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Microscopic model analyses of elastic proton-12C scattering with energies 40 to 800 MeV

P. K. Deb and K. Amos
School of Physics, University of Melbourne, Victoria 3010, Australia

~Received 29 November 1999; published 19 July 2000!

Medium modified effective two nucleon interactions have been defined for protons incident upon12C with
energies ranging from 40 to 800 MeV. Those effective interactions have been folded with ground state density
matrices from a large space shell model of12C to give complex nonlocal optical potentials. With those the
elastic scattering differential cross sections and analyzing powers have been analyzed. Good results are ob-
tained when the effective interactions are linked toNN interactions that fitNN scattering data and when
exchange amplitudes in scattering that lead to strong nonlocality in the optical potentials are taken into account.

PACS number~s!: 25.40.Cm, 24.10.Ht, 21.30.Fe, 24.70.1s
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I. INTRODUCTION

Elastic scattering, the predominant event associated
the interactions of nucleons with nuclei, has been stud
extensively over many decades. From experiment there
exists a vast database. Extensive theoretical studies of
scattering also have been made and based upon inverse
tering theory, of global@1# and of numerical inversion form
@2#, as well as upon direct scattering theory. In the latt
optical potentials are specified in terms of underlying tw
nucleon (NN) interactions. Those direct scattering theo
optical potentials have been formulated in momentum sp
@3# and also in coordinate space@4–6#.

Herein we investigate facets of the coordinate space
mulation of optical potentials, primarily concerned with wh
NN interaction characteristics are required to specify app
priate optical potentials and what effect the attendant no
cality of those potentials have. An appropriate optical pot
tial we take as one with which successful predictions
nucleon-nucleus (NA) elastic scattering data over a larg
range of energy may be obtained. To this end, complex, n
local optical potentials have been obtained by folding eff
tive two-nucleon (NN) interactions with a ground state wav
function from a large space shell model structure of
nucleus. The effective interactions have been derived fr
complexNN interactions which fit~complex! NN scattering
phase shifts to over 800 MeV with application to proton-12C
scattering in mind.

With this approach and at energies of 65 and 200 Me
successful predictions of observables from elastic prot
nucleus (pA) scattering from many nuclei have been ma
@5#. But to do so, the inhomogeneous partial wave Sch¨-
dinger equations specified by the complex, nonlocal a
energy-dependent optical potentials had to be solved with
any localization approximation. Medium effects of Pa
blocking and of the average fields in which the projectile a
struck nucleon propagate had to be taken into accoun
specification of the effectiveNN interactions also. This pro
cess thus is defined hereafter asg folding.

To make predictions ofNA scattering under the basi
assumption that the scattering is due essentially to just p
wise interactions between the projectile and each and e
nucleon in the target, three basic aspects of the system u
0556-2813/2000/62~2!/024605~9!/$15.00 62 0246
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investigation must be specified. Where possible with this
proach, such should be defined independently of theNA
scattering system being studied. First, the description of
nucleus, and in particular the one body density matrix e
ments~OBDME!, should be determined from a large sca
structure calculation which describes well the ground st
properties of the nucleus in question. This information
combination with the second ingredient, the single parti
~bound state! wave functions, can be assessed further by
level of agreement their use gives in predicting elastic el
tron scattering form factors. Since these wave functions
energy independent, they should not be varied in further
plication such as seeking better reproduction of specific
of NA scattering data. The final ingredient is a comple
energy and density dependent, effectiveNN interaction that
describes the interaction between the incident nucleon
each and every struck nucleon.

For incident energies to 800 MeV, elastic scattering m
be described by optical potentials though it has been s
gested@7# that they should be formed by folding relativist
density dependent effective interactions~Lorentz invariant
amplitudes! with relativistic nuclear structure wave func
tions. However, based upon the success of usingg folding
~nonrelativistic scattering! optical potentials to analyze elas
tic scattering of 65 and 200 MeV protons from targets ran
ing 3He to 238U @5#, we consider herein just what may b
achieved to 800 MeV with that approach and allowing mi
mal relativity by using relativistic kinematics. Our interest
in what net effects arise when one uses an effective inte
tion that is linked to a good description of theNN scattering
phase shifts. With this aim it is important to note that w
make predictions to compare with the scattering data.
details entering the folding process were seta priori and
single calculations made to specify the differential cross s
tions and analyzing powers.

In Sec. II we present a brief outline of the microscop
optical potential and its specification in terms of the effect
interactions that are folded with OBDME from a large spa
shell model calculation of the nuclear structure. Details
that structure and of the effective interaction properties
given. The results of proton-12C elastic scattering calcula
tions obtained with those optical potentials are then co
pared with data in Sec. III. Such comparisons~of differential
©2000 The American Physical Society05-1
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P. K. DEB AND K. AMOS PHYSICAL REVIEW C62 024605
cross sections and analyzing powers! are made with data
taken at 18 energies in the range 40 to 800 MeV. Specific
we consider the data taken at 40@8#, 50 @9#, 65 @10#, 120
@11#, 135@12,13#, 144@14#, 156@15#, 160@16#, 185@17#, 200
@18#, 250@19#, 300@20,21#, 318@22#, 398, 597, and 698@23#,
500 @24#, and at 800 MeV@25#. Conclusions are drawn in
Sec. IV.

II. THE MICROSCOPIC OPTICAL POTENTIAL

As a detailed presentation of the coordinate space mi
scopic optical potential has been published@4–6#, only sa-
lient features of that development are given herein. We p
sume thatNA elastic scattering for all the energies of intere
can be described in terms of the phase shifts extracted f
the asymptotic behavior of solutions of Schro¨dinger equa-
tions

F \2

2m
¹22Vc~r !1EGC~r !5E U~r ,r 8;E!C~r 8!dr 8, ~1!

where, withr ,r 8 being relativeNA coordinates,Vc(r ) is a
Coulomb interaction andU(r ,r 8) is the optical potential
which may be nonlocal, complex, and energy depend
Relativistic kinematics have been used to ascertain the w
numbers and momentum transfers. Partial wave expans
give the Schro¨dinger equations as

F \2

2m H d2

dr2
2

l ~ l 11!

r 2 J 2Vc~r !1EGx l~k,r !

5E
0

`

wl~r ,r 8!x l~k,r 8!dr8. ~2!

For simplicity all aspects involving intrinsic spin have be
suppressed. Solutions of Eqs.~2! have been evaluated for a
of the cases studied using the programDWBA98 @26# with
scattering phase shifts and amplitudes extracted and us
specify cross sections, analyzing powers, and for energie
and 500 MeV other spin observables, for proton-12C scatter-
ing. That computer program does not evaluate the multipo
of the nonlocal microscopic optical potential explicitl
Rather, and using two helicity formalisms, particle-hole m
trix elements of a chosen energy and density dependen
fective interaction are generated and used in solution of
integrodifferential equations. Nevertheless, developmen
the form of the optical potential is useful for later discussio
Essentially those potentials result from the overlap functi

UNA(1,18)

5K Cgs(18,28, . . . ,A8)U(
n51

A

g(n0)UCgs(1,2, . . . ,A)L ,

~3!

where the incident projectile is linked to the coordinates ‘‘0
andg(n0) is the effective interaction that is assumed to b
pairwise entity between that projectile and thenth bound
nucleon in the target.
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A cofactor expansion the nuclear states

uFJM~1,2, . . . ,A!&

5
1

AA
(
a

aauFJM~1,2, . . . ,A!&ufa~1!&, ~4!

where a5$(nl) jm%, permits a factorization of the many
nucleon matrix elements so that for the caseJ50,

UpA5(
aa8

^Cgs
J50uaa8

† aauCgs
J50&^fa8~18!ug10ufa~1!&

5(
aa8

1

A2 j 11
^Cgs

J50uu@aa8
†

3ãa# (0)uuCgs
J50&

3^fa8~18!ug10ufa~1!& ~5!

on using the Wigner-Eckart theorem. Therein^Cgs
J50uu@aa8

†

3aa# (0)uuCgs
J50& are OBDME. In general for a ground sta

expectation those OBDME are defined by

S
aa8I

Jgs 5^Cgs
J uu@aa8

†
3ãa# (I )uuCgs

J &, ~6!

and are obtained directly from the shell model wave fun
tions. However for12C asJgs5I 50, the OBDME are ex-
pressed simply by

saa85
1

2 j 11
Saa80

0 . ~7!

For a5a8, these are fractional shell occupancies of nuc
ons.

Thus the microscopic optical potential takes the form

U~r ,r 8;E!5 (
a,a8

A~2 j 11!saa8Fd~r 12r 2!

3E fa8
* ~s!U (D)~r 1s!fa~s!ds

1fa8~r 1!U
(Ex)~r 12!fa~r 2!G , ~8!

wherer 125ur 12r 2u andU (D) andU (Ex) are combinations of
the multipoles of the effectiveNN interactions as one deal
with the direct and exchange elements of the folding proce
More details are given in Refs.@6,27#.

A. The structure information for 12C

With most studies needing the nucleon based propertie
12C, 0p-, or at best 0p1s0d-shell model calculations@28# of
the structure have been used, although they are known t
limited. Such models predict a spectrum with which lar
effective charges are needed to map measured electro
netic transition rates. That is not the case now with curr
larger space calculations of structure. With a full (
12)\v model space, the positive parity states of12C have
been specified while the negative parity spectrum was fo
5-2
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MICROSCOPIC MODEL ANALYSES OF ELASTIC . . . PHYSICAL REVIEW C 62 024605
also but by using a (113)\v model space@4#. All known
states to 20 MeV excitation were matched by candida
from this structure model and to within 2 MeV. Indeed u
of this spectroscopy in an analysis@29# of 200 and 398 MeV
proton inelastic scattering cross sections and analyzing p
ers permitted an identification ofJp; T values for states in
12C that hitherto had uncertain assignments. As a comp
basis was used@for the (012)\v case at least# there is no
spurious center of mass facet in the state specifications.
have used the ground state wave function of that large sp
shell model in this study.

In forming the optical potentials, besides the OBDME o
needs single nucleon bound state wave functions. Freque
they have been chosen as harmonic oscillator~HO! wave
functions, but and as seen previously@4# for 12C specifically,
a more realistic representation is to use Woods-Saxon~WS!
bound state wave functions. With the OBDME determin
from the (012)\v shell model wave functions and th
single nucleon bound states appropriately specified, elec
scattering form factors from both the elastic and inelas
scattering of electrons from12C were well fit @4#.

B. The effectiveNN interactions

The effective interaction between two nucleons, one
projectile and the other a bound particle in the nucleus
required in coordinate space and as a combination of cen
tensor and two-body spin-orbit terms. Each term can hav
linear combination of Yukawa functions as its form facto
and the~complex! strengths of those Yukawa functions ma
vary with the density of the nuclear medium. These effect
interactions have been defined by optimally mapping@30# to
half-off-shell ~momentum space! NN g-matrix elements de-
termined from solutions of the Brueckner-Bethe-Goldsto
~BBG! equations.

We consider a realistic microscopic model ofpA reac-
tions to be one that is based uponNN interactions whose
on-shell values oft matrices~solutions of the Lippmann-
Schwinger equations! are consistent with measuredNN scat-
tering data to and above the incident energies of inter
Below pion threshold, the phenomenology of theNN inter-
action is relatively simple, and several one boson excha
potential~OBEP! models@31,32# exist with which very good
fits have been found toNN phase shift data. Above pio
threshold, that is no longer the case. Inelastic channels o
and resonance scattering occurs. Simple potentials mus
varied to account for the various meson production thre
olds and also to account for effects of known@P33(1232)
(D) and P11(1440) (N* )] resonance structures in theNN
system. There exist extensions to OBEP models which in
porate resonance@31# and particle production@33#, and with
which someNN and NNp data up to 1 GeV may be ex
plained. TheNN phase shifts above pion threshold fou
with these models are better than any from standard OB
but as yet they are not adequate in a number of impor
channels. However, the characteristics of the experime
NN scattering amplitudes to 2.5 GeV are consistent with
(NN) optical potential concept. Recently@34# the SM97 data
@35# has been interpreted very well by a basic OBEP sup
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mented by sensible complex optical potentials. With t
OBEP component established by the fits its use gave w
data below 300 MeV, the supplementingNN optical poten-
tials reflected the effects of theP33(1232) andP11(1440)
resonances in several partial waves. Otherwise the op
potentials are smooth, complex, energy dependent, and s
ranged which is consistent with the view of production pr
cesses being localized at and within the confinement sur
of a nucleon. ThoseNN optical potentials also are consiste
with the geometry of the profile function as it is known fro
analyses of high-energy diffraction scattering. We have u
the optical potential approach@34# for theNN interaction for
energies 300 to 800 MeV to define the effective interactio
required in theg-folding process to giveNA optical poten-
tials. Specifically we have considered the coupled chan
Bonn ~BCC3! interaction@31# supplemented with complex
short ranged Gaussian potentials@34#. Those Gaussians wer
parametrized so that thet matrices of the modified BCC3
force on the energy shell match precisely theSM97 data sets.
We have also used the one solitary boson exchange pote
~OSBEP! @32# as the bareNN starting interaction.

This simple model prescription encompasses a plethor
terms that will be needed to adapt a more fundamental bo
exchange model approach to adequately explain theNN scat-
tering data to 1 GeV and higher. Not only do such bos
model calculations increase in complexity with energy b
also the number of adjustable parameters involved incre
with every additional element incorporated in the theo
making the approach a less appealing way to treatNN scat-
tering. Nevertheless it is a goal worth seeking and if, in
fullness of time, such a boson exchange model prescrip
can be found that meets the requirement that the empir
NN t matrices are reproduced then we will adapt our stud
But such is not the case at present.

Nevertheless, use of an extending complex potentia
adapt standard~below threshold! NN prescriptions so tha
the freeNN scattering data to over 1 GeV are reproduc
means that any specific effect of theD andN* in specifica-
tion of theNN gmatrices will not be treated. Medium effec
upon theD propagation could differ from those we set wi
the complex potential factors defining our effectiveg matri-
ces. However, Ray@36# has studied the effects of includin
D andN* Pauli blocking in a momentum space formulatio
of NN andNA scattering. He concludes that such variati
results in only small changes in density-dependent am
tudes at central nuclear densities~;1.4 fm21). Ray states
specifically ‘‘The lack of sensitivity toD blocking supports
the Paris-Hamburg effective interaction model which do
not treat virtualD propagation explicitly.’’ As our force is an
upgraded version of the Paris-Hamburg model we there
take heart from that observation of Ray. It is worthwh
noting also that Ray observed that predictedNA elastic scat-
tering observables were not very sensitive to the poo
known isobar-nucleus interaction potentials.

III. RESULTS OF CALCULATIONS

Medium modified, complex, effective interactions dete
mined in the manner described have been used to define
5-3
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P. K. DEB AND K. AMOS PHYSICAL REVIEW C62 024605
proton-12C optical potentials at each of the 18 values of e
ergy we consider. At each energy we have used the OBD
specified by the (012)\v shell model wave function and
bound states with which good electron scattering form f
tors were found. Thus there is no adjustable parameter
sidered with the use ofDWBA98 in finding cross sections an
analyzing powers. The solid curves in all figures shown
this section are the results of making a single calculation
each case. The results of calculations made with the
nonlocal g-folding optical potential we define for brevit
hereafter ascomplete.

In Figs. 1 and 2 the results of our complete calculations
the differential cross sections from proton-12C elastic scat-
tering are compared with data. In Fig. 1 the results for 40
250 MeV are displayed while in Fig. 2 the higher energ
from pion threshold are given. The individual energies
listed with each set and clearly the energy variation of
cross sections is reproduced quite well by our results.
associated analyzing powers are displayed in Figs. 3 an
In the first of those, with energies below pion threshold,
data and its energy trend are quite well fit by the results

FIG. 1. Differential cross sections from the elastic scattering
40 to 250 MeV protons from12C. The solid curves display ou
predictions obtained from single calculations with the compl
nonlocal optical potentials formed byg folding.

FIG. 2. As for Fig. 1 but for the elastic scattering of 300 to 8
MeV protons from12C.
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our complete calculations. Some improvement is neede
energies near 135 MeV, but the overall pattern of the res
is very good. For energies 300 MeV and higher, the trend
the analyzing power data again is reflected in the results
our calculations but there is some mismatch in the magnit
of the analyzing powers at forward angles and most e
dently with 400 MeV.

Other spin observables have been measured at 65 and
MeV. Those data and our predictions are compared in Fi
where the 65 MeV spin rotationR(u) and the 500 MeV
DSS(u) and DSL(u), are displayed in the top, middle, an
bottom segments, respectively. Our predictions agree as
with these data as they do with the analyzing powers at e
energy.

These plots suffice to give credence to the optical pot
tials formed byg folding at least as a good first order gue
at the proton-12C interaction. We consider each of the ener
results in more detail now.

The DWBA98 code allows us to make calculations al
with the integral term of the nonlocal Schro¨dinger equation
omitted. This corresponds to ignoring the exchange effe

f

e FIG. 3. As for Fig. 1, but for the analyzing powers from th
elastic scattering of 40 to 250 MeV protons from12C.

FIG. 4. As for Fig. 1 but for the analyzing powers from th
elastic scattering of 300 to 800 MeV protons from12C.
5-4
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MICROSCOPIC MODEL ANALYSES OF ELASTIC . . . PHYSICAL REVIEW C 62 024605
due to antisymmetrization of theA11 scattering state. While
that is a form of agr approximation, it is far more sever
than any localization procedure of coordinate space opt
potentials@6# or of the approximations leading to thegr and
tr models in momentum space@3#. However, our purpose is
not to find a best fit to data with the local term as that
quires scaling and/or profile adjustment. Rather we m
these approximate calculations to define just how large is
effect of the specific nonlocal component in the coordin
space optical potential. It is substantial as will be seen
most energies and so, in most cases, localization or any
proximation for nonlocality must be recognized as a rep
sentation of a large effect. The results of omitting those
change ~knock-out! effects in the specification of th
coordinate space optical potentials are displayed in the
ures by the dashed curves and are defined hereafter ano-
exchangeresults.

In the ensuing set of figures, for energies above p
threshold (;300 MeV! we present data and results to 4
scattering angle. There is little if any data at larger scatter
angles. At lower energies we limit study to 80° as by th
the data are so small in magnitude that calculated results
be overly sensitive to small changes in phase shifts.

The results of our calculations are compared with the
and 50 MeV data in Fig. 6. The complete results are in go
agreement with data but those from the no-exchange ca
lations are not. The complete calculations give especi
good results for the forward angle cross sections~to ;40°).
At the larger scattering angles the predictions have slig
more defined minima than evident with the data. The ana
ing powers at these energies are shown in the bottom
ments of Fig. 6, and while our complete calulations are qu
reasonable in comparison with the data, there is room
improvement in those fits. That is the case for almost al
the energies studied and indicates that details of the sca
ing theory relating to the effective interactions currently us
needs to be improved. Of course, as the analyzing powers

FIG. 5. The spin rotationR(u) from the elastic scattering of 65
MeV protons from12C ~top!, and the observables,DSS(u) ~middle!,
and DSL(u) ~bottom! from the elastic scattering of 500 MeV pro
tons from 12C.
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measures of differences between scattering probabilities
are normalized by the differential cross sections, predicti
of analyzing powers are very sensitive to such details.

With both the cross sections and analyzing powers, ho
ever, it is clear that exchange effects cannot be ignored
making any analysis. The exchange amplitudes destructi
interfere with the direct scattering amplitudes to marke
change the shapes of the predictions as well as to red
considerably the size of the calculated cross sections at la
scattering angles.

The results found for 65 and 120 MeV proton scatteri
from 12C are compared with the data in Fig. 7. Again on
the results found using the complete calculations match
servation. As with the lower energies, while those predic
cross sections are in good agreement with the data there
slight differences in structure to what is observed at
larger scattering angles. The analyzing powers again are
sonable results in comparison to the data although the

FIG. 6. Differential cross sections~top! and analyzing powers
~bottom! from the elastic scattering of 40 and 50 MeV protons fro
12C. The solid curves display our predictions obtained from sin
calculations with the complete nonlocal optical potentials form
by g folding. The dashed curves are the results obtained when
change effects are ignored therein. The data were taken from R
@8,9#.

FIG. 7. As for Fig. 6 but for energies of 65 and 120 MeV. Th
data were taken from Refs.@10,11#.
5-5
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P. K. DEB AND K. AMOS PHYSICAL REVIEW C62 024605
MeV predictions do not give the relative sizes or exact an
locations of the peak values in the data. However, compa
with the results obtained with the no-exchange potentials,
complete calculations are excellent fits to data. The cr
sections found using the no-exchange local potentials
much too large and have the wrong fall off with scatteri
angle in comparison with the data. The analyzing powers
calculated are completely at variance with observation.

In Fig. 8, results equivalent to those discussed above,
compared with the data taken with 135 and 144 MeV p
tons. Clearly the exchange amplitude contributions are
tremely important. Without them the calculated cross s
tions become increasingly in disagreement with
measured data and by orders of magnitude with increa
scattering angle. Likewise the analyzing powers from
no-exchange local potential calculations are totally wro
The complete calculations are in stark contrast giving
good replications of the cross section data as found at
lower energies discussed above, but the analyzing pow
need improvement. The 135 MeV analyzing power res
similar to the 120 MeV case, does not agree with the str
ture seen in the data, notably being too small compare
the forward scattering positive peak value and not giving

FIG. 8. As for Fig. 6 but for energies of 135 and 144 MeV. T
data were taken from Refs.@12–14#.

FIG. 9. As for Fig. 6 but for energies of 156 and 160 MeV. T
data were taken from Refs.@15,16#.
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correct angle values for the maxima. The data at 144 M
are too limited in momentum transfer but one can susp
that new data would reflect what has been found at 1
MeV.

Our predictions of proton-12C elastic scattering for 156
and 160 MeV, for 185 and 200 MeV, and for 250 and 3
MeV, are compared with the data in Figs. 9, 10, and
respectively. In all cases it is very evident that omission
the exchange amplitudes is a serious problem in analy
The complete calculations give cross sections in very g
agreement with the data, albeit that for 300 MeV the res
ant fit is not as good as those at all lower energies. But i
with the analyzing powers that we note results that are be
than we have found for the lower energies. With all six e
ergies in these three figures, the locations of maxima in
observed analyzing powers, both positive and negative
ues, are correctly predicted. Also the magnitudes of
peaks in the analyzing powers are better reproduced, with
calculated value of the first positive peak increasing first
be almost complete asymmetry~1.0! and in agreement with
the data at 200 MeV while slowly decreasing from that at
higher energies. In fact the data values of that peak decr
more rapidly than do the calculated values.

FIG. 10. As for Fig. 6 but for energies of 185 and 200 MeV. T
data were taken from Refs.@17,18#.

FIG. 11. As for Fig. 6 but for energies of 250 and 300 MeV. T
data were taken from Refs.@19–21#.
5-6
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MICROSCOPIC MODEL ANALYSES OF ELASTIC . . . PHYSICAL REVIEW C 62 024605
The results of our calculations for proton energies at a
above pion threshold are shown in Figs. 12, 13, and 14
the energy pairs 318 and 400 MeV, 500 and 600 MeV, a
700 and 800 MeV, respectively. In these cases, the effec
NN interactions have been formed by supplementing
bare BCC3 interaction with complex short ranged Gauss
NN optical potentials with strengths set to ensure a ma
with the NN scattering phase shifts at each relevant ene
Again the results found by using the complete (g-folding!
optical potentials and the no-exchange local ones are
played by the solid and dashed curves in each figure. At
MeV, as is evident in Fig. 12, the complete calculation giv
a very good fit to the cross section data and to the analy
power data, save that the forward peak value is overp
dicted. The no-exchange potential calculation results ar
great odds with the data as they were at the lower energ
But at 400 MeV and higher, the influence of the exchan
amplitudes diminishes in size and quite rapidly with ener
The complete and no-exchange calculation results still dif
however, with the results found with complete calculatio
giving better agreement with observation.

In Fig. 12, the results of our 400 MeV calculations a
compared with the data taken at 398 MeV. Of all resu

FIG. 12. As for Fig. 6 but for energies of 318 and 400 MeV. T
data were taken from Refs.@22,23#.

FIG. 13. As for Fig. 6 but for energies of 500 and 600 MeV. T
data were taken from Refs.@23,24#.
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these give the poorest fit to data. The complete calcula
nevertheless gives a cross section that agrees with the da
about 20° scattering angle, but the sharp minima observe
not reproduced. Likewise the gross features of the 398 M
analyzing power data are reproduced, but the forward pea
overpredicted.

The results of 500 and 600 MeV calculations are co
pared with 500 and 597 MeV data in Fig. 13. While th
results from the calculations made using the no-excha
local potentials are not greatly different from the comple
calculation results now, the latter remain the better pred
tions of the actual data. The differential cross sections
very well reproduced with the sharp minima at about 2
being matched quite well. Likewise the predictions of t
analyzing powers are fits to the data that improve upon
results found at 400 MeV. The forward peak in the analyz
power is still overpredicted but the trend with energy of th
peak decreasing in size is found. The 500 MeV analyz
power results at scattering angles larger than;20° are not
well reproduced, but this is where the cross section is sm
~order of a few tenths of a mb/sr! and so is sensitive to sma
details in the optical potential calculations.

Next, in Fig. 14, the complete and no-exchange local
tical potential calculation results are compared with data
700 and 800 MeV scattering. The cross sections are we
by the results of the complete calculations with the n
exchange results being almost as good. The analyzing p
ers are reasonably well reproduced by both calculations w
the calculated forward angle positive peak now in quite go
agreement with the data. The analyzing power results
again in good agreement with data for those scattering an
at which the cross sections are larger than a few tenths
mb/sr.

Other predictions of 800 MeV proton-12C elastic scatter-
ing are compared with data in Fig. 15. The differential cro
sections are given in the top segments while the analyz
powers are shown in the bottom segments of these figure
the left hand side panels the data are compared with
results of our calculations made using the density-depen
effective interactions obtained from theg matrices associated
with the bare OSBEP@32# and BCC3@31# model potentials.

FIG. 14. As for Fig. 6 but for energies of 700 and 800 MeV. T
data were taken from Refs.@23,25#.
5-7
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Those results are portrayed by the solid and dashed cu
respectively. In the right-hand side panels the same data
compared with our predictions determined from optical p
tentials defined by exclusion of any nonlocal elements~i.e.,
thegr approximation! and by the complete~nonlocal! set of
contributions. The solid and dashed curves in these c
depict the results we have found by using the modifi
OSBEP interaction in the complete and no-exchange ca
lations, respectively. Neither the OSBEP nor the BCC3
teractions fit well the observed on-shellNN data at 800
MeV. This is again evident from the comparisons given
left hand panel of Fig. 15 as neither lead topA optical po-
tentials, and thence scattering phase shifts from comp
calculations, with which one can describe the obser
proton-12C data. The~complex! nature of the BCC3 interac
tion improves the situation in comparison to use of t
purely real OSBEP force, but not sufficiently to explain t
proton-12C data. In rather stark contrast, using theNN inter-
actions modified byNN optical potentials, we obtain proton
12C optical potentials with which the cross section and a
lyzing power data are quite well reproduced. Most noticea
though is that the analyzing powers now are predicted w
and especially at forward scattering angles. The differen
cross-section data of 800 MeV protons scattering from
12C have been very well reproduced to scattering angle
25° by which the magnitudes have fallen to less than

FIG. 15. Differential cross sections~top! and analyzing powers
~bottom! for 800 MeV proton scattering from12C. In the left panel
the data@25# are compared with predictions made using effect
interactions based upon the bare OSBEP and BCC3g matrices
~solid and dashed curves!. In the right panel the data are compar
with predictions obtained from folding the modified OSBEP effe
tive interactions. The solid curves portray our predictions with
complete optical potential. The dashed curves are the results w
nonlocality is removed~the no-exchange approximation!.
s.
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mb/sr. The effects of the modulation of both the OSBEP a
the BCC3 models are very noticeable. That is even more
case with the analyzing powers. Only with the modulatio
that tune OSBEP and BCC3 against the SM97 data set
satisfactory reproductions of that analyzing power struct
been found. Specific medium effects in the effectiveNN
interaction do not seem very important at 800 MeV, althou
such have been included in all of our analyses.

IV. CONCLUSIONS

Fully microscopic model calculations of coordinate spa
optical potentials describing proton-12C elastic scattering a
18 energies in the range from 40 to 800 MeV have be
made. Both differential cross section and analyzing pow
data have been analyzed at all energies considered. The
plex optical potentials were formed by folding effectiveNN
interactions with the density matrices of the ground state
12C. A complete (012)\v shell model calculation provided
those density matrices. The effective interactions were
tained by mapping half-off-shellNN gmatrices~solutions of
BBG equations! associated with Bonn potentials suppl
mented above pion threshold by short ranged GaussianNN
optical potentials so that allNN scattering phase shifts t
over 1 GeV were reproduced. The results of theg-folding
process are complex, nonlocal proton-12C potentials. Solu-
tion of the integrodifferential Schro¨dinger equations formed
with those optical potentials resulted in good to excellent
to elastic scattering data at all energies, both the cross
tions and the analyzing powers.

Our results confirm the large effect of the~knock-out!
exchange amplitude in the elastic scattering process
which make the coordinate space optical potentials nonlo
This is of import at all energies save for perhaps the high
In almost all past coordinate space studies ofp-A elastic
scattering, be they with a Schro¨dinger, Dirac, or relativistic
impulse approximation formulation, inherent exchange a
plitudes either have been ignored or localized.

Although our predictions of the scattering are good at
energies they are better for energies below pion thresh
than above. Notably at energies above pion threshold,
best results for the forward scattering angle analyzing pow
overpredict the data. This may be due to the treatmen
pion production and resonance effects being too simpli
and not providing pertinent off-shell properties of theNN t,
and g matrices at those energies to specify the appropr
details the effective interactions.
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