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A new formulation of the Dirac impulse approximation is discussed which connects the p-nucleus
optical potential to a dynamical description of the relativistic NN amplitude. Use of pseudovector
~N coupling eliminates rapid energy dependence found in the original impulse approximation.
First calculations demonstrate success for 181 MeV with no loss of effectiveness at 500 and 800
MeV.
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Recently the highly successful Dirac description of
proton-nucleus scattering has drawn much atten-
tion. ' 3 In this approach, a basic assumption is made
that the physical nucleon-nucleon scattering ampli-
tudes can be extended to describe both positive- and
negative-energy matrix elements. In Ref. 1 the five
Fermi covariants4 —scalar (S), vector ( V), tensor
( T), pseudoscalar (P), and axial vector (A) —are used
to extend the positive-energy NNscattering amplitudes
to predict negative-energy matrix elements. The
resulting impulse-approximation optical potential then
predicts low-momentum-transfer virtual-pair effects
which are intrinsic to scattering solutions of the Dirac
equation. Excellent parameter-free fits to spin observ-
ables follow for F. = 300 to 800 MeV. ' 3 However, the
construction of an optical potential requires knowledge
of the fully off-shell relativistic NN amplitude and a
five-term representation is not sufficient to give an
unambiguous characterization. 5 6 In particular, more
information is needed than just the physical scattering
data. Therefore, it has become a central issue whether
the Dirac successes are compatible with relativistic
meson theory which, in principle, gives a complete XX
amplitude. We present results which show that the
Dirac approach does have a foundation in meson
theory.

Calculations based on meson theory accurately
reproduce the observed NN phase shifts with suitable
choices of meson coupling constants. In particular,
meson theory predicts those components which play
no role in positive-energy %% scattering, but which
directly affect the pair couplings that are essential to
the Dirac approach. We have reconstructed all the co-
variants of a meson-theoretical NN amplitude7 and re-
formulated the Dirac impulse approximation to in-
clude their effects.

There is an evident flaw in the original Dirac im-
pulse approximation of Ref. 1 due to the prediction of

overly strong scalar and vector potentials at low ener-
gy. Consequently, the impulse approximation contains
overly large pair couplings that are inconsistent with
the Dirac phenomenologys or with the low-energy,
nuclear-matter optical potential of Anastasio et al.
This flaw can be traced to the way that pionic matrix
elements associated with Pauli antisymmetrization are
embedded as a purely exchange pseudoscalar contribu-
tion to the amplitude. 4 When the exchange pseudo-
scalar covariant P of Ref. 4 is replaced by an
equivalent (on positive-energy states) exchange pseu-
dovector covariant, P v, the resulting new version of
the impulse approximation has much reduced energy
dependence. However, an arbitrary coefficient times
Pv Pean be ad—ded to the amplitude without changing
positive-energy matrix elements. Therefore, the sim-
ple replacement ofP by Pv represents an example of
the ambiguity in the representation of NN amplitudes
when the only constraint is to agree with experiment
for the positive-energy states. Nevertheless, we find
that it gives comparable scalar and vector potentials to
what we obtain using the complete meson-theoretical
NN amplitudes discussed below. The original impulse
approximation using a pseudoscalar covariant is inade-
quate for pseudovector vrN coupling. It omits terms
with negative-energy projections which are required to
represent the difference between pseudovector and
pseudoscalar covariants.

A complete and unambiguous expansion of the NN
amplitude into sixteen classes has been developed
which preserves the original impulse approximation as
one class of terms but also provides for new classes of
terms which vanish unless one or more of the initial-
or final-state nucleons are represented by negative-
energy basis states of the free Dirac equation. Refer-
ence 3 has identified the main new ingredient of the
Dirac approach to be due to negative-energy propaga-
tion of just the projectile. Therefore, for simplicity,
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we have truncated our expansion to the four classes
which are necessary to characterize completely matrix
elements of particle 1 (projectile) with particle 2 re-
stricted to positive-energy states,

~= ~( ~+ ~~;)~~»+F( )~(-)+~(;~~«)~(-i1'

(1)
where initial momenta p& and p2 and final momenta p, ,

and p2 are implicit and At()—= A)()(pt), for exam-

ple, is a negative-energy projection operator in the
Dirac space of particle 1. Projection operators to the
left act on final states whereas ones to the right act on
initial states. Each class c = 1 to 4 of (1) is expanded
in terms of eight covariants as follows:

F(c) X F(c)~
n=1

~„={S, v, T, ~, r, W, , W, , m, },
where covariants 6, 7, and 8 are chosen'0 on the basis
of the work of Scadron and Jones. Matrix elements of
F between positive-energy helicity basis states
@„(++, + + ) (n =1,8) are determined by the
class-1 terms, i.e., F('), of Eq. (1), and vice versa.
This follows because terms involving A projection
operators cannot contribute to positive-energy matrix
elements, i.e. , A u+ =0, where u+ is a positive-
energy basis state. The new covariants A 6, A 7, and
W8 have zero coefficients for class 1 because of sym-
metries in NN scattering and thus the class-1 ampli-
tudes are identical to those used in Ref. 1.

For helicity matrix elements such as @„(—+, + + )
or $„(++, —+ ), where one and only one negative-
energy basis state of particle 1 enters, amplitudes of
classes 1 and 2 or 1 and 3 play a role. Since F( ) is al-
ready uniquely fixed by the (++, ++) case, the
new matrix elements can be used to determine unique-
ly F and F, and so on. The input negative-energy

helicity matrix elements can be obtained in consistent
fashion from solution of the NN integral equations
based on meson theory. This is what we have done to
determine the new covariant amplitudes F(') of (2)
for classes c =2, 3, and 4. The original impulse ap-
proximation 1 follows from dropping all but the class-1
terms of Eq. (1).

Calculations of the necessary helicity amplitudes us-
ing pseudovector pion coupling have been performed
with the methods developed by Tjon and van Faassen. 7

We employ a set of three-dimensional coupled integral
equations to describe NN and NA channels using the
Blankenbecler-Sugar reduction. Reference 7 contains
details of the NN dynamics and representative results
for the %X phase shifts in the 0- to 1-GeV region.
Although the meson-theory results are good for
(+ +, + + ) physical matrix elements, we have re-
placed these by amplitudes of Amdt et al. based on a
recent phase-shift solution. " This guarantees that the
on-shell information is accurate. Thus, the meson
theory is used to calculate classes 2, 3, and 4. To test
the model dependence, we have calculated the NN am-
plitudes in two ways which we find give essentially the
same answers for the proton-nucleus scattering ob-
servables. One way includes the NA coupled channel
while the other does not. The NN phase shifts for
these two cases are quite similar for E„b= 0 to 300
MeV with suitable choices for the scalar-meson cou-
pling constant. The case with XX XA coupling also
gives reasonable inelasticities.

The proton-nucleus optical potential is calculated
with use of classes 1 to 4 of Eq. (1). To obtain a local
form for use in coordinate space, it is only necessary to
approximate the y E(p) and yoE(p —q) in A pro-
jection operators by y E. The y p and y (p —q)
parts of these projection operators are handled exactly.
Upon Fourier transformation, the optical potential is
found to contain six of the eight possible terms'2 as
follows:

U $ nRAcS(r) +y V(r) + —,
'

{y p, c(r)/m}+i a rT(r) + [SLs(r)+y VLs(r)]cr L, (3)

where each term is calculated by folding various of the
NN amplitudes with nuclear densities. The anticom-
mutator term {,} guarantees time-reversal invariance.
The A projection operators of Eq. (1) are implicit in
Eq. (3). The Born approximation based on plane-wave
matrix elements of Un, „„ctherefore receives contri-
butions from only the class-1 amplitudes. Complete
calculations based on the full set of sixteen classes
yield the same structure as Eq. (3). Details will be
presented elsewhere. ' The terms C, SL+, and VLz
which involve nonlocal operators were not present in
the original impulse approximation: They arise from
the A projectors in class-2, -3, and -4 amplitudes.
The important scalar and vector terms also receive
substantial contributions from classes 2, 3, and 4

S,tr(r) = s(.) —c(.)
1+ C(r)/m '

V( r) + (E/m) C ( r)
1+ C(r)/m

which are appropriate to the coordinate-space Dirac
equation obtained when the C/m term of Eq. (3) is re-
moved exactly by definition of a new wave function

[1+C ( r )/ m ] ' Q. The calculations are for

which result in dramatically different potential
strengths at low energy and substantial cancellation of
the class-1 pionic contribution. Figure 1 shows effec-
tive scalar and vector potentials defined by
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FIG. 1. Scalar and vector potentials for 181-MeV scatter-
ing by Ca. Curves labeled 1 include class-1 amplitudes;
those labeled 4 include amplitudes of classes 1 through 4.
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181-MeV proton energy and for a 40Ca target using a
nuclear density based upon relativistic Hartree wave
functions of Horowitz and Serot. '4 The matrix ele-
ments in the nuclear space include positive-energy
projectors to be consistent with the truncation of the
full NN amplitude given by Eq. (1). There are signifi-
cant but much smaller changes to the potentials at the
higher energies. Our calculations at 500 and 800 MeV
show improved results for cross sections and compar-
able results for spin observables to those found in the

(T3original impulse approximation. The tensor ( ),
scalar spin-orbit (SLs), and vector spin-orbit ( VLs)
potentials are all about 1 MeV or less for 181 MeV.
They are of minor importance.

Figure 2 compares proton scattering data of Arnold
et al. ts with results based on solution of the Dirac
equation using the potentials described above. The
meson-theory extension significantly improves the im-
puse alse approximation for this case. We believe that the

f rnew formulation is essential to further progress or
two reasons. First, the extension of the NN ampli-
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tudes to Dirac operators based on just the five nonvan-
ishing class-1 amplitudes would be correct on y i a1 if all
the other classes were essentially zero. This is far
from true at low energy for the preferred nuclear phys-
ics model employing pseudovector m N coupling.
Secondly, the very rapid energy dependence and the
overly large S and Vcomponents of the class-1 ampli-
tudes, both of which can be traced to pionic contribu-

FIG. 2. (a) Differential cross section and (b) analyzing
power for 181-MeV scattering by 4 Ca compared with data of
Ref. 15. Dashed curve is based on class 1; solid curve in-
cludes amplitudes of classes 1 through 4.
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tions, must be suppressed to obtain reasonable low-
energy optical potentials.

In conclusion, there are three main points. (1) A
new approach to the Dirac optical potential has been
developed which provides a meson-theoretical basis
for virtual-pair couplings. (2) Starting from conven-
tional X¹integral equations and meson theory, a com-
plete set of Lorentz-invariant amplitudes has been cal-
culated for the first time. This eliminates ambiguities
due to the choice of covariants which have heretofore
been assumed in the Dirac impulse approximation.
(3) Proton-nucleus calculations show that the new ap-
proach has much reduced energy dependence of scalar
and vector potentials and it provides a more accurate
description of experimental data at 181 MeV.
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