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The shapes of the observed angular distributions for the reactions ~ '+Si('9F, '60) '33P
to 2' and 2' states differ strongly. A consistent description of this j dependence and of
the ground-state 2 angular distributions is given by distorted-wave Born-approximation
calculations which assume triton cluster transfer and include spin-orbit potentials in
both entrance and exit channels. We find from coupled-channel Born-approximation cal-
culations that inelastic excitation of ~F does not affect the shapes significantly.

Rather little is known about spin-dependent
terms in the heavy-ion optical potential, although
recent work' with a polarized 'Li beam has shown
the need for a spin-orbit l ~ s term. Transfer
reactions in principle should be sensitive to spin-
dependent forces. However, when using heavy
ions, one is concerned with the transfer of a par-
ticle from an (l» j,) orbital in the projectile to an

(l„j,) orbital in the residual nucleus. The angu-
lar momentum selection rules for a one-step
process usually then allow several values of the
transferred angular momentum L, and these can
differ according to whether the angular momen-
tum transferred to the target nucleus, j„is ly

+ & or E, —&. This difference in L gives rise to
a strong j, dependence even in the absence of
spin-dependent potentials. ' In the present work
we choose a case where 3, = 0 so that L = /, unique-
ly and the dependence of the angular distribution
on j, for a given L can be observed.

Specifically we have studied the reactions
'~"Si("F "0)""PatE»=60 MeV. We assume
that these reactions transfer a tritonlike cluster
of three particles in a relative Os state, thereby
preselv1ng the simplicity of a one-particle trans-
fer process. This assumption should be well jus-
tified for the ("Ol"F) overlap since 92lo of the
"Fwave function can be expressed" in terms of
a cluster moving with angular momentum /, = 0
with respect to the "0 core. The (Silp) overlap
presumably involves a number of components,
however the relative Os cluster should dominate
the reaction since (1) this allows the c.m. wave
function to extend as far out as possible which is
important for surface reactions and (2) this does
not require rearrangement of the three particles
during the transfer process. Since l, = 0 with the
cluster assumption, we have, as remarked, L =/y

uniquely. Furthermore, since the target spin is

zero, the spin of the residual nucleus is j,. Thus
we can compare L = 2 transfer to the lowest &'

and 2' states of "P and "P; we also study L = 0
transfer to the &' ground states.

The experiments were carried out with a 60-
MeV "P'+ beam from the MP tandem van de
Graaff accelerator of the University of Minnesota.
using a sputter-type ion source and Freon as
source gas. Beam currents of 300-500 nA of
"F(6")were used to bombard isotopically en-
riched SiO, targets (about 50 pg/cm'), which had
a carbon backing (about 5 p, g/cm'). The targets
were continuously rotated while in the beam to
reduce target deterioration. The reaction pro-
ducts were momentum analyzed by an Enge split-
pole magnetic spectrograph. Three charge states
(6', 7', 8') of "0, which include more than 99%
of all "0 ions in the present experiment, were
detected simultaneously by position- sensitive,
solid-state detectors placed along the focal sur-
face. The spectrograph entrance aperture was
set to 0.568 msr corresponding to an angular ac-
ceptance of 1 . We have also measured the "F
elastic scattering on '""Si at E»&= 60 MeV be-
tween 0, ,

= 10' and 60'. The optical-potential
parameters deduced from these data are given
in Table I as sets I and II for "Si and set III for
"S1.

The experimental angular distributions for the
transitions to the lowest -', —,', and —,' states of
"P and "P are shown in Fig. 1. Note the dra-
matic difference in the observed angular distri-
butions for the 2+ and 2 states which both corre-
spond to L = 2 transfer. This is strikingly simi-
lar to the j, dependence observed in (n, p) reac-
tions, '" as we discuss further below.

We have carried out finite-range full-recoil dis-
torted-wave Born-approximation (DWBA) calcula-
tions, with the code' LOLA, in the post represen-
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TABLE I. Optical-potential parameters.

Channel
V F„Q„W yl +I V)s &I,s )s c

(Me+ (fm) (fm) (MeV) {fm) {fm) (MeV) (fm) (fm) (frn)

9F+28S;
i8F +28Si
"F+"Si
"F+"Si
16p + 31p
16O + 3ip

Note a

Set I
Set II
Set II'
Set III
Set IV
Set V

25.5
28.9
30.5
24.6
23.6
31.2

Note b

1.29 0.56
1.39 0.44
1.36 0.46
1.27 0.63
1.35 0.47
1,45 0.47
1.25 0.65

48.1
16.3
8.1

49.0
12.6
15.1

1.06
1.02
1.21
1.15
1.27
1.27

0.67
0.80
0.72
0.64
0.26
0.31

3.0 1.35
3.0 1.35

0.75 1.24
6.3 1.25

0.40
0.40

1.20
1,20
1,20
1.20
1.35

0.37 1.35
0.65 1.25

Triton bound state (see text).
Adjusted to fit separation energy.
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FIG. 1. Angular distributions of the reactions
8*30Si(' F, '60) at E~„I, ——60 MeV leading to the lowest

2+, 2', and 2' levels of '" P. The full and dashed
lines are, respectively, the result of the DWBA and
CCBA calculations without spin-orbit forces which are
discussed in the text.

tation. In these calculations, potential sets I or
III of Table I were employed in the entrance chan-
nel, and set IV in the exit channel. The latter
was taken from an analysis' of "0 scattering on

S since no elastic data exist for "0+"P. As
regards triton bound-state parameters rather lit-
tle is known, so we simply adopted the usual pro-
ton values except that the radius parameter was
increased a little by using the prescription r(4.„„
+3)'~' on the basis of the u particle work of Arima
and Yoshida. '

The DWBA results given by the full curves in
Fig. I are completely out of phase with the data
for the ~ and 2+ levels; such anomalies have
been found previously in some single-nucleon-
transfer reactions, e.g. , Bond et al." Further-
more, the striking difference in the shapes of the

2' and ~2+ angular distributions is not reproduced
by DWBA calculations. As is to be expected, the
difference in binding energies for the two states
and the assumed bound state 1 s potential were
found to produce only a minor j, dependence. It
is worth remarking that in the case of transfer of
an excited triton with l, = 1 with respect to the "0
core, the angular distributions for the ~ and 2'
levels have the correct phasing. However, the
magnitude of the cross sections is estimated to
be at least a factor of 100 smaller than obtained
above.

The cross sections in Fig. f, obtained with
LOLA, have been normalized to the data; if the
absolute cross section for the —,

'' level is com-
pared to the data a product of spectroscopic fac-
tors Oy 02 0 45 is found. This is rather large
since the shell model'" gives 0,' =0.32 for the
projectile system and one would expect a signifi-
cantly smaller value for the residual nucleus sys-
tem. (Values of 8,'6, '= 0.36 and 0.16 are needed
for the —', ' and —,

'+ levels, respectively. ) We note
that the magnitudes are found to be sensitive to
the optical parameters and further that such dis-
crepancies often arise in multinucleon transfers.
We shall focus in the following on the shapes of
the angular distributions. For this purpose it is
sufficient to use the no-recoil approximation,
since we have found that it gives results which
differ from the full-recoil case mainly in magni-
tude, with only a small change in phase at the
largest angles of interest here.

We first consider the effects of multistep proc-
esses since, for example, this improves the
phasing" in the reaction "F("0,"N)"Ne.
most natural to study inelastic exeitations of "F
since this nucleus is known to be strongly de-
formed. Accordingly we have carried out a
coupled-channel Born-approximation (CCBA)
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calculation allowing inelastic excitation of the
0.197-MeV, 2 and 1.56-MeV, 2' levels of "F.
Deformation parameters" P, = 0.4 and P, = 0.14
were used for the inelastic excitation and the op-
tical-potential set I of Table I was used without
adjustment since the fit to the elastic data was
little affected. The relative spectroscopic amp-
litudes of Ref. 3 were used, and care was taken
to ensure a consistent choice of phases. The
transfer from factors were generated" in the no-
recoil approximation using the bound-state pa-
rameters of Table I. The resulting CCBA pre-
dictions, normalized to the data, are given by the
dashed curves in Fig. 1 and it is seen that they
are qualitatively quite similar to the original
DWBA results.

Now as we have remarked, the difference be-
tween the observed &+ and 2+ angular distribu-
tions is reminiscent of earlier 28Si(u, p)"P work 5"

Although for this particular target the effect is
strongly energy dependent, '4 the general tendency
observed in a number of (n, p) reactions'6'~'" is
for j,=l, +~ angular distributions to be less struc-
tured than those for j] l

y 2 This can be ex-
plained within the DWBA by spin-orbit effects.
Accordingly for the present reaction that we have
studied the effect of including spin-orbit poten-
tials of the standard form, except that 1-s is re-
placed by (I s+I I) where s is the spin of the
projectile or ejectile and I is the spin of the tar-
get or residual nucleus. In our case the 1 s term
acts in the entrance channel and the 1~ I term in
the exit channel. We have obtained potential set
II (Table I) for the entrance channel which in-
cludes a spin-orbit interaction and which fits the
elastic data. For the exit channel there is no
elastic data, but we have obtained set V of Table
I under the constraint that it gives roughly the
same elastic angular distribution as the spin-in-
dependent set IV, i.e. , about the same falloff with
angle and similar oscillations beyond 45'. Now

by using sets II and V in a no-recoil DWBA cal-
culation and normalizing to the data, the full
curves of Fig. 2 were obtained. These now show
substantial agreement with the data, both as re-
gards the j, dependence and the phasing.

Before systematically searching on the optical
parameters, we plan to take elastic data for "0
+"P. A few comments should be made, however,
on the parameters chosen. Firstly, we have ex-
ploited the sensitivity of the results to the real
depth and the various radii of the exit-channel
optical potential, while constraining the elastic
angular distribution as discussed above. Second-
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FIG. 2. Comparison of the observed angular distri-
butions for the reaction 28Si('~F, ' O) 3 P with DWBA
(full curve} and CCBA (dashed curve) calculations with
spin-orbit forces (see text).

ly we have examined various spin-orbit strengths.
The best results were obtained with a fairly large
value in the entrance channel [which gives a
strong absorption radius of 8.9 (9.8) fm for spin
down (up)] and a smaller value in the exit chan-
nel. Thus some degree of "mismatch" seems
necessary.

Finally, we carried out CCBA calculations as
before, but with the spin-dependent optical poten-
tials II' and V of Table I. The former is an ad-
justed version of II which retains a fit to the elas-
tic data. The CCBA results, normalized" to the
data, are given by the dashed curves in Fig. 2.
The multistep processes do not greatly affect the
shapes, although an improvement is noted, par-
ticularly for the —, state.

We conclude that multistep processes, at least
those involving inelastic excitation of "F, are un-
able to account for the observed data in the reac-
tion "Si("F,"0)"P. However, both the j, depend-
ence and the phasing of the experimental angular
distributions can be accounted for by including
spin-orbit terms in both the entrance and exit
channels. Clearly further work is needed to de-
termine whether this is the correct physical in-
terpretation. It is, however, supported by the
similarity to previous (o., p) work.

We thank B. F. Bayman for helpful discussions.
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Shape resonances cannot explain the strong vibrational excitation observed in the im-
pact of electrons on polar molecules at threshold, because an important s-wave compo-
nent in the wave function inhibits trapping. We explain the main features observed in
HCl by invoking the concept of a virtual state to account for an enhancement of the wave
function of a slow departing electron.

Very large cross sections (-10 "cm') have re-
cently been observed for electrons exciting vibra-
tions in polar molecules near the lowest vibration-
al threshold. "Within 0.5 eV of the thresholds,
the observed cross sections are larger by factors
of 10-100 than estimates with Born's approxima-
tion. '

Up to now, the dominant mechanism for vibra-
tional excitation of molecules by electron impact
at energies below 10 eV has been thought to be
temporary trapping of the incoming electron in a
compound state at a shape resonance. 4 However,
the shape resonance mechanism cannot explain
the large vibrational excitation cross sections ob-
served at thresholds" because in this case there
can be no trapping within a, centrifugal potential
barrier, as a,t an electron shape resonance in a
molecule. Such trapping is impossible because
the angular distributions suggest a strong s wave, "
through which an electron can escape without hav-
ing to tunnel through a, centrifugal barrier.

In HC1, the total cross section near the thresh-
old for the excitation v =0-v =1 (where v is the

vibrational tluantum number) shows a peak about
0.2 eV wide'; at the peak, the cross section (inte-
grated over scattering angles) reaches 2 x10 "
cm' (see Fig. 1). At the next threshold, there
is a similar but smaller peak for v=0-v =2, but
none for v = 0- v = 1.

We have considered how the threshold peaks
might arise from an enhancement of the wave fun-
tion of a, very slow departing electron at the mole-
cule. Consider first a fictitious molecule which
is roughly spherically symmetric, and whose po-
tential vanishes outside a radius x, of molecular
dimensions. Let the final state g&(r, k) be an s
wave, normalized so that its incoming part as r

is (-) exp[ i(kr+5t—)]/(2ikr), where r is the
distance of the electron from the mass center, k
is the wave number, and ht is the phase shift. gt
is defined for an electron in the potential from a
molecule with nuclei frozen at their equilibrium
positions. One finds gt(r„k = 0) = 1 a/r„whe—re
a is the scattering length. ' The corresponding
amplitude for the free incident wave is 1, so that
strong enhancement of the amplitude [i.e. , I (t(r„
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