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Effective interactions for nucleon-nucleus scattering above 300 MeV
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A nonrelativistic nucleon-nucleon (NN) coupled channels isobar model is used to calculate nu-

clear medium corrections to the first-order Watson optical potential for nucleon-nucleus scattering.
The NN interaction includes m. , 2m, p, g, and co exchange for the pure nucleonic sector, one-pion ex-

change for nucleon-isobar coupling, and phenomenological short-range interactions for both the di-

agonal and coupling terms. Good fits to NN elastic phase shifts from 0—1 GeV have been obtained
with this model. The specific nuclear medium effects studied here include Pauli blocking of inter-
mediate nucleon scattering states and off-shell binding energy shifts. On-momentum-shell matrix
elements of the density dependent, effective NN t matrix are used to calculate the local proton-
nucleus optical potential assuming the local density approximation. The model is applied to proton
elastic scattering from ' 0, Ca, Ca, and Pb at 320, 400, 500, 650, and 800 MeV and the predic-
tions are compared with available data. In general, the medium modifications significantly affect
the nonrelativistic predictions, even at 800 MeV, and bring about a substantial, overall improve-
ment in the description of differential cross section and spin observable data. The improvements
occur for each case and at all angles studied, but the agreement is most successful for forward angle
differential cross sections and for spin observable data from 1 to 3 fm '. Deficiencies remain in the
density dependent, nonrelativistic predictions for the forward angle spin observables where relativis-
tic models are quite successful. The relation of this work to other nonrelativistic models which in-

clude nuclear medium corrections, off-shell effects, and full-folding contributions is also discussed.

I. INTRODUCTION

A principal deficiency in all preceding efforts to under-
stand nucleon-nucleus scattering phenomenon above 400
MeV in terms of nonrelativistic (NR) multiple scattering
theories is the reliance upon the impulse approximation
(IA). ' The basic assumption underlying the IA is that
effects of the nuclear medium on the propagation of the
NN system in intermediate scattering states are negligi-
ble. Given the validity of this assumption the complicat-
ed nucleon-nucleon (NX) effective interaction of multiple
scattering theory can be accurately represented by just
the free NN elastic scattering amplitudes. Theoretical
predictions based on the IA are, however, not in satisfac-
tory agreement with proton-nucleus (p A) data, particu-
larly for spin observables at energies around 500
MeV.

At lower energies ( ~ 400 MeV) NR theoretical predic-
tions including nuclear medium modifications demon-
strate considerably improved agreement with experi-
ment. ' Better descriptions of proton-nucleus elastic
scattering data for energies at and below 500 MeV also
result when NN off-shell dependences and full-folding of
the first-order optical potential are included. ' ' Quan-
titative fits to pA scattering data for energies less than
400 MeV often result in these applications.

The implication of the studies of medium modifications
at lower energies and of off-shell and full-folding effects is
that such corrections might also be significant at higher
energies. Two examples of this have been reported.
First, at 500 MeV surprisingly large off-shell effects were
demonstrated for proton-nucleus elastic scattering' us-

ing NN t matrices computed from the extended Bonn po-
tential. ' Second, studies' ' from 50 to 450 MeV of zero
degree charge exchange cross sections indicate significant

reduction of the Fermi strength in the nuclear medium

from that predicted by the IA.
In recent years it has been shown that scattering mod-

els which include relativistic dynamics provide quantita-
tive descriptions of intermediate energy proton-nucleus
elastic scattering data, particularly spin observ-
ables. ' In these models a local, Lorentz invariant
form for the NN amplitudes was assumed, scalar and
vector nuclear densities were taken from relativistic mean
field theory, and the Dirac equation was used to de-
scribe the motion of the projectile. These calculations
provide, at present, the best overall theoretical descrip-
tion of proton-nucleus scattering data for energies greater
than about 400 MeV. Fairly successful extensions to
lower energies have also been presented. '

The success of the relativistic scattering models and
the contrasting failure of the NRIA predictions have
brought into question the value of an NR many-body
Schrodinger equation interpretation of nuclear physics.
However, before such conclusions can be firmly drawn
the systematic corrections in both theoretical approaches
must be studied in greater detail.

It is therefore both timely and important to proceed
with improvements in nonrelativistic scattering models.
This is done both to more fully understand the possible
shortcomings of nonrelativistic theories of nuclear sys-
tems and to determine the general importance of many-
body corrections to NRIA models.

The focus of the present work is on medium
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modifications in NR models at energies above 300 MeV.
Pauli blocking and binding energy corrections were es-
timated assuming the nucleon-isobar coupled channels
model of Ref. 27, the infinite nuclear matter limit for the
medium modified two-body propagator, and the local
density approximation (LDA). The free space NN in-
teraction was used without modification in the nuclear
medium.

This work addresses the following questions: (1) How
important are Pauli blocking and nuclear binding correc-
tions to the IA amplitudes above 400 MeV? (2) How do
these corrections affect the NR predictions for proton-
nucleus elastic scattering observables? (3) How much of
the success of the relativistic models can be accomplished
by improving the applications of the non relativistic
theories? (4) What deficiencies remain in the nonrela-
tivistic descriptions of the data which relativistic effects
might help explain? (5) What is the role of the b, (1232
MeV) resonance in determining the proton-nucleus
scattering dynamics over this range of energies?

In Sec. II the NN-isobar coupled channels model is
summarized and updated, the method of calculating the
NN effective interaction t matrices is explained, and the
ingredients in the proton-nucleus elastic scattering calcu-
lations are discussed. The density dependence of the
effective NN interactions and proton-nucleus elastic
scattering predictions are shown and discussed in Sec.
III. Further discussion and the conclusions are given in
Sec. IV.

II. THEORETICAL MODEL

A. Nucleon-nucleon interaction

Calculations of Pauli blocking and intermediate bind-
ing energy corrections at medium energies require realis-
tic off-shell dependences. This necessitates the use of an
NN interaction model which is applicable at energies
above pion production threshold. The results presented
here were consequently based on the nonrelativistic NN
coupled channels isobar model of Ref. 27. This model

I

uses a meson exchange interaction together with
nucleon-isobar [b,(1232 MeV) and N"(1440 MeV)] cou-
pling and short-range phenomenology to describe the
J~6, T=O and 1 NN scattering states from 0 to 1000

V 28 —30

In Ref. 27 the S-matrix parameters of the model were
erroneously fitted to the I(-matrix parameters from the
phase shift analysis. ' Below inelastic threshold the two
representations are equivalent; however, when inelastici-
ties occur the S- and K-matrix parameters can be
different. For energies up to 1 GeV all of the phase shifts
and mixing angles are very nearly the same in the two pa-
rametrizations and are thus not affected. However, at the
highest energies several of the larger T=1 inelasticities
were sufficiently different to require new fits. The affected
T=1 partial wave channels include 'D2, 'G4, Po, F3,
and P2- F2. In addition Gonzalez and Lomon recently
reported new fits to four of these same T=1 partial wave
channels using new coupling schemes and transition po-
tentials. These five T=1 partial wave channels were
therefore refitted to the WI84 S-matrix parameters ' us-

ing, in general, the new couplings of Ref. 32. The new
values of the potentials for these five partial wave chan-
nels are given in Table I using the parameters and nota-
tion of Ref. 27.

The new fits to the phase shifts, mixing angles, and
inelasticities are as good as or better than the results
shown in Ref. 27. The spin-independent and single spin-
flip on-shell isoscalar amplitudes [i.e., a(q) and c(q) of
Ref. 4] of the model are also in good agreement with
those of the phase shift analysis (PSA). ' These two am-
plitudes are the primary ones needed in optical potentials
for spin-zero targets (see Sec. II D). Over the energy and
momentum transfer ranges considered here the imaginary
(dominant) parts of a(q) and c(q) from the model and
the PSA agree to 85%; the real (weaker) parts agree to
about 5 —15% as shown in Figs. 1 —4.

B. Nucleon-nucleon e8'ective t-matrix

The first-order NR optical potential in the Watson
multiple scattering formalism is given by

k,
U,",(K,K', E)=(2a) g J d pP; p+ +-

j=]
k,

X K';p++ — t (E H„) K;p —+—— g p
—+—

2 3 '
2 3 j 2

where P, are single particle wave functions for the
j=1,2, . . . , 3 occupied states in the target and (t ) is
the fully off-shell matrix element of the NN effective in-
teraction operator in the Watson formalism in the
projectile-nucleus center-of-momentum (COM) system.
The initial and final wave vectors are given by K and K',
respectively; E is the energy in the incident channel; H„
is the target nucleus Hamiltonian, q =K—K', and
k, =(K+K')/2. The optimally factorized first-order op-

tical potential is obtained by fixing (t ) at its p=0
value which corresponds to Breit frame kinematics. Use
of just the on-shell part of (t ) results in the usual first-
order, local optical potential which has been used exten-
sively in analyses of data. ' '

The Watson NN t matrix is defined by

where u represents the NN interaction (assumed to be the
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G =(E H—o H—„+is) (3)

where Ho is the kinetic energy operator for the
projectile-nucleus relative motion. Notice that the ener-

gy denominator of the Green's function includes interac-
tion potentials for the constituent nucleons through the
target Hamiltonian H„but does not contain such terms
for the projectile as is the case for the 6 matrix in
Brueckner theory.

The Watson t matrix is in general a complicated
( A + I )-body operator (where A is the number of constit-
uent target nucleons) and exact evaluation of it remains a
very formidable task. In this work the projected propa-
gator GQ (or Q/e) for finite nuclei was replaced by that
corresponding to two interacting nucleons in infinite nu-
clear matter ' with Fermi momentum kz where NN,
Nh, and NN' channels were distinguished. In this limit
the projection operator Q becomes the usual Pauli block-
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FIG. 1. Model calculations (dashed curves) of the real part of
the spin-independent, isoscalar, free NN scattering amplitude at
300, 500, 650, and 800 MeV in comparison with the results of
the WI84 phase shift analysis in Ref. 31 (solid curves). For pur-
poses of comparison both sets of amplitudes include just the
partial waves through J=6 which are the ones obtained in the
PSA.

free space NN interaction), Q is a projection operator
which restricts intermediate scattering states to the set of
physical, antisymmetric excited states of the target nu-
cleus, and the propagator 6 is given by
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ing factor. The angle averaged values for Q are given in

Appendix A where relativistic kinematics were assumed.
Angle averaging of the Pauli blocking operator in infinite
nuclear matter has been shown to be a very accurate ap-
proximation. The energy denominator e was also eval-
uated in the infinite nuclear matter limit for each
nucleon-isobar channel. The explicit form is given in Ap-
pendix B.

In a similar notation the free scattering NN t matrix is
given by

t =v +vgt,

where

g =(Eo Ho—+i e)

and Eo is the NN kinetic energy corresponding to the
proton-nucleus elastic scattering channel. The Watson
and free NN t matrices can be related by eliminating
dependence on v, the result being

r ~=i +t(Gg g)r ~ .—
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FIG. 3. Same as Fig. 1, except for the real part of the single

spin-flip, isoscalar scattering amplitude.
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FIG. 2. Same as Fig. 1, except for the imaginary part of the
spin-independent, isoscalar scattering amplitude.

FIG. 4. Same as Fig. 1, except for the imaginary part of the
single spin-flip, isoscalar scattering amplitude.
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Thus the corrections due to Q and H„are just contained
in the second term on the right-hand side (RHS) of Eq.
(5). In the calculations that follow the NN coupled chan-
nels isobar model is used to estimate just this second
term.

The (t(GQ g—)t ) correction is expected to be fairly
small compared with ( t ) at intermediate energies.
Therefore in this work the medium corrections [second
term, RHS of Eq. (5)] were estimated using a local, fac-
torized optical potential form. ' Several authors' ' re-
cently evaluated the fully off-shell, full-folding optical po-
tential corresponding to (t ) using the Bonn' and Paris
N¹interactions and found important effects at intermedi-
ate energies. The medium corrections evaluated here
should be included in addition to these off-shell and full-
folding corrections as indicated in Eq. (5). Fermi motion
effects can be included by evaluating Eq. (1) and were in-

corporated in the results of Ref. 14 but were not applied
to the second term in Eq. (5) since this would amount to a
small "correction to a correction. "

The evaluation of the Watson t matrix was facilitated
by introducing a wave function P defined by

(6)

where P is an NN plane wave. The wave function g was
obtained by solving the integral equation

in coordinate space using standard partial wave expan-
sion techniques. ' The radial potential was obtained
from the quantities given in Table I and the tables of Ref.
27 using the parametrizations given therein. The project-
ed Green's function in coordinate space is given by

G(r, r')=(2~) g f d k' (rlk')lg )
r

(8)

where the intrinsic state of the two particles is denoted by
g~), subscript y is the label for the intrinsic channel (i.e.,

NN, Nb, and NN'), k' is the two-body COM intermedi-
ate momentum for channel y, and [Q] „, and [e]

y Pt y

are given in Appendixes A and B, respectively. For vir-
tual isobar channels and for isobar channels with finite
widths the singularity in the integrand of Eq. (8) is re-
rnoved and the integration was carried out by ordinary
quadrature.

Matrix elements of t in the NN COM system were
obtained using Eq. (6). Relating this to the scattering
amplitude we get

(9)

where subscripts k and k' denote the initial and final rela-
tive momentum vectors in the NN COM system, respec-
tively, and p~~ is the NN reduced mass. The on-shell
scattering amplitude is often expressed in Wolfenstein
form,

f = a+c (o,„+oz„)+m o,„a 2„

+(g +h)cr, go ng+(g —h)o, qrrpq, (10)

where [a,c, m, g, h ] are complex functions of momentum
transfer, subscripts 1 and 2 refer to the two nucleons,
o. ,„—=o, I, and the coordinate system is defined by
n=(kXk')/lk Xk'l, Q=(k+k')/lk+k'l, and q=(k
—k')/lk —k'l. The scattering amplitude may also be
represented in terms of spin and isospin dependences ac-
cording to the following form:

f = fo+f.(ri ~z)+f~(oi'tr2)+f~. (oi'oz)(&i'&2)

+fo (o, +cr, ) n+ f, (o, +o2) n(T, T2)

+fo~i2(q)+f, ~&2(q)(r~ ~z)+fo ~&2(Q)

+f, S,q(Q}(11'r~) .

In Eq. (11) r is the nucleon isospin operator and the ten-
sor operators are given by S,2(x)=—3o,„o2„—cr, tr2. For
elastic scattering from spin 0 targets the important ampli-
tudes are a and c in Eq. (10) or fo and fo in Eq. (11).

The remaining steps in the calculation of the effective
interaction are as follows: (1) For each value of kF the
on-momentum-shell amplitudes in the NN COM system
in Eq. (9) were relativistically transformed into t ma-
trices in the pA COM Breit kinematic frame ' ' using
the Wigner rotation matrix as in Eq. (35}of Ref. 4. For
the on-momentum-shell matrix element, values of k and
k' were assumed which correspond to elastic scattering at
the incident beam momentum. The resulting on-
momentum-shell matrix elements are denoted by
(t (kF))M,d,~. The density dependence is therefore gen-
erated by the quantity ( t ( k~ ) t ( kF—= 0) )M,d, ~

which
corresponds to the model estimate of the second term on
the RHS of Eq. (5) evaluated in the p A COM Breit frame.
(2) The leading term on the RHS of Eq. (5) was evaluated
using the actual NN scattering amplitudes from phase
shift analysis (SP82 solution). ' The on-shell t-matrix ele-
ment in the p A COM Breit frame, ( t )~„„d„was obtained
by the same relativistic transformation described previ-
ously. ' (3) The final, estimated density dependent
on-momentum-shell t matrix, ( t (kF ) )„;„,~, was obtained
from the definition

(12)

which constitutes our approximate value for (t ) in Eq.
!5). In addition to the Fermi momentum kF this quantity
is dependent on laboratory kinetic energy TL and the
momentum transfer q.

Calculation of the local optical potential using
( t (kF ) )F,„,~ rather than ( t (kF }) M dd has the follow-
ing advantages: (1) The NN model, although quite accu-
rate in its reproduction of the on-shell NN phenomenolo-
gy (see Figs. 1 —4), is only used to estimate a small correc-
tion [second term, RHS of Eq. (5)]. It does not have to be
relied upon for the dominant piece [first term, RHS of
Eq. (5)]. (2) NN COM energy shifts, ' 5 corresponding to
optirna1 factorization prescriptions, are readily included
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in (t )~,„d, (Ref. 41) but are computationally time con-
suming to include in ( t (kz) )M,d, i. Finally, it should be
noted that the use of a rescaling prescription analogous
to Eq. (12} in calculations requiring fully off-shell matrix
elements is problematic. This is due to the difficulty in
specifying a completely satisfactory off-shell extrapola-
tion of the empirical NN on-shell t matrix. This limita-
tion does not invalidate the present estimate of medium
effects, however.

40.0

20.0
0)

0.0

—20.0

~O400 rmedi e
Binding Potentials

C. Intermediate binding potential

The energy denominator in Eq. (8} (see Appendix B)
contains an intermediate binding potential U which acts
on the target nucleon. This potential was assumed to
have the velocity dependent form U(~ }=A+8K,
where ~ denotes the particle momentum in intermediate
states in the rest frame of the nuclear medium (i.e., the
laboratory system). A more general form which is often
used, U(a ) = A +8~ +Ca (Ref. 5), resulted in a spuri-
ous pole at higher momentum when realistic parameters
A, 8, and C were chosen. More appropriate forms (e.g.,
logarithmic model), which better describe the energy
dependence of the real, central proton-nucleus optical po-
tential, lead to a complicated dependence of the posi-
tion of the scattering pole on the intermediate momen-
tum vector. For this study the simple quadratic form will
suffice; the adequacy of this model for U(x. ) was tested
by studying parameter sensitivities (see Sec. III D).

For the target nucleon in its initial state the parameter
A, (see Appendix B) was assumed to be —50 MeV (for
NN channels at full density}. Parameters A 2 and 8 for
the NN channels were chosen to fit the interior well
depths of the Schrodinger equivalent real, central optical
potentials from Dirac phenomenological fits to p+ Ca
elastic scattering data. For a given incident proton lab-
oratory momentum, K&,&, the binding potential parame-
ters were chosen to fit the empirical potential strengths
near K„~/2. The reason is due to the fact that the dom-
inant portion of the integral over NN COM intermediate
momentum in the Green's function lies near the scatter-
ing pole. For such values ~E' &i, the intermediate
momentum of the target nucleon in the laboratory system
(see Appendix B), varies from approximately 0 to E„l,
with an average value of K„l,/2. Sensitivity studies (see
Sec. III D) of the final NN effective amplitudes and pA
observables to variations of A z and 8 demonstrated
that this is the sensitive region of momentum space and
that the quadratic form fitted in this way was adequate.

The real, central potential strengths at r=0 from Dirac
phenomenology for p + Ca are shown in Fig. 5 in com-
parison with three of the models for U(~') assumed in
this work. The binding energy parameters are listed in
Table II. The potential was assumed to be proportional
to the nuclear matter density or to kF where kF is the
Fermi momentum.

Very little is known about the 6-nucleus or N*-nucleus
interactions. The binding potentials for the NA and NN'
channels were assumed to be 0.6 times that of the NN
channel; the parameters are listed in Table II. The reduc-
tion in binding energy is based on the position of the

-60.0
0 10

I I

30 40

~B (fm )
20 50 60

quasifree b, peak at low momentum transfer in (e,e')
measurements and should be regarded as only a crude
estimate. Real and virtual 6's were assumed to experi-
ence the same binding potential and no changes in the in-
trinsic widths of the 5 and N' resonances were assumed
to occur in the nuclear medium. Sensitivity to the 6 and
N' nuclear binding potentials was minimal (see Sec.
III D}.

D. Proton-nucleus elastic scattering

The nonrelativistic microscopic optical model of Refs.
4 and 35 for proton-nucleus elastic scattering was evalu-

TABLE II. Intermediate binding potential parameters for
kF =1.4 fm

Energy
(MeV)

Primary values
Channel A A

(a) (MeV) (MeV)
B

(MeV fm2)

320

400,500

650,800

NN
N-isobar

NN
N-isobar

NN
N-isobar

—50
—30
—50
—30
—50
—30

—35
—21
—25
—15
—24
—14.4

1.95
1.17
1.33
0.75
1.17
0.70

320

400,500

650,800

NN
N-isobar

NN
N-isobar

NN
N-isobar

Alternate values

—50
—30
—50
—30
—50
—30

—40
—24
—30
—18
—18
—10.8

3.06
1.84
2.25
1.35
0.75
0.45

FIG. 5. Intermediate binding potentials assumed in the cal-
culations compared with the real, central optical potential
strengths at r=0 for p + Ca from Dirac phenomenology. The
solid, dashed, and dashed-dotted lines indicate the primary NN
channel potentials {see Table II) assumed for the 320, 400, and
650 MeV calculations, respectively. The results from Dirac
phenomenology (closed circles) are from Ref. 45. The arrow in-
dicates the value of (Ki,b/2)' for 500 MeV protons.



ated where two-body target nucleon correlation contribu-
tions were included and the scattering observables were
determined by solving the Schrodinger equation with rel-
ativistic kinematics. A brief description of this part of

the calculation follows.
The first-order optical potential was calculated assum-

ing the local densi. ty approximation according to the fol-
lowing (in the notation of Ref. 4):

U,"I(r)=(2n) g I 4nq dq t'(q, p(r))p (qj)o(qr)+ —' f 4nq dq t ' (q, p(r))p (q)J'o(qr)o". I
0 r dr o

(13)

where A. Density dependence of efFective NN t matrix

t~,'(q, p(r))
t ', r))= (14)

subscript j refers to target neutrons or protons, K,„is the
pA COM on-shell momentum, and HN is defined by
q =2K,„sin(e+/2) where q is the momentum transfer.
The NN density dependent t matrices [from Eq. (12)]
were evaluated at the finite nuclear density p at the posi-
tion of the projectile. ' Sensitivity to the coordinate
position at which the effective interaction was evaluated
is small at intermediate energies according to Ref. 47.

The proton densities for ' 0, ' Ca, and Pb were
obtained by unfolding the single proton electric form fac-
tor from the measured nuclear charge densities" in-
cluding separate corrections for the neutron electric and
nucleon magnetic form factors. ' For the absolute pre-
dictions the neutron densities were determined by adding
the neutron-proton density difference from the Hartree-
Fock-Bogoliubov (HFB) distributions of Decharge and
Gogny~ to the empirical proton density as in Eq. (29) of
Ref. 4. For the calculations in which the differential
cross section data were fitted, the neutron densities also
included a difference of two Woods-Saxon forms as in Eq.
(30) of Ref. 4. This model contains two pairs of surface
geometry parameters; one set was varied to fit the data
while the other, a reference set, was held fixed. The latter
quantities are given in Ref. 4.

Second-order optical potential contributions due to
Pauli, short-range dynamical, and center-of-mass correla-
tions in the target wave function were added. Gaussian
parametrizations of the low q components of the free NN
Breit frame t matrices were used along with the correla-
tion lengths given in Ref. 35.

200.0

100.0

e(t,)

0.0

500 MeV

200.00

o 100.0
Q)

650 MeV

0.0

Medium modifications to to and to at 500, 650, and
800 MeV are shown in Figs. 6-9 where the solid, dotted,
and dashed lines correspond to kF=1.4, 0.7, and 0.0
fm ', respectively. The t matrices were evaluated in the
NN COM frame by multiplying the amplitudes in Eq. (11)
by 4m.(Ac)—le~~, where e~~, is the total on-shell
relativistic energy of each nucleon in the NN COM
frame. The t matrices represented in Figs. 6—9 were
computed directly from the model and do not correspond
to the scaled quantities in Eq. (12).

From the results in Figs. 6-9 the following effects due
to medium modifications are observed: (1) Re(to) is in-
creased overall yielding a less attractive real, central opti-
cal potential; (2) Im(to) is suppressed at low momentum

III. RESULTS
100.0

Density dependent calculations were carried out for
laboratory proton kinetic energies of 300, 320, 400, 500,

650 and 800 Mey for &6O 4OCa, 48Ca and zospb

The medium modifications to the isoscalar, spin-
independent, and spin-orbit amplitudes and to the pre-
dicted proton-nucleus elastic scattering observables are
discussed in this section. The effects on deduced nuclear
structure information, sensitivity to the binding energy
parameter values, and requirements of self-consistency
are also discussed in the following.

0.0

800 MeV

l

2

(frn )

FIG. 6. Model calculations of the density dependence for
Re{to) at 500, 650, and 800 MeV in the NN COM. The solid,
dotted, and dashed lines correspond to kF=1.4, 0.7, and 0.0
frn ', respectively.
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transfer but is slightly enhanced for q greater than 3
fm ', (3) Re( t o ) (which determines the imaginary part
of the pA spin-orbit potential) is enhanced at low q; (4)
Im(to ) (which determines the real spin-orbit potential) is
enhanced overall; (5) the size of the effects decreases rath-
er slowly with increasing incident beam energy; and (6)
the corrections depend nonlinearly on kz. The density
dependences of Re(to), Im(to), and Im(to ) are qualita-
tively similar to that obtained at 135 MeV (see Ref. 47) by
the Hamburg group using both the Hamada-johnston
and Paris NN interactions and by Nakayama and Love'
using the Bonn potential. The density dependence of the
small Re( t o ) amplitude tends in the opposite direction
from the calculations at 135 MeV using the aforemen-
tioned NN interactions. The continued importance of
medium corrections at 800 MeV is somewhat unexpected.

B. Elastic scattering observables

In Figs. 10-18 calculations with and without medium
corrections are compared with each other and with

100.0

0.0

-100.0

-200.0

data ' ' ' for complete sets of elastic scattering ob-
servables. The references for the data are summarized in
Table III. Differential cross sections are shown in Figs.
10—12, analyzing powers (A ) are displayed in Figs.
13—15, and spin rotation parameters (Q) are given in
Figs. 16—18. Predictions with and without medium
corrections are indicated by the solid and dashed curves,
respectively.

At -300, 400, and 500 MeV the differential cross sec-
tion predictions including medium modifications do not
display diffractive minima which are as deep as that pre-
dicted by calculations based on the impulse approxima-
tion and are in overall better agreement with the data.
The general shapes of the experimental angular distribu-
tions are reproduced fairly well by the predictions which
include medium modifications. One exception is
p + Pb at 500 MeV for which insufficient improvement
is predicted. Also the predicted minima occur at some-
what smaller angles than that of the data indicating that
the overall size of the optical potentials is too large. At
-650 and 800 MeV the medium corrections to the
differential cross section predictions are not very great al-
though at large angles the calculations with density
dependence are shifted outward in angle and lowered in
magnitude, which improves agreement with the 800 MeV
large angle cross section data. The predicted optical
potentials at these higher energies are also too large. The
medium modifications to the 300 MeV p + Ca and 400
MeV p + Pb differential cross section predictions agree
with similar calculations based on the Paris-Hamburg
density dependent interaction.
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FIG. 7. Same as Fig. 6, except Im(to ). FIG. 8. Same as Fig. 6, except Re(to ).
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TABLE III. Reference numbers for proton-nucleus elastic scattering data.

TL

{MeV)

300
320
400
500
613
650
800

dCT

dQ

55,56

55,56

55
57

16O

55,56

55,56

55
57

55,56

55
58

59

59
2
60

36

"Ca

59
55,56
59
2

55
36

55
55
3

55
58

do
dO,

59
2

63
64

208Pb

59

59
2

63
65

61

62

58

Recently it was shown that the 500 MeV forward angle
differential cross section predictions in the Coulomb-
nuclear interference (CNI) region are very sensitive to
relativistic dynamics. Enhancements in this region of
from 10—20% relative to the NR value are predicted for
500 MeV p + Ca and Pb using the relativistic impulse

0.0

-50.0

approximation (RIA) —Dirac equation model. Medium
effects in the CNI angular region for these two cases pro-
duce enhancements relative to the NRIA prediction of
only about 5%. The RIA differential cross section pre-
dictions at forward angles are also 10—20% larger than
the NR density dependent predictions.

Density dependence significantly affects the p + ' O A

predictions (Fig. 13) resulting in an overall improvement
between theory and experiment. Discrepancies remain at
forward angles where relativistic dynamics produce
dramatic effects.

The p + Ca analyzing power predictions and data are
shown in Fig. 14. At 300, 400, and 500 MeV quantitative
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FIQ. 9. Same as Fig. 6, except Im{ t0 ).

FIG. 10. Differential cross section predictions and data for
p+' 0 elastic scattering at various energies. The solid and
dashed curves indicate the NR predictions based on the present
density dependent model or on the IA, respectively, as discussed
in the text. Refer to Table III for references to the data.
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descriptions of the data are obtained with the density
dependent model except at forward angles. Improved
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effects due to medium modifications are smaller than at
SOO MeU and below.

The p+ Pb analyzing power results in Fig. 1S are
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similar to that for Ca. Considerable improvement in

the description of the 300, 400, and 500 MeV data results
at all but the more forward angles where discrepancies
with the data remain. Medium corrections are not as im-

portant at 650 and 800 MeV. The density dependent

effects shown here for p+ Ca A at 300 MeV and

p + Pb A„at 400 MeV are very similar to that comput-
ed using the Paris-Hamburg density dependent interac-
tion.

Spin rotation predictions and data for p+' 0 are
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( l P2)l/2
(15)

shown in Fig. 16. At 650 MeV the spin rotation data are
presented in terms of the rotation angle P where

Dramatic improvement in the theoretical description of
the 500 MeV Q data results when medium corrections are
included. The effects of density dependence gradually be-
come less important as the laboratory energy is increased.
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Overall the nonrelativistic model with medium correc-
tions reproduces the available p + ' 0 Q data fairly well.

The spin rotation predictions and data for p + Ca are
displayed in Fig. 17. At 400 MeV the spin rotation angle
P is shown. Overall, calculations including medium
corrections produce significantly better fits to the data for
each case. Calculations of off-shell and full-folding effects
at 300 MeV (Ref. 14) suggest that further improvement in
the NR description of the 320 MeV p+ Ca Q data
might result if these and medium effects were combined
in the calculations. The fit to the 500 MeV Q data is
much improved but is not as impressive as that obtained
with the RIA —Dirac equation model. '9'2

Spin rotation predictions and data for p + Pb are
shown in Fig. 18. Medium corrections again improve the
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FIG. 18. Same as Fig. 10, except spin rotation parameters for
p +208pb

agreement between NR theory and data; however,
significant discrepancies remain at each energy, particu-
larly at forward angles. Off-shell and full-folding correc-
tions might improve the quality of the theoretical predic-
tions at 290 and 500 MeV; however, fairly large adjust-
ments are required at 290 MeV to bring the predictions
into agreement with the data. It is important to note that
relativistic scattering model predictions ' ' for these
three sets of Q data are much more successful than the
NR results shown here.

At 650 and 800 MeV the electromagnetic spin-orbit
(EMSO) potential induces significant changes in the for-
ward angle spin observables. ' ' This electromagnetic
interaction results from the relative motion between the
projectile magnetic moment and the electrically charged
nucleus. In Ref. 69 it is shown that the EMSO potential,
when included in the nonrelativistic density dependent
model described here, results in fairly good descriptions
of the 650 and 800 MeV analyzing power and spin rota-
tion data for targets ' 0, ~Ca, and Pb. The EMSO
effects are quite large at these energies at forward angles
(particularly for Ca and Pb); however, the medium
corrections discussed here are instrumental in achieving
the good overall description of the data in Ref. 69.
EMSO effects are less important at lower energies.

It is interesting to separately display the Pauli blocking
and intermediate binding energy contributions to the
scattering observables. In Figs. 19 and 20 three sets of
predictions are shown for p+ Ca at -300 and 500
MeV, respectively. The solid, dotted, and dashed lines in
these figures represent calculations including both Pauli
blocking and binding energy corrections, Pauli blocking
only, and no medium modifications, respectively. At
-300 MeV the induced changes in the observables due to
Pauli blocking and binding energy corrections are similar
in both magnitude and direction. At 500 MeV the effects
due to binding energy are larger than those due to Pauli
blocking (Fig. 20). At 800 MeV (not shown) almost all of
the density dependent effects are due to the binding ener-

gy correction. Therefore the Pauli blocking contribu-
tions quickly diminish at higher energies as expected
whereas significant binding energy effects persist even to
800 MeV.

C. Eff'ects of density dependence
on deduced neutron densities

In recent years attention has been given to the problem
of deducing ground state neutron density distributions
from NRIA analyses of the high quality 800 MeV pA
elastic scattering data from the I.os Alamos Meson Phys-
ics Facility (LAMPF). It is therefore worthwhile to
evaluate the impact which nuclear medium corrections
have on deduced nuclear structure information. Both ab-
solute and relative neutron distributions were studied in
this work.

A sensitive test of microscopic models of pA elastic
scattering is to compare the deduced neutron distribu-
tions with the "known" values for self-conjugate nuclei
such as Ca. The deduced neutron density should agree
with the measured proton distribution and should not be
dependent on the energy of the scattering measurement.
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In order to obtain these quantities the model neutron
densities were varied such that the overall diffractive
structure of the predicted and experimental differential
cross sections agreed as well as possible based on tyt
minimization.

In Fig. 21 root-mean-square (rmsl radii are shown for
the deduced neutron densities in Ca obtained by fitting
the available differential cross section data. The quantity
hr„ in the figure is defined by

( &2 ) 1/2 ( &2 ) 1/2

where ( r ) ' are the rms radii for the j=proton (p) and
neutron (n) distributions. For Ca (r~ )' is 3.389 fm.
The dashed line in the figure represents the theoretical
value of —0.05 fm which is predicted by several mod-
els. ' The deduced values of br„based on calcula-
tions with and without medium modifications are indicat-
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the text. The data and calculations for Q are at 320 MeV.

FIG. 21. Neutron-proton density rms radii differences for
Ca deduced using the NR density dependent model (closed

circles) and the NRIA (crosses). The uncertainties of +0.07 fm
reflect statistical and systematic error in the data, uncertainties
in the free X% amplitudes, and uncertainties in the input to the
fitting procedure (see Refs. 34 and 35). The theoretical value of
—0.05 fm is indicated by the dashed line. The NRIA values are
offset for visual clarity.
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D. Sensitivity to binding energies,
self-consistency requirement

The adequacy of the simple quadratic form
( U = A +Bx ) of the intermediate binding potential was
tested by studying the sensitivity of the calculated results
to variations in the parameters A and 8 using the alter-
nate binding potential parameters in Table II. The alter-
nate parameter sets were chosen such that the binding
potentials agreed with those of the primary set and with

0.05
Neutron Density Diffetence

0.04 — 48 40

0.03
With DD

c 0020
0.01

0.00

0 1 2 3 5 6 7

FIG. 22. Comparison of the Ca- Ca neutron density
differences deduced at 800 MeV using the NR density depen-
dent model (solid curve) and the NRIA {dashed curve) as ex-
plained in the text.

ed by the solid dots and crosses, respectively. Uncertain-
ties of +0.07 fm were assumed based on previous error
analyses. ' The inclusion of medium corrections in the
analysis results in deduced values of Ar„which are gen-
erally a little closer to the expected value; however, they
remain about 0.2 —0.3 fm too small. Similar ~g~ analyses
using relativistic models obtain larger hr„values for
T&,b 500 MeV but they are not energy independent and
are not in agreement with expectations for self-conjugate
nuclei.

It has been argued that microscopic analyses of 800
MeV proton-nucleus elastic scattering data from neigh-
boring isotopes result in reliable values for the relative
isotopic neutron density differences. ' The 800 MeV
p + Ca and Ca differential cross section data were ana-
lyzed using ~y~ minimization with the present NR model
both including and not including medium corrections.
The Ca- Ca neutron rms radii differences were deter-
mined to be 0. 19+0.05 fm in both cases. This agrees
very well with the HFB prediction of 0.20 fm. The
differences between the Ca and Ca neutron distribu-
tions obtained from analyses with (solid line) and without
(dashed line) medium corrections are shown in Fig. 22.
The differences between the two curves are noticeable but
are less than the uncertainty envelope for this case.
Therefore the neutron isotopic density differences de-
duced from microscopic NRIA analyses of 800 MeV
proton-nucleus elastic scattering data are not significantly
altered when medium corrections of the type considered
here are included.

Dirac phenomenology at E&,b/2 but differed at lower
and higher values of momentum. For the 300 and 500
MeV cases the alternate potentials agreed better with
Dirac phenomenology at lower momentum whereas for
the 800 MeV case the alternate potential agreed better
with phenomenology at higher momentum. Results of
calculations with density dependence for p + Ca at 300,
500, and 800 MeV using both the primary and alternate
binding potentials were compared. The differences be-
tween the predicted observables were negligible, hence
the density dependent predictions are insensitive to large
changes in the assumed intermediate binding potentials at
momentum values much larger or smaller than E&,b/2.
Since the binding energy correction is mainly dependent
on a relatively confined region of momentum, the simple
A +B~ form for U(» ) is adequate.

The sensitivity to the 6-nucleus binding potential was
also studied where the Nh channel parameters in Table
II were replaced by the primary NN values. The results
for 500 MeV p+ Ca are shown in Fig. 2~. The density
dependent predictions based on the primary NN and
Nh-channel parameters are indicated by the solid lines
while the dotted lines display the alternate results. The
effects are noticeable but not very large. Less sensitivity
was found at 800 MeV in similar calculations. The pre-
dictions were completely insensitive to analogous changes
in the binding potentials for the NN' channels. It is for-
tunate that the predicted pA elastic scattering observ-
ables were not very sensitive to the poorly known isobar-
nucleus interaction potentials.

The sensitivities of the density dependent NN ampli-
tudes to the following changes in various elements of the
model were also studied: (1) arbitrary 10% increases in
the intrinsic isobar widths, (2) including or not including
Pauli blocking of the b and N', (3) use of relativistic or
nonrelativistic kinematics for the angle averaged Pauli
blocking factor, and (4) arbitrary 5 MeV changes in the
struck nucleon binding energy parameter A, (see Ap-
pendix B). Each of these variations in the calculations re-
sulted in small changes in the density dependent ampli-
tudes for @+=1.4 fm '. The lack of sensitivity to 6-
blocking supports the Paris-Hamburg effective interac-
tion model ' which does not treat virtual 6 propagation
explicitly.

For the unsymmetrized Watson t matrix there is no
formal requirement that the assumed intermediate nu-
cleon binding potential U(«) be consistent with that cal-
culated in Eq. (13) for the (distinct) projectile. In prac-
tice, of course, for nucleon-nucleus scattering self-
consistency between the input and calculated real, central
potentials should be obtained. The interior strengths of
the real, central p+ Ca optical potentials computed at
300, 500, and 800 MeV were therefore compared with the
analogous quantities from Dirac phenomenology (see
Fig. 5). Over the relevant range of momentum the calcu-
lated potentials were about 5 MeV more attractive than
the empirical values which themselves are uncertain by at
least this amount. ' The input binding potentials were
accordingly made 5 MeV more attractive and new densi-
ty dependent calculations were run for 500 MeV
p+ Ca. The subsequent change in the computed real,
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FIG. 23. Effects of alternate 6-nucleus binding potential for
500 MeV p + Ca elastic scattering. Thy solid curves represent
calculations based on the primary Nh channel binding energy
parameters given in Table II and are identical to the solid
curves in Figs. 11, 14, and 17 for 500 MeV. The dotted curves
show the results of a calculation in which the Nb channel bind-

ing energy was set equal to that of the NN channel. See text for
further discussion.

central well depth was only 0.6 MeV and the changes in
the scattering observables were completely negligible.
The calculations very quickly achieved self-consistency in
only one iteration; very minute changes occurred in the
predicted scattering observables. Therefore, the calcula-
tions presented here assuming the Dirac phenomenologi-
cal input are, for practical purposes, self-consistent.

IV. CONCLUSIONS

Medium modifications to the nonrelativistic NN
effectiv interaction are well known to be important at
energies of a few hundred MeV. In this work it was
shown that medium corrections are also significant at
higher bombarding energies above 300 MeV, even up to
800 MCV. Pauli blocking effects were shown to quickly

diminish with increased beam momentum as expected.
Binding energy effect, on the other hand, remained
significant at 500 MeV and continued to produce small
but significant changes in the predicted observables at
800 MeV. Because of the importance of the off-shell
dependence of the NN interaction in determining the
binding energy corrections, these calculations should be
repeated using other NN interaction models. '

The nonrelativistic, density dependent model predic-
tions for proton-nucleus elastic scattering are much
better than NRIA predictions for beam energies up to
650 MeV. At all energies studied the forward angle
differential cross section data and the analyzing power
and spin rotation data from q =1-3 fm ' are now gen-
erally well described by the NR approach (if EMSO
terms are also included at 650 and 800 MeV). Further
improvement in the NR model predictions might also re-
sult when NN t-matrix off-shell dependences and full-

folding calculations are combined with medium correc-
tions. A numerical evaluation of the full first-order Wat-
son optical potential (for uniform nuclear matter using
the LDA) is now possible to do and should be carried out
in the future. If serious discrepancies between the full,
first-order NR model predictions and data remain then it
is likely that further dynarnies, beyond that contained in
NR multiple scattering theory, will be required to explain
the data.

This work demonstrates that much of the success of
the relativistic approach can also be achieved with NR
models. Deficiencies remain in the NR predictions for
the forward angle (q l fm ') spin observables where re-
cent relativistic scattering models display very good
agreement with data. ' Studies of relativistic pro-
cesses in nucleon-nucleus scattering should probably
focus on this low momentum transfer region below about
1.5 fm . Calculations of the relativistic NN effective in-
teractions are weH advised to include binding energy
corrections and off-shell dependences in the positive ener-

gy NN sector. Full-folding calculations of the relativistic
optical potential should also be carried out.

With respect to nuclear structure studies using inter-
mediate energy proton-nucleus scattering the problem of
deducing the correct nuclear matter distribution for Ca
remains. Analyses of p+ Ca differential cross section
data using NRIA or density dependent models obtain a
deduced neutron density rms radius which is about
0.2-0.3 fm too small. On the other hand, isotopic neu-
tron density differences obtained in NRLA analyses ' of
800 MeV proton elastic scattering data appear to be reli-
able and accurate.

The explicit treatment of b intermediate scattering
states in the proton-nucleus elastic scattering process
turns out not to be very important. The calculations are
not very sensitive to the assumed 5-nucleus binding po-
tential, to 5 blocking in intermediate states, or to the in-
tnnsic properties of the 5 in the nuclear medium. This
lack of sensitivity supports the Paris-Hamburg and simi-
lar effective interaction models at lower energies. ' Of
course b production is a straightforward and reasonable
way to account for the large NN inelasticities in the T=1
partial wave channels and improved information con-
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cerning the 6-nucleus interaction and properties of the b
in nuclear matter would be useful to incorporate in the
model.

The present work makes it clear that new physics is-
sues associated with relativistic dynamics, possible
changes in the bound nucleon form factors, variation in
meson masses in the nuclear medium, etc., can only be
reasonably studied when the physics included in conven-
tional NR multiple scattering theory has been fully ex-
ploited in the numerical applications. Furthermore, any
new reaction dynamics or structure effects will only be al-
lowed to make fairly small net changes in the predicted
observables in order to maintain agreement with data.

Finally, the present model also predicts significant den-

sity dependence for some of the other spin and isospin
components of the NN effective interaction which are not
used in first-order models for elastic scattering from

I

spin-zero nuclei. Application of this NN effective interac-
tion to charge exchange and inelastic transitions at inter-
mediate energies will be the subject of another article.
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APPENDIX A

The expressions for the angle averaged NN, NA, and
NN* Pauli blocking operators using relativistic kinemat-
ics to relate the two-body COM and laboratory quantities
are given here. The NN Pauli blocking operator is
defined by requiring that

Q" (KNN, ), KNN, p, kp)=»f IK'NN, (l &kp and IKNN, pl &kF

=0 otherwise, (Al)

where KNN, and KNN z are the intermediate momenta in the laboratory for nucleons 1 and 2 (see Appendix B) and k~ is

the Fermi momentum of the nuclear medium. The total (conserved} momentum P is given by

KNN, 1+ NN, 2 KNN, I +KNN, 2 ~ (A2}

where KNN, and KNN 2 are the initial NN laboratory momenta. The momentum vectors KNN, and KNN 2 are given in
terms of the NE COM intermediate wave number kNN and angle 8, (between k'NN and P) as

p
KNN

I I 2I =+P~kNNsin8, +Pll
2

+VkNNcos8, (A3)

where

p2
y= 1—

4kNN+4rnN+P

' —1/2

(A4)

the (plus) and (minus) signs apply for nucleons 1 and 2, respectively, Pz and P~~ are unit vectors perpendicular and paral-
lel to P in the plane defined by KNN &

and KNN 2, and mN is the nucleon mass. The angle averaged NN Pauli blocking
factor is obtained by computing the integral

QAv(kNN&P&kF)
4

d~ NNQ (KNN, 1&KNN 2~kF } '

Using Eqs. (Al) —(A5) the result is

(A5)

Q~v=»f rkN—N —&km
2

=0 if [(P/2) +kNN] ~ k~

yp
2(r' —1}kNN

, otherwise .
4(r —1)(kNN+P l4 k~)—

1 — 1—
y2p 2

(A6)

The usual result is easily recovered in the NR limit. Since Fermi motion effects were ignored in this work P was fixed
equal to the incident proton laboratory momentum KI,&. In the above and remaining equations c= 1 is assumed.

For the nucleon-isobar channels the Pauli exclusion principle was assumed to apply only to the nucleon. For exam-

ple, in the NA channel the Pauli blocking operator is defined such that

Q (K' N, K' a, k~}=1 if lK' Nl &k~

=0 if lK' Nl ~k~ (A7)



41 EFFECTIVE INTERACTIONS FOR NUCLEON-NUCLEUS. . . 2833

without regard to the value of K' z, where K' z and K'
& refer to the nucleon and 5 intermediate momenta, respec-

tively, in the laboratory and for this case o.' is the NA channel. Using a method analogous to the preceding NN case the
angle averaged Pauli blocking factor for the XA channel is given by

Q~v =»f ~(r' —1)'"&N —)'kN~ ~
o kF

=o if ~(y' —I)'"sN+ykN~~ &kF

1 V~N1+
(y' —1)'"k„',

where for the N 5 case
' 2 —1/2

E~+Eq

1 — 1—kN~ + (y —1)sN kF—
otherwise,

'V ~x
(A8)

(A9a)

and

(EN+Eq) =(sN+eq) +P (A9b)

&N~=(kN'~ ™N,~)'"
In Eq. (A9c) ma is the mass of the b, . Similar relations are used for the NN* channel.

(A9c)

APPENDIX B

The form of the energy denominator of the Green's function in the Watson NN t matrix assumed here is given by

e =E'"(K,)+E' '(K z) —E"'(K', )
—EI '(K' ~)+is, (81)

where a denotes NN, Nb„or NN' channels, superscripts (1) and (2) refer to the two particles (nucleons or isobars), K
and K 2 are the initial momenta, and K'

l and K'
2 are the intermediate momenta. The momentum values are mea-

sured with respect to the nuclear medium which corresponds to the laboratory reference frame. Explicitly e is given

by

ea Ka l. + KO, ,2+ ~a l +BaKa, 22m, ' 2m2

2

2m l, a

2

K~ 2+ A~ 2+B~K~ 2 +i C. ,
2m2 a

(82)

where m, and m2 are the particle masses in channel
cz.

P.=m, .m, ./(m, .+m, .) . (86)

For the target particle the kinetic energy and velocity
dependent interaction terms can be combined by intro-
ducing an effective mass m 2 defined by

m~ —=(m~ '+2B /fi ) (83)

Introducing total momentum P and initial and intermedi-
ate two-body COM momenta k and k', respectively, the
energy denominator is finally expressed as (assuming non-
relativistic kinematics)

The correct relativistic kinematic value for the initial
COM momentum was used and the energy dependent iso-
bar width I (for the Nb, and NN' channels) was in-
cluded where k in Eq. (85) was replaced with the com-
plex quantity,

2 iPak., R.l+, r

(84)
The relativistic COM momentum was obtained from

where

k 2
a, Rel 4

where

2 —2m l, a+m 2, +—(m, —m~ )
S

(85) (m 1,NN m2, NN) + TLm2, NN

and
a=AN denotes the NX channel, and TL is the incident
nucleon laboratory kinetic energy.
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