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Measurements of the cross section, the vector analyzing power, and the three tensor
analyzing powers have been made for deuteron elastic scattering from OZr at 5.5 MeV.
The measurements are explained by an optical-model potential whose spin-dependent
parts are calculated from the nucleon-nucleus potential. The predicted spin-orbit poten-
tial, which is considerably different from the potentials used in previous phenomenologi-
cal analyses, also gives excellent agreement with the vector analyzing power at 9 MeV.

The optical model has been used to describe
deuteron elastic scattering from a wide range of
target nuclei. Watanabe' has suggested that the
deuteron-nucleus potential might be calculated
from the empirically known nucleon-nucleus op-
tical potentials. In this so-called folding model,
the deuteron potential is taken to be the sum of
the neutron-nucleus and proton-nucleus poten-
tials, averaged over the internal motion of the
deuteron.

The purpose of the present Letter is to inves-
tigate whether the folding model correctly pre-
dicts the spin-dependent parts of the deuteron
optical- model potential. Phenomenological spin-
dependent potentials have shown some resem-
blance to the folding-model predictions, "but no
systematic investigation of the accuracy of the
spin-dependent potentials has been made,

When the nucleon-nucleus potentials are made
up of central and spin-orbit terms, the deuteron
potential will likewise contain a central and a
spin-orbit term. ' In addition, the folding-model
potential will contain a tensor potential of the

for m

provided that the effects of the deuteron D state
are included. ' In Eq. (1), r is the deuteron-nu-
cleus separation and the tensor operator, T, , is
defined by

T„=(s r)' ——'„
where s is the deuteron spin.

The spin-dependent potentials predicted' from
the folding model for 5.5-MeV deuterons incident
on Zr are shown in Fig. 2. These potentials
were calculated using formulas given by Raynal. '
The tensor potential is complex because the cen-
tral nucleon-nucleus potentials are complex.
The spin-orbit potential results from the neutron
and proton spin-orbit potentials and is thus pure-
ly real.

The spin-orbit and tensor potentials have only
a small effect on the elastic scattering cross
section, but do affect the analyzing powers' (i.e. ,

cross section for polarized incident deuterons).

986



VOLUME 30, NUMBER 20 PHYSICAL RK VIEW LETTERS 14 MAY 1973

1.0—

I.Q

"Zr(d,a) 5.5MeV
1

V(MeV)-

0.0:,
0.8-

~ ea,~ w4
~4

~--O-O
~ O~

-1.0-
QQI-

-2.0-
ooo~ +=I-I-I I'

'
I l~

-Q.QI-
6

r(fm)

FIG. 1. Spin-dependent parts of the folding-model po-
tential for ~OZr at 5.5 MeV as a function of deuteron-nu-
cleus separation. The real (imaginary) part of E(r) is
shown by the solid (dashed) curve. The spin-orbit po-
tential is obtained by multiplying the dotted curve by
l s.
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When the spin-dependent potentials are small
enough to be treated as perturbations, the spin-
orbit potential produces a nonzero vector analyz-
ing power (iT»), while the tensor potential pri-
marily affects the tensor analyzing powers (T~,
T2i T221*

There have previously been several optical-
model studies in which acceptable fits to vector
analyzing-power data were obtained by using
phenomenological spin-orbit potentials. ' It has
been stated' that the phenomenological spin-orbit
strength is consistent with that expected from the
folding model. However, a simple comparison
of the spin-orbit strengths for deuterons and nu-
cleons is not meaningful because the radial de-
pendence of the deuteron spin-orbit term em-
ployed in the phenomenological analyses is in
fact not consistent with that predicted from the
folding model. Optical- model studies involving
tensor analyzing powers have not been very suc-
cessful and, as a result, there is little phenom-
enological information on the tensor interaction
in deuteron scattering from intermediate-weight
nuclei.

In the present experiment the analyzing powers
and differential cross section were measured for
deuteron elastic scattering from "Zr at 5.5 MeV.
This energy is below the Coulomb barrier and
thus the analyzing powers are small. The experi-
mental techniques which were used have been
described in detail e1.sewhere. ' '" The results"
are shown in Fig. 2.

O.OO ~$- --'~pf++

-O.OI-

PQP i~m

T22
-0.01 I I I

60' 9Q 120'

C.M. ANGLE

I

150' 180

1.0

0/GR
0.6-

aozr(d, d)
1

9.0MeV
I I

0.2-

~~~~4 ~ O~~~
~W~~4~4mA

0.08-

0.04-

~Tii

Q.OO
f

I

150
I

604
-0.04 I I

904 120' 180'

C.M. ANGLE

FIG. 2. Angular distributions of the cross section an&
analyzing powers for deuteron elastic scattering from
9 Zr at 5.5 and 9.0 MeV. Measurements at 9.0 MeV are
from Ref. 18. Cross sections are plotted as ratios to
the Rutherford cross section and have relative errors
of 2% at 5.5 MeV and 5' at 9.0 MeV. The calculated
curves are described in the text. Where not shown, the
dashed curves coincide with the solid curves.
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TABLE I. Parameters describing the central parts of the optical-model poten-
tials. The notation is that of Ref. 13.

(MeV)
8

(fm)
az

(fm) (MeV)
Vg

(fm)
a&

(fm)

5.5 MeV
9.0 MeV

94.80
89.41

1.200
1.200

0.580
0.550

6.54
5.28

1.774
1.919

0,716
0, 749

We wish to compare the measurements with the
pr edictions of the folding model. The central
parts of the optical-model potential were param-
etrized in the usual way (see Ref. 13), and con-
sisted of a real Woods-Saxon well, a surface-
peaked imaginary potential, and the Coulomb po-
tential of a uniformly charged sphere of radius
1.3A~' fm. The folding-model spin-orbit poten-
tial was included, and the parameters describing
the central potentials were determined by fitting
the cross section and vector analyzing power.
No tensor potential was used during this part of
the analysis.

The final parameters are listed in Table I, and

the fits are shown by the dashed curves in Fig.
2. The agreement with the vector analyzing-pow-
er data indicates that the folding model provides
an adequate description of the spin-orbit poten-
tial, but the calculated tensor analyzing powers
are much smaller in magnitude than the mea-
surements. This provides evidence for the ex-
istence of a tensor interaction, as can be shown

by using arguments based on perturbation theory.
Since the vector analyzing power is very small in
magnitude, the spin-orbit potential can be treated
as a perturbation. If no tensor potential is pre-
sent, the tensor analyzing powers are second or-
der in the strength of the spin-orbit interaction,
while the vector analyzing power is first order. '
As a result, the calculated tensor analyzing pow-
ers must be substantially smaller in magnitude
than the vector analyzing power. " Since the mea-
sured tensor analyzing powers are as large in
magnitude as the vector analyzing power, tensor
forces must be present in the deuteron-nucleus
interaction.

To test the accuracy of the tensor part of the
folding-model potential, the tensor potential"
was included while the central and spin-orbit
parts of the optical-model potential remained un-
changed. The resulting analyzing powers are
given by the solid curves in Fig. 2. The agree-
ment with the measured tensor analyzing powers
is entirely satisfactory. The present study is

the first case in which angular distributions of
all five elastic-scattering observables have been
well reproduced by an optical-model calculation. "
This is especially significant when one considers
that the spin-dependent potentials contain no ad-
justable parameters, and that agreement with the
tensor analyzing powers was obtained without re-
adjustment of the parameters describing the cen-
tral potentials. We conclude that the folding mod-
el provides a good description of the optical-
model tensor potential. " However, the test of
the folding model is not very stringent since the
analyzing powers are small and show little struc-
ture.

As a further test of the folding-model spin-
orbit potential, we have analyzed previously re-
ported cross-section and vector analyzing-power
data for deuteron scattering from "Zr at 9.0
MeV. " The parameters describing the central
parts of the optical-model potential were deter-
mined as in the analysis described above. The
final parameters are listed in Table I, and the
calculated curves are shown in the bottom part
of Fig. 2. The fits are a significant improve-
ment over those obtained in Ref. 18. The spin-
orbit potential used in Ref. 18 is of the Thomas
form with V, , = 7 Me V, ~, , = 0.75 fm, and
a, , = 0.50 fm, and is typical of the phenomen-
ological spin-orbit potentials found in the liter-
ature. ' This potential is much deeper (2.1 MeV)
and is more sharply peaked than the folding-
model spin-orbit potential shown in Fig. 1, which
can be approximated by a Thomas potential with
V, , = 5.63 MeV, x, , =0.98 fm, and a, , = 1.00
fm. It is interesting that the present analysis,
which used a fixed spin-orbit potential, resulted
in an improved fit over that of Ref. 18 in which
the spin-orbit potential was varied. Apparently
the previous analysis did not explore parameter
space in sufficient detail, because of the large
number of parameters used.

7'e have shown that the folding model provides
a description of the spin-dependent parts of the
deuteron optical-model potential which is suffi-
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ciently accurate to describe the analyzing pow-
ers for sub-Coulomb elastic scattering. In addi-
tion we have found that the predicted spin-orbit
potential is consistent with the measured vector
analyzing power at higher energies. Additional
optical-model studies at higher energies (includ-
ing tensor analyzing-power data) must be made
before stronger conclusions can be drawn. These
studies may eventually show the necessity for
modifying the folding-model spin-dependent po-
tentials. Should that be the case, the model would

still provide a physically reasonable starting
point for further optical-model analysis.
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The theory of Lane for the anomaly in the excitation function of the (d, pg reaction near
the threshold of the analog (d, n) channel has been applied to polarized-beam measure-
ments. The anomaly effects, observed at several angles in both cross section and ana-
lyzing power in the reaction Sr(d, po)8~Sr, are reproduced by a distorted-wave Born-
approximation calculation, if the radial matrix elements for the proton exit channel with
l =1, j = 2 are modified by a resonance term.

Anomalous effects in excitation curves of the

(d, p, ) reaction near the threshold of the (d, n)

analog channel have been observed with several
spin-0' targets in the A = 90 mass region" and
pronounced effects have been found for the reac-

tion "Sr(d, p,)"Sr(—', ').' The anomaly is assumed
to originate from the isospin coupling of the 3p
neutron single-particle resonance to the proton
analog channel. " For A =90 nuclei the 3p reso-
nance is near the neutron emission threshold.
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