order. The compu-
tation of nucleon self-energies is achieved by means of a
Green's function representation. This has the advantage of
formal compactness. A procedure is considered for intro-
ducing nucleon-nucleus distortions in initial or final states,
in an explicit way, which is just another way of expressing
H-F self-consistency. A technique familiar from the formal

theory of scattering is used to achieve this result.

There is to be found in Section IV a summary of our
methods and some comparison of these with those familiar
from earlier investigations. An enumeration of our approxi-
mations is also made, and as well that of the area of appli-
cation of the analysis. Among the former is to be found:

a statement of the ambiguity, here, of going off the energy
shell; that relating to choice of a "chosen configuration";
and some consideration of t-matrix expansions as expressed

by multiple scattering corrections.

I. Formal Preliminaries

The contents of this section have to do with the
construction of an elementary two-body transition operator

or t-matrix. From the latter it is possible, in a fully
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antisymmetrized theory, to obtain the overall transition
operator for a reaction between complex nuclear systems.
We are restricted, by choice, to a discussion of nuclear
charge exchange. In view of the fact that some advantage
is offered by dealing with a concrete process, the reaction
Beg(HeB,T)Bg* will serve to illustrate our procedures.
Additionally, recent data, for 25 MeV He3, by Wegner and
Hall ngl require, we believe, all of the features treated
here for its explanation. This data actually motivated
the present analysis. However, the methods presented here
have a more general validity. As such, they are not re-

stricted to the specific reaction under discussion.

The exact transition amplitude for the given reaction
is
+ - - + t+) -
<8,u- T2 d’(bfiss)‘vo(sgssr )| v (83/25 T|;2)>

¥e form, ignoring Coulomb forces, the objects (HeB,T) =

(T*,77) and (Be?,BY) = (B

"
value of the isotopic spin I3 I = 1/2 in the ground

,BE) characterized by a given

state. In the space of isotopic spin there exists a 2 x 2
representation of the pairs of mirror nuclei involved in

the reaction. The A = 9 isotopic spin multiplets form the
basis of an irreducible representation of dimensionality
four, corresponding to j =3/2, in the space of total angular
momentum, in their ground states. Otherwise, the quantum
numbers for excited states must be characterized by p =

(IIJ, eJ,mJ) giving the energy, relative to the ground state,

parity and angular momentum, J,-J< mJS J of a given state.
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The A=3 multiplets have a ground state spin ot 1/2. Stanaard
notation has been used for the quantities appearing in the
matrix elements: W'(+) is the stationary state of inter-
action, and has outgoing scattered wavesat infinity; v _ is

0
the interaction between the intial systems, having coordinates

and s}; ¢ is the plane wave state describing, here,

S5
the relative motion of final systems, the c.m. momentum

being 5f and the relative coordinate being 56.

The actual interaction between initial systems is re-

placed by a matrix F , using the statement

+

(+) + ’
Yo Vs FBs/2 Tl/z ¢’U§,o 3 Rs)

An integral equation can be derived for F in the usual way.
We observe that P carries the instruction to antisymmetrize
the product function upon which it acts. At this point,
fractional parentage representations are introduced for

the nuclear systems. The substance of these is contained

in the statements
w:" (LTS) - 2T +1, 2S5+ LJ ([)\])
S e TsLs N TS N ) L Te L N D),

¢, =5 al(Ls) wl (LTS).

An intermediate coupling representation is employed here.

The totally antisymmetric wave functions itor the A=3 and

™M
A=9 systems are represented by CJ’. A variational principle
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is used to determine the expansion coefficients a. ZExpli-

cit details of the representation can be found in the papers

of Jahn (11) and those of Levinson and Banergee (12).

We represent the A=9 system as a (1s)4(1p)5 configuration.

The closed core of s-state particles does not contribute

to thé spectrum of states. The representation for the A=3
system is a mixture of (33),(szd)(d2s)(p28)(p2d) configurations,
referred to a space-fixed axis.

To derive our matrix element, we observe that F sym-

3 with

bolizes the interaction of the constituents of He
Be). It is then a sum of terms. Only the (1p)5 particles
are imagined to participate in the direct interaction. The
exchange of any two of these nucleons produces a change

n sign of the matrix element. By assumption then F =Z(He3;j)
where j = 1,...,5. The i-th matrix element in sum of matrix
elements can be converted to the k-th. Upon making the ex-
change (i -» k) in the i-th term, in the column vector Fi’
we follow this by the same exchange in the row vector, which
1s Just the final state amplitude. Now this amplitude is of
indefinite symmetry with respect to the stated exchange.

It then can be written as a sum of antisymmetric and sym-
metric terms in the pair (i,k). The latter has zero overlap
with the column vector. Exchange of i and k in the anti-
symmetric term restores the overall sign and produces the
matrix element of Fk from that Fj;. We need only then to
compute the matrix element of F(He3;j) and multiply this

result by the factor of five.

-1l




The 3-body systems are treated somewhat differently.
The fractional parentage representation still couples one
particle to a core of A-1 particles. However, now, the
core states of isotopic spin are restricted to the value
T=0. &4lso only the core angular momentum L=0 is employed.
The partition A =[21] in orbit will generate even parity,
3-body states with.113)==0,2. The same eigenvalues may be
produced by coupling the extra particle in states £ = 0,2
to the core in the state L=0. In following this procedure,
we pass to a cluster representation from that of the fractional
parentage. The core will not be a deuteron. however for it
has a probability for being tound in both singlet and triplet
states. One further approximation is introduced and tnat
is the core nucleons, much as those (13)4 in the A=9 systen,
do not induce transitions. This telis us how to count con-
tributions to the overall transition amplituae. The 3-body
wave functions will be given in an intermediate coupling

representatition.

The matrix element for tne reaction can ve written as
+ - _
=5 a, (i) B a (B

-<w#(i-,3;'s'ps)n:/z(fr;S;)be s R)|E w5 85510°) T, (558)) bl ks R,))"

+ o+ ()
The four expausiou coefricients (a” ,8 ) have arguments which

denote the various terms in the intermediate coupling ex-
pansions. For every nuclear state the appropriate coeffici-

ents are real and normalized to unity. We shall give the

-15-




explicit wave function decompositions involving these co-
efficients. The vector coupled eigenfunctions are labelled
according to the sets of coordinates, e.g., S; = (81,82,83)+,
S = Qg,g',z), and the configurations, e.g., 1p5, insofar as
is possible. the interaction operator F is interpreted as
implying that the odd nucleon, "0", in the 3-vody system

has an interaction with tne odd or vector coupled, nucleon,
"1", in the 9-body system. Since we antisymmetrize in
initial states, the nucleons can be given numerical labels.

The antisymmetrization now occurs between nucleon "O" and

those of the 1p5 configuration.

Now having written the matrix element out correctly,
we introduce a further approximation. The exchange contri-
butions implied by antisymmetrization are neglected. Despite
the usual arguments having to do with A-? corrections and
the relative lack of importance of exchange for small momentum
transfer, this is probably a bad approximation. It certainly
destroys the self-consistency of the description. Moreover,
in a proper many-particle formulation of the reaction, it
would never be considered. We utilize the approximation
here for expediency only. This is moreover a statement that
the wrong mathematical apparatus has been employed. It is
now possible to integrate out at this stage the core co-
ordinates associated with both the A=3 and A=9 system. The
necessary coordinate transformations in such a step are

readily determined. We shall not discuss these here.
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But for the appearance of the operator F,, which we subse-
quently denote as tou ’ the sense of the approximation is
just that of plane wave Born theory. The various trans-
formation coefficients, namely the c.f.p. and those for
vec., simply give formulas the appearance of complexity
when written out explicitly. We shall indicate these in a
symbolic way. For example, the coupling of one particle
with quantum number q, coupled to a core, Qg » reproducing
the quantum numbers q~ , exclusive of the total angular
momertum, of the Be9 ground state is symbolized by the
transformation coefficient BZ.;(NGq}quJ. Similar use is
made of the symbols (x+;xb,x2) in describing the couplings
yielding the 3-body functions. With this new notation
being included, the transition matrix element is given as
Toe52,a, (B (1) ()8 (1) 8] (1ng" s g, g ) T (tx750650¢ ;)
(2)
"By (MJ'q,-; 9, q,c)T}f(hR*; » aez) (J{;qo; k, 1t 1, G 50).

The basic two-body transformation matrix is fairly compli-
cated. It carries, as did the original many-body matrix,
the instruction to integrate over the variables, in the
product space of position, spin, and i-spin, which are
not physical observables. We shall not mention this further
and it is a tacit assumption that our notation is consistent

with regard to this aspect.

Some of the manipulations are clarified by giving
the forms of the transformation matrix. Two equivalent

representations are given below.
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(Flt, 10) = fag, €272 ety (m s 2R ) § (80 €4/ 2|

Ckoot1/325-1/9Z)
tonlh:%(”oi Zo 'Bla)Fql(sl) € ~° =° l> (3)

d o,
(F‘toll O) :./(2:);)3 GJ:(Z'(Z )q"(z(z’_2/3%’) <\p(7rl) F‘bo(so) et¥rd I

toulw(”o) F‘h(sl) eLgo.(g,/z7)+£%‘lo> ; S‘ - 50' 5' , (4)

w, = (8/27) K, -y , @o = (4/3) ko + y-(2/3)q.

The additional notation n= (o ,3-) has been intro-
duced for coordinates in the product space exclusive of
position. All position coordinates are defined with re-
spect to an origin at the c.m. of the (15)4(1p)4 core of
the 8-body system. The coordinate gladescribes the motion
of the c.m. of the neutron-proton core of the 3-body system.
The remaining notation is altogether selfecvident, being
given that "O" refers to a proton and "1" to a neutron.
Some additional comments are required here in order to ab-
stract the physics from the mathematics. It should first
be observed that the two-body matrix element is defined in
a laboratory system. An average of the amplitude is per-
formed either with respect to the coordinate or momentum
distributions of initial and final (n-p) core systems of
the 3-body nuclei. The appearance of the joint-probability
distributions demonstrates that nuclear recoil is accounted
for in the A =3 systems. A "quasi-free" approximation

would say that as a function of y = [% ] » the momentum

2|

states in the vicinity of some Yo make the dominant contri-
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bution to the average in Eq. (4). If Y, << k., Kk, is
satisfied, the two-body amplitude having a slow variation,
the dependence of the latter upon y may be completely
ignored. On the other hand, the joint-distribution in
momentum is to be evaluated "in the vicinity of yo". It

is very easy to make this notion quantitative. We do have
at our disposal intermediate coupling representations of

the 3-body wave functions. The corresponding single nucleon
functions qxiﬁq;gg are therefore known. The PFourier
transforms of these functions may be computed for each
possible nucleon state of orbital angular momentum. To

each such distribution we may fit normalized Gaussians or
combinations of these. The parameter of tnhe functions
characterize the spread of momentum about some average value.
Products of momentum transforms may then be formed and the

convolution implied by Eq. (4) carried out.

While our remarks have nearly the substance of the
impulse approximation, they do carry some additional impli-
cations. Trese, as we shall see, have to do with the manner
in which the two-body t-matrix is discussed. In this con-
nection we ﬁote that the overall reaction amplitude cannot
be described correctly by the formulas thus far &iven. One
has neglected to take into account the very large contri-
bution to the interaction between the initial A =3 and
A =9 system. This contribution we shall describe as tae
Hartree-Fock (H-F) interaction, L}mﬁ. It is defined here

as being diagonal in the states of the initial, A = 9 system.
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The potential is constructed by placing the A =3 nucleons

in a given single particle state characterized by the relative
momentum k, of initial systems. This state is then dis-
placed to lower energy by an amount determined by the average
binding per particle in the A = 3 initial nucleus. The
potential U, is then computed as the sum of single particle
H-F potentials between the A =3 and A = 9 nucleons.

We clearly then want to characterize the diagonal elements

of *,, , computed for the state of the A = 3 system, as

3 9

giving the optical potential for He” scattering from Be”.

The remaining interaction, namely 5xt°,, is a residual one

and is considered non-diagonal in A = 3 and A = 9 states.
The two-body t-matrix is taken then to satisfy an equation

of the Bethe-Goldstone type. Its matrix elements are then
computed between various H-F configurations. And, in accordance
with the notion of Brueckner, the energy denominators

appearing in the computation are always the excitation energies.
These are measured away from the chosen configuration loosely

described as giving the distorted-wave motion of He3

relative
to Be9 in its ground state. Thus when we include the phase
shifts for scattering of initial systems in the two-body
t-matrix (this is done in one of the later sections), some

of the seltf-consistency is built back into our description.
By always then computing corrections to the H-F interaction,

the incorrect description of residual interactions becomes of

secondary importance.
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II. Some Reaction Specifics

We continue our shell model formulation of the re-
action process with a discussion of the nuclear wave functions.
That for the A = 9 system is the more familiar and is
examined first. French, Halbert and Pandya (13) have dis-
cussed the intermediate coupling shell model for Beg. We
slightly readjust the admixture parameters given by these

authors. The ground and first excited state wave functions

are here taken to be

- 2,2 2,2
(3/27) = 096 P, (1411)-0.283 D,,, (L411)

2

o (1a13).

(! /2-) /2

The arguments of the wave functions are the partition
symbols [A] . It is equally reliable to describe the same
two states in B by the same parameters. ‘A comparison of
the work cited with that of Kurath (14) indicates that this

is not a completely empty approximation.

The A =3 wave functions have been given by Young
and Stein ngl. The intermediate coupling assignments are
rather more tentative here due to a failure to exploit a
variational principle. Only one bound state exists in this

case and for it we have

(1725)20.697 %8’ _+0.608 *s”

4
172 |/2+ 0.384 D|/z'

The isotopic spin multiplicity of two is implied in the
above and as well the partition symbol [21]. Both of the

A = 3 nuclei are considered to be described by the pre-
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ceding representation. Two S-states appear and these arise
from the coupling of an S-state (n-p) system in singlet, S',
and triplet, S", configurations to the odd nucleon. The D-
state is generated from the triplet-odd-nucleon coupiing

and is probably 15% too large.

We shall not introduce any additional wave functions.
However, states of nuclei other than those specifically
mentioned are implied by our analysis. In fact we take as
a starting point an assumption about the channels through
which the reaction might proceed. Those which we have in

mind are symbolized as follows:

Beg + Hes—od +B|°Ld +n + B’*—.T'*'B’* (Sa)

¥* *
Be +He{—d+(n+p+83 ) =T+8° (5b)

This is not to imply that we take these reaction schemes
entirely literally. They will, however. serve as a guide for
the manner in which virtual state transitions are incorpo-
rated into the analysis. The point of view is that the
physical reaction occurs in a manner lying between two ex-
treral descriptions. One of these is that given by the com-
pound nucleus picture and the other that from direct inter-
action theory. There is no evidence that the reaction
under study proceeds through a compound nucleus. In this

and similar situations it is necessary to ascertain whether
or not the simple momentum-transfer form factor of the direct

interaction theory furnishes an adequate description. It is
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characteristic of such form factors to drop off rapidly

with increasingly large momentum transfers. Distorted

wave theories, to be contrasted with plane-wave Born approxi-
mations, improve this situation somewhat, but not altogether.
Antisymmetrization between the nucleons of target and pro-
Jectile, as simulated, for example, in the theories of heavy
particle stripping, is often required to control the form

factor decay.

More to the point for our purposes is an alteration
of the direction interaction theory so as to bring it closer
to that of the compound nucleus. The inclusion of virtual
transitions to intermediate states will accomplish this.
The selection of a few important intermediate states is
determined by the specifics of the reaction. In our example
cited, we note that for excitations in excess of 8 MeV there

are states in B1o

which decay by neutron emission. The
widths of the states are some 90 to 500 keV. The spins
are not all identified but the isotopic spins seem to be
T=1, the parities probably positive. In view of these re-
marks,the channel of (5a) is a likely one. There is also
the possibility that the B1o spectrum is built in part on
the motion of a neutron and proton couple to an excited
Be8 core. The ground and first two excited states of Be8
are T=0,d = 0%,2%,4". The widths of the excited states are
anormous, being, respectively, 1.20 and 6.7 MeV. The structure

of the spectrum is reminiscent of that occurring in deformed
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nuclei. In particular the ratio (4+—O+):(2+-O+) of 4 is
just about the value of 3.3 predicted by the theories of
nuclear rotations. Although the states have the short
lifetimes noted and decay by a-emission,we can describe them
as collective. This is because in the p-shell there are
only two parameters required to give level spacings. One
sees this by looking at the partition [4] in orbit. In this
sense either the phonon theory or that obtaining from an
intermeaiate coupling expansion can be used to deduce the
parameters. In including the channel (5b) it will be implied
here that coupling occurs to 2.90 MeV state in Be8, treated

as—a collective oscillation about the spherical shape.

In discussing the channel (5a) we seek to diagonalize
the two-body interaction %, . This can only be done in part
and produces a quantity (t, ) . Transitions are then induced
by the operator I,, = ts -(t,) - The motivation for this is
straight forward. We define as diagonal those operators not
changing the state of the target nucleon. The operator I,
is to change the states of both nucleons or that of "O"
alone. Diagonalization then removes the H-F energy for the
incident particle from the transition operator. If we work
to what is identified as the second order in perturbation
theory, then transitions of the nuclear particle must be
taken into account. These we assume involve states in the
p-shell, that partially occupied, and those in the (s,d)-
shell. The inclusion of second order processes, analogous

to self-energy insertions, makes it possible to account for
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the effect of virtual single particle excitation upon tne
reaction. These will not in general be important as they
involve large energy denominations. For example, the spin-
flip transition 3/2° to1/2  involves at least some 6 MeV of
excitation, viewed as a single particle transition. On the
other hand, the formalism is given in a general way to in-

clude situations when this conclusion cannot be reached.

It is convenient to use a harmonic oscillator basis
for the discussion of the nuclear wave functions. For the
A = 9 system, the oscillator spacing is hw = 19.7 MeV. The
binding energy of the last neutron in Be9 is 1.7 MeV and

this defines the single particle well. There is a continuous

3

spectrum of proton energies provided by incident He” system.

For an incident energy of 25 MeV, the 18.75 MeV avallable in
1)

c.m. weights the proton spectrum heavily in this vicinity.

3

Approximately 5.6 MeV is required to separate the He~” system

into deuteron plus proton with zero energy of relative motion.

3

In addition the average separation energy for He” 1is some

2.3 MeV., This value implies strong interaction between the
three constituent nucleons. A small admixture of the D-state

into the ground state wave function of He’

is to be expected.
On the basis of the cluster model used here, there is a small
probability for obtaining protons of 1.9 MeV of binding.

The proton spectrum may be characterized as extending over

9

some 12 to 15 MeV, measured from the Be” ground state.

The equivalent excitation energies measured from the Fermi

Note: Footnotes begin on page 85.
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energy in Be9

are obtained by adding 1.7 MeV to the values
quoted. The imprecise qualitative statements are of course
replaced by exact information contained in the nuclear form

factors.

(2)

The two body wave function, ¥, in nucleons 0,1

is now assumed to satisfy an equation of the form given by
Bethe and Goldstone. It is implicit that the potential v
appearing here is that which generates the transition
operator t, . A chosen configuration ® is determined
carrying in principle the quantum labels for initial ground
state systems. Our sole interest at this stage is to com-
pute changes of state for the two nucleons previously
singled out. All of the other nucleons in the A +3 system
undergo no change of state. The function ® may be thought
of s the Slater determinant of wave functions N (ko3Se ) »
for particle "O" in state k, , and ¢ (po;s‘), for particle
"{" in state w,. A change of state for the two particles
in gquestion takes us to a rnew many-particle configuration.
The latter has an excitation energy e with respect to the
6hosen configuration. It should be observed that while
both nucleonts move in the same well, that nucleon designated
as "O" is in continuum states. The other nucleon, namely
"{", is in bound states. We shall keep the two nucleons
out of the occupied states in the chosen configuration. An
operator, usually called Q, has the funoction of preserving
the exclusion principle. In the Beg, He> problem, Q must
project off the occupied states of the p-shell. A form of

the operator doing this is
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Q = (1-84q )+ 8qq_Qlag);

£
Qla, )= 1- [, ]"Z B m « (6)

me=-4,

The operator acts in the product space of two nucleons,
Q=9Q,Q . If «, refers to the quantum labels (nf.m)c of
states occupied in the chosen configuration, then n, =/=1,
(£4c] =3 for our problem. Eg. (6) incicates that 173 of
the p-states are inaccessible to our interacting nucleons.

We will often fail to introduce Q explicitly in the develop-
ment to follow. It is understood that the factors of 2/3 are

to be introduced where applicable.

The dynamical equation determining the two-nucleon

motion is

Y = ®+Q—+ vW; €ze+in. (7)
€

Introducing a complete set of states for a free-bound system,

namely,
Yay (&0 2m2) = 7 (K320) G fa)

we obtain a two-particle Green's function in configuration
space,

l £ Vs |

; €, = h* Kk /7em
E- -€,- e,u"’ in

o #2161 4, 23) ¥,

[l
The unit operator appearing here should also be augmented
by 1sx 11, that for the space of charge-spin. It is
simplest to think of the operators, e.g., that in spin,
as decomposed in terms of the singlet and triplet projections.

Then,for example,
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1s=puyrpm):|/4(3,+gl.g9+|/4(l—0[g2)

and the four states (in spin) resolving the identity give
rise to the operator representation. These familiar

results are also implied in the formalism. The sums over
spin and t-spin states are suppressed since they add
nothing new in the way of details. One word about notation:
the states n (5,;5,) are those for scattering in the H-F
potential. As such, they carry the real phase shifts
arising from this potential. Moreover, the many-body aspect
is thereby emphasized. The states 5#(52) are those for
bound particles in the H-F well. The outgoing radiation

boundary condition, o = n(“

is implied for the scattering
states. The generic notation (1,2) should not be confusing.
We are still solving for the motion of an interacting system

comprised of a bound and a free nucleon.

We generate a set of coupled linear equations starting
from the statement
U‘P:v®+v£u\1/, (7")

et

and then operate from the left with wa*,a = (u,g) being a

pair index. The equations have the form

<¢alvl\1/>=<wa|vl®>+}% (v, bly) ﬁn (g, o 9. (8)

The wave function %1 should be a Slater determinant

for the given state. In this way the exclusion principle
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is taken into account in all matrix elements. A two-

channel approximation to Eq. (8) is sought. Such a pro-

cedure was also employed in the Lamarsh and Fesbach (16)

discussion of inelastic neutron scattering. To do the

same thing here, we restrict the nucleon bound states in

@ and B to pspand u=p,. If ¥ is expanded in terms of the
Y, functions, a matrix of » connecting the two channels

is encountered. One element of the matrix, v describes

1] ’
excited state elastic scattering. The explicit appearance
of this and the other elements is unavoidable. The explicit

expansion of ¥ is circumvented through the "t-approximation",
vy = t@ (9)

It is evident that w=p, is implied by ® . The substance
of the approximation (9) is that an affine transformation
has been carried out upon the v -matrix. For this reason
linear combinations of its elements determine a given element

of t.

In the sum over intermediate states of Eq. (8), all
processes leading to finite lifetimes are neglected. Two
examples of these energy-conserving processes are shown in
Pig. 1. The point here is that the inclusion of these
introduces certain details. These are relevant to the
physical problem. However, in a schematized version of
the theory such as now presented, they are intrusive. We

shall clarify any ambiguities of presentation in the following



section. For the present, we write down very symbolic

formal statements. The processes which we can include,

in addition to direct charge exchange, are shown in Fig. 2.
These involve a change of state for one of the interacting
particles. Bethe has argued that such processes are of

order A 1in large nuclei. They are described as the pro-
cesses involving non-momentum conserving transfers. The
processes are also small here owing to first, bad overlap and
second, the large energy denominators. With these provisonal

remarks being made, we write the coupled equations as

b,.=¢ +c ——
0o oo o E. ¢ 10

' (10)

10

The two-particle energy e, describes the target nucleon in
(1d,2s) orbital with the incident nucleon still in e, .

An excitation of amount hw = 19.7 MeV, the oscillator

gspacing, is required. The matrix element of the potential,
that v, , describes, in this unrealistic scheme, scat-

tering of the incident nucleon from an initielly excited target
system. We may solve the second of Egs. (10) as

b * (l_cn?—e_l' )C'O ’

whereupon,

- i
Boo = Coo Co, E -¢-¢, Cio - (11)

Here’as in the preceding expression, the b's are the matrix

elements of t and the c's those of v.
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The expression (11) is suitable for a comparison
with the two-body matrix element of (4), or nearly so.
We shall indicate later how the two are related. At any
rate if we were to completely ignore the role of Coulomb
forces, (11) would be suitable tor the description of the
"elastic", ground-to-ground charge exchange. We mignt
then argue that'qo X ¢, can be used to describe the
ground-to-excited state exchange. This is untrue unless
the excited state arises from a single particle transition.
Thus the decomposition t = (t ) +I ,(t ) = b
(e 1 I,1¢€) =0, (u el Il ue,) =0, may not be
altogether helpful. 1In particular, the first excited state

in 39 occurs at some 2.% MeV of excitation. This is much

too small to be accounted for by a sirgle particle transition.

The state in question is either 5/2 o~r 3/2°. It can then
be reached from the ground state by 17 magnetic (M1) or

2% electric (E2) transitions in both cases. The M1's are
expected on the basis of a single particle model. The odd
nucleon carrying all of the nuclear magnetic moment permits
matrix elements of the moment to exist between ground and
excited states. We further observe that in the fractional
coupling model employed, the information about the excited

A=9 states is carried by geometrical factors. This says

that %, = e, in the form factor of Eq. (4). Alternately,
the extra nucleon with £ = 1 couples to L = 0,2,4 from [ 4]

to form ground and excited states. We should then think

of using (11) to compute both the Be? 9%

and Be transitions.
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The data of Wegner and Hall show that beyond 90°, the c.m.
cross section for ground and excited state exchange are
practically identical. 1In the forward direction, charge
exchange to the ground state shows a distinct peaking.

The 10°: 50° cross section ratio is about 10. A similar
comparison for the excited state yields a ratio of 3.

The latter form factor is very nearly a constant function
of momentum transfer. It is wholly unsafe to argue that one
process represents a direct interaction and the other some

sort of compound process.

We are stuck with the nuclear form factor. The geo-
metrical coefficients will reduce overall ratio of excited:ground
state yield. It is not likely that the 2.3 MeV change in Q
will influence the dominant contribution from the nuclear
form factor for small momenta transfer. And, certainly,
the t-matrix of (11) is a slowly varying function of momentum
transfer for small values of that quantity. A radical
change in the t-matrix can be achieved by taking the ex-
change through another channel. That of (5b) will be con-
sidered here. 1In the intermediate states formed by adding

3 9

the proton of He” to the neutron of Be”’, excited states of

B10 are encountered. The possible two particle states may

be generated by operating on the B10 ground state as vacuum
with two pairs of hole-particle creation and annihilation
operators. Speaking now in j=j coupling, we form, symbolical-

ly, wave functions of the type
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This basis with unperturbed energy e, ﬁi Fé(p) -Gé(h)] (3)
describes the motion of two hole-parcic:e vibrations. Diagonali-
zation of the short range intervarticle force, e.g., one of zero
range, in tne basis produces a spectrum of states. Such

states have a two-hole, two-particle character in terms of

the associated shell model creation ana anninilation operators.
We may speak, however, of the excited states as arising from
the presence of two quasi-particles. Charge exchange can

now occur by the exchange of a vibration between two quasi-
particles present. The diagrammatic process is indicated

in Fig. 3. “that figure implies that the charge-excnange

force arises from the exchange of two-nole, two~particle
vibrations. It 1s easy to show that the excitation spectrum
of be1o computed in this way is only approximately correct

for the higher states. It is not literally suggested that
pairing theory holds here. In fact, the older, seniority
scheme of Kacah (17) may be thought of as furnishing the

basis of tne discussion. No exact analogy holds with either
formulation since we are interested in n-p interactions.

These occur here in a region where both species are filling

the same shell.

The energy denominators for two-particle states can

be lowered from the 19.5 MeV previously gquoted to avout



10 MeV by the procedures rirst described. We can obtain

something lower by treating the intermediate B1O system

differently. This nucleus can be represented as a neutron and

proton moving in the presence of an excited Be8 core. The
excitations for the latter are loosely thought of as phonons
"for quadrupole vibrations". In particular we consider the
1 phonon, 2% state of the core. Such a state is also built
(4)

from two-hole, two-particle excitations. The vacuum
here is the state with no phonon present. The physical
state is then that with two "particles" and a single phonon
present. The proton is added to the system at fairly high
excitation. It does not have its motion altered to any
appreciable extent. The neutron being at low excitation is
influenced by the phonon. In another language, the neutron
suppresses vacuum fluctuations. It has appreciable proba-
bility for being in the final states to which these fluctu-

ations occur. As a result its self-energy is increased due

to its coupling with the phonon.

A computation of the single-particle coupling to a
phonon excitation has been done by Kisslinger and Sorensen
(18). The interest there was in the influence of proton
core oscillations upon the single neutron spectrum in the
region of Ni. Their results are what one expects, with
the "single particle" states shifted of the order of the
phonon excitation energy. Our computation could be carried

out in much the same manner by substituting an equivalent
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repulsive interaction for the attractive one used previously.
This statement is meant to emphasize the role played by the
backward going graphs. The suppression of vacuum fluctu-
ations is almost entirely due to these graphs. One such,

occurring in second order, is shown in Fig. 4a.

It is necessary to deal with the two-particle spectrum
in the present problem. The situation here is not so simple
as that discussed in the previous paragraph. To discuss the
intermediate state configuration of Fig. 4b, a device is em-
ployed. The mathematical artifice itself is attributed to
Gottfried (19) and we re-interpret it for use here. The
initial n-p system is uncorrelated, and apart from self-
energy insertions, is not coupled to the 2t phonon. We
account for this coupling while the two-nucleon system is

in strong interaction. The intermediate states to which the

nucleons scatter couple with the phonon for sufficiently
small separation-in-energy, w, of phonon and particle states.
An estimate of w is provided by observing that the 1p — par-
ticle, some 4.6 MeV off the phonon energy, can effectively
suppress the vibration. For purposes of enumeration, first,
only the added proton is permitted a change of state. If
then its energy lies within the interval of O<E, € 7.5 MeV,
say, the phonon suppression is effective. Outside of this
interval no coupling to the phonon occurs for the added
nucleon. The condition is then imposed that both nucleons

couple to the vibration. It is considered that the coupling
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of just one nucleon does not affect the two-particle
spectrum of excitations. Quite important is the fact

that the transition of the target nucleon alone from

1p3/2 to 1p|/2 is also effective in suppressing vacuum
fluctuations. This process has been represented graphically
in fig. 4a. The effectiveness of this last process depends
critically upon the splitting puz-puz in the single par-
ticle well. This we have estimated as 7.5 MeV from the
neutron scattering on Beg. The estimate was made by means
of perturbation theory retaining terms up through second
order.QS) The observed 10.7 Mev, T=1,n=+ state in B1o,

whose spin we would restrict as 1< J ¢ 3, is that dealt

with here.

Equation (7') and (9) when taken together produce the

integral equation
(12)

For definiteness and purposes of reference, the energy

denominator is written explicitly as

e = E (A+1)-R(O)-h (1) +in. (13)

The symbols h(j) refer to the H-F energy operator for the
nucleons, e.g., h(j) is that for nucleon j. The energy of
the chosen configuration is E=E, (A+1). However we are
going to discuss now the spectral representation of t,
namely t(E). This takes Eq. (12) out of its original con-

text, at least for the moment. The iuentity is resolved
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over H-F states in two-particles, and ¢" of (13), is diagonal
in such states, according to definition. An arbitrary matrix

element of (12) is, in pair-index notation,

It 1B = (alv|@y+ § AR OB (14)
Y E-e.yi-i.'r;

The approximation assuming constant matrix elements of
for certain states ¢, is introduced. This is formally

the statement

const, (E*se € SE*+w) (15)

(a lvIB)

0, otherwise.

The Gor'kov factorization in superconductivity utilizes
the preceding statement. For the constant in our equation,

we use

(plvlvy = Xulp)u (v). (16)

Here X is an undetermined parameter giving both sign and
magnitude of the interaction. It is also thereby implied
that v is unknown. In particular then the v of Eq. (12)

is certainly not that of Eq. (7'). To avoid confusion

we should have employed a notation of ¥ . Similarly, t of
Eq. (12) is unknown and should be called t. It is possible
to establish that ;'is some part of v. The fterm residual
force applies tol;. In addition it can be seen from the
Yamagouchi factorization of Eq. (16) that » is what Mottel-
son (20) would describe as a "specificity force". Roughly

speaking, such a force is that undiagonalized by the H-F
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procedure. It nevertheless has the property of describing
long range correlation in the nuclear medium. In a finite
nucleus these correlations arise from the existence of
collective degrees of freedom. It is possible to extract
these motions from the cluster corrections of Brueckner
theory. Such has already been done for the elastic scat-
tering of neutrons. This procedure is described elsewhere.gi)
The present method, Egs. (12) - (16), gives the same answer
as that of a more precise analysis. It also displays both
of the approximations, one being specificity, which are
required. The other, the adiabatic condition, has to do
with the slow variation of matrix elements implied by (16).
A word or so about the backward going graphs is necessary.
These have only been taken into account through our numeri-
cal estimate of w. This is certainly unfortunate and as
well incorrect. It is otherwise impossible to reproduce

the energy-weighted sum rules for distribution of multipole
strengths in the nuclear excitation spectrum. (21), (22)
The importance of ground state correlations, i.e., those
already present in the medium, is the greater the closer one

comes to zero frequency.
If now we write
(pritlv) =ulv)f (u)
and substitute this, together with (16), into (14), we shall

obtain
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2 (y)
Au(B) . I(E) :zz u \y

A - NI(E) E-e tin (17)

We define next a parameter N\ equal to <u?(y)%~ X,

the average-in-energy yielding a mean square matrix element
connecting initial state B to those [Y}- Then the condition
for the existence of a state in the two particle spectrum

of excitations is

Il w
I-XI(E)’VI__‘U_I”<I-_E?) :o, (18)
an attractive interaction, X = -|X | having been assumed.

The first zero occurs at

E:E = E- — ;(&= :lxli%lc-‘-v;uz=u2(5*)). (19)

This solution is mathematically acceptable for a large

range of values of § . Physically, we can make some inter-
esting deductions. It is not possible to express the exci-
tation energy E. -E,(A+1 ) as we did in Eq. (8), namely

as Gi-Fe;-ek—e#. The excited state of ihe A+1 system is
thus not separated from the chosen configuration by the
(approximate) difference of H-¥ energies. Relevant to the
two particle spectrum of excitations, our states E_, are not
then given by EO(A+1)+AthAﬁu In fact, we shall argue that

the lowest state of excitation in the two particle H-F

spectrum lies at an energy much higher than EO—EO(A+1).
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To arrange this we need only require that OsEc -E< 7.5 Mev
(the figure quoted for the spin-orbit splitting). On the
other hand it can already be seen from Fig. 5, in which

1+ [N I(E) = 0 is plotted versus E, that this can be
guaranteed. The three parameters of Eq. (19), these being
replaced by £ , nave certain numerical values. Thus the
splitting off or E from the H-F spectrum is controlled by
§ and w. Instead of estimating £ we make interpretations
of Eq. (19) based upon results obtained from more exact

treatments.

The nomenclature two particle bound state is intro-

duced to describe any state having the character of that
E.-E,. This terminology has to do with the relative position
of such states in the two particle spectrum of excitations.
However, the underlying physics is not yet clarified. To

see what this is we look again at the reaction channel of
(5b). Both the neutron and proton are originally in shell
model particle states with respect to the Be8 ground state,
as vacuum. The Interaction of these nucleons with those

of the core, (1a”zf (1p f , can lead to core excitations.

3/2
These are described in terms of shell model hole and shell
model particle creation operators acting upon the physical
vacuum. An alternative but equivalent representation is

obtained by utilizing a new set of creation operators, those

for guasi-particles. Such operators are formed by taking

linear combinations, of appropriate nature, of those for
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shell model hole and shell model particle states. A

partial diagonalization of the residual internucleon

force is implied by the transformation. It is this which
determines the particular linear combination of operators.
Although this kind of technique originates in pairing
theories, the latter are not necessary for the quasi-partiecle
picture employed here. Summation of the cluster corrections
from Brueckner theory, according to a set of prescriptions
will produce the additional diagonalization (over and above
that giving H-F energies). To get the Be8 parity right,

we consider states with two-quasi particles present. The
lowest of these is that corresponding to the presence of a

single 2+ phonon, relative to Be8 as physical vacuum.

All of the previous remarks are summarized in Fig. 6.
Notice that we imply, by Fig. (6a), an excitation of the
collective state occurring as a self-energy insertion in a
single particle line. In addition a distinction has been
made between the shell model states of added particle (the
proton) and odd target nucleon (the neutron). The former
are characterized as having complex H-F energies or finite
lifetimes. As such the independent excitations corresponding
to these states are often, and we shall follow this usage,
also called quasi-particles. This is a characteristic
terminology of the Green's function treatments. (23)

The finite lifetime for the neutron is neglected here.

It thus has a real H-F energy. Charge exchange involving
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other than valence neutrons could not be realistically
(quantitatively) treated ignoring finite lifetime corrections.
We require that two states, E(k;) = e and E(k;’)z

exist in the single "quasi-particle" spectrum with energy

difference approximately equal to the excitation energy for
a collective motion. This criterion was first given by

Je Schrieffer. (5) It tells when we can expect to see a large
shift in energy or lifetime, principally the latter, in

the single "quasi-particle" spectrum. Physically, then,

the two-particle bound state represents the renormalization
of the optical potential (principally its imaginary part)

due to couplings of the single quasi-particle spectrum to
collective motions. Lgil A hypothetical example, e.g.,

low energy neutron scattering on 015, furnishes more graphic
illustration than does our charge exchange problem. The
incident neutron is already in a quasi-particle state with
respect to O16 as physical vacuum. In another view, the
neutron would be described as in a particle state with re-~
spect to the O15 ground state. The first, A+1 occupied,

H-F states of the (n,015) system form the chosen configuration
as before. Intermediate states of the A+1 system are those
of two quasi-particles in one picture and those of two par-
ticles and one hole in the other, for example. At this point,
the superficial differences in nomenclature vanish. We are
led to look for particle summation procedure (i.e., a partial

diagonalization) reproducing the O16 excitation spectrum of
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low-lying states. This implies the quasi-particle re-
presentation. The partial summation leads to the renormali-
zation already described. On the other nand, our inclination
in a straight forward application of Brueckner theory is

to convince ourselves that the third-order and higher

cluster corrections are small. Precisely this point of

view is responsible for our failure to treat nucleon inter-

actions with finite nuclei in a convincing way.

Referring again to Fig. (6a), we require that E(kg )~
E(kd)—E;* where E:* is the 2% excitation energy relative to
the assumed vacuum. Also, E(k;) ought to be given approxi-
mately by E(ko)iw*, where w* is the interval in energy
with which coupling to the collective motion occurs. Com-
paring with Ba. (19), and using B(kj)-E(k}) = B} *w* = E,
we see that these qualitative arguments are consistent with
the formal results. Asterisks on quantities are meant to
imply renormalizations which cannot be dealt with in the
present context. With Fig. (6c) we show how two quasi-par-
ticles of the Be8 core can interact over large distances by
exchanging a vibration. This long range interaction is not
generally available to our n-p system. The latter is not
imagined, here, to form a part of a collectively excited
group of nucleons. Only the core nucleons satisfy this re-
quirement. A long-range interaction involving the n-p system

is shown in Fig. (64).
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We are now in a position to add the t-matrix, ?, of
(19) to that whose matrix elements are implied by (11).
The only difficulty arises in obtaining the relevant bound

state operator. Referring now to Fig. (6b) we write
~ . c 2 | n
(Y Een,:- —b"P(E%—ﬁx)l(A)qJ = t (€, 3@)- (20)
x

The symbols have the following meaning: P(EKTE:);v F(Eko)
is the density-in-energy of two-particle bound states at
the energy of the incident proton; (A Lv is the strength
of the two nucleon, phonon vertex; % is the t-matrix for a
system of two nucleons with lab. energy E,, evaluated at the
momentum transfer associated with the energy w. Every
quantity in (20) can be estimated. In particular, apart
from statistical factors and others for dimensions, | %(Em;w=0)lz
is just the two-nucleon laboratory, total elastic cross section,
E,, = E(k,)+E(k, ), at energy E,, . The strength of the vertex
function is determined when we construct the excitation
spectrum of our core, BeS. Fig. (6b) is relevant to this
computation. Estimates of p(Eko) can be made using simple
thermodynamic arguments. (25) The importance of the density
of states is that it determines the energy variation of the
bound state t-matrix. The resulting sum of t-matrices
which we have constructed can give rise to an interference
structure in the (HeB,T) cross section. The matrix t is

non-hermitian. In appending t to the matrix element <¥>b

in the chosen configuration, the rapidly varying part of
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the residual force has been accounted for. Presumably,

b,, is of slower variation. It, b, , is not however a resi-
dual force. No discussion has been given as yet of the
proton H-F field. There are questions attendant with the
simple-minded addition of t-matrices. These have to do
with whether the sum of residues corresponding to poles

in the resulting two-particle operator comes out correctly.
Generally, the answer is a categorical, no! The difficulty
is ignored here so as to admit simple, relevant physical
details. Actually, we should prerer to recast the problem
in terms of an alternative many-body formulation. Here one
would use the 012 ground state as the physical vacuum. It

9.5e2

is then possible to project out che initial; Be“+He”, and
final, T+B9*, configurations, from Cm* states. The over-

lap between these would then be determined by the composition
of C‘z*states. Again we should encounter after tedious
algebraic manipulations the physical features described

here. On the other hand, the presentation would have appeared

less heuristic.

ITII. Details for 2-body t-matrix

In the preceding section it was suggested that: (i)
the matrix element of the two-body transition operator in
A
the chosen configuration could be expressed as boo+<t% 3

(ii) the t-matrix could be written as a sum of diagonal and
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and non-diagonal terms, t=t+I. We wish to examine the
relationships between these statements. In regard to (i),
it is necessary to put Eq. (11) on a quantitative basis.
Also, the internucleon potential, v, must be specified

for the physical (charge-exchange) problem at hand. This
problem through the two-body matrix element of Eq. (4)
places restrictions upon any formal results. The formal
statements, relating mostly to (ii), will appear as a set

of rules. These rules will pertain to how we interpret and
compute t(ztOI). The physical restrictions tell us what
procedures are likely to yield reliable numbers. They also
present certain concrete aspects to be dealt with. Among
these is the nearly axiomatic statement: The two-body t-
matrix appearing as the result of interactions between com-
plex systems is always off the energy shell. (This is, for
example, one of the difficulties encountered in impulse
approximation descriptions of elastic n-d scattering).

There is further the related problem that one is thereby
instructed to keep the H-F potential out of the transition-
inducing part of the interaction matrix eclement. This relates
to the use of nuclear distortions and their proper incorporation.
We have alluded to this aspect in a qualitative way thus far.
Finally, some attention ought to be given those formal as-~
pects having to do with the addition of t-matrices. It is
actually unambiguous, following the inclusion of the formal
details. The foregoing list then comprises the topics of

this section.
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To get at the decomposition of t-matrices implied
by (i) and (ii), let us restate the rules governing such.
This is done within the framework of many-particle theory
and the H-F method. The analyses previously carried out
by Bethe (26) and Shaw (27) form the basis of our discussion.
In adding a particle to a ground state nuclear system, it is
necessary that the H-F energy operator for the particle be
diagonal. In Brueckner theory, the interactionz%}(j=1,...,A)
between particle and target is eliminated in favor of'%}.
We have used a version of the integral equation, (7",
which relates the operators t and v to each other. In com-
puting the energy of the cnosen configuration in A+1 par-
ticles and then subtracting the ground state energy E,(4),
that for the target, one encounters the matrix elements
Eafnzn;lqﬁl nzn?). If we define t to be a sum of diagonal
and non~diagonal operators, then clearly

o] (o] [+] o
An_n. =0, 0r n_n, |t
| 0 1 ) 9 ( [+ : ‘

0y - —oé
We require, following Watson, that Eoibe diagonal in nuclear
states. Thus, in forming the energy operator T°+§§E°?

for the added particle, neither the k.e. operator nor the
average interaction operator is separately diagonal in nu-
cleon states. It is however possible to diagonalize the
operator sum h(0). Because ¥, i1s a one-body operator, Z

can only change the state of the added particle. However,

again these non-diagonal matrix elements are restricted

according to
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(n; | T, Ino) + E;?(n; nil ior|n°r1?) = 0.

Bethe points out that we are to impose tne equality

’ - _ o o
(n°i’ni" 'r.OiIno n?) = (ng n lt°'¢‘ noni’)

even if nif n;. ie readily find from this statement,
n?-o n; , that
/7 0 o\ .
(ng n?l L, In, n; ) =o.

Also note that because of the diagonality of t we have

oy ?
o] (o] (o] o] o] o]
(no nz',“:oi‘no nac) = (no nyl toj,l No n?).
It is altogether ciear that

(ng nfrl Lo, n:n;) = (nf nillt“r ng Ny ).

The rules which follow are: Iﬁ' excites ] alone or simul-

taneously "O" and j; t excites "O" alone; t°7 can excite

o-
4
either or both nucleons. We have tacitly assumed throughout

that our matrix elements are antisymmetrizea.

These simple results enable us to put Egs. (7) - (11)
on a quantitative basis. ‘the two-state approximation of
tne earlier discussion is given in a valid manner here.

To tnis end the relevant single particle (j-j) states ana
tne occupied state for added nucleon are shown in Fig. 7.
Lhe oound states are generated by employing an oscillator
approximation to tne self-consistent well. Yet we are re-
stricted by the c.f.p. representation which led to rq. (4).

n R-]
the £ ,(1p) , configuration used tor the bound states, W,
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