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Spin Dependence in the Deuteron Optical Modd
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1. Introduction

Over the last ten years many experiments have been reported which stu-
died the interaction between deuterons and nuclei. It has been shown
that the differential cross section, ¢(#), for deuteron elastic scattering in
rnany cases can be described with considerable accuracy by an optical
model similar to that used to describe scattering of protons and neutrons.
Hodgson' summarized the available information on the deuteron optical
model five years ago in an excdlent review paper. It was found that the
ouservalions generaly are consistent with the idea that the potential for
the deuteron should be related to the nucleon potential. In the most naive
picture, we might think of a deuteron potential simply as the sum of the
neutron and proton potential. The nucleon potentials are to be taken at
an energy equal to one-half the deuteron energy. Since the well-depth for
nucleon scattering is roughly 50 MeV, this leads to a central potential for
deuterons of about 100 MeV. While the experimental cross sections can
be described with several discrete values of the deuteron well depth (e.g.
50 MeV, 100 MeV, 150 MeV), the above argument leads one to prefer
the 100 MeV deep potential. This conclusion remains unchanged if one
treats the problem in a more sophisticated way, i.e., if one averages the
neutron and proton potential over the wave function of the deuteron, as
proposed by Watanabe? and others. In this model, the large size of the
deuteron leads to a potential wedl which falls off less rapidly than that for
nucleons. Testoni and Gomes®, for instance, find a diffuseness parameter
of 0.85 fm for the deuteron potential, as opposed to 0.65 fm for the nu-
cleon potential. The imaginary part of the deuteron potential cannot
readily be obtained from these arguments because the deuteron is subject
to break-up which has no counterpart in nucleon scattering.

The deuteron potential commonly used to analyze deuteron elastic cross
sections consists d the Coulomb potential ¥.(r), a central potential of
depth U(~ 100 MeV) and radia dependence f(r) of the Woods-Saxon
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type, and an absorptive potential of strength W and radial dependence
g(r) peaked near the nuclear surface (derivative d Woods-Saxon form):

V(central) = V() T U (r) + iW g(r).

This type of potential neglects the fact that the deuteron has spin. We
know that in nucle the spin-orbit force is strong The magnitude of the
spin-orbit potential between nucleons and nuclei is roughly 6 MeV4,
The primary purpose o this paper is to report on experiments to investi-
gate the spin-dependence for the deuteron-nucleus interaction.

2. Scattering of Polarized Deuterons

The mogt straightforward way to study the spin-dependenceis to perform
scattering experiments with a polarized beam. If the beam polarization is
turned on, the scattering cross section changes. The fractional change in
the cross section divided by the change in beam polarization is caled the
analyzing power of the reaction. The larger theanalyzing power, the larger
is the degree of spin-dependence o the scattering process. For scattering
of spin-1/2 particles, only one analyzing power is needed to describe the
scattering. For deuterons, the situation is more complicated because we
are dealing with particles of spin one (see Ref. 5). Thc cross section expres-
sion for the scattering of polarized deuterons® involves four analyzing
powers, namely a vector analyzing power iT;; and three tensor analyzing
powers T,, , T, and T,, . To measure these quantities we must use a pola-
rized beam with vector polarization it,, and/or tensor polarizations ¢, ,
t,; and t,, . If one wishes to measure iT;, , one prefers to use a beam with
zero tensor polarization. This can be done by suitable operation o a po-
larized-ion source® ’. The vector polarization of the beam causes a cos¢-
dependence (left-right asymmetry) in the cross section jud as in the case
of proton scattering. To measure the tensor polarization parameters we
can operate the ion source (see Re. 6) to produce rhe same number o
deuterons in the m; = * 1 state as in the m; = - 1 state, but a different
number (ideally all or none) in the m; = O state (aligned beam, no vector
polarization). By use of spin-precession devices between the ion source
and the accelerator we can choose the alignment axis o the beam in any
desired direction with respect to the beam direction and the normal to
the scattering plane.

Suppose the aignment axis 3 makes an angle a with the incident beam
direction and isrotated by an angle ¢ about the beam axiswherewe choose
¢ =0 to bein a plane perpendicular to the scattering plane (Fig. 1). The
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Fig. 1 - Diagram illugtrating the vector quantities important in the scattering of polanzed
beams.

expression for the cross section will now contain terms containing the
tensor analyzing powers. The T,, analyzing power is characterized by a
cos2¢-dependence in the cross section, T,; causes a sin¢g-dependence,
while T, causes a change in the cross section which is independent of ¢.
The expression for the cross section for a pure tensor-polarized bearn
(i.e., same number in them, = + 1 and m, = - 1 states) is given by (eq. 26
o Rd. 5)

6(0,¢) = o)1 + 2t (3cos® a—1) T, —\/-% tsin2e singT,, —
- \/é 1 sina cosd T, ],

where t = 12 (1-3N,) is a measure of the aignment of the beam. We

can separately determine the (unpolarized) differential cross section a(6)
and all three tensor analyzing powers if we measure the cross section with
four different sets of alignment directions(a, 4) since this will give us four
equations with four unknowns. In practice, we have used a dightly diffe-
rent method. We measureq(6) by turning off thesource-polarization(t = 0)
and take three measurements with the polarized beam, one for a =0
(alignment along the beam), one for & = 90°, ¢ = 0° (alignment up) and
a third one for a = 45°, ¢ = 90° (aignment in the scattering plane). The
first of these (a = 0) measures T,, independently of T,, and T,,. The
second measurement gives us a maximum sensitivity to T, , the third a
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maximum sensitivity to 7,,. The st of measurements given above is for
illustration only. Other orientations of the alignment axis could be chosen.
It is possible, for instance, to choose the alignment axis such that only
one of the three beam tensor parameters is different from zero. In part, the
choice is influenced by error wnsiderations: one wishes to choose condi-
tions which produce large changes in the beam tensor moments from one
orientation to the next and conditionsfor which a small error in the orien-
tation has little effect on the measurements.

The polarized-beam current on target for our experiments is typicaly
10-20 nA. After passing through the target chamber, the unscattered beam
enters a second chamber where the beam polarization is monitored conti-
nuously during the experiment. In this way, any mafunctioning o the
polarized-ion source or any error in the spin-precession angles is detected
immediately. The scattered deuterons are simultaneously detected at four
scattering angles by means of four counter telescopes wnsisting each of
a 100 pum thick AE-detector and a 25 nm thick E-detector. Scattered
deuterons are distinguished from (d, p)-protons by on-line anaysis of the
pulses in a computer.
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3 Measurements of the Veetor Anayzing Power

A few examples of recent measurements o the vector analyzing powers
are shown in Figs. 2 and 3 for targets between #°Ca and 2°®Ph. These
measurements were obtained by Schwandt, Bjorkholm, Kocher and Rath-
mell at our laboratory. The analyzing power is largefor 4°Ca and decreases
with increasing atomic weight of the target. For 2°8 Pb, where the bombar-
ding energy is near the Coulomb barrier, the effects become quite small
but are still easily detected. Additional measurements were made recently
by Lohr for many targets at deuteron energiesof 9, 11 and 13 MeV. One
exampleis shown in Fig. 4 The analyzing power is seen to increase rapidly
with deuteron energy. The angular dependence o iT,, showsperiod oscilla-
tions which are related to the oscillations in the cross section. It is found
that the position of the maximaand minimadf i7T,, dependsin a systematic
way on the nuclear radius, indicating that analysisin terms o a potential
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fig. 3 - Differential crosssectionsand vector analysingpowersfar elasticdeuter on scattering
on 2°3pp, 119§y and °°Zr.
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moded is meaningful. The energy dependence has been studied most exten-
vdy for *°Ca, where measurements between 5 and 11 MeV are available
from Wisconsin® and resultsat 21.4 MeV from Saclay® (Fig. 5). The magni-
tude and complexity o iT,,(8) increases considerably from7 to 21.4 MeV.
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Fig. 4 - The differential cross sections and vector analysing powers for elastic deuteron
scattering on ¢¥Zn for three different bombarding energies.

The curves shown in the above figuresare based on optical modd caicula-
tions. The potential consists of a central potential to which a spin-orbit
term o the foom LS is added:

V = V(central)+ V(L -S).

The radia dependence of V(L -9S) is d the Thomas form. The modd re-
produces the main features of the measurements reasonably well. The
generd conclusion is that the radius and diffuseness of the spin-orbit po-
tential are both abouth 20% smaller than the corresponding parameters
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o the central potential. The strength of the spin-orbit term is about 6 MeV
and of the samesign asfor nucleon scattering. The strength is compatible!®
with the idea that the spin-orbit force arises from the nucleon spin-orbit
force, taking into account that the deuteron isin a triplet state and each
nucleon in the deuteron carries one-haf the deuteron orbital angular
momentum.

In all our work we assumed a depth of the central potential near V = 100
MeV. The question arises whether polarization data can be used to elimi-
nate the ambiguity in ¥. Fg. 6 shows results by the Birmingham group®*
wherethe dashed curvesarefor V ~ 60 MeV, thesolid curvesfor V ~ 110
MeV. While the deeper potentia gives a better fit, it is not clear whether
suitable adjustments of the parameters for the shallower potential could
not give satisfactory agreement aso. In particular the amplitude of oscilla-
tionsfor ®>Nb could presumably be increased by using a larger spin-orbit
strength. More work along this line should be done since in the analysis
o the 214 MeV data on “°Ca Raynal'? aso finds a strong preference
for the deeper potential.

In all analysesdf thiskind thespin of the target nucleus isneglected entirely.
A comparison between scattering from 32Cr and 33Cr (spin 3/2) shows that
thereis no difference which could be attributed to the target spin (Fig. 7).
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Fig, 7 - Vector analysing powers for the elastic scattering of deuteronsby *2Cr and *3Cr.

195



4. Measurements o the Tensor Analyzing Powers

The first measurementsof tensor analyzing powers were done at Saclay®
and Wisconsin!3, Only two o the three moments were measured (T,,, and
T,,) since facilities were lacking for flexible spin precession. Obvioudly,
measurementsdf the tensor moments are of interest because they provide
much more experimental information than the cross section and vector
analyzing power. In particular, these measurementsare important to deter-
mine whether tensor forces act between the deuteron and the nucleus,
in addition to the L-S force. In order to wnstruct a tensor potential,
Satchler!* considered interactions which depend on deuteron spin S, po-
sition r, momentum p and angular momentum L. He showed that parity
conservation and symmetry of the scattering matrix limits the forms of
the tensor potential to three types which we will labdl Tgg , T,s and Ty, :
<r)2

La) =S 2,

Tps(r) = (L-S)* + 3L S) + 2L2,

Tsplr) = (S - p)y* - 3p*.

Each of the above termsis to be multiplied by a corresponding potential
depth and a function describing the radial dependence.

It has been shown!® that the tensor interaction is expected to have relati-
vdy little effect on the vector analyzing powers, but enters strongly into
into the tensor analyzing powers. More specifically, if we express the
interaction as

V = V(central}+ V(L -S) + V(tensor),

and assume the spin-dependent potentials to be wesk wmpared to the
central potential, the vector analyzing power depends on first-order terms
in V(L S), while the tensor analyzing powers involve terms o second
order in V(L-S), but first order terms in V(tensor) (see Ref. 15).

Raynal'? analyzed the Saclay tensor measurements for “°Ca and conclu-
ded that there was no evidence for tensor interaction. The first evidence
for a tensor interaction was presented by Schwandt and Haeberli®: *3
who analyzed a iT,;, T,, and T,, for deuteron scattering from
Al and #°Ca. Fig. 8 shows that indeed a tensor potential of the type Ty
improves the fit to the measured T,, and T,,. The same was found for
scattering from AL In both cases the S-r interaction was attractive
(Vszr @~ 5MeV) and o long range (r, = 1.4fm). A dight improvement is
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of deuteronsby 4°Ca at 21.4MeV. The figureis from Ref. 8.
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also noted for the *°Ca measurementsat 9 MeV (Fig. 9) but a tensor po-
tential of form T, has an adverse effect on iT;, . The evidence for a Tgg
potential is ill marginal but it is very interesting to notet® that the sign
and strength of the potential which we found by straightforward data
fitting agrees quantitatively with the Ty potential predicted by Raynal'’
on the basisd the Watanabe model. The Ty, term in this case arises from
the D-state of the deuteron® 1416, In the same modd, potentials o the
form T and T can arise from the non-locality o the nucleon optical
potentials??,
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Fig. 9 - Differentialcrosssection,and vector and tensor analysing power sfor elastic scattering
of deuterons by “°Ca a 9 MeV. The figure is from Ref. 8.
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Fig. 10 - Tensor and vector analysing powers for the elastic scattering of deuterons by 28S:.
The curves are explained in the text. The figureis from Ref. 18.

Additional evidence for a tensor potentia arises from the recent Canberra
measurements'® of all three tensor moments in deuteron scattering from
24Mg and 28Si. Their results for 288i at 7 MeV are shown in Fig. 10. The
light curvesare calculated with a spin-orhit force only, the heavy lines with
spin-orbit force and Ty tensor potential. The most interesting feature is
that 7, , which was not determined in the earlier experiments, seems to
be the quantity most sensitive to tensor interaction. It would seem extre-
mely useful to have measurements of all three tensor analyzing powers
for heavier nuclei. Goddard at our laboratory has started such experiments.
As an example, measurements on 3#Fe at 10 MeV are shown in Fig. 11.
The solid curves are predictions based on V(central) + V(L -S),where the
potential parameters were determined by fitting cross sections and vector
analyzing powers. The agreement is poor but again we notc in particular
that the predicted 7., is much too small. A tensor term of the type (T3g)
and magnitude proposed by SchwandtS gives more reasonable magnitudes
o T,; (dashed curve) but no agreement with the data Much work will
till be required on this problem.
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5. Tensor Effects in the Coulomb |nteraction

L. Knutson at our laboratory has recently done an experiment to investi-
gate the tensor interaction which occurs in Coulomb scattering. From
classical electrostatics we know that the force on a deuteron in an electric
fidd should consist of a part equal to the deuteron charge timesthe electric
field, plus a part which is proportional to the deuteron electric quadrupole
moment times the second derivate of the electric fiedd. The second part
depends on theorientation of thedeuteron and leadsto a tensor interaction,
asfirst pointed out by Raynal'®. The effective potential which arisesfrom

the deuteron quadrupole moment Q is

200

3
Volr) = + 7Q Zezir—3

1

150°

T:SR’

“Tsoe



where Ty IS the same as before. Knutson made calculationsd the expec-
ted analyzing powersfor scattering of 9 MeV deuteronson lead. The results
of the calculations are shown in Fig. 12. In order to estimate the effect
of the nuclear potential, calculations were also made for V(central) + )
+ V(L.S) using the parameters determined from deuteron scattering on
208 pp gt 12 MeV. The nuclear potential has a noticeabl eeffect on the cross
section (Fig. 12) but produces analyzing powers < 0001, i.e., thereis not
enough penetration into the nucleus to fed the spin-orbit force. Indeed
the calculated iT;; are zero. The measured tensor analyzing powers are
small as predicted by the calculations, but not in quantitative agreement
with the predictions(Fig. 12). The resultsillustrate that very small polari-
zation effectsare now accessibleto experiment. The fact that the measured
iT;, is significantly different from zero may indicate that the spin-orbit
term extends to larger radii than had been assumed. This, however, would
not explain why the tensor analyzing powers are as large or larger than
iT; smce the spin-orbit term is a second-order effect in the tensor analyzing
powers'®. Thus one may also need a weak long-range tensor interaction
in addltlon to the quadrupol e interaction. One objection to the calculations
is that electric polarization of the deuteron and coupling to the stripping
channels was neglected.
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6. Nucdlear Reactions Induced by Deuterons

Deuteron stripping reactions have been described very successfully by
the distorted-wave theory (DWBA). The deuteron potential enters in the
calculations as the distorting potential of the incoming deuteron wave.
In contrast to elastic scattering, which is sensitive only to the asymptotic
form of the deuteron wavefunction, the reaction will depend on the deute-
ron wave function near the nuclear surface and may be even inside the
nucleus.

As a whole, cross sections calculated with DWBA are in reasonable agree-
ment with experiment. One of the shortcomings of the calculations has
been the difficulty of reproducing the behavior at large reaction angles.
This is not particularly surprising, since at large angles the cross section
is very small and thus very sensitive to small errors in the reaction matrix
edlements. The specid interest in large reaction angles arises from the
empirical observation by Lee and Schiffer!®-2° that for large angles the
crosssection for I = 1 transitionsshowsaj-dependence, e.g for >4 Fe(d, p)°° Fe
thej = 1/27 transitions show a pronounced minimum in the cross section
near 135° while the j = 3/27 transitions do not. Attempts to explain this
feature by DWBA cal culations were unsuccessful>®-2* even though adjust-
ment o various parameters (including the deuteron spin-orbit strength)
weretried. It isinteresting to note that the Lee-Schiffer effect is reproduced
qualitatively without further adjustment of parameters when one uses
deuteron potentials which are derived from measurementsof the deuteron
cross section and the vector analyzing power. An exampleis illustrated in
Fig. 13 where on the Ieft are shown curves through the experimental cross
section points?® and on the right the DWBA predictions. The agreement
is by no means perfect, but the calculations seem to reproduce the quali-
tative featuresaf thej-dependence,including the observation that at 8 MeV
bombarding energy the j-dependence becomes weaker. The improvement
in the calculationscannot be traced to a particular optical model parameter
but presumably is a consequence of the fact that deuteron polarization
measurements place a more rigid restraint on all parameters than cross
section measurements alone. Robson?? has reported similar calculations
for *°Ca(d, p) using parameters which Satchler obtained by analyzing the
Wisconsin polarization measurements. Robson expressed surprise about
the failure of the earlier calculations because he was not aware that the
inclusion of polarization measurementsin the determination o theoptical
parameters was a novel feature. Robson's calculations on 34Fe(d, p)*3Fe
are based on optical model parameters which are incompatible with deu-
teron scattering from >*Fe.
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Fig. 13 - DWBA calculations of the 3*Fe(d, p)**Fe cross sectionsat 8, 10 and 12 MeV
(right-hand side of figure), compared to the measured cross sections (left-hand side). The

calculations qualitatively reproduce the observed j-dependence.

We would expect that the spin-dependence of the deuteron potential
should in someway be reflected in polarization effectsin stripping reactions.
One possible type of experiment is to measure the polarization of the
“outgoing nucleonsin a double scattering experiment. If a polarized beam
is available, however, it is much more convenient to measure the analyzing
power. Yule?3 first showed that the analyzing power in stripping reactions
is large and strongly spin-dependent. An example of recent results by
Kocher isshown in Fig. 14. The curves were calculated without parameter
adjustment from proton and deuteron optical potentials containing a
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Fig. 14 - Differential crosssectionsand vector analysingpower sof ther eactions®2Cr(d, p)*3Cr.

spin-orbit term. However, results o this kind are not useful to test the
correctness of the deuteron spin-orbit term since the analyzing power in
fact arisesprimarily from the central distortions. Thiscan beseen in Fig. 15
which showscalculations®* o the analyzing powersfor *°Ca(d, p)*! Ca with
and without spin-orbit terms in deuteron and proton potentials. For
288i(d, p)*>°Si the spin-orbit term has a more pronounced effect, but expe-
rimentson this reaction indicate** that compound-nucleus formation con-
tributes significantly to the reaction. The most promising approach is to
study [ = O transitions, because in this case the analyzing power anses
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only through the spin-dependent distortions. Such measurementshave been
done on 288r, ?°Zr, 1*7Sn and '*?Sn and are found to be in reasonable
agreement with DWBA calculations?®-25, |t would be particularly inte-
resting to compare (d, p)-analyzing powers with (d, p) polarization measu-
rements since the proton and deuteron spin-orbit distortions enter in diffe-
rent waysand thus can be determined separately from one another. Instead
of measuring the proton polarization, which is difficult experimentally, it
is more advantageous to measure the analyzing power in the inverse
(p, d)-reaction. Measurementsd the analyzing powers in 11°Sn(d, p)!2° Sn
and in *?°Sn(p,d)*'°Sn are now available?®> but unfortunately the two
measurements are Not at the same center-of-massenergy.
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Fig. 15 - Calculated vector analysing powers of the r eactions?#8i(d, p)*°Siand *°Ca(d, p)*'Ca,
for different srengths of the spin-orbit termsin the proton and deuteron potentials.
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Another interesting field which is now being explored is the measurement
o tensor analyzing powers in (d, p)-reactions. An example of very recent
measurementsby Rohrigis shown in Fig, 16. for thereaction 3*Fe(d, p)**Fe
at 10 MeV bombarding energy. Particularly noteworthy is the fact that
T, is large, in contradiction to DWBA calculations using the potentials
V{central) T V(L -S) derived from deuteron and proton elastic scattering,
Thereis a good chance that we may leam more about the deuteron tensor
interaction from such measurements.
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Fig. 16 - Tensor analysing powers of the reaction *Fe(d, p)**Fe

7. Single Particle States

The spin-dependence of the deuteron-nucleusforce can be seen in a par-
ticularly clear way‘*m the scattering of deuterons from the a-particle. The
most general way to analyze elagtic scattering is to perform a phase-shift
analysis. Because of the deuteron spin, for each value of / (except 1=0),
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Fig. 17 - Differential cross sections and vector analysing powers of the eagtic scattenng
of deuteronsby *He. The figure is from Ref. 30.
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there will be three phase shifts corresponding to total angular momenta
J=1I-1,land 1+ 1 Thusfor ! < 2, we are dealing with 7 complex phase
shifts. If we make no simplifying assumption about theinteraction, we must
recognize the fact that tensor interactions, which do not conservel may be
present. Off-diagona elements are therefore introduced into the collison
matrix which results in coupling of the s- and d-wave J = 1 phase shifts.
Theformalism for theinclusion o this coupling in a phase shift description
o the scattering is given by Blatt and Biedenharn®?-28, In the presence
o such coupling the s- and d-wave J =1 phase shifts are replaced by
eigen phase shifts of the 2 by 2 J=1 collision matrix plus a coupling
parameter. These quantities are denotel by &,, 6, and e respectively.

It is abviously not possible to determine the phase shifts uniquely from
cross section measurementsalone. The phase-shifts| am going to discuss
were obtained by Mclntyre several years ago®® on the basis of crude (by
present standards) measurements o all three tensor moments. Later,
Keller3® measured the vector analyzing power in d-a scattering and found
that only minor adjustments in Mclntyre’s phase shifts were necessary to
fit thedata A sample o his measurementsand phase shift calculationsis
shown in Fig. 17. More recently, excellent measurements of the tensor
anayzing power have been obtained at Ziirich®! but again the (preliminary)
analysis has shown qualitative agreement with the earlier results.

The main featured thed-a phase shifts between 2 and 10 MeV istheabsen-
ce of p-wave resonancesand the presence of broad statesof J=1* and 2*.
The energy dependence d the even-parity phase shiftsis wel reproduced
by the single-level approximation o R-matrix theory. In Fig. 18, the solid
curves show the phase shifts determinet from experiment, the dashed lines
are caculated from single-level theory. We see that the imaginary parts
of the phase shifts are small. The unusual behavior o the J=1* eigen
phases §, , 0, is explained by the assumption that the 1-level has alarge
d-wave W|dth(y2 = 21 MeV) and a small swavewidth(y> = 0.01 MeV).

The reduced width of the J= 27 resonance is aso large (y> = 25 MeV).

Thus, we can think of both states as a deuteron with orbital angular mo-
mentum 1= 2 moving in the field of the a-particle. This led us to try to
describe d-o phase shifts by a simple potential wel. A rea potential was
used since the imaginary parts of the phasesare small Obviously, we need
a spin-orbit term to produce a splitting of the states with different J (2*

and 1) but same . Fig. 19 shows the experimental phase shifts (dots)
compared to the potential modd. Also shown is the low-energy region
where there is a well-known J = 3* state near 1 MeV. The caculated
curves show beautifully how the spin-orhit force splits the d-wave single
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Fig. 18 - Calculated and experimental phase shifts for “He(d, dy*He. The solid curves are

from experimenta data, while the dashed curves are based on single level theory. The figure
is from Ref. 29.
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particle state into a triplet. The state of highest J is lowest in energy (“in-
verted triplet”) and also narrower than the others because the barrier
(Coulomb and angular momentum) is larger for low energies. The cacula
tion explainsall features of the even-parity phase shifts, except those asso-
ciated with the tensor interaction (non-crossing o eigen-phases). The cd-
culated p-wave phase shifts are small (< 20°), in qualitative agreement
with the experimental phase shifts. The central potential used in thecalcula-
tions was near 80 MeV, instead of near 110 MeV for the heavier nuclel
discussed earlier, but thisisoffset by usingalarger radiusparameter (1.15 fm
instead of 1.05). Satchler et al.>?> have shown that also p-o. and n-o scatte-
ring is wel described by a real optical potential.

8. Concdlusons

The presence of a spin-orbit term in the deuteron optical modd is clearly
revealed from measurementsd the vector analyzing power on many nuclei.
A spin-orbit force of the Thomas form and geometrical parameters about
209, smaller than those of the central potential gives an adequate descrip
tion of the results. The spin-orhit strength is compatible with the Wata-
nabe model but there are indications that agreement with the measure-
ments can be obtained over a considerable range o values if all other
parameters are readjusted. Accurate measurements of the total reaction
cross section would be helpful.

Measurements of the tensor analyzing powers show that some form o
tensor interaction is required. The effect of the tensor forceis also seen in
d-a scattering. From observations on Mg, S, Al and Ca there is some
evidence that the S-r tensor potential may be the most important one.
Thefact that two o the threeformsof tensor interaction do not conserve!
introduces a substantial complication in the cal culations. The non-diagonal
elements have been neglected in most calculations but this approximation
must bestudied further. The tensor effectscaused by the quadrupole moment
o the deuteron are found to be small.

The possibility to study the deuteron spin-dependencefrom polarization
measurementson ! = 0 stripping transitions has not yet been fully explored.
Measurements are needed o the vector and tensor analyzing powers for
(d, p) and the inverse (p, 9 reaction at the same center-of-mass energy.
Recent measurements of the T,, analyzing power in stripping reactions
suggest that this term is particularly sensitive to the deuteron tensor in-
teraction.
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