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Abstract 

A microscopic optical potential, which is calculated non-relativistically 

with a density-dependent effective force, is used to calculate cross-

section, polarization and spin-rotation function for elastic proton 

scattering from ^Ca at 160 MeV and 4S7 MeV. At 160 MeV, the agreement 

to the data is comparable to phenomenological fits, and the spin-rotation 

can be used to distinguish between microscopic and Woods-Saxon potentials. 

A good fit to the spin-rotation function results at 497 MeV, whereas 

the polarization data are not well reproduced. 
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Interest in the spin-rotation function, Q(6), for elastic 

nucleon-nucleus scattering has been started by the work of 

Glauber and Osland. After this quantity has been measured for 

"^Ca at 497 MeV bombarding energy, it became clear that non-

relativistic scattering "theories had difficulties to reproduce 

the data, either using vhe phenomenological Woods-Saxon 
3 

parametrization the optical potential or a microscopic 
4 

impulse approximation (IA) based on the free NN-amplitudes. 

Relativistic approaches, on the other hand, wsre very successful 

in reproducing the data, both in a Dirac equation based optical 
3 5 6 

model or, more recently, in a relativistic IA calculation. ' 

Since the fit to the polarization data is also significantly 

improved in a relativistic approach, this success was attributed 

to the proper treatment of spin in the Dirac equation. An 

extension of the relativistic impulse approximation to lower 

energies (181 MeV) failed, however, to give satisfactory agreement 

with the data (cross-section and polarization, the spin rotation 

function has not yet been measured at lower energies). In 

this energy regime non-relativistic theories of the optical 

potential, which include modifications of the free NN-amplitudes 

due to density-dependent effects, provide fits to the elastic 

scattering data which are significantly improved compared to 

IA results. It is therefore of interest to calculate the spin-

rotation function in such an approach and see whether an improved 

fit to the data results also in this cuse. The derivation of a 

(local) optical potential in the non-relativistic Brueckner-
9 10 Kartree-FocK formalism has been given elsewhere, ' so it is not 
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necessary to repeat it here in detail. An antisymmetrized 

folding procedure is used to generate direct and exchange 

part of the optical potential. For the nonlocal exchange term, 

a local approximation is introduced. This approximation has 

been shown to break down for the effective interaction based on 

the Haraada-Johnston force. The reason for this failure is 

the large cancellation between repulsive direct and attractive 

exchange term, due to the very strong odd-state contribution to 
a 

the Hamada-Johnston potential. For the effective force based 

on the Paris potential, which is used in this paper, the odd-

state contribution, which enters direct and exchange term with 

opposite sign, is much weaker. In fact, the direct term turns 

out to be attractive itself in this case (at low energies), and 

the exchange term is only a correction to it. Therefore, no 

large cancellation between the two terms exist, and a local 

approximation for the exchange term seems to be reasonable. 
12 The spin-orbit potential is calculated along the lines of 

In addition to the effective force, a ground state density for 

the target nucleus (here 1 > 0Ca) is needed. In order to test the 

sensitivity of the results to it, two different parametrizations 
13 of the density have been used, one due to Chaumeaux et al. 

14 and the other due to Ray. Both of them give the same rms-radius 

for the ground state. 

Predictions of the model are compared to the 160 MeV data in 

fig.l. In addition to the microscopic calculations, also the 

results for the phenomenological Woods-Saxon potential of ref.16 
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14 are shown. It is evident that the density of Ray leads to a 

much better fit than that of Chaumeaux et al. which gets out of 

phase with the polarization data at large angles. In fact, the 

agreement with the data is comparable to the Woods-Saxon fit, 

which contains twelve free parameters, and is much better than 

for the (relativistic or non-relativistic) IA at 181 MeV. It is 

interesting to note that the prediction for the spin-rotation 

function is intermediate between relativistic and non-relativistic 

IA results. It shows a pronounced minimum at forward angles like 

the non-relativistic IA, but the large oscillations at larger 

angles resemble those of the relativistic IA. Here a difference 

to the Woods-Saxon result can be found. The microscopic calculation 

shows deeper minima than the phenomenological one. A measurement 

of the spin-rotation function at this energy should be able to 

distinguish between the two potentials. 

When the nuclear matter approach is extended to 497 MeV, at 

which energy data for $(8) do exist, one faces two problems. 
8 First, the effective force is tabulated only up to 400 MeV. 

Since the variation with energy is, however, very smooth for 

lower energies, an extrapolation to 497 MeV is not expected to 

introduce serious errors. The second, more important problem 

concerns the validity of the underlying Paris potential at 

such a high energy. At present, it is not possible to decide the 

magnitude of the error introduced thereby. 

The resulting fit is shown in fig.2. Whereas the agreement 

with the cross-section data is good and comparable in quality to 
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that at 160 MeV, the polarization data are reproduced distinctly 

poorer at the higher energy. The calculation disagrees with the 

data especially at forward angles where the first maximum is 

overestimated and the negative-spike- around -10° is not reproduced. 
4 

A similar failure is observed for the non-relativistic IA. The 

agreement with the spin-rotation data is better than for the 

polarization. The fit obtained with a non-relativistic Woods-
3 

Saxon potential is much worse than the microscopic result 

shown here. The introduction of medium corrections results also 

in an improvement for the spin-dependent observables compared to 
4 6 the non-relativistic IA, ' but the excellent agreement of the 

relativistic calculations is not achieved. How much of this 

failure is due to the possible inadequacy of the Paris potential 

at 497 MeV remains to be seen. 

In order to investigate in more detail the role of the various 

parts of the optical potential, the volume integrals and rms-radii 

are given in table 1. The volume integrals are divided by A for 

the central components and by A ' for the spin-orbit parts. 

For comparison, the corresponding quantities for the Woods-Saxon 

potential at 160 MeV and the Schrb'dinger-equivalent potential 
3 

at 497 MeV are also listed. The two different ground state 

densities used lead to optical potentials with almost identical 

properties for the central parts, but which differ in the spin-

orbit potentials by 5% in the volume integrals and 0.1 fm in the 

rms-radii. This explains the different results for the 

polarization at 160 MeV. Surprising is the large difference 

between the microscopic potentials at 160 MeV on one hand and 
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the Woods-Saxon potential which has quite different volume 

integrals for all parts except the real central potential. The 

imaginary central volume integral for the microscopic potential 

is probably too large since the computed reaction cross-section 

of 670 mb is higher than the experimental value of 525 mb, 

measured at 180 MeV. This overestimation of the imaginary 

central potential is probably due to the insufficient treatment 

of the self-consistency condition in the nuclear matter 

calculation. The volume integrals for the spin-orbit components 

are also very different, and it is amazing that no larger 

differences are predicted for the spin-rotation function for two 

such different potentials. At 487 MeV, the microscopic potential 

are in comparatively closer agreement with the Schrodinger-
3 

equivalent potential of . That the rms-radii of the real 

central potential differ by more than a factor of two. is not 

significant because the volume integral is close to zero and 

hence the rms-radius ill-defined. The only other component 

with major differences is the real spin-orbit potential which has 

a larger volume integral and a smaller range in the microscopic 

potential. This leads to the discrepancy with the data in the 

polarization and, to a minor extent, in the spin-rotation 

function. The imaginary central potentials are now in better 

agreement with each other, which is reflected in the reaction 

cross-sections of 575 mb for the microscopic optical potential 

and 550 mb for the Schrb'dinger-equivalent potential. 

Summarizing, the use of density-dependent forces improves the 

agreement with data at 160 MeV considerably compared to IA 
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calculation of any kind. The results are here comparable to 

those of phenomenological potentials. The spin-rotation function 

can be used to distinguish between the two potentials. At 497 MeV, 

the fit to spin-dependent data, especially tjie polarization, is 

poorer than for relativistic calculations, but better than for 

the non-relativistic IA. The reason for this is an inadequacy 

of the real spin-orbit force, which may be due to a failure of 

the underlying Paris potential at high energies. 
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Table 1; Volume integrals (in MeV fm 3) and rms-radii (in fm) 
for "°Ca optical potentials at 160 MeV and 497 MeV 
"Ray" and "Cha" refer to microscopic optical potential 

13 using the ground state densities of Ray and 
12 Chaumeaux et al, respectively. 

"NS" denotes the Woods-Saxon potential of 
"SE" the Schrodinger-equivalent potential (case 1) of 

15 and 

E[MeV] | J V J w •SfLS SLS <r 2>J < r 2 4 <r 2 >l 

VLS 
<r 2 >* r WLS 

160 Ray -205 -184 -129 30.7 4.35 4.17 3.93 3.97 
Cha -206 -184 -124 29.5 4.34 4.17 4.02 4.06 
WS -208 -117 - 77 48.8 4.34 4.29 3.94 3.94 

497 Ray 16.7 -231 - 69./ 24.4 6.181 3.77 3.90 3.92 
Cha 16.7 -231 - 66.1 23.4 6.16i 3.77 3.99 4.01 
SE 1 1 . 9 -263 - 38.J 26.7 14.5 i 3.39 4.21 3.87 
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Figure Captions; 

Fig.l: Comparison of the 160 MeV p-"°Ca data with the result 

for microscopic optical potentials using the ground state 
13 12 

densities of Ray (solid lines) and Chaumeaux et al. 

(dashed lines) and the phenomenological potential of 

(dot-dashed lines). 

Fig.2: Same as fig.l for the 497 MeV p-"°Ca data. 2' 4 Only 

representative data points are shown for the cross-section. 
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