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First-order Kerman-McManus-Thaler nuclear optical potentials for intermediate energy protons
are constructed from realistic meson-exchange models of the nucleon-nucleon interaction including
off-shell effects. At 200 MeV the full model developed by the Bonn group is employed, while at 500
MeV a simplified version with delta resonance inelasticity is used. The resulting off-shell effects on
the nuclear scattering spin observables are found to be substantial.

The first-order description of intermediate energy
proton-nucleus optical potentials in the nonrelativistic
form t (q)p(q) is very appealing because both the physical
nucleon-nucleon scattering amplitude t and the one-
nucleon density p for the target nucleus can be obtained
from other experiments. It is also convenient in that it is
local and thus serves as a basis for a large body of phe-
nomenological work. Apart from second-order correla-
tion terms, there is continuing interest in theoretical
corrections at the first-order level especially from relativ-
istic dynamics, ' medium modifications of t, and off-shell
effects. Off-shell t matrices generally introduce a nonlo-
cal character to the optical potential. It is still not
known whether the off-shell behavior of a modern
boson-exchange model of the NN force can inhuence the
N-nucleus spin observables in a manner that would affect
the interpretation of recent results obtained from local
treatments of relativistic dynamics or medium
modifications. In the present paper we report off-shell
effects from the full Bonn meson-exchange model at 200
MeV and from one of its derivatives at 500 MeV in the
prediction of elastic proton-nucleus scattering through a
first-order optical potential.

A previous study was carried out with the Love Fra-
ney fit to the NN t matrix in which off-shell effects enter
only through the extrapolation of a "direct+exchange"
parametrization of on-shell NN data. The resulting off-
shell elements are without features (such as off-shell uni-
tarity ) that would come naturally through the use of a
realistic NN potential and the associated wave equation.
The consequences for nuclear scattering are not known.
It is important to have results from off-shell nonlocal cal-
culations based on a realistic NN interaction so that the
dominant first-order mechanism can be judged in a better
light. Also, approximate expansions, which have been
put forward to obtain an effective local form, can then be
tested for the ability to capture the dominant effect.

In the present work we deal directly with a nonlocal
optical potential. Approximations are still made, howev-
er, in the derivation of the form employed. In the multi-
ple scattering theory of Kerman, McManus, and Thaler
(KMT), the nonrelativistic first-order optical potential
may be expressed as

U(k', k) =

Here k' and k are the final and initial momenta in the
frame of zero total nucleon-nucleus momentum, and t;(e)
is the free NN t-matrix operator at energy c., which we fix
at a value corresponding to free NN scattering at the
beam energy. Because of the complexity of the full in-
tegration implied by (1), factorization approximations are
usually made. We use the method of optimum factoriza-
tion, which means that the t-matrix element is expanded
as a Taylor series in the integration variable about a fixed
value chosen so that the contribution of the second term
in the expansion is minimized. In the present case, that
contribution can be made zero if the expansion point cor-
responds to the initial momentum of the active target nu-
cleon being q/2. The result is

U,s.(k', k) = 3 —1, " 2+1
q(k k)'g, t; q, K, E p;(q) .

(2)

Here K=(k'+k)/2, q=k' —k, and g(k', k) is the Moiler
factor, which transforms the t matrix from the two-
nucleon c.m. frame to the nucleon-nucleus c.m. frame ig-
noring relativistic spin effects.

The quantity t (q, JY, E) obtained in (2) is the fully off-
shell NN t matrix for scattering from a state with NN rel-
ative momentum A=(%' —q)/2 to a state with XN rela-
tive momentum 4' =(%'+q) /2 where we have set
%= ( A + 1 )K/A. It is to be understood that the spin in-
tegrations in (1) (under the usual assumption of a spin-
saturated target) have reduced the required t matrix to
just the spin-independent component (corresponding to
Wolfenstein amplitude A ) and the spin-orbit component
(corresponding to Wolfenstein amplitude C). The elastic
nuclear scattering amplitude is generated from the
momentum space solution of the integral equation
T = U + UG (E)T, where U is given by (2) and the inverse
propagator 6 is taken to be the difference of relativis-
tic energies. Further details of calculations of this type
can be found in Ref. 3. Nearly all calculations previous

881 1989 The American Physical Society



882 CH. ELSTER AND P. C. TANDY

The result is the following local approximation

U,„(k',k') = g(q, e) g t "(q, s)p;(q) .

5

FIG. 1. The real part of the off-shell XXscattering amplitude
A from the full Bonn interaction of Ref. 10 at 200 MeV labora-
tory energy as a function of q =)4' —Aj and %=~A'+A~,
with q-%'= 1. The solid curve shows the on-shell amplitude.

In this work we contrast the nuclear scattering observ-
ables obtained from U,z and U,„. An exact method for
handling the Coulomb effects in momentum-space
scattering, without problems in the higher angular
momentum states that we require here, is not presently
available. The prescription we employ here is that the
Coulomb distorted nuclear bar phase shifts are approxi-
mated by the pure nuclear phase shifts generated by Eqs.
(2) and (3). The remaining eff'ects which dominate the
Coulomb-nuclear interference, namely, the multiplicative
Coulomb partia1 wave S-matrix factor and the additive
pure Coulomb scattering amplitude, are included in the
standard way. This procedure is used in exactly the same
way for U,„and U,z to examine nuclear off-shell effects.

At 200 MeV we employ for the XX t matrix the full
Bonn interaction, ' which contains relativistic kinemat-
ics, retarded meson propagators as given by time-ordered

to the last few years have ignored off-shell effects through
the assumption that, for all values of &, the two-body t
matrix t( q%, )Ein (2) is equal to its on-shell value
t'"(q, c, ). This means that the conditions q.&=0 and

q +A' =44(( are imposed on t;(E), with Ao being the on-
shell relative momentum for NN scattering at energy c.

1O" .

10

10 f

10' ..
1O '..

1.00
0.75
0.50
O.Z5
0.00

—O.Z5

0.5

Elab =ZOO

I I I I l j
I I I

j
I

b'e 10

10

1.0
0.8-
0 6-
Q

Q Z-
0-

-0 Z-

4' Ca(p, p) 200MeV
I

—0.5
0.4

O. Z

0.0

I ( j ( I I I
I I

l

I I I I

Elab=ZOO MeV (PN)

1.0
Q. g-
0.6-
0

0 4 I I I I I I I I I I I I I
I I

j
I I I I

0.0
—O. Z

—0.4
0

l I I I I j I I I

50 100 150

8 (deg)

FIG. 2. Wolfenstein amplitudes for proton-neutron scatter-
ing derived from the full Bonn interaction of Ref. 10 {solid lines)

and from the phase shift analysis of data from Ref. 12 {dot-
dashed lines).
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FIG. 3. The angular distributions of the di6'erential cross sec-
tion, analyzing power (A~) and spin rotation function (Q) for
elastic proton scattering from Ca at 200 MeV laboratory ener-
gy. The calculations are with a first-order optical potential
from the full Bonn interaction in the on-shell local approxima-
tion {dashed curve) and with off-shell nonlocal effects included
{solid curve). The data are from Ref. 13.
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FIG. 4. The set of irreducible diagrams for the processes in-
cluded in the extended Bonn model D52 from Ref. 16. A solid
line represents a nucleon and a double line represents a 6(1232)
isobar.

TABLE I. Meson parameters for the Bonn D52 model of the
NN interaction. The columns contain the meson-baryon vertex,
the coupling strength (with tensor to vector ratio in
parentheses), the meson mass and the dipole form factor range.

NNm

P

5

Nhp

g'/4rr (f /g )

14.4
0.7 (6.1)

20
7.7983
0.1838
0.224
20.45

m (Me V)

138.03
769
782.6
570
983
138.03
769

A (MeV}

1400
1400
1600
1280
2000
1050
1050

perturbation theory, along with crossed and uncrossed
meson exchanges with NN, Nb, and hA intermediate
states. Relativistic effects from negative-energy fermion
states are excluded from this model. To obtain some in-
sight into the character of the off-shell structure and the
nonlocality that will be induced for the optical potential,
we display in Fig. 1 the real part of the NN off-shell am-
plitude A. There is essentially no dependence upon the
angular quantity q &, and very weak dependence of this
off-shell shape upon energy. These general features apply
to the other amplitudes relevant to the optical potential
and also to amplitudes from other NN models. " The on-
shell amplitude is indicated by the curve in the figure.
Since the nuclear density p is independent of A and falls
off with q faster than the NN amplitude, the largest con-
tribution to physical nuclear scattering comes from the
region near the point (q =0, g(=2ko) where both the NX
and ¹ ucleus systems are on shell. The importance of
nuclear scattering to off-shell intermediate states is
governed mainly by the A' dependence at low q. We note
that the maximum of the NN amplitude occurs in the re-
gion where both momenta are small, rather than at the
forward on-shell point. As shown in Fig. 2 for proton-
neutron scattering, the relevant on-shell amplitudes
reproduce well the amplitudes from the phase shift
analysis of data. '

The results for p-nucleus scattering from Ga at 200
Mev are shown in Fig. 3 along with the data. ' To our
knowledge, this is the first application to a many-nucleon
system of the full model of the Bonn group (in contrast to
the simplified one-boson-exchange parametrizations and
localized versions that are available' ). The off-shell
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effects are quite noticeable in the spin observables and are
larger than those found in Ref. 3 in this energy region
with a Love-Franey type of representation of the NN t
matrix. In particular the achievement of a uniform depth
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cal potential. The data are from Ref. 17.

FIG. 5. Wolfenstein amplitudes for proton-neutron scatter-
ing derived from the extended Bonn model D52 of Ref. 16 (solid
lines) and from the phase shift analysis of data from Ref. 12
(dot-dashed lines).
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for the three minima in A has previously been difficult
for nonrelativistic calculations based on a free t matrix in
this energy range. ' Relativistic effects and medium
modifications (i.e., Pauli blocking and local field correc-
tions that would convert t into a g matrix) would be re-
quired to play somewhat less of a role in the present cir-
cumstance.

For our p nucleus scattering calculation at 500 MeV
we start from a recently developed extension of the Bonn
meson exchange interaction above pion production
threshold. ' This extended model omits crossed meson
exchanges but retains retardation in meson propagation.
The retardation would make it necessary to include one-
loop self-energy corrections to the baryon propagators in
order to satisfy unitarity in the three-particle sector. '

To avoid the difhculties of extracting an off-shell t matrix
from three-body calculations of the type performed in
Refs. 15, we use here a further simplified model in which
the energy dependence of meson propagation is ignored
to produce static propagators. Thus, pion production in
this model is described only through the decay of the del-
ta isobar with a width obtained consistently from the
imaginary part of the one-pion loop diagram for the delta
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self-energy. This model (called D52) consists of the dia-
grams shown in Fig. 4, and the meson parameters shown
in Table I result from a fit to NN data up to 1 GeV. ' In
the energy range appropriate to the present work, the
description is an improvement over that obtained in Ref.
15. The relevant on-shell proton-neutron amplitudes are
compared in Fig. 5 to the amplitudes from the phase shift
analysis of data. '

For 500 MeV scattering from Ca, the off-shell depen-
dence has a strong effect on the spin observables while
the only change in the cross section is that the diffraction
minima become slightly shallower. In Fig. 6 we show the
results for the spin observables 3» and Q along with the
data. ' These off-shell spin effects can change the qualita-
tive shape of the angular distributions and are compara-
ble in size to the spin effects obtained in relativistic treat-
ments. Often, but not always, the description of data is
improved as exemplified here by the observable Q. We
note that detailed comparisons with data can be affected
by the quality of the on-shell t matrix and also by
Coulomb effects. This latter point is particularly relevant
for the precise shape of the first interference minimum in

at 500 MeV for Ca which is extremely sensitive to
many details. ' In Fig. 7 we display, for purely on-shell
calculations, the difference obtained from use of the Bonn
052 model and the amplitudes from phase shift analysis
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FICx. 7. The diff'erential cross section, 3», and Q for elastic
proton scattering at 500 MeV. The data are from Ref. 17. The
two calculations shown use the on-shell local approximation
with a t matrix obtained from the Bonn model D52 (solid line)
and from the- phase shift analysis of data (dashed line) from Ref.
12.
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FIG. 8. Same as for Fig. 7, except here the off-shell (solid
line) and on-shell (dashed line) calculations from the Bonn D52 t
matrix are shown and all Coulomb contributions are omitted.



OFF-SHELL EFFECTS FROM MESON EXCHANGE IN THE. . . 885

1O4

10~
K

102

E 101

1oo

10—1

10

10

1.0

0(P P)

I I I I I I I

of data displayed previously in Fig. 5. The qualitative
features of the on-shell results are preserved. With the
removal of all Coulomb contributions from the calcula-
tions displayed in Fig. 6, the nuclear off-shell effects show
through with essentially the same magnitude and qualita-
tive behavior in the regions between the sharp diffractive
minima as shown in Fig. 8. A precise description of spin
observables at the sharp minima in this case remains a
dificult task, and these results indicate that both off-shell
effects and Coulomb effects have a sensitive bearing on
the matter. Further complicating this task is the obser-
vation that, in a relativistic treatment, a l%%uo change in
the Lorentz scalar component of the nuclear interaction
can significantly change the qualitative behavior at the
first diffractive minimum. '

The situation is less problematical for scattering from
' 0 at the same energy. In Fig. 9 we display the obtained
off-shell dependence at 500 Me V with the Coulomb
effects included as described. No qualitative change in
the angular distribution is produced and the overall size
of the off-shell spin effects is quite comparable to that for" Ca. One would expect a significantly reduced role for
Coulomb contributions for ' 0 and this is confirmed by
the results shown in Fig. 10 produced through the remo-
val of all Coulomb contributions. The general conclusion

that remains is that spin-dependent off-shell effects are
sizable and cannot be safely ignored. There is no evi-
dence that off-shell effects from meson exchange models
of the present type can alone explain the data for spin ob-
servables within a nonrelativistic treatment.

In summary, we find off-shell effects and the resultant
nonlocalities from a meson exchange model of the NN t
matrix to be significant enough to affect the interpreta-
tion of results from local treatments of the dynamics.
There is no obvious reason why such off-shell nonlocal
behavior should be any less important in the relativistic
impulse approximation since the dominant sector, pro-
duced by projection onto positive energy free Dirac spi-
nors, is very similar in physical content to the first-order
KMT calculations performed here. The nonlocal effect
introduced by off-shell t matrices in this work is quite dis-
tinct from the nature of the effective "pair potential" that
is introduced through a relativistic approach. With local
t matrices, the latter potential is essentially local due to
the extremely short range of the pair component of the
propagator. Typical meson exchange models, at least at
the formulation stage, imply both relativistic meson-
nucleon dynamics and an off-shell momentum structure
for the free NN t matrix in a related fashion. The present
work suggests that a consistent approach to nuclear
scattering may require a coordinated treatment of both of
these features. This is not an easy task because, even
with a truncation to eliminate negative energy nucleon
states, retardation effects remain. A time-ordered pertur-
bation approach, such as that used for the Bonn NN
model, will in principle introduce many-body forces in
the nuclear environment. This may well require a
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FIG. 9. The ditferential cross section, A», and Q for 500
MeV proton scattering from ' O. The calculations shown are
the off-shell (solid line) and on-shell (dashed line) results from
the first-order optical potential. The data are from Ref. 19.
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FIG. 10. Same as for Fig. 9 for A» and Q except here both
the oA-shell (solid line) and on-shell (dashed line) calculations
omit all Coulomb contributions.
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reassessment of the higher-order terms in the multiple
scattering expansion that underlies almost all approaches
to the nuclear optical potential.

Both authors would like to acknowledge the hospitality
of the Nuclear Theory Group at the University of Mary-
land, and the facilities provided by the University of
Maryland Computer Science Center, the Kent State Uni-

versity Computer Services Center, and the Ohio Super-
computer Center. We wish to thank S. J. Wallace and G.
A. Miller for helpful conversations. This work was sup-
ported in part by the National Science Foundation under
Grant Nos. PHY85-05736, PHY88-05633, and PHY88-
58250, and by the U.S. Department of Energy under
Grant No. DE-FG05-87ER-40322.

*Present address: Department of Physics, Ohio State Universi-

ty, Columbus, OH 43210.
~Permanent address: Kent State University, Kent, OH 44242.
'J. A. McNeil, J. Shepard, and S. J. Wallace, Phys. Rev. Lett.

50, 1443 {1983);B. C. Clark, S. Hama, R. L. Mercer, L. Ray,
and B. D. Serot, ibid. 50, 1644 (1983); M. V. Hynes, A. Pick-
lesimer, P. C. Tandy, and R. M. Thaler, Phys. Rev. C 31,
1438 (1985).

D. Murdock and C. J. Horowitz, Phys. Rev. C 35, 1442 (1987).
A. Picklesimer, P. C. Tandy, R. M. Thaler, and D. H. Wolfe,

Phys. Rev. C 29, 1582 (1984); 30, 1861 (1984).
4W. G. Love and M. A. Franey, Phys. Rev. C 24, 1073 (1981).
5M. H. Macfarlane and E. F. Redish, Phys. Rev. C 37, 2245

(1987).
T. Cheon, Phys. Rev. C 35, 2225 (1987); E. J. Moniz, ibid. 7,

1750 (1973).
A. K. Kerman, H. McMarius and R. M. Thaler, Ann. Phys.

(N.Y.) 8, 551 (1959).
In the pion-nucleus problem where the number of channels is

quite limited, the corresponding full integration has recently
been carried out. See D. R. Giebink and D. J. Ernst, Com-

put. Phys. Commun. 48, 407 (1988).

C. Moiler, K. Dan. Vidensk. Selsk. Mat. -Fys. Medd. 23, 1

(1945).
OR. Machleidt, K. Holinde, and Ch. Elster, Phys. Rep. 149, 1

{1987).
"Ch. Elster, P. C. Tandy, E. F. Redish, and M. H. MacFarlane,

Bull. Am. Phys. Soc. 33, 989 {1988).
2R. A. Amdt, interactive dial-in program sAID, SP83 solution.
E. J. Stephenson, J. Phys. Soc. Jpn. (Suppl. ) 55, 316 (1985); P.
Schwandt, private communication.
N. Ottenstein, S. J. Wallace, and J. A. Tjon, Phys. Rev. C 38,
2272 (1988).
Ch. Elster, W. Ferchlander, K. Holinde, D. Schutte, and R.
Machleidt, Phys. Rev. C 37, 1647 (1988); Ch. Elster, K. Hol-
inde, D. Schutte and R. Machleidt, ibid. 38, 1828 (1988).
Ch. Elster, Ph.D. thesis, Institute of Theoretical Nuclear
Physics, Bonn, 1986.

'7G. W. Hoffmann et aI., Phys. Rev. Lett. 47, 1436 (1981); A.
Rahbar et a/. , Phys. Rev. Lett. 47, 1811 {1981).

'8See for example, B. Aas, M. V. Hynes, A. Picklesimer, P. C.
Tandy, and R. M. Thaler, Phys. Rev. C 32, 231 (1985).
C. Chan, M. S. thesis, University of Alberta, 1985; D.
Hutcheon, private communication.


