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The impulse approximation applied to high-en-

ergy nucleon-nucleus scattering (-100 MeV or
higher) expresses the inelastic transition prob-
ability in terms of the free two-nucleon scatter-
ing amplitude. ' There is considerable evidence
that approximating the projectile motion by plane
waves gives a very satisfactory explanation of the
polarization produced in terms of the properties
of the nucleon-nucleon interaction (see reference
1). However, it is also known that distortion ef-
fects (due to elastic scattering of the nucleon be-

fore and after the inelastic event) are still large
at these energies, and they alone can produce
substantial polarizations if a spin-orbit coupling
term is included in the distorting potential. It is
our purpose here to present some preliminary
results of calculations including polarization pro-
duced by both mechanisms in the excitation of the
2 level of "C at 4. 43 MeV to determine the im-
portance of the spin-dependent distortion effects.

The transition amplitude in the distorted-wave
impulse approximation has the form

A = Q (g (r')y, ' '(r, k ) IM(q)5(r- r') lg, '+'(r, k )g (r')),mm''b

where k~, ma and k~, m ~ are the initial and final
momentum and spin states of the bombarding nu-

cleon and q = kf - k0 is the momentum transferred
in the collision. The functions y'+' and y' ' are
distorted waves produced by the elastic-scattering
optical potential which include the effects of re-
flection, refraction, and absorption. Since the
optical potential contains a spin-orbit interaction,
the spin projection of the incident nucleon may be
flipped from m~ to m~' before the inelastic scat-
tering and from m ~

' to m
&

afterwards. The in-
termediate spin states must be summed over since
they are not observed. The quantity M(q) is the
two- nucleon scattering amplitude which depends
on the initial projectile energy and the momentum
transfer q and acts on the spins of the incident
and struck nucleons. The isospin dependence of
M(q) has been omitted for convenience.

It is not strictly correct to evaluate M(q) at the
momentum transfer q = k& - k~ since refraction
introduces other momenta. Instead we should
average M(q') over the momentum-transfer dis-
tribution introduced by the distorted waves. How-

ever, since the elastic scattering at these ener-

gies is mostly in the forward direction, it is rea-
sonable to approximate this average by M(q).
(More complete calculations in which this approxi-
mation is not made will be reported later. ) Using
this approximation, the amplitudes (1) have been
evaluated exactly by modifying an existing dis-
torted-wave computer code. '

When the nuclear spin-flip matrix element van-
ishes (z = 0 in the notation of reference 1) and the
spin-orbit coupling in the optical potential is ig-
nored, the polarization obtained from (1) is given
by

P = 2 ReAC*/(IA I'+
I C I'), (2)

where A and C are the central and spin-orbit parts
of the two-nucleon potential, respectively. This is
the same result obtained in the Born approximation
where y'+' and y' ' are replaced by plane waves.
It should be remarked that if nuclear spin flip
occurs (x w 0), the polarization obtained by omit-
ting the optical spin-orbit coupling is not equal to
the plane-wave result (except for x = ~). The
polarization has been calculated at energies of
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where we have kept terms to first order in f and

g as before. In the case of a spin-independent
nucleon-nucleon interaction with C = 0, (5) reduces
to

flip. F contains all structure effects and I' is

M' =A +Co.n+ (fo"n)(A+Ca'n)

+(A+Ccr n)(go n).

The unit vector n is the normal to the scattering
plane. The quantities f and g (which depend on q)
are related to the polarization produced in the
final and initial channels, respectively, as can be
illustrated in the following way. Calculation of
the polarization implied by (4) yields
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P, = 2 Re(f+g}, (6)

so that P, is the polarization which mould be pro-
duced by distortion alone. Using (2) and (6), the
net polarization due to both nucleon-nucleon ef-
fects and optical distortions given by (5) becomes

P =(P +P )/(1+P P ).
NS 0
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FIG. 1. Polarizations are shown which were pro-
duced with no spin-orbit coupling in the distorting po-
tential (PNS) and with spin-orbit coupling included (PS) .
PNS is identical to the plane-wave result for this case
(A, =O). The optical potential used was of the Saxon-
Wood type with a real, central strength V of radius rp
=1.0 F and diffuseness a=0. 5 F, an imaginary strength
8' of radius rp =1.34 F and diffuseness a=0.5 F. The
spin-orbit coupling was of the derivative type with real
strength VS, imaginary strength 8'S, radius 1.0 F, and
diffuseness 0.5 F. Values of V, 8', VS, and S'S are
given in MeV.

90, 156, and 310 MeV using (2) and also from (1)
with the spin-orbit distortion included. These
are shown in Fig. 1 labeled, respectively, NS
(no spin-orbit) and S (spin-orbit). The data now

available are not accurate enough to distinguish
between these curves, although there is perhaps
some preference for the spin-orbit case.

The spin-orbit effect can be discussed conve-
niently in the following approximate manner. The
amplitude (1) can be written, keeping first-order
terms in the spin-orbit distortion, as

A =P(m IM'Im )
ly a (3)

for a nuclear transition in which there is no spin

250

This approximate result for P& is shown in Fig. 2

at 90, 156, and 310 MeV compared to the exact
result (labeled PS) obtained from the amplitude
(1). Also shown is P, at the three energies.

This comparison is essentially a test to deter-
mine whether the spin-orbit portion of the dis-
torting optical potential can be treated as a per-
turbation. The deviations of P from PS are seen
to increase with increasing optical polarization
which is undoubtedly due to neglect of higher or-
der terms in (4) and (5). These results indicate
that our point of viem is essentially correct, that
the polarization produced before and after the in-
elastic event by the spin-orbit part of the optical
potential simply adds to that produced by the nu-
cleon- nucleon scattering. These results would
not obtain if the spin-orbit potential substantially
affected the spatial part of the scattering wave or
if the distortion polarization were large compared
to that produced by the two-nucleon interaction,
in other words if it were not a perturbation in
both r space and spin space.

The fact that inclusion of the spin-orbit coupling
in the elastic optical potential materially alters
the inelastic polarization from the Born approxi-
mation result apparently contradicts earlier con-
clusions by Kohler' and essentially agrees with
work reported by Hooten and Ashcroft. ' The po-
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FIG. 3. The polarization obtained without spin-de-
pendent distortions using I.-S coupled nuclear wave
functions (PS) is compared to that obtained using Gil-
let's wave functions (labeled P~).
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FIG. 2. The polarization Po is that produced by dis-
tortion effects alone. The exact polarization PS is
compared to P~ which was calculated treating spin-
dependent distortions as a perturbation.

larization curves displayed in the latter reference
bear a considerable resemblance to the predictions
of Eq. (7) (shown in Fig. 2).

Calculations using the detailed hole-particle
wave functions of Gillet' for "C, ' 0, and Ca
are currently being performed and will be pres-
sently reported. These are expected to give very

good values of the maximum differential cross
section (which is too small by a factor of two for
simple L Scoupled -states), since they are de-
signed to reproduce the collective enhancements
known to characterize transitions in these nuclei.
A Born approximation calculation of the 2+ level
of "C excited at 156 MeV using Gillet's wave func-
tions shows an enhancement in the cross section
of about 40$. The polarization so obtained is
shown in Fig. 3 compared to PNS from Fig. 1.
The partial agreement is encouraging but not con-
clusive until more complete calculations including
distortion effects are completed.

~Presently on leave at Oak Ridge National Laboratory,
Oak Ridge, Tennessee.
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