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Abstract: Spin-dependent interactions responsible for vector analyzing powers
in elastic scattering of 6'7E1 are investigated wich a special interest in the
competition between folding spin-orbit potentials and higher orders of tensor
interactions including projectile virtual excitations. For 150 gElabzAO MeV,
they are both important. For ElabSZO MeV, however, the folding spin-orbit
potential cannot be effective because the attenuation due to the projectile

excitation and/or the Coulomb barrier prevent the projectile from intr.ding into

the spin-orbit effective area.



Much actencion has been paid on the spin-dependent interaccions which

6,7

generate vector and tensor analyzing powers in scattering of polarized Li

5841 ac 14.2 and 20.3 MeV, the following

ions. For the 7E1 scattering from
features (i)~(iii) of the jnteraccions has become well-known [1,2,3], especially
through the coupled-channel (CC) calculations [2,3] wich cluster-folding tensor
interactions which cause the projectile excitation to the 1/2” bound state (g=1)
at Ex-0.478 MeV and the 7/2° and 5/2° resonance states (£=3) ac sx-a.es and 6.68
MeV as well as the reorientatioa of the 3/2” ground state (g=1): (i) The large
tensor analyzing powers are given chlefly by the folding tensor potential of the
ground state which has a large quadrupole moment, whereas the contribution of
the projectile virtual excitation is small. (ii) The vector analyzing power,
which is rather small, 1.e.[iT11(a)|50.05. is attributed to the second- and
higher-order effects of the folding tensor potential and those of the tensor
coupling to the excited states, (iii) The contribution of the folding
spin-orbit potential to the vector analyzing power is negligibly small and even

has the opposite sign to the observed. Similarly, as for 6f3+53

Ni at 20.0 Mev,
it was found [2,3] that the contribution of the folding spin-orbit potencial to
the vector analyzing power 1s negligible, and the vector analyzing power is
explained by the second- and higher-order affect of the tensor interactions
which excite the projectile to the 3+, 2+ and 1+ resonance scates (2»2) ac
Ex-2.19. 4.31 and 5.65 MeV, raspectively.

T 6‘7f1 scattering from light targets at ~20 MeV, however, there remains

Fo
somewhat puzzling problem about the spin-dependent interactions which are
responsible for explaining the observed vector analyzing power. Namely, the
gross feature of the racher large, observed vector anmalyzing power, !iTll(B)Is

12, scattering at 21.1 MeV (4] is fairly well reproduced by the

0.4, for the 'Li+
single-channel (3/27) calculation in which the central potential is searched

within che Woods~Saxon geometry but the spin-orbit potencial is fixed to the



cluster~folding one (no tensor potential is included). A similar single-channel
calculation appeared in ref.[4] fits to the analyzing-power data, where all
parameters are fully varied. Such considerable successes are in a striking

contrast to the case of 7L:I.+58

Ni scattering at the similar energy. On the other
hand, however, in our previous work (5] the same data were also reproduced with
the CC calculation mentioned above; the vector analyzing power was attributed to
the aame type of tensor interactions as in 7£1+58Ni, and the calculated vector
analyzing power was affected little by the inclusion (or neglect) of the folding
spin~orbit potential. How can the puzzle of these contradicting conclusions be
solved? A similar problem will happen in 6E1+160 at 22,8 MeV when a single-
channel calculation with the folding spin-orbit potential (6] is compared with
our previous CC calculation including the 3+. 2+ and l+ excited states of 6Li Cs].
In this letter, we shall solve this puzzling problem on the vector
analyzing power in the 6'7E; scattering at E1.b=20 MeV and discuss, in a wide
range of targets and energies, the role of the folding spin-orbit potential in
the presence of the tensor interactions, & part of which induces the virtual
excitation of the projectile. Coupling with excited states of the projectile is
treated in the CC framework (2] as mentioned above. Internal states of the
7Li(6Li) nucleus are described by an a~t{a-d) cluster model. The method of
calculating the interactions between the projectile and the target has been
described in detail in ref.[2], which is followed by the present calculation.
For the 7L1 case, for example, the cluster folding interaction for the
transition of the projecrile between i-th state and j-th state is given by
folding the o-target and t-target optical potentials into the two states. The
7Li-carge: spin-orbit potential is generated by folding the spin-orbit part of
the t-target potential into the ground state of 7Li. Both the third-rank tensor

interaction and the spin—orbit coupling to the excited states are ignored to

simplify the conclusion. Actually, they are not important at all for the cases



studied in the present note. It is to be noted that there is no adjustable
parameter left in the cluster-folding interactions once the optical potentials
are chosen from literature. For simplicity in the discussions below, we shortly
refer to the folding central and spin-orbit potentials as "C" and "LS",
respectively, and the tensor interactions as "T". Here, T indicates both the
folding tensor potencial and the tensor coupling interactions.

Figure 1 shows the obsarved and calculated vector analyzing powers, 1T11'

2 12

7 C at 21.1 MeV. Thea-""C and c-lzc optical potentials are taken from

for E1+l
refs. [ 7] and [8], which reproduce the observed data for tensor analyzing powers
very well [5] by the CC method of this note. The singla-channel calculation
with C+LS is given by the upper-most dotted curve which may be considered to
represent the pure contribution of the folding spin-orbit potential to 1r11 and
fits fairly well the gross behaviour of the observed 1111. The other three
_parcs of Fig.l show the results of the CC calculations with C+T+LS by the solid
curves and those with C+T by the dashed ones; the projectile states included in
the three calculations are the 3/2  (ground) scate only, the 3/2” and 1/2°
states and the 3/2°, 1/27, 7/2° and 5/2° states, respectively, from top to
bottom, The difference between the solid and dashed curves in the individual
part of Fig.l is identified as the contribution of the folding spin-orbit
potential in the presence of the tensor interacticns. It is clearly seen that
the concribution decreases quickly wich the increase of the projectile exciced
channels coupled. In spite of the fit to the rather large iTll by the single-~
channel calculaction with C+LS only, the effect of LS is almost completely
attenuated by the virtual excitations of the 7Li projectile to the 2T, 12T
and 5/2° states. It will be worth while noting that a similar attenuation of
the effect of LS is also seen in third-rank tensor analyzing powers.

The mechanism of this atctenuation may be understood as follows: As is seen

in Fig.2 LS is of a volume type and the range is much shorcer than that of T



which causes the excitation of the projectile in the surface, Therefore, the
incident wave will hardly touch the nuclear incerior where LS is effective. In
fact, it is found that when the coupling to the excited states is switched on,
an additional absorption is particularly induced on the elastic-scattering
partial waves with small angular momenta vhich correspond to the range of LS.
For the case of heavier targets such as 58“1. the short-ranged LS is alraady
screened by the high Coulomb barrier even in the single channel calculation with
C+LS. On the other hand, for the case of light targets, the barrier is low
enough for the incident wave to r:ach LS as long as T is neglected; it wmay then
be said chat, on account of neglecting T, the aingle-channel model with LS plus
a phenomenological central potential could luckily account for the magnitude of
cthe obgerved itll' Due to lack of T, however, this model cannot explain at all
the large tensor analyzing powers observed; the second-order contribution of LS
to the tensor analyzing povers is negligibly small. Therefore, this model is
not suitable for a consistent understanding of the whole observables in the 751
gcattering. On the other hand, the present CC model can account for the tensor
analyzing powers by ‘T and simultaneously vector analyzing power by the second-

)

*
and higher—otder effect of T. As long as T is ignored, the vrole of LS looks

*)If one tries to simulate this effect of T on iT,. with the use of an effective

11
spin-otbit (S0) potential in a single-chamnel framework, he will obtain a
potential which is located in the surface region where T is active. But, a
further introduction of some tensor potential is necessary to explain the tensor
analyzing powers, and this potential will also contribute substantially to 1T11'
Hence, the SO potential which explains iTll in the presence pf the tensor
potential will much differ from the effective SO potential mentioned above. One

should be careful of this point when he intends to discuss about effective S0

potentials.



significant for light targets, but it is factally attenuated by the presence of T
in actual case. This warns us that it is not always adequate to consider vector
analyzing power to reflect principally the strength of a spin~orbit potential in
scattering of polarized ions.

6 16
For the scattering of "Li from

0 ac 22.8 MeV, the analysi. same as the
above is made and a siviilar conclusion is obtained for the roles of LS and T in
the explanation of the vector analyzing power.

Since tha strength of the spin-orbit potentisl is propotional to the
angular momentum, it is expected that the role of LS in vector amalyziag power
becomes important when the incident energy is incresased. In fact, a substantial

e
effect of LS is seen in 7Li+12°

Su at 44 MeV. TFigure 3 shows the cross section
and the vector snalyzing power of the scattering givean by the receat experiment
at Heidelberg [ 9] and by the present CC calculation where the 3/2°, 1/27, 7/2°
and 5/2° states of the 7Li projectile are taken into account. The a-carget.nnd
t-target optical potentials are taken from refs. [10] and [I1], respectrively.
(This type of CC calculation (127 was found to reproduce well the second- and
third~rank tensof annlfzing powers observed [9] as well as the vector one.) The

pure contribution of LS to iT,, i: represented with the dotted curve given by

11
the single-channel (3/27) calculation, and it is rather large in contrast with
7= 58

the negligible role of LS in £;+ Ni at 20.3 MeV. The coatribution of T to
1T11 in the four-channel calculation without LS is shown by the dashed curve,
which is about [.5 times as large as the pure contribution of LS in magnicude
with the oppogite sign. The solid curve in Fig.3 shows the coherent
contribution of T and LS in the four-channel calculation and iI'11 is nearly the
simple suw of che dotted and dashed curves. We thus note that in 7E;+1208n
scattering at 44 MeV the role of LS is evident (amounting to about 2/3 of that
of T) and is still significant even in the presence of T.

For 7Li+12C scattering at 48 MeV where no measurement of the polariza-



tion quantities has been made so far, a present type of CC calculation [12]
reproduces well the observed cross sections {13} of the elascic scattering and
inelastic one to the projectile and target excited states. The calculation
predicts that the contribution of LS to the vector analyzing power is dominant
for ecmsbo' though it is still smaller than the contribution of T for ecm;SO'.
For 9Li+12C scattering at 150 MaV, a present type of CC calculation [14]
reproduces the observed elastic cross section snd shows that the individual
contributions of LS and T to :LT11 are very similar to each other with the same
positive sign and a weak angular dependence (a half of the contribution of T
comes from the virtual projectile breakup into the non-resonant continuuw
gtates); the coherent contribution of LS and T is predicted to be typically
1111-0.12 and 0.20 at two peaks of the differential cross section (ch-lz' and
20°, respectively). This estimation is consistent with the double-scattering

experiment of b1 by 120 4¢ 150 Hev (14); the observed value is |iT11|- 0.02

1
{f g:éi‘ at 8= (12 % 1.5)".
We have gtudied the spin-dependent interactions which are responsible for

675
i scattering. ©Special attention has

the vector analyzing power of the
been paid on the competition between the folding spin-orbit potential and the
higher-order effect of the tensor interactions including the projectile
excitations. For Elabzao MeV, both are comparably important for the vector
analyzing powers. For El.b52° MeV, however, the folding spin-orbit potential
can be neglected; it is interesting that for light targets the pure contribution
of the folding spin-orbit potential looks rather large if che tensor

interactions are neglected, but the contribution is fatally attenuated by the

presence of the strong temsor coupling to the projectile excited chamnels.
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Figure captions

-
Fig.l. Coupled-channel calculation of the vector analyzing power for 7L1+12C

at 21.1 MeV. The upper-most curve shows the pure contribution of the
folding spin-orbit potential (LS). The curves below show results of
che CC calculations with LS (solid curves) and without LS (dashed

curves), The data are caken from ref.[4].

Fig.2. Geometry of the folding spin-orbit potential (LS), real part of the
folding central potential (C) and real part of the rensor coupling

potential (T) between the 3/2° and 1/2° atates for 7Li+12C at 21.1 Mav.

1205, ar 44 MeV. The

Fig.3. Cross section and vector analyzing power for 7E1+
solid and dashed curves are given by the four-chamnnel CC calculations
with and without the folding spin-orbit potential (LS), respectively.
The dotted curve shows the result of the single-channel calculation

with.LS but without the folding tensor potential. The data are taken

from ref.[91.
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