
AaWHt/

{UM-P-95/95}

The Melbourne—Padova Collaborative Research Program
on

Theoretical Nuclear Physics
K. Amos

School of Physics, University of Melbourne,
Parkville, Victoria. Australia, 3052

I. INTRODUCTION

The Melbourne-Padova collaboration seeks to understand how select few and many
nucleon systems and reactions are defined from the basic realistic underlying two nucleon
interaction properties. The first requirement then is to specify just what are those realistic
interaction attributes. The primary quantities are the two nucleon (NN) t matrices fully off
of the energy shell, i.e. solutions of the Lippmann-Schwinger (LS) equations starting with
a (realistic) form of the elementary NN potentials such as derived from more elemental
studies [1,2]. But within a nucleus, the two nucleons are affected by the presence of the
nuclear medium and the more relevant quantities are the NN g matrices, i.e. solutions of
the Brueckner-Bethe-Goldstone (BBG) equations. These equations incorporate effects due
to Pauli blocking as well as upon the mean field in which the specific nucleons of interest
move.

Traditional developments of few body problems in Nuclear Physics rest on the use of
separable expansions of the underlying two body interactions (iVAr t matrices in general)
not only to avoid complexities due to the number of variables but also to have the advantage
of related analyticity of the associated equations. Separable forms for the NN interaction
also carry the actual nonlocalities of the interacting system that are at best approximated
by local forms usually adopted in studies of few and many nucleon systems. Thus part of
the collaboration has been-to establish methods of specification of separable interactions for
the NN system that are accurate fully of off the energy shell, are free of any pathology and
,for utility, are of low rank.

Use of such forms for the NN interaction in few body studies are also part of the
collaboration. Notable interest are with the binding energy calculations of three and four
nucleon systems as well as with reactions initiated by the absorption of a pion given the
particular set of reaction mechanisms involved.

Pion and nucleon induced reactions (elastic, inelastic and charge exchange) from nuclei
(many nucleon systems) are another attribute of the collaboration. In Melbourne, a fully
microscopic theory (based upon the distorted wave approximation (DWA)) has been devel-
oped and the codes constructed to make a large basis shell model calculations of the nuclear
structure, extract therefrom the one body density matrix elements (OBDME) defining tran-
sitions, find (local coordinate space) effective NN g matrices that accurately map realistic
ones and fold same to specify fully nonlocal NA optical potentials. First applications made
to analyse proton-12C scattering data have been very successful.
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II. STUDIES OF ASPECTS OF THE TWO NUCLEON SYSTEM

The Kamiltonian for the scattering of two nucleons at an energy E = ^ - is assumed to
be

wherein the pairwise (NN) interaction is to be 'realistic', such as provided by the Paris [Ij or
Bonn [2] models. Solution of the (continuum) Schrodinger equations then lead to phase shifts
,{6{(E)}, and, concomitantly, to predictions of measurables such as the differential cross
sections and polarisations. Those phase shifts ( or equivalently the scattering functions,
S1(E) = exp{2i^(.E) ), relate to the on the energy shell values of the associated NN t
matrices, viz. (for channel quantum numbers a = ([LS]JT)

(2)

The t matrices can be defined fully off of the energy shell and such properties affect estima-
tions of three and more nucleon system properties. Half off the energy shell attributes of
these t matrices are needed to analyse data from pp bremsstrahlung and like measurements.
The fully-off-shell NN t matrices are defined by

{ p' I t(E) I p >= ( p' I V + VG0V + VG0VG0V + - - - I p )

= ( P ' I VNN I p )

+ ^ / ( P ' I VNN I q > ( — ^ ) ( q I t(E) \ p ) d q . (3)

Partial wave decomposition of these equations leads to the set of integral equations (the
Lippmann-Schwinger equations)

(4)

There are diverse methods existent to evaluate these quantities, of which the most com-
mon would be to first find the (real) partial wave NN reactance (Kn) matrices

I"^L-P\v\q)T^-2KLST{^ E) q2dq (5)
JQ fC *"~ Q

wherein V is the principal value operator arising from use of the operator identity

The problem is cast then in the form of a matrix inversion one by replacing the integrals with
grids of Gauss-Laguerre integration points and subtracting the pole terms. The off-shell t
matrix elements are then found by using the Heitler equation
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Contour plots of full-off-shell values of the t matrices have been published [3] but it suffices
to display here select energy and channel half-off-shell properties in the form of Kowalski-
Noyes /-ratio plots. Those / ratios for uncoupled channels are purely real quantities and
are given by

(8)

For a set of (on-shell) energies and three NN channels those / ratios for the Paris interaction
are shown in Fig. 1. The dotted curves depict the exact calculated results. The solid curves
are the ratios found [4] by use of inversion theory to give NN potentials phase equivalent
to the (on-shell) values of the Paris phase shifts.
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Fig. 1] Kowalski-Noyes / ratios for three energies and three uncoupled NN channels
as shown. The on-shell momenta are depicted by the large dot in each figure.

A. The effective NN interaction in a nucleus

Non-relativistic many body theories of the nucleon-nucleus optical potentials are framed
around the NN t matrices. The t matrices we have used in some few body calculations
have been based upon the Paris and Bonn interactions for V/,£,»(p',p) and the relevant LS
equations have been solved by matrix inversion [L] But if the struck nucleon is embedded



in a nuclear medium, it is more appropriate to use medium modified NN g matrices in, for
example, optical model calculations. Those g matrices are solutions of the BBG equation,

VT ~f 'i-o JO [Evi, A; KJ) - E(k, K\ kf) -f cr̂ J

wherein Q(q,K; kf) is the (angle averaged) Pauli operator and K is the average centre of
mass momentum as defined previously [5,6], with the latter specified at a laboratory incident
momentum po and for a fermi momentum kf, so that

K(k; kf, po) = (k2 + pi) 5 if 0 < 2k < kf - P0

if kf -po< 2k < kf + P0 . (10)

The energies in the propagators of the BBG equations include (real) auxiliary potentials,
, and are defined by

E(q, K; kf) = (-)(q2 + K2) + U(\q + K|) + I7(|q - K|). (11)
m

Details of the calculations have been given previously [6] and the result is tables of com-
plex numbers for each incident energy, fermi momentum value and set of relative momenta
for each NN channel. In a free NN collision the struck nucleon initially has zero momentum.
Now, as it is embedded in (local) nuclear matter, that struck nucleon can have a range of
momentum values. Due to Pauli blocking and the angle averages used in defining g matrices
[5,6], that range extends from -j=kf to the (local) fermi value (kf) itself. That complicates
calculations severely and so we average over the range of fermi momenta. The most signifi-
cant effects of the 'medium' are to change the 'on-shell' values. But they also alter off-shell
attributes as is displayed in Fig. 2. Therein the 1So ratios at energies of 50, 200 and 500
MeV (top, middle and bottom panels again) are shown with the free, Pauli blocked and full
g matrix calculation results displayed by the solid, dashed and dotted curves respectively.

The tables of g matrix elements are the input data base for the effective interaction
parametrisation scheme [7] we have used. Specifically we have selected the half-off-shell t-
and g matrix elements in the procedure to find an optimum effective interaction which, in
coordinate space, has the form

kf)
e—~ . (12)
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Fig. 2] Kowalski-Noyes / ratios for the 1S0 channel at energies of 50 (top), 200 (middle)
and 500 (bottom) MeV. In each case the free (t matrix), the Pauli blocking alone, and the
complete g matrix (Pauli plus mean field effects) are displayed by the solid, dashed and
dotted lines respectively.

The index (i) identifies each operator of the set according to the scheme:
i = 1 central forces {<{ , {a • a) , (r • r) , (a • a)(j • r)} ,
i = 2 tensor force S12 ,

and
i = 3 two body spin-orbit force L • S .

In this specification, S^(E; kf) are complex, energy and density (fc/(r)) dependent strengths,
and A}l) = 1/ny are ranges, of the (n.) Yukawa functions. This effective interaction then is
expressed in the form of projection operators onto each NN channel and, when double Bessel
transformed, are defined as g^{jf,p\ E, kf). The selected sets (n* < 4 suffice) of ranges and
strengths are then defined by finding an optimal fit to the actual (half-off-shell) g matrices



in the set of NN channels considered important. To facilitate this task we assume that
the ranges of the Yukawa form factors are independent of both energy and density (fermi
momentum) and so the first step is to optimise those ranges prior to defining the best set
of complex strengths for a given energy, density and for each spin-isospin channel. Across
a large energy spectrum (to 800 MeV protons), the inverse ranges ,fi{, (in effect masses)
we have selected arc 0.71, 1.75S, 2.949 and 4.0 /H1.-1 for the central components and 1.25,
2.184, 3.141 and 4.0 fmr1 for both the tensor and two body spin-orbit attributes. How-
ever, the system of equations in this mapping scheme is grossly overdetermined and there are
other possible "optimal" sets of parameters that give equally good fits. But the key factor
which we have stressed is that the resultant effective interaction chosen must remain a good
representation of the NN t- and g matrices central in a microscopic theory of the optical
potential. This has not been the case generally with other effective interactions, especially
those predicated in the end, upon fitting many nucleon data. The original Hamburg interac-
tion did seek to remain "faithful" although in a somewhat limited fashion being determined
with respect to on-shell only.

The effective interactions we have formed by mapping to half-off-shell g matrix elements
are shown in Figs. 3 and 4 for the free two nucleon case (kf = 0) and for the major channels
(1Pi, 1SQ, 3S1I and 3Pj as indicated). The on-shell momentum was taken as 1.55 fm"1 since
these are the quantities to map for the effective interaction with 200 MeV protons. The
exact values (half-off-shell t matrices) are shown by the solid curves. The dashed curves
are the mapping fits of our effective interaction. Clearly, save for the imaginary part of the
3Pi channel (which however is not very large), the fits are very good especially for a range
of momenta in the region around the on-shell point.
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Fig. 3] The real parts of the half-off-energy-shell t matrices of the (free) Paris interac-
tion compared to our effective interaction. The on-shell energy is 200 MeV in the specified
NN channels.
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Fig. 4] The imaginary parts of the half-off-energy-shell t matrices of the (free) Paris
interaction compared to our effective interaction. The on-shell energy is 200 MeV in the
specified NN channels.

B. Separable expansions — The W matrices

A formalism was developed by Barnik, Haberzettl and Sandhas [8] whereby a separable
representation of NN t (or g) matrices could be found; a representation that was exact on-
and half-off of the energy shell. That (BHS) formalism, extended recently [9] to include
the coupled NN channels, involves W matrices which are defined by

{VLi(p,q) ~ Vu(p,k)}Wlv{q,f/;E) 9^ dq , (13)

wherein k2 = E if E > 0 but is arbitrary if E < 0. There is no divergence in the integral as
the Kernel vanishes as q —> k. The solutions are real and the integral equations are soluble
for all conditions. In terms of these W matrices, it can be shown that the t matrices expand
as

where

tw (P, P' I E) = ts
L

e[, (p, p'; E) + Xw (p, p'; E),

ts
L

el,(p,p'; E) = Y, WLI(P, fc; JS) {A,,,(23)} Wm,(p\ /c; E) ,

(14)

(15)

is a separable matrix with an energy dependent weight function,



u\k,k; E)F${k,E) (16)

Therein FLu(k, E) is the Jost function given by

,2

(E - <f)
\VLU{q, k; E)

and ?, p'; JE) is the remainder term

Xii,i (p> p'; E) = Wx,£« (p, p'; E)

k\ E) [W-1Q, k; E)]u, Wvu(k,V'- E) . (18)

This remainder is real and goes to zero on- and half off of the energy shell. Hence the
actual t matrices are separable half-off-shell. Examples of the W matrices then are given
in Fig. 5. For the channels shown and with on-shell energies of 0.5, 50 and 200 MeV the
Paris interaction gives the W matrices displayed by the solid, dashed and dotted curves.
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Fig. 5] Half-off shell W matrices for various channels and with on-shell momenta shown
by the large dots. Energies of 0,5, 50 and 200 MeV were used and the results are shown by
the continuous, dashed and dotted lines respectively.

Fully off shell the remainder terms 'break' the exact separable representation. But often,
as shown in Fig. 6, the remainders are not large around the on-shell point.
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Fig. 6] Contour plots of the remainders for the 3P1 channel t matrices. The contours
display 5% changes.

The problem with the W matrix expansion of the t matrices is that the remainder term
diverges when det\W(k, k; E)\ = 0, as is the case in the 1SQ channel near 200 MeV

tan(<5L ± 8L.) = a [WLL(k, k\ E) ± WL,L,{k, /c; E)) . (19)

To use an accurate separable representation of t- and, eventually, g matrices in other stud-
ies, necessitates either that such divergences be known and avoided in analyses or that an
alternate, pathologically free, separable expansion be found. An early attempt with the
latter is the method of Haberzettl [10]. Therein one expands the remainder term into a new
separable term and a new remainder term, i.e.

(20)
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Fig. 7 Contour plots of the remainder terms for the different rank Haberzettl expan-
sions for the 1So NN t matrices found using the Paris interaction at 200 MeV (near to the
pathology).

and so change the condition of divergence, as is evident in Fig. 7. By rank 10 there is hardly
any effect and the separable expansion is accurate to better than 5% over a large region of
the momentum plane. But the pathology simply is moved elsewhere. It is not offset. Using
Sturmian expansions, the Melbourne-Padova collaboration developed one that does.

C. Separable expansions — The Sturmian Splitting Method

Sturmians are solutions of Schrodinger like equations

(21)
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wherein Go is the free particle resolvent, the energy is a continuous parameter (—00 to +00)
and the strength of the potential is taken to be the 'spectral' parameter. For the NN system,
the Sturmians of interest are solutions of

V u { p ' q ) ^ s { q ] E ) q 2 d q = V s { E ) ^ 5 E ) • ( 2 2 )

An important step in the search for separable expansions is to define the set of functions,
{XUV'\ E)), by

XLAP'\ £) = E f ° VUP ' I <?) ̂ ,,(9,- E) q2dq , (23)

as they allow the energy dependent expansion of the NN interaction,

( 2 4 )

Separable forms for the t matrices then follow with remainders XLi>(p\p\E). The utility
of this expansion scheme, however, is that the K matrices can be split. Two 'groups' of
Sturmians can be chosen; each of which when used separately gives a finite, well behaved
component K matrix, the sum of which is the full K matrix itself, i.e.

KL,L.(p',p,E) = K[+l(p',p,E) + K[-l,{p\p,E) . (25)

For real eigenvalues, the choice is to use components formed with the subsets of Sturmians

: -Set for which {v.{E)[l - ??*(£)]} > 0

K{-] : -Set for which Vs(E)[I - ??,(£)] < 0 . (26)

In general, however, the eigenspectrum .may contain complex eigenvalues. But to each
complex eigenvalue in the spectrum, there is a corresponding conjugate partner. In such
cases, we have found [11] that they can be recombined into sign definite pairs with which to
effect the desired separable expansion of the (real) NN reactance matrices. Likewise, each
set gives a component remainder term so that

Xw(Jf1P; E) = X[-L)(p',p; E) + X[+
L)(p',p; E) . (27)

But the grouping of Sturmians assures that any pathology is avoided by the condition
dei|if I = 0 being the result of subtraction of two finite values. Each component separately
has no pathology. As an example, a contour plot of the remainders found using a simple
rank 2 Sturmian expansion of the Paris t matrices at diverse energies in the 1So channel, are
shown in Fig. 8. Again the 5% contours are shown and it is evident for most energies that

11



the separable approximation is very good. Marked improvement at all energies and with all
channels occurs also as one increases the rank of the expansions.
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Fig. 8] Contour plots of the remainder terms for the rank 2 Sturmian expansion sepa-
rable representation of the 1So NN t matrices found using the Paris interaction.

III. PION REACTIONS IN FEW NUCLEON SYSTEMS

The interaction of a pion with a nucleon is well understood and it is of interest to apply
that interaction knowledge within the theory of pion scattering from nuclear systems. A key
element in such studies is the determination of the important mechanisms involved in pion
absorption by nuclei. The three nucleon systems are rich testing grounds for the study of
pion absorption. Unlike the two body system, it has more than one bound state (3He and
3H), allows both isoscalar and isovector absorption and, perhaps most importantly, supports
absorption mechanisms where all three nucleons are involved. This last point is significant,
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since experimental results suggest that up to 30 percent of the total absorption cross section
of the three nucleon system may be ascribed to 3N absorption mechanisms.

A. 7rd —+ pp reactions

While our prime objective is the study of pion scattering from few (> 2) and many (most
nuciei) nucleon systems, studies involving the two nucleon system are required in the first
instance to understand some of the reaction processes in pion scattering. By this means
one hopes that the relevant one and two body mechanisms can be "pinned" down, giving a
measure of the various mechanisms involved in the more general scattering cases. Since the
three body system is very complicated, analyses of reactions upon two body systems give
indications of the accuracy of any approximations that may/must be used. Thus the first
study in this aspect of the (Melbourne-Padova) collaboration was a detailed analysis of the
?rd —> pp reaction with two basic reaction mechanisms considered. The first of these reaction
processes is the direct (impulse) one which proceeds via pion absorption directly by one of
the nucleons and leading to an unexcited NN final state in the continuum. Pseudovector
recoil of the initial state (deuteron) was taken into account with that process as well. The
second basic process involved the A-rescattering mechanism with a new phenomeroiogical
parametrisation being made for the intermediate A-N propagation. One must also con-
sider the possibility of the outgoing nucleons interacting with one another, and final state
interactions in this case require specification of the NN t matrices; separable forms again
being convenient. These reaction mechanisms shown schematically are

1) direct (impulse)
(via a pure irNN vertex)

2) Koltun-Reitan rescattering —^r

\

3) A-rescattering mechanism

(parametrisation for the intermediate A-N propagation)
4) final state interactions with the above

>
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Consider just the Tr pp reaction with an incoming pion total energy determined
by

E = V(ml+ ) H- Md)
2 + 2T1xMd . (28)

where T* is the kinetic energy of the incoming pion. There are two significant regions in
energy that are classified by the variable 77 = Tvfmv. Just above the breakup threshold,
(77 < 1.0), various impulse impulse mechanisms, pseudo-vector recoil of the struck nucleon
(both one-body) and the Koltun-Reitan s-wave rescattering (a two body mechanism where
the pion is absorbed and rescattered instantaneously by the struck nucleon) are important
processes. The second region of importance is that of the A-isobar resonance. In this case,
the pion is absorbed by a nucleon and an intermediate A isobar is propagated. This isobar
then decays into either a pi (TT) or rho (p) meson, which is in turn absorbed by the second
nucleon; obviously a two body mechanism. Those regions of the data are evident in Fig. 9.

20.
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1.0 2.0
Fig. 9] The measured total cross section from the K+d -* pp reaction compared with

the results of calculations made using the simple model (solid), inclusion of PVR (dashed),
inclusion of the Koltun-Reitan terms (dotted) and all terms (dashed-dotted).
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To predict measurable quantities, on must evaluate the pion absorption amplitude,

A = < ^\A\1>BS > |P° > , (29)

in which \IJ)BS > and < ip^\ are the properly antisymmetrised initial (deuteron) bound and
final NN scattering states, respectively. In the approximation that there be no final state
interactions, < ip^\ is simply a plane wave (< ^0Q. Allowing final state interaction between
the outgoing two nucleons, on the other hand, requires evaluation of the nn t matrices to
obtain,

< ^ ( - ) | = < ^ o | ( l + <^C?o). (30)

The "elementary" absorption operator, (A), has separate contributions from interaction
with both nucleons in the target. But with proper antisymmetrisation, this simplifies to

A = A(V-rA(2) (31)

. (32)

The procedure then is to break A(I) up into direct (NN<— 7rNN) transitions, FJ"A,A,(1)

(or F^irNN(l) for s-wave rescattering) and A-isobar rescattering terms (NN<— AN+— TTNN),

where the absorption operator is defined as

A(I) = VNAGAF:NA(1) . (33)

Due to the complicated nature of the intermediate A propagator, GA, an approximation is
made to it although it must be noted that at the two-body level exact solution is possible
Such approximations are necessary at the three-body level. With the A propagator in the
form,

(34)
-M1

where Tn is the kinetic energy of the incoming pion (in the cm.), Bd is the deuteron binding
energy, /iA is the NA rednced mass, M is the nucleon mass and PA is the relative NA
momentum. MA is the (complex) A mass which is approximated by

P (35)
where MA = 1232 (MeV) and Es is an eneigy shift which relates to the resonance energy
via

ER = MA + M-ES • (36)

Thus Es is treated as a fit parameter and TA(E) is a new phenomenological expression
inspired by the excellent parameterisation of the total cross-section data of Ritchie [12],
namely

^ 3^W1-2' (37)
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where Tv is again the kinetic energy of the incoming pion and F0 is the resonance width.
Given that the experimental value for F0 is 115 ± 5 MeV, we have treated it as a parameter
but constrain it to lie in the physical range, optimising its value with a fit to the integrated
cross section at energies in the resonance region. The form of the cross section we assume
to be

G{E) = (E-E J+ITl(E) ' (381

where

l - (m, + Mdf
2Md

so defining the A width to be

4 (A - Cv^) [(E - ERy + 2] + BVT:

Here,

-(E- En)
2 . (40)

where

ER- (m,

1MA
K '

Including all mechanisms (PVR, FSI, KR) in a calculation gives the cross section shown
in Fig. 9 when F0 and Es are 116 and 46 MeV respectively. It is evident that one must include
final state interactions to fit the shape of the data, the Koltun-Reitan s-wave rescattering
(and to a smaller extent pseudovector recoil) to get the enhancement just above threshold
and the A rescattering correction to match the observed resonance peak.

More significant measures of the details of the reaction mechanism are the spin observ-
ables. Polarisations and spin-transfers are extremely sensitive to small changes in various
components of the system. For the reaction of interest, such is evident from the results
shown in Fig. 10, wherein the differential cross section da/dQ; deuteron vector analysing
power, iTn\ single proton polarisation, Ay0; and various two proton polarisations, Ayy, A12,
and Azz, are displayed for the case of T-=145 MeV (at the resonance peak). Clearly the
model prescription we have given is far from perfect, but the calculations do give the general
magnitudes of the data. But the shapes are not as good reproductions of the observations
as we would like. However, with three-body studies in mind, and given the difficulty (at the
three-body level) just to measure cross sections (the only observables measured thus far) let

16



alone any spin observables, such deficiencies in fine detail are not too evident in analyses of
reactions with the more complex system at this point in time.
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Fig. 10] The measured differential cross section and diverse spin observable from the
ir+d —» pp reaction taken with 145 MeV incident pions compared with the results of cal-
culations made using the simple model (solid), inclusion of PVR (dashed), inclusion of the
Koltun-Reitan terms (dotted) and all terms (dashed-dotted).
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B. Pion absorption in few nucleon systems:

The absorption amplitude of pions on few body systems, based upon a Faddeev-like
system of equations, has been developed over recent years by the Padova group [13]. The
absorption transition amplitude of interest is given by

AT0T =s< tf-M\*BS >s IP0* > > (43)

where \tpBS >s a n d s < ip^\ describe the (properly antisymmetrised) initial three-nucleon
bound- and final three-body scattering states, respectively. The scattering state is chosen to
have ingoing wave boundary conditions, and can describe a final channel of either three free
nucleons, or of a deuteron and a free nucleon. A can be any effective absorption operator and
correlations between the target and the impinging pion have been disregarded, since their
proper inclusion would entail a full treatment of the coupled irNNN — NNN system. As a
consequence, the motion of the pion in the total center-of-mass system is simply described
by the plane wave state |PJ >.

This amplitude has been fully antisymmetrised, and the angular momentum reduction
has been completely specified [13]. Of prime concern will be the effects of the dominant
NN absorption mechanism with intermediate A excitation, although consideration of other
important reaction mechanisms must be made since it has been suggested that up to 30% of
the absorption cross sections are due to 3-nucleon absorption processes. With the dominant
process, the basic building block in the model is given by the matrix element

>S JPS > = 1< Pfqf&AVN&G^FvNbtyBS >S |PS > • (44)

Here VNA represents the NN<— AN transition potential, G°A the free three-body ANN prop-
agator in the intermediate state, and î A'A the TTA''A vertex. The transition potential VN A

is the most delicate ingredient in the construction of a dynamical model for the absorption
operator A. In view of the complexities one encounters when embedding the ArA* — AAr

dynamics into a few body framework, a perturbative treatment of the A rescatterings is
usually made.

As discussed above, this model has been applied to analyse 7r-deuteron absorption [14]
both to test the model and calculational procedures, as well as to tune some of the model
parameters The calculations show that the model is phenomenologically correct, although
there is some difficulty in reproducing Ayo (pp —• ird) at the resonance; indicative that some
strength may be missing in the NN spin-triplet channels.

All the detailed formulae for calculating the matrix elements of the absorption mecha-
nisms in a three-nucleon context have been developed as has a computer code to calculate
the amplitudes of the (dominant) A rescattering and impulse mechanisms. Numerical work
is still needed to include the remaining mechanisms which, from the previous analysis of the
(simpler) deuteron case [13,14] are known to be important. The Padova group currently are
working on the inclusion of the remaining mechanisms (including defining the KR mech-
anism at the three-body level). The numerical results then will be analysed first in the
final channel with two clusters (one nucleon and a deuteron), and finally, by employing the
off-shell extension of the calculated absorption amplitudes, in the phase space pertai >;v/
to three free nucleons in the final state. In Melbourne, it is planned to study the effects
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of initial state interactions, via inclusion of the 7rN t matrices. The coupled channel AiV
t matrices are being evaluated currently for use in analyses of the of the Tr^d —• pp spin
observables.

IV. A FULLY MICROSCOPIC MODEL OF ELASTIC AND INELASTIC
PROTON SCATTERING

Understanding the nature and specifics of the potential energy of interaction between
two colliding nuclei is central in almost all studies of their possible reactions. Conventionally,
elastic scattering data are used as the measure of the candidate form of any such (nonrel-
ativistic) interaction. It has long been an aim to ascertain that interaction with a proper
direct approach in which underlying two nucleon (NN) g matrices are folded with the density
matrix elements of the colliding systems. The optical potential so defined is then nonlocal
due to proper antisymmetrisation of the projectile and target nucleons, and to any nonlocal-
ity in the actual form for the chosen g matrices. The study of proton scattering from nuclei
is then favoured with such an approach as the antisymmetrisation is least problematic in the
theoretical development of the optical potential. That is also the case for inelastic scattering
when scattering amplitudes are specified in the distorted wave approximation (DWA) with
appropriate, large basis space spectroscopy specifying the one body density matrix elements
(OBDME) of each transition considered. The g matrices used to specify the nonlocal optical
potentials should also be used as the transition operator effecting the inelastic events. To
date there have been few calculations made using such a stringent specification of a fully
microscopic description of NA scattering. The results of one have been reported [17]. and
for the elastic and inelastic scattering of protons from 12C with energies in the range 200 to
800 MeV and of the elastic scattering of 160 MeV protons from UN.

In such fully microscopic model calculations there are three primary ingredients. The
first is a large basis space calculation of the structure of the target and of its excited states,
from which one obtains the individual state density distributions (needed to specify the
optical potentials) and the OBDME which are defined by

£& =< *;,ll Wj2 x ahY \\*Jt > (45)

These we have obtained by making a full (O+2)7iu; shell model calculation (for 12C positive
parity states) and a (l+3)hcv space evaluation for the negative parity states. The (1 + 3) hw
calculations were slightly restricted by not including the (0g,ld,2s) shell in the single particle
basis space. The single nucleon wave functions are the second ingredient in these studies,
and for the bound states we have used either harmonic oscillator or Woods-Saxon functions;
the parametric values for which have been set from analyses of elastic electron scattering
form factors. They are not varied thereafter. The distorted waves were obtained from the
nonlocal optical potentials formed by folding the third ingredient with the ground state
information. That is considered to be an effective interaction that maps the appropriate
NN g matrices. We have chosen this effective interaction to have the form that can be
used in the computer codes of J. Raynal (DWBA91) [18]; namely a coordinate space mix
of central, two body spin-orbit and tensor forces with form factors that are mixtures of
Yukawa functions. As discussed earlier, the strengths of those Yukawas were allowed to
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vary according to the nuclear density. The ranges (four in each element) and strengths of
those Yukawa functions we have adjusted until the double Bessel transforms of the effective
interaction are a good mapping to a set of NN g matrices half off of the energy shell. The
g matrices were obtained by using the Paris interaction in the DBG equations for diverse
fermi momenta (to 1.6 fcn"1), allowing for both Pauli blocking and the average mean field
effects on the energy propagators [19]. Eitective imeraciious have been found' in that way
for protons (on 12C) with energies in the range 120 to 800 MeV and are available as tables
of strengths [20].

Folding these effective interactions with the ground state density matrices, and allowing
for proper antisymmetrisation, gave the (fully microscopic) spin dependent, nonlocal forms
for the optical potential with which we have calculated the differential cross sections and
analysing powers. The scattering waves obtained from these nonlocal interactions were then
used as the distorted wave functions in DWA analyses of various inelastic scattering cross
sections and analysing powers. The same effective interactions were used therein as the
transition operators.

A. Some details of the calculations

The spectrum and OBDME for 12C were calculated using the code OXBASH [21] and
with an MK3W force which consists of:-

a) The Cohen and Kurath (CK) Op-shell matrix elements (the (S-16)2BME set),
b) The Wildenthal interaction (provided with OXBASH) for the Od-Is matrix elements.
c) The Millener-Kurath interaction for the Op-(IsOd) cross shell matrix elements
and
d) the matrix elements provided with OXBASH for all other elements in the full (0-f 2)/kj

space considered.
The spectrum of 12C so obtained up to 20 MeV excitation energy is displayed in Fig. 11,

wherein it is compared with that found using a particle-hole (PHM) model (based upon a
multiconfigurational Hartree-Fock calculation) and with that (purely positive parity) spec-
trum of the standard Op-shell (CK) study. With the exception of the 3j~;0 (9.64 MeV) and
the O2; 0 (7.65 MeV) states, our calculation gives excitations to better than 2 MeV (and
usually much better than that). It is a marked improvement upon the PHM spectrum which
places the 2i";0 (4.44 MeV) state so far from the accepted value. Our specific interest will
be with the elastic scattering and with inelastic excitation of the 2* (4.44 MeV), of the SJ
(9.64 MeV), of the l f ;0 (10.85 MeV), of the l f ;0 (12.71 MeV), of the 4f;0 (14.08 MeV),
of the Ij1"; 1 (15.11 MeV) and of the 2f; 1 (16.11 MeV) states.

The OBDME for each transition have been found and tables are available [22]. Their
propriety have been assessed by use in analyses of longitudinal and transverse form factors
from electron scattering. By and large there is excellent agreement with observation, es-
pecially when meson exchange current effects are taken into account. As an example, the
longitudinal and transverse form factors from excitation of the 2i";0 (4.44 MeV) state are
shown in Fig. 12. Therein the results found using our (0+2) /UJ shell model OBDME are
displayed by the solid curves. Those given by the CK model are shown by the dashed curves.
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On allowance for meson exchange current effects, the result is in good agreement with data.
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Fig. 11] Energy level diagrams of 12C to 20 MeV excitation.
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Fig. 12] Electron scattering form factors from excitation of the 2f; 0 (4.44 MeV) state in
12C. The results found using the Cohen and Kurath (Ohu) wave functions and those found
using our ((O + 2)hu) structure are displayed by the dashed and solid curves respectively.

B. The optical potentials and elastic scattering

With the chosen form of the effective interaction folded with the target density matrices
and upon antisymmetrising the NA wave function, a complex nonlocal spin dependent optical
potential results in the form

UiruFxE) = 6(fi -f2)]CCn [vn(s)vD{ru,E-p[kfis)\)<pni$ ds

+ E CnV>nin)vExin2, E; p[/c/(r2)])</>n(f2)

=* UD(f\, E) + UEx(ruf2; E) (46)

wherein vD and vBx are appropriate combinations of the two nucleon ST channel elements
of the effective interaction, <~Pj{f) are the single nucleon bound state wave functions and Cn

are the shell occupancies of the target nucleus. The leading term has been used alone in
the past, or the nonlocal (exchange) elements have been approximated by 'equivalent' local
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interactions. Neither is a satisfactory approach for the intermediate energy protons (200 and
398 MeV especially) considered just as one cannot use simply effective interactions based
solely upon the NN t matrices (free interaction) to obtain the optical potentials.

JS/

a io
t>

- 1
0 20 40 60 0 20 40 60 80

Fig. 13] The 200 MeV proton elastic scattering cross section and analysing power data
compared with the results found using the (nonlocal) microscopic optical potentials built
using the free ArAr t matrices (left) and the full interaction (right).

Results, for the elastic scattering of 200 MeV protons from 12C are presented in Fig. 13.
The solid curves given therein were obtained by using Woods-Saxon wave functions and
those shown by the dashed curves were found using harmonic oscillator ones. The results
shown in the left panels were obtained using our effective interactions but with the restriction
that they are only those mapping the free 7VW t matrices (i.e. k/ = 0). It is evident that the
medium modifications are essential to give a good fit to the data, especially the analysing
power. We have also analysed the elastic scattering of 160 MeV protons from 14N. The
results are given in Fig. 14. In this case the harmonic oscillator functions were used to
get the results displayed in the left panel while Woods-Saxon functions were used in the
calculations that gave the results in the left hand section. The solid and dashed curves in
this diagram give the results we have obtained using our effective interaction (based at 160
MeV) throughout, and using the density dependent Love-Franey (LF) force [23] respectively.
Our results compare much more favourably with the data, especially the analysing power.
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Fig. 14] Differential cross section and analysing power for the elastic scattering of
160 MeV protons from 14N.

C. DWA analyses of inelastic scattering

In the DWA, transition amplitudes take the form AQI is an antisymmetrisation operator.

Tj1Jt{B) = < x ^ f o , 0 ) | < ^ ( 1 - - A ) I Aveff(0,l) Aoi{\xl+)(ki,0 > I * ; , ( 1 - A ) >} (47)

wherein the distorted waves have been denoted by \x^ > and Aoi is an antisymmetrisation
operator. By using a cofactor expansion of the A-nucleon wave functions, the dependence
upon coordinate ' 1 ' can be isolated so that

O'iJa)

««/,(01) (48)

The Wigner-Eckart theorem relates the multi-nucleon aspects to the OBDME from the
structure calculations and they weight two nucleon matrix elements in which the transition
is effected by the promotion of a nucleon from orbit j \ to orbit J2.
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Fig. 15] The differential cross section and analysing power from the inelastic scattering
of 200 MeV protons from 12C leading to the 2f; 0 (4.44 MeV) state. The data are com-
pared with the results of our DWA calculations made using the microscopic optical model
interactions for the free and density dependent interactions (left and right panels) and the
(0 + 2)HOJ and CK (Op) models of spectroscopy (solid and dashed curves).

The results of our DWA calculations for the cross sections and analysing powers from
200 MeV protons on 12C and exciting the 2f;0 (4.44 MeV) are compared with the data
in Fig. 15. With both the free and density modified effective interactions, the larger basis
structure calculations increase the predicted magnitudes above those found using the CK
wave functions and into quite good agreement with measurement. The results reflect the
similar effects noted when those same structure functions were used in calculations of electron
scattering form factors. The medium modified effective interaction leads to very good results
(in comparison with the data) reproducing the shape and magnitude of cross section data to
50°. The analysing powers are likewise better reproduced by the medium modified effective
interaction calculations. Recall that the effective interaction has been used to define the
optical potentials (initial and final channels) in these DWA calculations and we stress again
that NO arbitrary scaling has been used nor have the bound state wave functions been
adjusted seeking better fits to data. In the remaining results to be shown that is also the
case.
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Fig. 17] Analysing powers for 200 MeV protons scattering off 12C and for the elastic and
select set of inelastic channels as indicated.
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The 200 MeV data and the results of our analyses are compared in Figs. 16 and 17 for
the differential cross sections and analysing powers respectively. The solid curves are the
results obtained by using our effective interaction while the dashed curves are those found by
using the (density dependent) LF force throughout. The diverse final states of the reactions
considered are identified in each panel. Clearly with our force both the cross sections and
the analysing powers for most cases are well reproduced. The I+ ; 0 and 4+; 0 excitations are
not as well understood as we would have iiked, but the isoscalar magnetic dipole transition
is known to be strongly influenced by the balance between the diverse spin-dependent forces
and the 4+;0 electron scattering form factor was underestimated with the spectroscopy as
well. The 4+; 0 clearly needs Ahuj structure let alone channel coupling in the reaction process.

The 398 MeV cross section and analysing power data are compared with the results of
our calculations in Figs. 18 and 19 respectively. As with the 200 MeV results, the elastic
scattering measurements are best and well fit by the calculations made with our medium
modified effective interaction. The prediction of the analysing power with that calculation
is especially good save at the most forward scattering angles. The results with our effective
interaction also give very good results in comparison to the data for the inelastic transitions
with a slight reduction to the 1"; 0 strength needed (as it was with the same calculations at
200 MeV). At this energy, the LF force does give better cross section results for the I+; 0
and the 2+; 1 excitations, although the analysing power from the latter is best explained
by the results found with our effective interaction. As at 200 MeV, with either force, the
strength of the 4+; 0 excitation is underestimated.

In summary, fully microscopic model calculations of elastic and (select) inelastic scatter-
ing data taken with incident protons at energies in the range from 200 to 800 MeV have been
made. Both differential cross section and analysing power data have been analysed. The
elastic scattering data have been analysed by forming optical potentials via folding effective
NN interactions with the density matrices of the ground state of 12C (and for 14N at 160
MeV). The results are complex, nonlocal potentials with which good to excellent fits were
found to both the elastic cross sections and analysing powers. Two effective interactions
were used with that folding procedure. The first, we obtained for each energy by a mapping
to the NN g matrix solutions of the BBG equations predicated upon the Paris potential.
The second was the interaction proposed by Love and Franey. Use of our force gave notably
better results for the elastic scattering analyses especially at the lower energies and for the
analysing powers.

Those two NN effective interactions were then used as the transition operators in a
DWA study of the various inelastic scatterings considered. The spectroscopy of the states of
interest in 12C were found from a complete (0+2)huj shell model calculation for the positive
parity states (the ground and the 2i~;0, the lf;0, the lj";l, the 2*;1 and the 4+jO states
specifically) and from a restricted (l+3)fiu> shell model calculation for the negative parity
states (the 3j":0 and 1J";O states in particular). The distorted waves were found consistently
with those same interactions by the folding of the state density matrices, both of the ground
and also of the excited state involved in each case.

The fits to the inelastic scattering data reveal that at 200 MeV, and to a lesser extent
at 398 MeV, the results found using our force are much better overall than those obtained
with the LF force.
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Fig. 18] Differential cross sections for 398 MeV protons scattering off 12C and for the
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