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Evidence for a Complex L.S Interaction in the Deuteron-Nucleus Optical Potential

Since 1960, when the first polarized ion sources
made accurate analyzing power measurements
possible, many investigators have used deuteron
optical-model calculations to explain the meas-
ured cross sections and analyzing powers for
deuteron elastic scattering from complex nuclei.
In most cases (at least forA&40 andE, -9 MeV),
qualitative agreement with measured cross sec-
tions and vector analyzing powers (i T») has
been obtained' using potentials which include
complex central and real L 5 components. How-
ever, most of these fits are inferior to similar
calculations for nucleon scattering (e.g. , com-
pare Lohr and Haeberli' and Becchetti and Green-
lees' ). More serious difficulties are encountered
when the tensor analyzing powers T», T», and
T» are considered: Until now, the statement of
Keaton and Armstrong' that "no one has been
able to fit all five observables . . . at any single
energy for any target nucleus" has remained
true.

The purpose of this Letter is to show that the
introduction of an imaginary L ~ S component in
the deuteron-nucleus optical potential significantly
improves the fit to cross-section and analyzing-
power measurements for elastic scattering of 10-
15-MeV deuterons from medium-weight nuclei.
The most important effect of this new component
is to shift the calculated analyzing powers toward
smaller angles, without changing the angular po-
sition of the cross-section calculations. The
beneficial effect of this shift is illustrated in Fig.
1, which shows partial angular distributions,
from 60' to 150', of the cross section and i T»,
for the elastic scattering of 10-
terons from three nuclei. The da
Stephenson, ' Goddard and Haeberl
dekopf ef; al. ' The dotted curves a
al optical-model calculations, whi
elude an imaginary L ~ S potential.
the best conventional fit is a comp
tween the cross section and iT».
tion is too far forward in angle, a

power calculation is too far back, in comparison
to the measurements. Changes in the usual param-
eters can shift the cross section and iT» together
toward smaller or larger angles, but such changes
cannot shift one observable relative to the other.

The solid curves in Fig. 1 are calculations
which include an imaginary L ~ S potential. This
new term shifts iT» forward, and slight adjust-
ments in the remaining parameters (primarily a
decrease in the strength of the real central po-
tential) shift the cross section toward larger an-
gles. For all three nuclei, the addition of the
imaginary L ~ ~S potential results in considerably
improved agreement with the measurements for
at least one of the two observables shown. Some
problems still remain, especially in iT» for "Ti,
for which both calculations are consistently more
negative than the data. Even in this case, how-
ever, the agreement with the iT» data is im-
proved at backward angles and is certainly no
worse overall, and the agreement with the cross
section is improved substantially.
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and 1.5-MeV deu- F(G. 1. Details of optical-model calculations for deu-
ta are from teron elastic scattering from Ti at 10 MeV (Refs. 5,
lq and Har- 6), ~ Zr at 10 MeV (Ref. 6), and ~ Sn at 15 MeV (Ref.
re convention- 7), showing the relative angular shift between o/o„and

iT~~. Here, o/o& is the cross section divided by the
Rutherford cross section. The curves are optical-

In each case, model fits including an imaginary L S potential (solid
curves) and without it (dotted curves). The potentials
are adjusted to optimize the fit to the cross section and

nd the analyzing- all four analyzing powers, including data which are not
shown.
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The addition of an imaginary L S interaction to the deuteron-nucleus optical potential
significantly improves the fit to cross-section and analyzing-power measurements for
elastic scattering of 10—15-MeV deuterons from medium-weight nuclei. The largest
improvement results from a shift of the analyzing powers toward smaller angles, rela-
tive to the cross section. The imaginary L ~ S potential has the same Sign and about one-
half the strength of the real L S potential.



VOLUME 40, +UMBER 11 PHYSICAL RKVIK%' LKTTKRS 13 ARCH 1/78

In all of the calcula, tions in Fig. 1, the poten-
tials were adjusted by an automatic search rou-
tine' to optimize the fits to complete angular dis-
tributions of the cross sections and all four an-
alyzing powers; the forward- and backward-
angle data and the tensor analyzing powers were
omitted from the figure to conserve space. Fig-
ure 2 shows a complete set of data and cal«la-
tions, for 15-MeV deuterons on "Zr (Ref. 7).
The curves have the same meaning as in Fig. 1.
The beneficial effects of the imaginary L ~ S po-
tential can be seen in the tensor analyzing powers
+2p and 1'», as well as in the cross section and
ir». The solid curves in Fig. 2 represent the
first successful optical-model fit to the cross
section and all four analyzing powers for deuteron
scattering from any nucleus at energies above
the Coulomb barrier.

The parameters describing the potentials used
for the solid curves in Fig. 2 are given in Table I.
The functiona, l forms of the potentials are given
in Table I of Ref. 3. The same functional form
(the usual Thomas form) was used for both the
real and imaginary L ~ S potentials. The imagi-
nary L ~ S potential is about half as strong as the
real L ~ S term, and it tends to have a slightly
larger radius parameter and a slightly smaller
diffuseness. The other features of the potential,
including the T„ tensor term, will be discussed
in a subsequent paper.

The results of similar calculations for several
nuclei (including those shown in Figs. 1 and 2)
are summarized in Table II, which gives the
parameters of the imaginary L ~ S potential and
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TABLE I. Potential parameters for Zr at 15 MeV,
corresponding to the solid curves in Fig. 2. V, R, and
a are the depth, radius, and diffuseness parameters,
respectively. The functional forms of the various po-
tentials are given in Table I of Ref. B. The real and

imaginary L ~ S potentials have the same functional
form. The Coulomb radius is 1.BA' ~ fm.

V
(Mev) (fm) (fm)

Heal central
Imaginary central
Real L ~ S
Imaginary L ~ S
Heal Tr
Imaginary T„

91.6
18.7
4,2

2.4
0.5
1.8

1.20
1.80
0.62
0.69
1.7
1.8

0.78
0.68
0.48
0.28
1.1
1.1

TABLE II. Imaginary L. S parameters V, R, and a,
and goodness-of-fit parameters y+ and y& (per meas-
urement) for calculations with real and complex L- S
potentials, respectively.

V R a
Target (MeV) (MeV) (fm) (fm) g@ X & Ref.

the value of X' per measurement for fits with and
without the imaginary L ~ S term. Each data set
consists of 105 to 146 measurements, including
cross sections and all four analyzing powers.
The improvement in X' when an imaginary L ~ S
term is added ranges from 27Vo to 4@o. The depth
of the imaginary L S potential lies between 2.0
and 2.6 MeV in all but two anomalous cases. '
This consistency is evidence that the improve-
ments in the fits are not simply the result of add-
ing adjustable parameter s.

There is some theoretical justification for an
imaginary L.S potential. The existence of such
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FIG. 2. Optical-model calculations for deuteron
elastic scattering from Zr at 15 MeV (Hef. 7). The
curves have the same meaning as in Fig. 1.

The uncertainties in these diffusenesses are very
large; so they were fixed at 0.25 to facilitate compari-
sons of the strengths.

These diffusenesses reached the lower limit set by
the search program, and were fixed there.
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a potential implies that the absorption of flux out
of the elastic channel is spin dependent. This
is not surprising in view of the fact that the dom-
inant reaction channels at these deuteron ener-
gies (stripping and inelastic scattering) are
known to have fairly large analyzing powers. 'o'"
Also, preliminary calculations by Rawitscher"
indicate that a complex, L -dependent component
of the L ~ S potential is expected when deuteron
breakup is considered in second-order Born ap-
proximation. Evidence for a complex L ~ ~S po-
tential has been obtained for deuteron-nucleus
and proton-nucleus scattering at much higher
energies (& 100 MeV),"but it is not clear that
these observations have any bearing on the pres-
ent low-energy results.

In summary, the evidence for an imaginary L
~ 8 potential is based on the following arguments:
It solves a specific, identifiable problem —the
relative angular shift between the cross section
and iT»—which has been seen in previous optical-
model calculations (e.g. , Ref. 1), and which has
not been solved by any other means. '4 The same
potential also improves the fits to the tensor
analyzing powers, especially T». Furthermore,
the strength of this new potential does not depend
strongly on target mass or energy (excluding the
anomalous N =28 nuclei). Therefore, we believe
that the phenomenological evidence alone is suf-
ficient to justify the addition of an imaginary L
~ 8 potential to the deuteron-nucleus interaction.

Our thanks are extended to Professor Bawitscher
for sending us his results before publication, and
for other valuable comments. This work was sup-
ported in part by the U. S. Energy Research and
Development Administration.
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