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Basic features of proton-nucleus optical potentials for use in the Dirac equation are discussed.
The original form of the Dirac impulse approximation follows from using Fermi covariants (scalar,
vector, tensor, pseudoscalar, and axial vector) to extend physical NN amplitudes into operators in
the full Dirac space. Overly large scalar and vector optical potentials are shown to follow at low en-
ergy in this case due to forcing pion exchange contributions to be pseudoscalar. The pair contribu-
tions to proton-nucleus scattering are much too large at low energy. A variant of the impulse ap-
proximation is developed by replacing pseudoscalar covariants by pseudovector ones. Much reduced
scalar and vector strengths are obtained at low energy in the pseudovector case. The pair contribu-
tions are similarly reduced to reasonable values. However, the large differences between optical po-
tentials based on pseudoscalar and pseudovector covariants are not controlled by physical NN
scattering data. These differences represent a basic ambiguity in NN amplitudes when the only con-
straint is positive energy scattering data. Using a complete and unambiguous set of NN Lorentz in-
variant amplitudes obtained from a relativistic one-meson-exchange model, the scalar and vector op-
tical potential strengths are found to be reasonably constant over the range of SO to 1000 MeV of
proton energy. The meson theory results for nuclear matter are found to be comparable to those ob-
tained when the pseudoscalar covariant is replaced by the pseudovector covariant in the original im-
pulse approximation.

I. INTRODUCTION

Recent work has shown that proton-nucleus scattering
observables can be successfully predicted based on the im-
pulse approximation Dirac optical potential. ' Spin ob-
servables for elastic scattering are described particularly
well in the Dirac approach. The most noted result is a
very close reproduction of experimental data for analyzing
power, A„, and spin rotation, Q, at 500 MeV proton ener-
gy. ' Nonrelativistic impulse approximation results do
not give an adequate description of As or Q at this ener-

gy. However, the impulse approximation is not as suc-
cessful at low energy where it predicts overly large scalar
and vector terms in the potential. '

The Dirac optical potential is derived from a five-term
representation of the NN amplitude based upon the Fermi
covariants: scalar, vector, tensor, pseudoscalar, and axial
vector. Each of the five invariant amplitudes is deter-
mined from positive energy NN scattering data (e.g.,
phase shifts). Therefore no parameters in the Dirac po-
tential can be varied.

An essential feature of the relativistic treatment based
on the Dirac equation is the prediction of significant NN
virtual pair contributions. Calculations by Hynes et aI.
support the conclusion that the Dirac equation description
of proton-nucleus scattering differs from the nonrelativis-
tic analysis essentially because of pair contributions. This
point is particularly clear in a momentum space treat-
meg. t which focuses on the projection of the Dirac scat-
tered wave onto positive energy states of the free Dirac

equation, P+. Negative energy projections of the full
wave function can occur only as virtual intermediate
states. These can be formally eliminated to obtain an
equation for P+ as follows:

(E F., U++ U„—,,)q+—=0, —
where U~„, is a virtual pair contribution,

Up„, ——U+ (E+Ep —U ) 'U + . (1.2)

where u, and u, are free Dirac spinors for positive and
negative energy, respectively, with spin labels s and s'.
Spin indices are omitted in (1.1) for simplicity. There are
two main points. First, U++ is the same whether a rela-
tivistic or nonrelativistic impulse approximation is used
provided that the nuclear density has no negative energy
components. Second, neglect of U~», in (1.1) produces
good agreement with nonrelativistic analyses, while reten-
tion of U~„, produces the Dirac results. Thus U~„,
must be considered the essential new ingredient of relativ-
istic approaches.

In the impulse approximation, ' the Dirac potential
U=S+y V consists of a scalar and time-component-of-
vector term, neglecting a tensor term, ' which plays a
minor role. The pair contribution is therefore predicted
from (1.2) once S and V are known, and the latter are

Matrix elements of the full Dirac potential, U, are defined
by

U~f: u,'~ '(p') U—(p', p)u,'~'(p),
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fixed by the Lorentz invariant scalar and vector com-
ponents of the NN amplitude and the nuclear density. In
a crude but useful contact approximation, the pair term is
given by

(1.4)

Uz„„ is analogous to the A /(2m) electromagnetic term
in the Schrodinger equation. The difference of scalar and
vector potentials controls the pair contribution in the
Dirac impulse approximation. At low energy, the impulse
approximation predicts very large S and V which have
opposite signs. Consequently, the pair contribution be-
comes too large. ,

In Sec. II of this paper, a simple formulation of the
Lorentz invariant NN amplitude is presented which
builds upon work by Goldberger, Grisaru, MacDowell,
and Wong (GGMW). " In particular, the large S and V at
low energy are shown to arise from pseudoscalar covari-
ants whose associated invariant amplitudes include pion
exchange contributions. The overly large Up„, is identi-
fied as being due to the pionic contributions.

Pair suppression in NN scattering is usually accom-
plished by use of a pseudovector mN coupling. ' In Sec.
III, the one-pion contribution based on pseudovector cou-
pling is examined and is found to require a more compli-
cated representation for the NN amplitude in the sense
that a new term involving negative energy projection
operators is needed. A new version of the impulse ap-
proximation is suggested in which pseudoscalar covariants
are replaced by pseudovector ones. Since the physical
positive energy matrix elements are the same as in the
pseudoscalar case in view of the equivalence theorem, '

the same formulas as in Sec. II determine the invariant
amplitudes of the new representation from NN phase
shifts. We show that the choice of pseudovector covari-
ants leads, however, to cancellation of the one-pion contri-
butions to the Dirac optical potential, and thus to much
smaller S, V, and Upair at low energy.

The large differences due to the choice of pseudoscalar
or pseudovector covariants provide an example of a fun-
damental ambiguity in the determination of the full NN
amplitude, F, from knowledge of its positive energy ma-
trix elements. The issue of ambiguities was first pointed
out by Adams and Bleszynski. ' Suppose F' is a repre-
sentation of the NN amplitude restricted to five terms
which are then fixed by equating positive energy matrix
elements to the five independent helicity amplitudes. As
mentioned above, there can be additional contributions,
F, involving negative energy projectors such that the
sum of F ' and F is the full amplitude,

F ~+F2

By definition the positive energy matrix elements of F
vanish; however, this does not mean that F or its contri-
bution to the Dirac optical potential vanishes. The im-
pulse approximations using pseudoscalar and pseudovec-
tor covariants amount to two different assumptions about
the negative energy part, F, which is inaccessible to ex-

periments. Large differences in U~„, between these
choices are found to come entirely from the F portion.

In a relativistic theory, the full F is, in principle, de-
fined by the same dynamics which explains the physical
NN matrix elements. ' The Lorentz covariant dynamics
specifies F and eliminates ambiguities in the choice of
covariants. Such a dynamical treatment is necessary to
provide a theoretical basis for U~„, since it explicitly de-

pends on negative energy matrix elements, i.e., F . A
central theoretical issue is therefore to define F within
existing theory, namely, conventional meson exchange
dynamics for NN scattering.

In Ref. 16 we develop a complete and general represen-
tation for F and describe how to determine its invariant
amplitudes from solutions of relativistic NN integral
equations' based on meson theory. Section IV develops
expressions for the proton optical potential in nuclear
matter based on the general Lorentz invariant representa-
tion of F. Using a dynamical model with meson ex-
change, these amplitudes can be determined. Numerical
calculations are presented using the formalism of Refs. 16
and 17. Comparable results are obtained for the nuclear
matter optical potential using the full meson theory, and
using the simpler impulse approximation based upon
pseudovector covariants discussed in Sec. III. Some con-
clusions are presented in Sec. V.

II. FIVE-TERM LORENTZ INVARIANT
REPRESENTATION: PSEUDOSCALAR CASE

+f4(V+V )+f5(& &)], —
where the Fermi covariants used in this paper are'

V 5 p. 5S= I» T Hl %2»»»v» 3 Yl Yl Y2Y2p»

5 5V=ri'X2 ~=xiz2 .
(2.2)

Covariant, S,"' interchanges Dirac spinor indices of
particles j. and 2,

The representation of NN amplitudes based on the five
Fermi covariants has been discussed in detail in the work
of Goldberger, Grisaru, MacDowell, and Wong. " In par-
ticular, a simple connection of five invariant amplitudes
f„ to helicity amplitudes has been derived in GGMW (see
Appendix A). In an alternative approach, Ref. 6 derived a
5 X 5 matrix to relate a different but closely related set of
five invariant amplitudes, F„, to five Wolfenstein ampli-
tudes in the c.m. frame. Calculations of invariant ampli-
tudes F„were done by numerically inverting the matrix
and applying it to the known Wolfenstein amplitudes.
The GGMW analysis avoids matrix inversion and thus
gives a very simple and elegant, but equivalent, definition
of the invariant amplitudes in terms of known helicity
amplitudes. With some minor changes of notation, we re-
view the GGMW approach- and show the relation of the
GGMW amplitudes, f„,, to the amplitudes, F„,of Ref. 6.

Following GGM%', the invariant amplitude is written
in a symmetrized form

F=(2iP) '[fl(S —S)+—,f2(T+T ) —f3(A —3 )
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Su (1)u,(2)=u, (1)u (2) . (2.3)

The other interchange covariants are defined by T=ST,
3 =SA, V=SV, and P=SP. Each interchange covariant
can be alternatively expressed in terms of the Fermi co-
variants by the Fierz matrix as follows:" +gg

(2I —1)S
2Pl —Q

( 3-+4I)P (3-2I)PM= —g 2
—

2rn —t Vl ~ —Q

2
—1

4 —2 0 —2 —4 V
V

g CO m„—t
(2I—1)V

2Pl~ —0
(2.9)

1T 4

P

12 0 —2 0 12
—4 —2 0 —2 4

—1 —, 1 1 P

(2.4)

f„(8)=(—)"+ f„(n 8) . — (2.5)

Clearly it is possible to eliminate the interchange co-
variants altogether to arrive at a simpler representation
based on the five Fermi covariants as follows:

F=F)S+F2V+F3T+F4,P+F5A . (2.6)

For isospin I, the Pauli principle requires, the GGMW
amplitudes to have definite symmetry when 8~+ —8;

In Eq. (2.9) the m-N coupling is pure y and co-N cou-
pling is pure y" for illustration. Moreover, I is the
isospin quantum number and s =4(p +m ),
t= —2p (1—cos8), and u = —2p (1+cos8) are the Man-
delstam invariants. The isospin factor ( —3+4I) is the
usual r~ v2 coupling and the factor (3—2I) results from
applying the isospin exchange operator to v~.v2. Terms
involving S, P, and V are associated with nucleon inter-
change processes.

The proton-nucleus optical potential U in infinite nu-
clear matter involves the Dirac trace with respect to parti-
cle 2 of the product of Feynman amplitude M and a nu-
clear density matrix p as follows:

Linear independence of the Fermi covariants coupled with
Eqs. (2.1), (2.4), and (2.6) requires the following relation
between the amplitudes:

U= —,
'

Tr2( —M p), (2.10)

where the nuclear matter density has scalar and time corn-
ponent of vector terms

6 —4 4
0 —2 2

0
P —Ps+'VzPv . (2.11)

F3 ——(8ip) 1 0 0 f3 . (2.7)

F5

—1 6 4 —4 3 fg
0 —6 —2 —1

/pe

2ip 2m.v s

where M is the Feynman amplitude

(2.8)

Equation (2.6) is the representation assumed in Ref. 6 and
subsequently used in the Dirac impulse approximation for
p-nucleus scattering.

As shown in GGMW, the f; can be expressed rather
simply and elegantly in terms of helicity amplitudes P;.
Alternatively, we can express the f; in terms of helicity
amplitudes h;, i =1 to 5, which have been defined by
Amdt et al. These relations are given in Appendix A.
Phase shift analyses of NN scattering data have been per-
formed by Amdt and collaborators using the h; ampli-
tudes. Using the relations given in Appendix A, the avail-
able phase shifts can be readily used to calculate the f;
and by use of (2.7), the F;, i =1 to 5. In this way, the in-
variant amplitudes are completely determined from NN
data.

One-boson exchange contributions to the invariant am-
plitudes illustrate the normalization convention and they
also provide some useful insight. The amplitude for pseu-
doscalar (m), scalar (e), and vector (co) meson exchange
takes the form:

U= —,KTr2(F p),
where

(2.12a)

X= 4niP&, b /m, — . (2.12b)

which is in accord with the normalization condition em-

ployed in Refs. 1 and 2. Noting that the only terms in F
which can survive the Dirac trace have unit or y2 rna-
trices, with respect to particle 2 it follows that only scalar
(So) and time component of vector (Vo) terms of Eq.
(2.11) are needed to characterize the optical potential in
nuclear rnatter;

U=Sp+y Vo,

where

(2.13a)

Various estimates suggest p~ and pz are equal to within
2—3%%uo in nuclear matter. In (2.10), a factorization of the
NN interaction from the nuclear wave functions has been
assumed, even though nucleon interchange processes re-
quire a more careful treatment.

For the case where equal numbers of neutrons and pro-
tons are present in the nuclear medium, the appropriate
average of pp and pn interactions is , (I =1)+ ,' (I—=0). —
The average is easily obtained by using I=—, in (2.9).
Furthermore, M is to be evaluated at zero momentum
transfer (8=0). Using Eq. (2.8) and the relation

p =P&,bm/vs for c.m. momentum, p in terms of labora-
tory momentum P~,b produces
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Sp =Ill (0)ps

Vp ——ICE2(0)pl

(2.13b)

(2.13c)

The one-boson exchange approximation yields (using
4p =2m T1,b where T1,b is the proton's kinetic energy in
the laboratory frame)

Fl(0) =II 3 2 1 2—gg~
m +2m T1~b

2m,
1 1

8 m~+2mT1ab
2

2 gGP
m ~ +2m T]gb

(2.14)

3 2 1 1 2P2(0) + 8 g7t 2 + 88E 2 +gfd
m ~ +2m T]ab m e +2m T]ab

1 1 12+
m~ 4 m~+2mT1~b

(2.15)

Scalar and vector parts of nucleon interchange covariants,
such as P, survive in accordance with the Fierz matrix
(2.4) and they have characteristic dependence on the pro-
ton energy. In particular, the pion exchange contribution
can easily be checked to give quite large scalar attraction
and vector repulsion, particularly at low energy. For
T1,b ——10 MeV, the one-pion exchange contribution is ap-
proximately —2200 MeV to So and +2200 MeV to Vo.
The scalar (e) meson contribution to Sp is about —400
MeV and the vector (co) contribution to Vp is about
+ 300 MeV. Unitarity effects in F at low energy reduce

the one-pion exchange contributions by more than 50%;
however, the pionic contributions to So and Vo remain
large when U is calculated from Eq. (2.12) using the im-
pulse approximation. The term f5P in (2.1) has a large
part of the one-pion contribution and Eq. (2.7) shows that
this term contributes to scalar (Fl ) and vector (F2 ) ampli-
tudes with coefficients —1 and 1, respectively. Figure 1

shows So and Vo as a function of T1,b based on using the
free NN amplitudes in Eqs. (2.13). The very rapid in-
crease in real parts of So and Vo at low energy is essen-
tially due to the pseudoscalar one-pion exchange contribu-

tion as reduced by unitarity effects. It causes the impulse
approximation to severely overestimate the contributions
to Up ', at low energy.

III. FIVE-TERM LORENTZ INVARIANT
REPRESENTATION: PSEUDOVECTOR CASE

The need for pair suppression in the NN interaction
when a pseudoscalar mN coupling is present is well known
in meson theories of the nuclear force. Theoretical solu-
tions for NN scattering equations are satisfactory only
when the mN coupling is taken to be pseudovector. '

Analyses of the proton optical potential in nuclear matter
have been performed in Ref. 21 using pseudovector cou-
pling. Several other effects were also included in Ref. 21
so that the relation to the impulse approximation is not
completely clear. However, the results give no evidence
for the large Sp and Vp seen in Fig. 1.

If the one-pion exchange contribution is pseudovector,
the NN amplitude representation of Eq. (2.1) or (2.6) is
necessarily inadequate as can be seen by the following ar-
gument. Pseudovector coupling yields, for one-pion ex-
change,

1000-
2 ( —3+4I), (3—2I)—M = —g PV+g PV,

m —t m —u
(3.1a)

500—
(D

where

(P 1 Pl )1 (P2 P2 )2PV =@1 y22m 2m

(P 1 II2 )1 (P2 Pl )2PV=Sy1 y22m 2m

(3.1b)

(3.1c)

'o
O

C

O~ -5oo

-1000

I

200
I I I

400
T) b (MeV }

I

600
I

800 and p1,p2 are initial momenta, p'1,p2 are final momenta,
and subscripts indicate which Dirac matrices enter, for
example, (pl —pz)l ——yl(pl„—p2„). Here PV is the co-
variant for direct exchange while PV is the covariant for
m exchange followed by interchange of nucleons I and 2.
For positive energy, on-shell states, M given by (3.1) is
no different from the pion contribution of Eq. (3.13) as is
well known. ' To illustrate that the difference occurs only
in negative energy basis states, expand as follows:

FICx. 1. Scalar and vector potential strengths for nuclear
matter based on impulse approximation using pseudoscalar co-
variants.

s s &
—) ( —) s( — ')

Y1 Y1 Y1+1 +1' P1 ~2m

where A' ' is a negative energy projection operator,

(3.2)
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—E p)+g) p)+E7l
p[ —)

2' (3.3)

and A'&
' is similarly defined with p'& and F. , in place of

Pl

p& and Ez . The momenta, p&, pz, etc. , in Eq. (3.1) are as-

sumed to be on mass shell, otherwise additional terms are
needed in (3.2). Substituting Eq. (3.2) into (3.1), using the
definition P=SP, the following expansion for M is ob-
tained:

M = —g', [P P(A—', '+A,' ') (A', —'+A', ')P+PA', 'A', '+A', 'A'; 'P+A', 'PA', '+A', 'PA', ']
—3+4I
rn —t

+g' [P P(A'—, '+A', ') (A', —'+A,' ')P+PA', 'A', '+A', 'A,' 'P+A', P~A', '+A,' 'PA,' '].
2

m~ —Q

(3 4)

Note that the interchange covariant PV is expanded using
(3.2) except with momenta p'~ and p2 interchanged. The
S operator acts, for example, as

SA') '(p2) =A2 '(p2)S

since it interchanges Dirac indices. Thus PV and PV take
similar forms; however, note that the last two terms of PV
are not obtained by just replacing P by P in the PV co-
variant.

The P and P terms with no projectors in (3.4) gives pre-
cisely the pseudoscalar result of (2.9). However, equally
large contributions are present for amplitudes not con-
tained in the simple five-term representation. It is due to
the absence of terms involving negative energy projectors
that Eq. (2.1) is not adequate to describe pseudovector
one-pion contributions.

If we assume the ~N coupling is pseudovector, a more
appropriate representation of the NN amplitudes might be
to replace P and P in Eq. (2.1) by PV and PV. This new
pseudovector representation is

F=(2ip) '[f)(S—S)+—,f2(T+T) —f3(A —3 )

+f,(V+V)+f, (PV PV)] . . (3.—5)

are determined just as before from positive energy helicity
amplitudes.

It is convenient to proceed as before to eliminate some
of the interchange covariants. Using the quantities inside
brackets in Eq. (3.4) to define PV and PV, and employing
the Fierz transformation (2.4), we may rewrite F as

F= F)S +F2 V+F3T+F4P+F5A

+Fpv(PV P PV+ P )—, — (3.6)

where F, to F5 are exactly the same as in Eq. (2.6). The
new contribution due to the pseudovector covariants con-
tains only terms with A projection operators. The am-
plitude of this term originates in the f& term, i.e.,

1F~v= . fs
2/p

(3.7)

Implications for the proton-nucleus optical potential
are obtained from Eq. (2.10). Once again only scalar and
time component of vector contributions (with respect to

' particle 2) survive the trace and we find

1 ~ 1 0
4 Tr2Pp= 4 (ps )'ipv)—

Precisely the same amplitudes f; are required in Eqs. (2.1)
and (3.5) since the positive energy matrix elements of P
and P are the same as those of PV and PV. Thus f&

to f5

'Tr2A'2 'P—P = —
s (1+1'i)(pv —ps) .

Consequently the optical potential takes the form

U=K[Fi(0)ps+1'iF2(0)pv]+ , KFPV(0)[ (ps —1'tp—v)Ai +At (ps )')Pv) Al (ps )'1pv)A1

——,
' [I+)'i —A'i '(I+)'i) —A'i '(1+1'i)](PV—Ps)] . (3.&)

After substituting (3.3) for A and some rearranging,
there are three contributions as follows: So =K Ft(0)ps+ Frv(0)pv

4m
( —p)+m)

U=SO+y Vo+Co

where

(3.9)
8 1 + FPv(0)(p v ps )

m
(3.10a)
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(3.10b)~o +[F2(0)pv — F—pv(0)Pv],

1

Co =&
8 FI'v(0) Ps — Pv + 8 FI v(0)(pv Ps—)

1000 -I

(3.10c) o

The main feature to be noted in these equations is the role
of amplitude Fzv which carries the new part of the pion
exchange contribution. From Eqs. (2.7) and (3.7), the usu-
al scalar and vector amplitudes already contain contribu-

1 1
tions F& ———

4 Fpy+ ' ', and F2 =+ 4 Fpy'+
which are large at low energy. Since pq-p~, these contri-
butions are seen to be cancelled at low energy in Eqs.
(3.10) by the new term from Eq. (3.6).

A second point worth noting is that contributions to F
which contain negative energy projection for the target
nucleon, i.e., A2 ', enter the optical potential proportional
to the lower component density pt ———,'(pv —ps). These
contributions are suppressed since p(lpv-2% to 3%.

In the Dirac equation,

C3

+
O

-500

—IOOO 0

v, (pv)

200 400 600
iab~ 'i SOO

0
(Ey& —

y& p —m —U)/=0, (3.1 1)

it is convenient to define effective scalar and vector poten-
tials as follows:

FIG. 2. Scalar and vector potential strengths for nuclear
matter based on one-pion exchange. Solid lines show results for
pseudoscalar m.N coupling. Dash lines show results for pseu-
dovector mN coupling.

l('=(1+Co/m)Q,
Sp

}+C0/m

Ve
1+Cp/m

effS0

«1'i —7'i'P —m —~o —)'iI'o 4' =o0 eff 0 eff

where

(3.128)

(3.12b)

(3.12c)

(3.12d)

but rather involves the coinbination f5+f~ f2. In e—i-
ther case, one sees a substantial reduction of the optical
potentials at low energy and less energy dependence.

Figure 3 suggests that an improvement of the Dirac im-
pulse approximation of Ref. 1 might be made by adopting
the pseudovector covariants. Such a change is motivated
by meson theory. Pair contributions to p-nucleus scatter-

1000 j
Since the (1+Co/m) factor can be absorbed into the wave
function, the problem is equivalent to Dirac propagation
with the effective scalar and vector potentials. A small
scalar potential term, [(E—Ez, )Co/(m+Co)], has been

neglected going from (3.11) to (3.12). Note that there is
no need to absorb the 1+Co/m factor into the wave func-
tion and we do so only to facilitate comparison with the
original impulse approximation which, 1ike (3.12a), has
only scalar and vector terms. Figure 2 shows the one-pion
exchange contributions to effective scalar and vector po-
tentials for the cases of pseudoscalar and pseudovector
mN coupling. The large pionic contribution of the pseu-
doscalar case is greatly suppressed in the pseudovector
case. Similar behavior is found for the impulse approxi-
mation potentials using pseudovector covariants in place
of pseudoscalar ones. Two choices for FIv in Eq. (3.6)
are illustrated in Fig. 3. The first, defined by Eq. (3.7)
and shown by dashed lines, represents the straightforward
replacements of P~PV and P—+PV as discussed above.
The second, defined by Fpv =(f5 +f4 f2) /(2ip) and-
shown by dotted lines, corresponds to changing the full
one-pion contribution associated with nucleon interchange
from pseudoscalar to pseudovector. As shown in Appen-
dix 8, the full one-pion contribution relevant to the opti-
cal potential is not contained in invariant amplitude f&,

500—
Q)

~ ~~
~ ~ ~ ~ 0 tX

0 200 400 600 800
D

c
Q)

O~ -500

T(ab (MeV)
X X , . ~ ~ ~ . ~ ~ iX

~ ~ ~ ~ ~ ~

~ ~ ~ ~ ~ ~ ~ ~ ~ ~

~ ~ ~

—lOOO

FEG. 3. Scalar and vector potential strengths for nuclear
matter based on impulse approximation. Solid lines are ob-
tained using pseudoscalar covariants. Dash and dotted lines are
obtained using pseudovector covariants where Fpv=f5/(2ip)
(dashed line) and Fpv=(f5+f4 f2)/(2l p) (dotted hne)'. Re-—
sults based on full meson theory NN amplitude are shown by
X
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ing are reduced at low energy and much closer agreement
with the optical potential found in Ref. 21 is obtained.
However, the large differences between the two versions
of the impulse approximation represented by Figs. 1 and 3
can also be interpreted as an example of a fundamental
ambiguity in the representation of NN amplitudes when
the only input is positive energy scattering data. Indeed,
we could equally well replace Fp~ in (3.6) by AFpv, where
k is an arbitrary constant. This corresponds to replace-
ment of P and P in the original impulse approximation by
covariants (1 A, )P+—XPV and (1—A, )P+APV, respective-
ly. Since positive energy matrix elements of P and PV are
identical, A, cannot be determined by physical matrix ele-
ments. However, the scalar and vector optical potential
strengths depend on A, as also does U~„„, but, of course,
U++ is independent of A, . The various curves in Fig. 3
correspond to different choices of A, .

It clearly is not a satisfactory procedure simply to hy-
pothesize which is the correct set of covariants to be used.
Rather there must be some theoretical guidance which can
eliminate the ambiguity. The central question to be
answered is whether the Dirac successes are in accord
with an underlying meson theory which predicts the pair
couplings from an interaction Lagrangian conventionally
used in nuclear physics.

IV. RECONSTRUCTION OF S AND V
FROM THE GENERAL LORENTZ
INVARIANT REPRESENTATION

In Ref. 16 a general Lorentz invariant representation of
the NN scattering amplitude is developed in the following

rm:

P P +A( —)P 12+P 13A( —)+A( —)P 14A( —)+A( —)(P 21+A( —)P 22+P 23A( —)+A( —)P 24A( —))

+ (P 31+A( —)P 32+P 33A( —)+A( —)P 34A( —))A( —)+A( —)(P 41+A( —)P 42+P 43A( —)+A( —)P 44A( —))A( —) (4 1)

9
p '&= gr„'im„ (4.2)

There are 16 F'J. The first superscript of F'J is the class
index, i =1 to 4, which refers to the associated negative
energy projeetors for particle 1 (projectile), and the second
superscript of F is the subclass index, j =1 to 4, which
refers to the associated negative energy projectors for par-
ticle 2 (target). The form of (4.1) is chosen so that the
representation of Sec, II is naturally embedded as F".
The use of negative energy projection operators guarantees
that positive energy matrix elements, (+ +

~

F
i + + ), in-

volve only the F" term. Furthermore, the representation
contains all possible negative energy components in con-
trast with the limited set found to be needed in (3.4) to ex-
pand the pseudovector covariants.

Each F'J in (4.1) is expanded in an overcomplete set of
nine covariants:

tice, this is, in principle, a straightforward procedure.
The result is a determination of all Fg from the meson ex-
change dynamics for which we use the coupled
(NN, NiI)„b, b, ) channel formalism of Ref. 17. Because we
need negative energy matrix elements, the calculations of
Ref. 17 are extended to inclode also negative energy NN
intermediate states in the dynamical equations. With a
modest adjustment of the scalar meson coupling constant,
a satisfactory description of NN phase shifts has been ob-
tained. Details of these calculations are presented in Ref.
16.

From the general Lorentz invariant representation of F
we may readily construct the proton-nucleus optical po-
tential in nuclear matter. Employing (2.12) and our gen-
eral form for F given by (4.1), the proton optical potential
is found to have scalar and vector contributions from each
class i = 1 to 4, as follows:

U= So+ j (V(')+A'1 '(S()+j )V())+(So+j )Vo)A)
where

+A(,-)(S,'+ j",V,')A(,-) . (4.4)
~n ISi V~ +»~i j 2 Ql ~j 1 Q2~ Y2 Ql ~PI 1 Q2)

Here Q 1
——(pl+p'1 )"/(2m) and Q2 ——(p2+p2)/(2m),

where pl and p2 are initial momenta, p'1 and p2 are final
momenta. There exists one linear relation among the heli-
city basis matrix elements of the nine A „which reduces
them to eight linearly independent covariants. Equation
(4.1) is capable of representing a general parity conserving
NN interaction since only half of the 4 =256 matrix ele-

ments of F are independent when parity is conserved.
In Ref. 16, the invariant amplitudes F„' are related

to c.m. frame helicity amplitude P'J, m = 1 to 8. A quasi-
potential equation for NN scattering is solved to deter-
mine the P'J. Although somewhat complicated in prac-

So'=K F", (O)p, + 'F", (0)p,

4
+Kg —F'1'(0) + Ftv(0) p),

1 =2

V() ——K[F2 (0)pv+F7' (0)ps]
4

+Kg [F~j(0)—Fg(0)]p(,
1=2

(4.5)

(4.6)

In terms of the invariant amplitudes, the components of
the potential are
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where

pt= z(p~ p—s) . (4.7)

As in Sec. III, subclass 1 amplitudes enter proportional to
the full density ps or pz, and subclass 2, 3, and 4 ampli-
tudes which involve projectors Az

' enter proportional to
the lower component density pI, which is much smaller.

Proceeding to multiply out A projection operators as
in Sec. III, the optical potential simplifies to four terms:

U=So+yr Vo+ Co
—p&+m ap

where

(V.+ V.),1 1 P 2 3

2 Pl

Vo ——Vo+ —,( Vo+ Vo),

Co ———, 'So+So+So — Vo
2 3 4 P 4

nz

Eo ———,(Vo —Vo) .

(4.9)

(4.10)

(4.11)

(4.12)

Due to time-reversal invariance, Fo —=0, and thus there are
only three nonzero terms as in Eq. (3.9). Effective poten-
tials consequently take the same form as in Eqs. (3.12).
Figure 3 shows the effective scalar and vector strengths
for nuclear matter based on the full meson theory as x's.
Reasonable agreement is observed between the five-term
pseudovector representation of Sec. III and the results of
using the full meson theory.

V. CONCLUSIONS

The important pair contributions to proton-nucleus
elastic scattering which are implicit in a Dirac equation
analysis are overly large at low energy in the original form
of the impulse approximation. This flaw is clear associat-
ed with a representation of the NN amplitudes which ad-
mits only pseudoscalar ~N coupling. The pseudoscalar
pion exchange contribution associated with nucleon inter-
change (as required by the Pauli principle) causes the
overly large scalar and vector potentials at low energy.

When equivalent (on positive energy states) pseudovec-
tor covariants are used in place of the pseudoscalar co-
variants, the scalar and vector optical potentials are re-
duced in magnitude and they vary less with respect to en-
ergy. The pair contribution is consequently reduced at
low energy. Reasonable accord is found with the potential
strengths used in phenomenological fits to proton scatter-
ing data. However, simply replacing covariants is an
ambiguous procedure since negative energy components
cannot be determined from positive energy NN data. It is
possible to add an arbitrary amount of an amplitude
whose positive energy matrix elements vanish. Since the
Dirac potentials are changed by such an addition they are
ambiguous without some further input beyond the NN
data.

The only existing model for the fully relativistic NN
scattering which explains the scattering data is relativistic
meson theory. Due to Lorentz covariance, once the cou-

APPENDIX A: RELATION
OF INVARIANT AMPLITUDES

TO c.m. FRAME HELICITY AMPLITUDES

A summary is given of relations which determine the
invariant amplitudes f; from knowledge of c.m. frame
helicity amplitudes. Following Amdt et a/. , five helici-
ty amplitudes h; are considered for which phase shifts are
readily available. The Amdt et al. amplitudes can be
used to compute a set of helicity amplitudes P; defined by
(Ref. 11) as follows:

0i =(As+ h i )/p,

P2 ——(hs —h))/p,

P3 ——(hz+h )/p, (Al)

$~=(h2 —h3)/p,

4's= —h~/p

where p is the c.m. momentum. Helicity amplitudes P;
possess kinematic singularities in the form of zeros at
0=0 or m which are branch points with respect to cos8.
A set of amplitudes P; which are free of kinematic singu-
larities (KSF) is defined by

pling constant and form factors of the meson theory are
fixed (by fitting NN data), one can predict a complete set
of Lorentz invariant NN amplitudes. This procedure
eliminates ambiguities associated with the choice of NN
covariants. There is, however, model dependence in the
meson theory. For example, some admixture of pseudo-
scalar and pseudovector mN coupling could presumably be
used and still obtain good phase shifts. The first meson
theory analysis has been carried out in Ref. 16, and in the
present paper the results are used to calculate the Dirac
optical potential in nuclear matter within the context of a
tp impulse approximation.

Reasonable agreement is found between the full meson
theory analysis for nuclear matter and the simpler
analysis in which the original impulse approximation is
altered by replacement of pseudoscalar covariants with
pseudovector covariants. The use of pseudovector mN
coupling in the meson theory accounts for the qualitative
difference from the original impulse approximation. The
new impulse approximation based on the meson theoreti-
cal NN amplitudes provides a more fundamental basis for
calculating the virtual pair contributions to p-nucleus
scattering. The main features of the Dirac potential in
this approach are attractive scalar potentials of 215 to 315
MeV strength and repulsive vector potentials of 150 to
240 MeV strength in the range of proton energies from 50
to 800 MeV. Calculations for p-nucleus scattering show
that the meson theoretical approach provides significant
improvement for 181 and 200 MeV proton scattering.
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42=42
m'

p 1+cosO

m' 4'4

p 1 —cosO

—2mgs

E sinO

(A2)
APPENDIX B:

ONE-PION EXCHANGE CONTRIBUTIONS

The one-pion exchange contribution, assuming pure y
coupling, takes the form given as part of Eqs. (2.12) and
(2.13).

F = (2ip) '(DP +XP ), (81)

ment with the matrix inversion method of Ref. 6 has been
established as a check.

Here E=+p +m, where m is the nucleon's mass.
Kinematic zeros at O=O and O=~ are divided out and
thus all five P; remain finite at these points. GGMW
consider an intermediate set of invariant amplitudes 6;
which can be determined directly from the KSF helicity
amplitudes as follows:"

where direct and exchange terms are

2 g
(3—4I),

27r s m —r

2 gX=
~ (3—2I),

277 S m~ —0
(83)

I P
(Ijt ] Ij52+'(t 3 Ijk4) — cos8($3+/]14)+cos8$sE2 E2

G2= —A —4+, 4s,
p

Gs = —as+04 (A3)

I
G4 ——Ps+P4-

PI
Gs 2 (Ijk] +f2) cos'9($3 +/))4) + ~ cosOps

P P

fs= g«s —Gi»
f4= 2G4

fs= 8 (3Gt —4Gs+Gs) .

(A4)

Equations (Al) —(A4) provide a simple and direct link
from the known helicity amplitudes h; to the invariant
amplitudes f; of Eq. (2.1), or by use of (2.7), to the invari-
ant amplitudes F; of Eq. (2.6). Numerical calculations
have been performed based on these equations and agree-

The desired GGMW invariant amplitudes of Eq. (2.1) are
simply expressed in terms of the G; as follows:

f )
———,(G)+4Gs+3Gs),

1f2= TG»

and I is the isospin.
One-pion contributions to the invariant amplitudes of

Eq. (2.1) can be determined by using the identities

, (T+T)—=S+S+P+P,

V+ V=S+S—P —P,
(84)

(85)

to rewrite (2.1) as follows:

F=(2ip) '[ (f~+f2+f4)S (f& f2 f4—)S f—&(& ——& )—
+(fs+f2 f4)P (fs+f4 f2)P1 (86)—

fi =0; f2 ——„(D+X); fs —0;—
f4 ,'(D+X); f, =-,'(D————X—) .

Equations (84) and (85) follow from Eq. (2.4).
Covariants S, S, P, P, and A —A form a linearly in-

dependent set. Therefore when (81) and (86) are equated,
coefficients of S, S, and 3 —A must be zero, whereas
coefficients of P and P must be the direct and exchange
one-pion contributions. In particular, the combination
fs+f4 —f2 ———X determines the one-pion contribution
which effects the optical potential. The one-pion contri-
butions to individual invariant amplitudes are
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