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The nuclear field theory is applied to the inclastic scattering of structureless particles by nuclei. It is found

that the coupling Hamiltonian between scattering and collective variables is linear. Therefore for one-step
processes the only anharmonicities present correspond to the description of the bound state.

E\IUCLEAR REACTIONS. Coupling with collective variables in inelastic]

scattering.

I. INTRODUCTION

The nuclear field theory' (NFT) has established
a way of solving a normal (nondeformed) many
fermion system by means of a graphical pertur-
bative expansion. In this method single particle
(fermionic) and collective (bosonic) building blocks
are used and the exact results are reproduced to
any given order of perturbation theory. The in-
clusion of the same footing of fermionic and bos-
onic [e.g., Hartree-Fock and random-phase ap-
proximation (RPA)] elementary excitations to de-
scribe the nuclear spectrum, is both conceptually
and practically advantageous, since it constitutes
a practical way of performing the bookkeeping
of the processes that one wants to include, avoid-
ing problems such as double counting, Pauli princ-
iple violations, etc.

We present here as an extended version of Ref. 2
an application of the NFT, hitherto used for bound
systems, to the direct inelastic scattering of struc-
turelessparticles by nuclei. This specific ex-
ample sheds light on the connections between a
microscopic theory of inelastic scattering® and the
elementary nuclear excitations.

II. FORMULATION OF THE SCATTERING PROBLEM
IN THE NFT LANGUAGE

We first review the basie arguments underlying
the field approach.*® A general (fermionic) Ham-
iltonian,

He=H,+V=)_ €ala, +i Z Vimdialaa,,
r ijkl (1)

is replaced by
H =H,+Hg+Hgy

=He+ D w0, TIT,+ 3, [A*GyjanTidl,ay,
n

niyia

field

+ A gm)Taaa, ]
(2)

All the Hartree-Fock contributions of V are as-
sumed to be already included in the single particle
energies €,. The collective boson excitations
T'! are independent of the fermionic variables. Its
frequencies w, can be taken to be those of the
normal modes arising from an RPA treatment.®
The vertex functions A(j, j,n), coupling linearly
the (j, ,) fermion variables with the nth boson, are
defined in terms of the forward (A) and backward
(4) RPA amplitudes,

A(fygm) = Z (lek,jzi At lek'jzip‘zi)' (3)
ek
If the Hamiltonian (2) is treated with specific
perturbative diagrammatic rules, then (2) be-
comes completely equivalent to (1) but acting on a
product (fermion-boson) rather than only a ferm-
ion space. The one body external operators,

QF:Z ;0504 (4)
g

when acting on the fermion-boson product space
should also have a collective part,

QRpie1a = ¥r+ Qoonn
=Qp + Z (@ps Ml + 4 #5)TH +Heeo (5)
nki

Each term of the NFT perturbative expansion
of any physical operator [ such as (2) or (5)] is
linked to a subset of Feynmann-Goldstone dia-
grams. When studying a schematic model,” con-
sisting of two equally degenerate levels with de-
generacy § and a monopole particle-hole inter-
action, the contributions of each subset corres-
pond to a given power of 1/Q. In the discussion
that follows, in which a more general type of prob-
lem is considered, @ can be taken to be a sort of
effective degeneracy of the valence orbitals.

We now turn our attention to the inelastic scat-
tering problem. In doing so we may assume that

2011



2012 G. G. DUSSEL, E. E.
the Hamiltonian is given by an expression such as
(1) in which summations are understood to run
over the bound orbitals (i, j,%,...) of the A-nucleon
target and over the continuum («,8,7,...) pro-
jectile states satisfying the scattering boundary
conditions.

In the NFT the single particle excitations include
the Hartree-Fock (HF) corrections. In the same
way we may consider that within a scattering prob-
lem both bound and continuum wave functions ful-
fill this requirement. Usually the unbound (scat-
tering) wave functions are instead taken as solu-
tions of an optical potential. In such a case dis-
crete and continuum states are no longer orthogo-
nal; nevertheless, the equivalence between the
optical and HF potentials has been shown to be
valid at least in the lowest orders.?

With regard to the two body potential V, several
types of vertices are involved. Firstly there is
one in which two fermions are scattered within
bound states. These are the responsible of the
structure of the bound system. Secondly, there
are vertices that do not conserve the flux of un-
bound particles, for instance those that involve
three fermion lines corresponding to continuum
(or bound) states and the remaining line in a bound
(or continuum) orbital. These terms will contri-
bute primarily to the imaginary part of the optical
potential and are therefore already accounted for in
the continuum wave function. The vertices of V
that involve four continuum fermion lines are not
active on wave functions meeting the required
asymptotic boundary conditions of a single in-
coming (and outgoing) structureless particle. Fin-
ally, there are those vertices that involve one con-
tinuum fermion line in both the initial and the final
states. This is the unique part of the projectile-
target interaction responsible for the inelastic
scattering. The effect of these terms, as seen
from either the target or the projectile system is
that of an external one body operator, namely,

’
¥t t
Z Z Via g8 @iyaas = Z Vop @y
aB  ijf B
!
=3 wala;,

(6)
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where v,,(w;;) is a one body operator acting on
the target (projectile) degrees of freedom.

Thus using (4) and (5) we may write the term,
coupling the continuum and the discrete degrees of
freedom, in the field language as

+
Hop= Z Aylg <VozB + Z <Vai.B 2 ki

7] i<eF
k>€F
n

+ Vrsi Bp) T+ H.c.> .

(7)

The field Hamiltonian suitable to describe the
scattering problem under consideration will then
involve the following terms:

Hyjgg=Hy, + VO +Hy+ HE) + Hepy . (8)

field

In (8) H_, is the one nucleon term having contribu-
tion from both the discrete and continuum parts,
V®) ig the part of the two body interaction ef-
fective between bound states, and the two terms
H, and H®) correspond to the free boson and fer-
mion-boson coupling terms that are introduced in
the usual NFT procedure as we outlined in the dis-
cussion following Eq. (2). The index (b) denotes
that summation indices are restricted to discrete
(bound) orbitals.

We notice that the NFT prescriptions lead to a
linear coupling between the scattering and collect-
ive nuclear degrees of freedom. This result is
obtained in spite of the fact that no assumption
of any kind has been made concerning the two
body interaction. Furthermore, as we know from
the application of the NFT to bound systems,®
this coupling term, treated with the proper per-
turbative diagrammatic techniques, will repro-
duce the exact result to any given order in pertur-
bation theory.

For definiteness we will focus our attention on
examples in which a collective J" state of an
even-even target is excited. The lowest-order
contribution for populating the one-phonon state
is given in Fig. 1(a). The corresponding form fac-
tor can be obtained from the nuclear matrix ele-
ment, following from (7) as in Eq. (5.43) of Ref.

9

’
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X(3,3,mg, -y, |s,my =m Yl s,M=myz+my,my —m, |J, M) . (9)

Higher-order processes, such as those shown
in Figs. 1(b) and 1(c), also lead to the same final
state. For instance, the correction to the nuclear
matrix element of (9), associated to the diagram

r

of Fig. 1(b), is
D Vaiisn Varmi Ami ) (€, —€; ~w, )€, €5 —w,) .

ifkm
(10a)
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The remaining time permutations of the diagram
1(b) as well as the other (1'Q) corrections can be
worked out in a similar fashion. As far as two-
phonon states are concerned, some of the lowest-
order one-step processes that populate for ex-
ample a 4" state are shown in Figs. 1(d) and 1(e).
The contribution to the nuclear matrix element of a
diagram such as Fig. 1(d) is

Z Vat Bk ]7 2“’ ) (kj’2“'2)
T p— € =2w,)(€, —€; —w,)
Hik2

y (2,2, Uy, 4y [4M)
V2

We see that from a microscopic point of view the
possibility of populating the two-phonon state is
due to its anharmonicities. Within the NFT the
structure of such anharmonicities is accounted
for by the bound part of the diagrams of Fig. 1
(i.e., the right-hand side of each drawing).

The same state is attanined via two-step pro-
cesses such as that shown in Fig. 1(f). These can
be included for instance in a usual coupled channel

(10b)
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FIG. 1. Several scattering processes are displayed,
V' stands for the two body interaction. Throughout it
has been stressed which part of the diagram acts on the
coordinates of the bound system and which part acts on
the scattering variables.

calculation where only a linear coupling with col-
lective modes [Fig. 1(a) or a matrix element (9)]
is included.

More complicated processes will involve two
(or more) interactions of the projectile with the
bound system. Some of the relevant diagrams are
Figs. 1(g) and 1(h). One can estimate the relative
importance of these diagrams in a plane wave Born
approximation.'® They result to be at least of
order (1’ER)*(1’%2) with respect to 1(a) for the
case of diagram 1(g) and of order (1/kR) with
respect to diagrams 1(d) or 1(e) for the case of
diagram 1(h). The factor (1/Q) accounts for the
part acting on the bound system.

III. COMPARISON WITH A MACROSCOPIC APPROACH

Within a phenomenological framework'' the
coupling of scattering and nuclear collective de-
grees of freedom is derived from the dependence
of the nuclear radius R on the dynamical deforma-
tion parameters «, ,. The Taylor expansion of the
optical potential is performed,

3V, (7, R)

Vot (r, R)=V, )

opt

(r,Ry) +

Rq

*
><Ro Z alquu

A

. R BV (n,R)
2 9R?

RO
r* 2
X <Za)tu}lu + 0 .>’ (11)

and the succesive derivatives of the optical po-
tential provide the radial dependence of the form
factors.

In order to make possible the comparison of the
treatment explained in Sec. II with this pheno-
menological approach, it seems reasonable to
choose in (7) the two body interaction V such that
in the lowest order [Fig. 1(a)] one has the same
form factor in both formulations. We then write

°] -
Vv, v,) =R, Lﬁ_” (F,)Y, xu Q) ,
G (7) =7 Y, () (12)

and neglect exchange contributions. In fact, we
built (12) such that, using (9), we get a form fac-
tor for the excitation of the one-phonon state that
is identical in lowest order to the one arising from
(11).

Since (12) factorizes into parts acting on nuclear

-and scattering variables the use of (12} in (10a)

and (10b) shows that the form factor for one step
processes in the NFT has always the same radial
dependence (i.e., the first derivative of the optical
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potential), regardless of the structure of the final
state attanined. This feature is not found if (11) is
used instead, to compare for instance the excita-
tion of a one- and a two-phonon state. For the
former the linear term of (11) is active, while

for the latter the form factor has contributions
proportional to the second derivative of the optical
potential. We see that the a® term gives rise

to processes that correspond, for instance, to the
one sketched in Fig. 1(i). In the NFT approach
the excitation of a two-phonon state is instead
achieved, as discussed above, via the anharmon-
icities of the nuclear spectrum that allow a non-
vanishing matrix element of g,, between the zero-
and the two-phonon states [see Fig. 1(d)].

IV. CONCLUSIONS

The present treatment of the inelastic scattering
allows a microscopic description that takes proper-
ly into account the collective degrees of freedom
of the target nucleus. The term of the field Ham-
iltonian that couples continuum and discrete states
has been found to be linear in the collective co-
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ordinates. Nevertheless, the diagrammatic rules
that must be used allow the valuation of a non-
vanishing matrix element of ¢,, between the ground
and a many boson state. The fact that a micro-
scopic description can be developed containing only
linear terms casts some doubts onthe physical
meaning of the multipole shape deformation param-
eters obtained via a collective phenomenological
analysis of the reaction data that use higher-order
coupling terms. There are two sources of an-
harmonicities within the NFT approach. As shown
in Figs. 1(d) and 1(e), one corresponds to the an-
harmonic description of the bound states; the other
stems from two-or-more-step processes that may
act as a sort of nonlinear effective coupling. The
method here presented is unable, however, to
avoid the standard convergence problems of the re-
scattering series'? in accounting for multistep pro-
cesses that are not included in a coupled channel
calculation. An additional advantage of the NFT
procedure is that no assumption has to be made
upon the quantification of classical dynamical vari-
ables, as required by the macroscopic theory.
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