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Abstract. The problem of inelastic nucleon—nucleus scattering is formulated in the frame-
work of Green functions. In this microscopic description, the non-instantaneous (energy-
dependent) part of the effective particle-hole force (irreducible vertex) determines the non-
direct contributions to the scattering matrix. In order to obtain the intermediate structure
this vertex is studied in more detail and several approximations are given. Couplings of
virtual phonons of different kinds play an important role in this procedure. If one goes
beyond perturbation theory three different effective forces occur in the coupling process.
The connection to microscopic nuclear structure calculations is discussed. The general
form of the T matrix emerging from the structure of the effective particle-hole force is given.
Additionally more explicit expressions are derived by assuming certain structures of the
final nucleus state.

1. Introduction

The aim of this paper is to describe inelastic nucleon-nucleus scattering within the
framework of Green functions. This seems to be a useful tool to investigate scattering
processes, since one can easily link the S matrix for general scattering processes with
boundary values of Green functions (Naminiki 1960, Zhivopistsev 1965, Villars 1967).
The theory of Green functions (Abrikosov et al 1965, Schultz 1964, Migdal 1965, Brown
1972, Fetter and Walecka 1971, Mattuck 1967) on the other hand is an established
microscopic many-body theory, which can deal in a transparent manner with effective
quantities (Migdal 1965, Brown 1972, Fetter and Walecka 1971, Mattuck 1967)—
nowadays essential in the description of nuclear phenomena. The scattering process,
which has in a certain sense the simplest structure, is the nucleon scattering on one-hole
nuclei, since in this case one has to treat essentially an extension of the (renormalized)
RPA approach (or TD approach) to scattering processes. This problem has been studied
in several publications (Mahaux and Weidenmiiller 1969, Dietrich and Hara 1968,
Dietrich and Dover 1969, Ginnocchio et al 1970, Weigel 1969, Wegmann 1969, Vogeler
and Weigel 1973). The next step seems to be the investigation of nucleon scattering on
even—even nuclei, for which we expect the intermediate coupling of phonons to the one-
particle propagation to play (besides direct scattering) a role in the interpretation of cross
sections (Love and Satchler 1967, Love 1969). Scattering processes of this type have been
mostly investigated in the ‘standard’ DwBA approximation and the antisymmetrized
DWBA approach (Hodgson 1971, Austern 1970, Young 1968, Jackson 1970). It is well

t A summary of this paper has been published in the Proceedings of the International Conference on Nuclear
Physics, Munich 1973.
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known that the validity of the standard pwBa is limited and we shall not repeat all the
arguments in this paper (Emrich 1971). We will return to this question later after having
formulated the problem. Therefore higher-order processes have been taken into accountt
in a more or less phenomenological manner (Hodgson 1971, Austern 1970, Young 1968,
Jackson 1970, Emrich 1971, Geramb 1972, Geramb et al 1972, Geramb 1973). A recent
semi-phenomenological analysis has been quite successful in explaining the data
(Geramb 1972, Geramb et al 1972, Geramb 1973). The investigation was based on the
theory of Love and Satchler (1967) (see also Love 1969), which amounts to an extension
of the treatment of Villars (1967) taking first order (to the Hartree-Fock structure)
correlations in the initial and final target state into account. The treatment is done in the
standard antisymmetrized hamiltonian approach to the scattering process, replacing the
potential by the commutator [v, 4,]_. In our method the formulation via the effective
particle-hole force (irreducible vertex) (Abrikosov et al 1965, Migdal 1965, Baym and
Kadanoff 1961, Brenig and Wagner 1963) is used, which contains the essential inter-
mediate stages of the process. It turns out that this quantity determines the features of
the scattering (Emrich 1971) and suitable approximations are needed. The advantage of
this formulation is that one can use methods and results already known from the nuclear
structure problem. The role played by effective quantities of several types can be re-
cognized and one has additionally a theory available to determine these quantities either
from first principles or by linking them to known problems.

In §2 we shall give necessary definitions and the general formulation of the
problem in the Green function scheme. In § 3 we deal with approximations for the effec-
tive particle-hole force needed for the solution of the relevant equations. Section 4 is
devoted to the structure of the scattering process emerging from the approximations
for the irreducible vertex, the general form of the asymmetric one-particle propagator
and the assumed structure of the excited final state of the nucleus.

2. General theory

The connection between the S matrix (T matrix) and the Green functions rests on a well
known limiting process using the exact definitions of scattering states and Green
functions (Naminiki 1960, Zhivopistsev 1965, Villars 1967). For completeness we will
repeat the main steps of the procedure. For nucleon-nucleus scattering the required
initial (final) scattering states are given as (Naminiki 1960, Gell-Mann and Goldberger
1953):

in;

QS = — 1
K5 §+Eo—H+in,

af|0y e = eQ("), 2.1

i t —idr — o= ide|T(~)
———a{|N = f . .
ef+EN—H—i11-af| e e ) (2.2)

1

Q) =

Here |0>(IN>) denotes the exact ground state (excited state) of the target:

H|0) = E,l0), (2.3)
HIN> = Ey|N>. (2.4)

+ A recent extensive list of references is given in the habilitation of H V Geramb.
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We restrict ourselves to bound states of the target nucleus. The total hamiltonian of the
system is given by:

alag+1Y Y <apllydyalalasa,. (2.5)

aff yé

The Schrédinger creation (annihilation) operators af(a,) of nucleons are defined with
the standing wave boundary condition. By adding the phase factors e'*(e ~!*") we ensure
the correct asymptotic behaviour. It is suitable to choose for the single-particle states
o (= €, ja» Iy, m,) a basis defined by an appropriate shell-model hamiltonian h:

hle,) = ejle,- (2.6)
With the help of model states defined according to the procedure of Villars (1967) by:
‘¢(+)> — a*lN) eife = eléa| (+) (2_7)

we can express the required transition element as follows:

OV = ei(al+ar)(5N,05if+ {(H~E)a T|N>|Q(+)>)

E— E0+

_ ei(6i+6f)(5N,05if+ <$ TR ) (2.8)

E—E +

The left-hand side of equation (2.8) can be expressed by the asymmetric Green function,
defined as:

ghyw)=(N [ap(a)—H+EN;E°+in) —la§+a§(w+H——EN—;E—°—in) _lap:I 0>, (2.9)
where

8le <) = g,’i?(e';“)é(e,— o Ey—Eo) (2.10)
is the Fourier transform of

g’ = —iKNIT(a,t,)al(t)|0>. (2.11)
By comparison of (2.1), (2.7) and (2.9) we obtain the relation:

R 1)

In order to get the T matrix one has in the next step to put the equation of motion for
g~% in such a form that the structure of the right-hand side of equation (2.8) emerges.
Since the theory of normal Green functions, defined by

8ar.am by bn = (—DOIT(@y,(ta,) . - - a0, (8,00}, (8s,) - .- @}, (5:,)10>,  (2.13)

has been studied in more detail (Abrikosov et al 1965, Schultz 1964, Migdal 1965,
Brown 1972, Fetter and Walecka 1971, Mattuck 1967), it seems appropriate to connect
directly the problem of the asymmetric Green function to the four-point function. This
can be done utilizing the projection procedure, since the asymmetric Green function is
contained in the four-point function. One obtains the following equation of motion
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(W Brenig, private communication, Goldberger and Watson 1964, Speth 1970):

gz?l = 5N0gmn - igmagbnladbrgﬁio (2 14)
We use the convention, according to which summation or integration, respectively, is to
be carried out over all doubly occurring (Latin) indices. 1,4, is the effective particle-hole
interaction (irreducible vertex), defined via the effective single-particle potential u
(irreducible mass operator) by (Baym and Kadanoff 1961, Brenig and Wagner 1963):

,Otigy
gy = i—2.
adbr 153,,1

The parts of the theory of the normal Green functions needed in our approach are given
in the appendix. In energy space equation (2.14) becomes:

E,—E
=

(2.15)

= Ono&rile) —i(1—0x,0) Z [igfa(fi + Eo—Ey)gpile;)
aB

Ey

En—
Xy dwl,,,ﬁp(e,-+_°r,wi;EO—EN)ggao(w)]. (2.16)
8p

For equation (2.8) we obtain now:

e~ B30 BTy = ir]'g?fo(e. + Ey— EN)
’ 1 1 1 1 2

= Onoinigeile)) —(1—0Jy0) Z [gfa(ei +Eq— EN)i'ligﬂi(fi)
ap

E,—E
X 62 d(l) I,Mp(ei-i-%, w;EO_EN)ggao(w)]. (2.17)
i4

Equations (2.14) or (2.16), which determine the scattering process, exhibit the formal
structure of the scattering. If we express these equations graphically, we obtain:

f ! f p L
= I
r d

w7 lo> (2.14)

[N |03

The incoming particle, described by the one-particle propagator g,;, propagates in the
medium until it scatters in matter via the irreducible vertex I causing a stable excitation
of the nucleus (gX°). After this process the one-particle propagation takes place to the
final state f. The whole process can therefore be split up into three steps: First, the
incoming particle, asymptotically in the shell-model state i, distributes its single-particle
strength among several shell-model states (non-diagonal single-particle propagator)
due to the interaction with virtual phonons corresponding to ‘elastic’ scattering, The
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same can happen for the outgoing particle. These shell-model states, properly weighted,
interact in the intermediate step due to virtual processes contained in I in the presence
of the final stable excitation of the nucleus. The investigation of I is the topic of the next
section.

The treatment of the single-particle propagation goes as follows.

Using the basis of the hamiltonian h the two-point function can be cast in the form:

gaﬂ(e) = g:ﬂ(€)+ Zgiu(f)f,?v(f)gzp(f), (2'18)
uy
where g;4(e) has the shell-model structure
1—n, n,
8aple) = 0ap85(e) = Oup : (2.19)

e—¢,+in e—e¢,—in
The reducible mass operator t° obeys the equation

T?ﬂ(‘) = u?ﬂ(€)+ Z uaDu(E)gi(e)T;lt)ﬂ(e)

= U+ Y up(gu(ehurs(e). (2.20)
uv
uP is the energy-dependent difference between the full u and the shell-model potential u°.
It causes no difficulties to include an imaginary part in the shell-model potential. The
expression i7,84(¢;) is by definition the single-particle wavefunction for elastic scattering.
In an obvious notation we obtain:

, . in, .
Mo +08)i o () — i 1o eitsi+ap
o ngse) <° Y —H=Eo)+in,” >e
= O BN+ LI = 9§7(e) = 3§ ) €150, @21)

The equation for ¢ can be read off from (2.18):
B Ae) = Sgi+ gle)Thler): 2.22)

t° describes the deviations in elastic scattering mainly due to couplings to virtual
phonons of several types. Formally (2.18) is expressed graphically as follows:

gap =+ + PO N— (2.23)

b g m n b
Now insertion of (2.18) and (2.21) into (2.17) yields:

<$§&)|T|¢(+)> = {51\! oTrn(e ) —(1 =00l Z Z |: O¢s + Tra (er)galer)) (5pn+gp.(€ )Tpl(f ))

af ép
E,—-E _
X f do Iaéﬂp(ei +—0‘2_)!, w; Eq— )gpa (w):| } = Tens0- (2.24)

So, the incoming (outgoing) particle can distribute its single-particle strength among
several shell-model states due to the interaction with the core corresponding to elastic
scattering. The inclusion of the single-particle potential beyond the Hartree-Fock
approximation in calculating the two-point function is intimately related to the inelastic
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scattering, because I directly emerges from u according to {(2.15). This question has
been attacked since the pioneer work Brown et al (1963) in different approximations
(MacKellar et al 1971, Dover and Giai 1971, Bruneau and Vinh-Mau 1970, Werner 1967,
Brenig 1967, Weigel 1968, Zawischa and Werner 1969, Vinh-Mau 1970). The connection
with higher-order response functions has also been studied (Winter 1972). Since we will
encounter similar problems in constructing I we will not discuss this problem further
and assume, if necessary, that in some approximation the two-point function (or 7P) is
known. In general it is possible that resonances of the elastic scattering, due to the
occurrence of t°, also show up in the inelastic process (see § 4).

If I is assumed to act instantaneously one obtains necessarily the DWBA approxi-
mation:

gﬁ?DWBA(w) = —2ni Z Z L?ﬁiz(wa E,- EN)I;igﬂp<N|a;apl0>7 (2.25)

af ép

where L° denotes the uncorrelated response function:

. 9 Q
LY, (0, Q) = ig,, ( ® +5) g5y (w —5) : (2.26)

Restriction to shell-model single-particle propagation leads to the ‘standard’ pwga
approximation:

T?JV]%A =2n z If(—)ai(+)p<N|a;ap|0> s (227)
po

which agrees with the result of Love (1969, equation (41)), if we assume a Hartree-Fock
structure for |[N). The second term of (41) would correspond to a non-diagonal one-
particle propagator. It is obvious from the comparison of the spectral representations
that the DWBA approximation (2.25) adds additional poles to gi°, which are incorrect.
The pole structure of (2.25) coincides only partly with the correct structure (2.9). Whether
the DWBA approximation holds depends on the problem under consideration (Hodgson
1971, Austern 1970, Young 1968, Jackson 1970, Emrich 1971, Geramb 1972, Geramb
et al 1972, Geramb 1973). If one wants to go beyond the DWBA non-instantaneous terms
of I must be included, which is discussed in the next section.

Formally one can obtain a resonance structure in the scattering amplitude by
splitting up the effective particle-hole force in the instantaneous and non-instantaneous
part. One gets by iteration of (2.16) the following result (Q = E,—Ey):

880(®) = gidwsa@) =2 Y. | Liia(0, QTH), (0, 0'; Qghs pwaal) do'. (2.28)
af pé

T™ obeys the equation :

Ti’}igp(e, €;w) = I;’}i,}p(e, ¢, w)— J de” Z Z I;‘é},),,(e, e a))Lgtgy(e", w)T;’}i,)p(e”, ¢, m). (2.29)

&n yé

Insertion of (2.28) into (2.17) leads to the standard decomposition of the scattering
process into the direct plus compound term.

As we shall see in the next section, only approximate expressions for I can be obtained.
Even if we were to assume a more or less rigorous knowledge of I, one has still to solve
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equation {2.14) or (2.16), respectively. Since equation (2.16) is an integral equation
with respect to the energy, for which solutions are not known, one has to discuss several
simplifications in order to obtain a tractable problem. This will be postponed to §4.

3. Approximations for the irreducible vertex

It has been shown in §2 that the first relevant question consists in finding an expression
for the non-instantaneous (or equivalently the energy dependent) part of the effective
particle-hole force. As known from similar problems in field theory only formal closed
expressions exist for the irreducible vertex (see appendix). The reason is that due to
the two-body force one cannot eliminate all correlations of higher order. One has either
to know the functional derivative of the effective scattering amplitude I in the medium
with respect to the one-particle propagator or the irreducible particle-hole vertex for
the so-called six-point response function, respectively. Therefore one is restricted to
suitable approximations for the effective particle-hole force in order to proceed with
the solution for the asymmetric Green function. We are going to discuss essentially
three approximations.

3.1. Perturbation expansion of 1

The simplest choice is the discussion of the perturbation expansion, which can be
obtained by iterating (A.1) and (A.2) starting with du/dq = 0. Up to second order one
obtains:

2nl 55,(e, €' ; @)

= zvaéﬂp +2 Z Z [vaJCnACnuv(E + ‘r)vuvm: + UﬂCmrLgqu(‘ - Gl)vévmt

in uv
+ 2vu§an2p§v(€ - e’)Uv””}, (3 l)
with
i 7)) w
L?Mv(w) = ZJ. deg,, (e+5) Sut (e——z—) , (3.2)
i w w
A;W(w) = ﬂfde gCM(E+—2—) g‘,,v (5'—6). (33)

In this approximation one has schematically the following contributions for gi°:

f i f —

IV 105 vy 0>
IV 0% IV 0>
+f i + f
i

(3.4)
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The first graph corresponds to the DWBA approximation, in which the energy integration
is trivial (see (2.25)).

3.2. Ladder approximation

In the second approximation, we assume that the effective single-particle potential is
represented by the ladder approximation, which reduces with some additional neglec-
tions to the Brueckner approximation:

g = =il inGom (3.5)
with
rll:lmn = 2vklmn+ ivklabgargbsr}‘smn
= zuk!mn + ivklabg:‘brsvrsmn . (36)

One obtains then in this approximation by use of (2.15) and (3.6):

o). , )
I:aﬂp(ii,w) = F!;éﬁp(€+€/)+ ZZ dQ Fi‘gp"(Q+E)lg”t(Q—€ )guc(Q_G)r’};zpu (Q——).

in tu 2
3.7
In energy space the formal solution of (3.6) reads as follows:
271:1—;"”‘,(5'1' 5/) = zvaéﬁp + Z _Z vaacpg;”zﬁ(f'*' E/)UE’-IBP’ (3.8)
ta i

Z.p04(®) is defined in (3.14). In Feynman graphs (3.7) exhibits a similar structure to the
first two graphs of (3.4). One has only to replace the bare interaction by I'™. If we restrict
ourselves to second order in the interaction we return to the result (3.1).

3.3. Linear approximation

The third approximation is the linear approximation for I neglecting the term 6I'/g in
I (see A.5). One obtains (Brenig and Wagner 1963, Weigel 1972):

Logpr = 20,00 + 10 0amn8mi8ns kshr + 10manr8ns8iml dsbk = Vmanr8nsim! sabk  (3.9)

from which the following graphical representation for gl results:

(3.10)

Instead of treating equation (3.9) directly, which requires a knowledge of the structure
of the reducible vertex, we are going to use the connection between the reducible vertex
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(effective scattering amplitude in medium) and the four-point function (Winter 1972,
Weigel 1972, Nozieres 1964):

gaxgbyrxycd = gabxnyycds (3.11)
or

Laxbnycxd = igaygxbrycxd' (312)

The effective particle—particle force K is defined in the appendix (A.6). The structures
of g® and L are more transparent as the structure of I' (see 3.16, 3.17). L denotes the
generalized response function defined in (A.1). It seems appropriate in the spirit of
the linear approximation (3.9) to replace K and I by the nucleon—nucleon interaction
and to use for g'¥ (L) the outcome of the standard p—p RPA (p~h RPA) problem (Brown
1972, Fetter and Walecka 1971, Mattuck 1967, Rowe 1970). After performing this
procedure we obtaint:

Q
Z Iaaﬂp(fi', Q)gpi (€ —“2')
B

1 t
= EE% {(20““1’#’ + Z Z (L’aélnglnu»'(‘+€ V0,080

in uv

. Q
+ 20z npLenur (€ —€ )Uavﬂ“)) gﬂi( < _)

2
— 20y f dw Loy, (e—%+%, w) g (w+ e'—g) Do } . (3.13)
Here, we have introduced the following definitions:
(@) = 2%; ff dede gp,.(<e’, @), 3.14)
Ley(w) = ff; de Ly,,le, 0) = f def Z—;Lc,w(ee’, ). (3.15)

In equation (3.14) we split up the energy variables according the p—p channel, in (3.15)
the p—h channel decomposition was used. For the spectral representation the following
structure holds:

p?,,” 1vvu+2)* pév"—z Ivv“—z)*
o) = —(|~§+:z>w—(EN+2—E§)+i'I_ .~_2>w—(E§—E”‘2>—in)’ (.16
N LAY ] N N %
Ly o) = oo, (w_(‘,’;ﬁ(f “;;)g) i (‘,;'Z(f“E‘)g)_m), (3.17)
with
pg,+2 = (0|a§a,,|N+2>; pg,—z = (N—2|a§a,,|0>, (3.18)
ol = <Ola}a N>, (3.19)

The amplitudes p can be taken from the p—p or p~h RPA problem, respectively. One
should use in the RPA problem in this case the nucleon—nucleon interaction, eventually

+ This result is also obtainable by application of the Martin-Schwinger procedure plus projection method
to the equation of motion for the asymmetric Green function.
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renormalized due to the restriction of the basis (see, for instance, Migdal 1965, Beres
and MacDonald 1967, Austin and Crawley 1972). If one uses in the integral equation for
L the instantaneous nucleon-nucleon interaction the integral in (3.13) reduces to (Weigel
1969):

fo o oS-l

Q Q € Q
-zz[z&,(e oofse-Sfofor-Gras st} a

™ pi

3.4. Neglection of effective three-body interactions

Another possibility is the use of the correct expression for the particle-hole force in
terms of the irreducible particle-hole force K™ belonging to integral equation for the
correlated part of the six-point function g° (Winter 1972):

g:bc,mnr = gabc, mnr gbﬂ‘jgj; 1gsamn + glcxrjg; lg‘s:amn . (321)

The correlated four-point function is defined by (A.6). For g° the following equation
holds:
= _i(Labmrgcn _Labnrgcm)_istjrgct[zvjrsd(L _Lo)damn K( pjt, qwsgaqw mnp] (322)

C
gabc, mnr

It is possible, due to the restriction to two-body forces, to express L by g° and v with the
help of the equation of motion method. Comparison with the equation for L which
contains the effective particle-hole force I as the integral kernel (see A.l) yields the
following exact equation for I:

Iadbr = 2vadbr + %I(K:'?;a). jir Kirll’;a) !jr)gjxgtcrcxbygym (323)

The first term describes in the strict sense the antisymmetrized direct scattering, the
second term takes care of polarization effects. If one neglects effective ‘three-particle’
forces (connected part of K®™), corresponding for instance to anharmonic virtual
states, the following approximation emerges:

staha) jtr — gmr Kdajr_gd_jllmmr- (324)
Introduction of the last approximation into equation (3.23) yields:

~ . 1: 1
Iadbr - 2vadbr + 1I(admngm::cgnyrxybr - fllmatrgtcgymrcdby + 211majrgjxgymrdxby

= 2vadbr + iKadmngmnxnyybr + %ImaerijmIdxby - %ImatrLtymcchby + O( ) (325)

Equation (3.25) reduces to (3.9), if we insert on the right-hand side of (3.25) for I and K
the first-order approximation. In the spirit of our philosophy we want to determine the
pole structure of I, which can be approximately obtained by using the energy-independent
approximation for I and K on the right-hand side of (3.25). The procedure agrees now
exactly with the method used in evaluating equation (3.9). One has only to replace v
by the energy-independent approximations for I and K. The p—h and p—p RPA should
now be done with these forces (Migdal 1965, Bes and Broglia 1971). We obtain instead
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of (3.13) the following structure:

Q 1 -
; Losgole, € Q)gﬂi(e_i) = :2;; {(2%”0 +(2n)? Z Z [K;}’cngc,m‘,(e +e )KLv)Bp

v in

Q
+3I5, Lypude— €l Eﬁsé)ﬁn]) gm(‘ _5)

Q o Q
ILsa)fodw vai;(e—7+5,w)g,m(a)+e’—2)14,,,,,,} (3.26)

Here the upper index s indicates that these forces are assumed to act statically (no
energy dependence). Since the structure is very similar to {3.13) one can understand
that sometimes the phenomenological treatment, where one starts with a hamiltonian
in which the nucleon—nucleon potential is replaced by an effective potential, can be
successful. In the more rigorous approach it turns out that one has to deal with three
different kind of forces, namely v, I and K. These forces agree only in first order. If
one takes higher-order effects into account I and K® differ from v and from each other.
Furthermore in general I® and K are complex potentials. This is even the case if one
does not restrict the basis of states. Such a mathematical restriction leads to an additional
change of these forces. Such complex forces have so far not been taken into account. The
standard method is to use real forces for I' and K. Bes and Broglia (1971) for instance
treated particle-vibration coupling in a semi-phenomenological manner using separable
potentials.

As a general conclusion from our approximations we can deduce that the structure of
the effective particle-hole interaction has essentially the following form:
(Es Q) Ifz%i;ip(fa Q)

Q) = 1(0) Q aéﬁn
Laaslecs ) )+Z —-w +m+§’e—w —in’

(3.27)

where w, and w, are functions of ¢ and Q. The residues I and I® can be deduced
either from perturbation theory, ladder approximation or the solution of the p—p and
p—h RPa problem, depending on the chosen approximation. Weakly energy-dependent
terms can be incorporated into /°.

4. Treatment of the asymmetric Green function

According to equation (2.9) the asymmetric Green function has the following spectral
representation :

AS r

NO - pd po
8ps (€) §€_€s+in+;€_€r_m, (4.1)

with
ES=EN+1———2‘——2€6— 2 (42)
- EN+E0 EN EO

B I e (4.3)
Ass = (Nlg, IN+1>{N+ 1a}10y, 4.4)

Bj,; = <NIa}IN —1) (N — 1a,|0). (4.5)
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The first-order approximation for ¢, and ¢, follows from commutator [H,q,]- and
[H, a}]_, respectively. Utilizing equation (3.27) we obtain by complex integration:

fde Lisgle€’, Qghs(e)

- iy (zgg;p € QVIa}aj0) + T T Ihle DBLule,~ 0, in)

— ZZ 13} (e, QA (e~ w, —in) ™1 ). (4.6)

1Y, 19, @, and w, are known, if we assume knowledge of the forces and the result of
nuclear structure calculations. From such calculations we can determine the explicit
structure of g'¥¥(w) and L(w). If we restrict ourselves to perturbation theory, we have to
insert shell-model values for g®(w) and L(w). The ¢, and ¢, can be taken either from
experiment or from the solution for the two-point function, respectively. In the latter
case one has to find, as discussed in § 2, a reasonable approximation for the energy-
dependent part of the effective one-particle potential (MacKellar et al 1971, Dover and
Giai 1971, Bruneau and Mau 1970, Werner 1967, Brenig 1967, Weigel 1968, Zawischa
and Werner 1969, Vinh-Mau 1970, Winter 1972). We assume knowledge of ¢{¢,) and
the residues of the two-point function ((N +1|a}|0),...etc). For a complete solution
we have to obtain the quantities (Nla,JN+1) or {N|a}|N — 1), respectively. From
equation (2.16) we would be able to get an equation for these quantities (or a subset of
them by restricting the number of states) utilizing the method of comparison of poles.
The resulting sets of equations are complicated and it seems to us that a satisfactory
solution is not obtainable. Therefore it seems necessary to look for an approximate
solution of expression (4.6).

The first choice could be an iteration procedure starting with I in equation (2.28).
This expansion seems reasonable, if the perturbation expansion of the whole process
converges rapidly. Then we would obtain the following series:

gﬁa"( ) = gpé pwaale 2”2 Lpﬁéa 6 Q Z de’ Im;v €€, Q)gw,owm(f/)

+(2n)2LO (e, Q)(f de' I™(e, ' ; QL (¢, Q)
X Jde" (¢, s";Q)g{YS)WBA(e”)) + ... (4.8)
In Feynman graphs this series shows the structure:
r 4
= + +
N 0
OWBA

In the second choice we utilize our knowledge about the final state of the target
nucleus. For instance we could assume a particle-hole structure of this state known
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from a RPA calculation. Therefore we make the ansatz

IN> = CITV|0> = Z (xgha;ah_yghaltap)|0> (4.9)

ph

for the final state. The amplitudes x and y can be taken from a nuclear structure calcula-
tion (see, eg, Rowe 1970, Weigel et al 1971, Dover et al 1972). The essential problem
consists now according to (4.4) and (4.5) in the determination of

{Nla,JN+1) = {0|Cya,JN +1)

=Y [(xp)*<Olata,a,IN + 1> —(ypn)*(Olafana,IN + 1], (4.10)
ph
and
{N|a}IN—1) = <0|Cya}|N -1}
= Zh [(xpw)*<O0latayaf|N — 1> —(yp)*<Olalana,|N — 1)]. (4.11)
P

One possibility for obtaining the matrix elements {0la‘aa|N + 1) and {Ola’aa’|N —-1>
is to solve the so-called 2p—1h RPA problem, for which the theory is known (Winter 1972,
Schuck et al 1973).

Another way to relate the problem to nuclear structure calculations consists in
linking these matrix elements to the generalized density matrix of the odd-neighbour
nuclei. This can be achieved by utilizing the commutator relations for fermions. We get
for instance:

{Olajaya,IN+1y = —6,,(0la,IN+1>+ WZT) {Ola,IN+1>(N+1lala IN+1). (4.12)

The generalized density matrix (N—-f_-l-la:{a,,lN + 1) can be calculated in several approxi-
mations discussed in Migdal (1965), Speth (1970), Weigel (1972). Essentially one has to
know the structure of the autocorrelation function L(w) of the density fluctuations.
Experimentally the density matrix is related to moments and transitions. If we apply
Migdal’s quasiparticle approach A4;; (or equivalently (4.12)) reduces in an obvious
notation (z}/? = (N +1, E;, §la}|0), ... ; @ has to be a subset of the quantum number set
a):

(Olajaya,IN +1, Ey, A5 <N + 1, Ey, filal|0)
> —8,u(1—n)(1—n)zb2z828, 5 +(1—n,)(1 —n,)zy222(N + 1, E,, plafaIN + 1, Ey, £.

(4.13)

In this method, the generalized density matrix can be directly related to the renormalized
RPA problem with instantaneous forces. One obtains (Weigel 1972):

<N+ 19 Eﬁ, ﬁlal!aplN + 15 Eﬂa ﬂ)
5 ( (Fow*
IN>#(0> EN—EO—Eﬁ—En—i'I

= 5P“<0'a;‘a1’|0>+5ph5upz,l,/22“1/2 +2nz}1|: —I,W,

x [(1 - nl)ntj;gt + n).(l - nz)iﬁ]
+ ggh [a In(X)* +n,(1 P )* 4.14
Ey—Eq+E;+E;,—in nnAX)* +n(1 —n)(F)*1) |- (4.14)
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The quantities with a tilde denote the renormalized expressions (Weigel 1969, Weigel
et al 1971). If we were to apply this method we could express A5; and B} directly by
known theoretical results.

It may be instructive to discuss the general result (4.6) in a schematic manner for
some examples. If we use for instance the ansatz (4.9) we have to consider only graphs,
which always have the vacuum state as the background. Then g7 has essentially the

following form:

:::::‘—(— 4'15
rh:—] N<+1 d @1

where we have drawn the first term of (4.1). Typical contributions to gi° from (4.6)
show for instance the following structures:
P

hTFNAT , N+2
f | f - (4.16)

NI

Here, we presented two graphs emerging from (3.13). The first one is a contribution from
the third term, the second one is caused by the second term in (3.13). If we use (3.26) we
have to replace v by I or K, respectively. The interpretation of the diagrams is simple,
the first process contains in the intermediate stage an excited state N’ of the target
nucleus plus a state of the N+ 1 system. If the energy of the outgoing particle is in the
vicinity of Ey.+Ey., (& =~ ¢,+ Ey —Eg) we expect a relevant contribution to the
scattering process. In the second graph we have the intermediate propagation of a
state of the N +2 system plus a state of the N—1 system. Again we expect a larger
contribution if energetically the intermediate stage is close to the in- or out-going
situation. Whether such a possibility exists depends on the structure of the system
considered. One can obtain under some approximations the explicit existence of a
single Breit—Wigner resonance, if one restricts oneself to a single term in I. Additionally
selection rules may play an important role.

One might expect additional terms, where a N + 1 state alone propagates in a part
of the intermediate structure, an example would be the next graph:

f

I |
N+ N+ (4.17)
p
h
The right-hand part of this graph is not contained in I(¢, ¢/, Q) but in the one-particle
propagator. This can be seen easily by inversion of the equation of motion for the

two-point function. In our presentation this term would be represented by P (see (4.18))
via the relation:

Tgmg:b = ivmxyrg;rxb’ (418)

if g° is equal to the Hartree—-Fock propagator. The total graph (4.17) is obtained if we
use the energy-independent approxinration for I (see (2.24)). Of course, one could use
in principle insertions of the kind (4.16) on the left part (4.17), so obtaining higher-order
processes.
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5. Summary

By expressing the wavefunction of inelastic nucleon—nucleus scattering as a projected
version of the generalized linear response function information about the intermediate
structure of the process is contained in an integral over the irreducible vertex I times the
asymmetric Green functiont (see equations (2.17), (2.24)). An instantaneous effective
particle-hole force leads directly to the well known DWBA approximation. Deviations
from this approximation are therefore caused by the energy dependence of the irre-
ducible vertex. Formally one can obtain a T matrix for the non-direct process given by
(2.29). The structure of the irreducible vertex has been investigated in four approxima-
tions: (i) second-order (renormalized) perturbation theory; (ii) ladder approximation for
the effective single-particle potential ; (iii) linear approximation (in the effective scattering
matrix) for the irreducible vertex; (iv) neglect of effective three-body interactions in the
exact expression for the irreducible vertex.

For the purpose of obtaining explicit expressions for I one has to perform nuclear
structure calculations of a different kind. One has to obtain the p—p or p-h structures of
the target system by using the RPA approximations in different versions (first-order,
standard or renormalized, respectively). The general outcome for I can be expressed as a
sum (integral) of pole terms (see (3.27)). The energy integral was evaluated by utilizing
the spectral representation of the asymmetric Green function. Three approximations
have been considered : (i) the iteration procedure starting with the DWBA solution ; (ii) use
of the solution of the p—p—h RPA problem assuming knowledge of the final target state;
(iii) by insertion of a complete set of N 1 states, the problem can be reduced to the
generalized density matrix of the odd-neighbour nuclei, for which several theories and
calculations are available.

The integration was performed by Chauchy’s theorem. The result shows the inter-
mediate structure of the process discussed for some terms in more detail in § 4. Informa-
tion mainly from nuclear structure calculations is needed in the expressions for the
scattering matrix, so obtaining a connection between nucleon—nucleus scattering and
the nuclear structure problem. The freedom of choice for the forces in the theory is
restricted, since the same quantities ought to be used in different calculations.
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Appendix

Relevant for our problem is the system of equations for the two- and four-point functions.
Application of the equation of motion for the field operators and Schwinger’s principle
lead to the following relations (Baym and Kadanoff 1962, Novozhilov and Tulub 1961,
Naminiki 1960, Weigel 1969, Brenig and Wagner 1963) (L denotes the generalized

t It is possible to link the Green function approach to the coupled-channel treatment (see Winter 1974).
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response function ; q is the source term; L,, = ig,8s, and time dependence is included
in v).

. 0Zmn . ou,
1 5g == l(gmsm - gmngsr) = Lglsm‘ + Lg;dbc(s__b
9rs rsig=0
= Lglsnr - Lr?ldbclcqprpsquq =0 (A 1)
. . ou
Uy = — 2lvkmlngnm + wkrs!gsn_n_l > (A2)
5qrt q=0
which can be cast in the following final form:
.0 1
( 1 é‘t—kékn-'z_;tplfn_ukn)gnl = 6kh (A.3)
Ue; = — 21008pa + Viman8arl rejd8amSne - (A4)

I" denotes the effective scattering matrix in the medium obeying the following equation:

ra,aza’la’z = (Zva,bza’,b’z + lvalbzc’lc'zgc’lclgc'zczrc1cza’1b’2 + 2]valc;b'zcigciclgc’zczrbzcla’lc’z

: 5rc1na’1m
+lva1czcic’2gciclgc'zn 5
8bsb,

= L pyapy X (o) (A.5)

The connection between the reducible vertex I (effective scattering matrix) and the four-
point function is given by:

gmcz) X(0,,0a3b5 — 18b5d,8a3b2] drazdsas)

gkmln_gklgmn+gkngml = igkrgmurrusvgungsl = gzmln = igkrgmuKrusvgusnl' (A6)

In the last expression the kernel is defined as the sum of irreducible graphs in the p-p
channel (Nozieres 1964).
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