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Photon-scattered-atom coincidence measurements with polarization analysis of the
photons have been made for 3.0-keV IIe -He collisions leading to He (33J'j excitation in
a charge-transfer process. The phase difference between the scattering amplitudes for
m&

——0 and m&
——1. magnetic sublevel formation is an approximately constant function of

scattering angle. We propose a theory which predicts the constancy of this phase differ-
ence.

Only recently" have measurements of magnet-
ic sublevel populations been made in ion-atom
collisions where the scattering angle is a well-
defined experimental parameter. Such measure-
ments are of immediate interest since they pro-
vide the information necessary to decide between
rotational or radial coupling interactions within
the electron-promotion model.

Current measurements have employed a scat-
tered-particle, polarized-photon coincidence
technique; for example de Rijk, Eriksen, and
Jaecks' have measured the polarization of 3889-
A radiation emitted in 3-keV He+-He charge-ex-
change collisions, and Vassilev et a/. ' have re-
ported similar polarization measurements, but
of direct excitation, in 150-eV He -He collisions.
Vassilev et al. have concluded on the basis of
their data that a, is small compared to O„where
0'j and 0'0 are the partial cross sections for excit-
ing the m& =1 and m& =0 sublevels, respectively.

The purpose of this Letter is threefold: (1) to
present data which show, contrary to the results
at lower energy, that 0,=0, for many scattering
angles, (2) to show that the phase difference b,y .

between the m, =0 and m
&

= 1 amplitudes is a near-
ly constant function of impact parameter (an ex-
tremely surprising result), and, finally, (8) to
present a theory which predicts the constant de-
pendence of &y upon impact parameter.

The apparatus used for the measurement is
shown in Fig. 1. A He ion beam is crossed with
a thermal beam of He atoms formed by a capil-
lary array. Scattered atoms and ions are sepa-
rated by a parallel-plate analyzer and the neu-
trals are detected by an electron multiplier (box-
grid type). Perpendicular to the scattering plane,
3889-A photons are collected and analyzed ac-
cording to their linear polarization. The signal
from the photomultiplier is then counted in de-
layed coincidence with the signal from the neu-
tral-particle detector.

For a given "polarizer" angle P, the delayed
coincidence rate IItI) is interpreted using the re-
sults of Macek and Jaecks, '

IP) = C(28vo+26v„+15(2aoo, )'"coshy sing

+ (80o, —15',) sin'PJ, (1)
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FIG. 1. Schematic diagram of the apparatus.

where C is a constant. Equation (1) in general
describes an "hourglass"-shaped figure on a po-
lar plot of Ig) versus P.

Measured values of the number of coincidences
per number of scattered neutrals are shown in
Fig. 2 for six scattering angles. In all of the po-
lar plots in Fig. 2, the He beam is incident from
the left along the x axis and the scattered neutral
particles are detected between 1.00' and 2.00
above the positive x axis, i.e. in the first quad-
rant. Additional data at 1.00' were taken for po-
larizer angles of 22.5 and 112.5', and these data
confirm the shape of the curves. One datum
point at a given scattering angle and polarizer
angle represents an average of at least two 24-h
determinations of the coincidence rate. The er-
ror bars in Fig. 2 are estimates of the standard
deviation of the random-counting error. ' An im-
portant feature of these curves is their rotation
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FIG. 3. Phase angle Ay versus laboratory scattering
angle. Since only linear polarization analysis was
made, the sign of the phase is undetermined.
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FIG. 2. Plots of I(P) versus "polarizer" angle P for
six scattering angles. In all cases the incident beam
direction is horizontal to the right and the neutral par-
ticle is detected above the positive x axis. Numbers on
the axes represent the scale of the figure in coincidenc-
es per 10~ scattered neutrals.

as a function of scattering angle.
The dotted lines in Fig. 2 are computer least-

squares best fits of Eq. (1) to the data. From
these calculations one can determine 4y to with-
in a sign. Figure 3 shows 4q versus laboratory
scattering angle. One can also determine the
quantities Co, and Co„ the number of measured
coincidences per scattered neutral particle for
m& =0 and m, =1 excitation, respectively. The un-
known constant C is from Eq. (1) and depends,
for example, on the efficiencies of the detectors.
At a scattering angle of 1.50', Cop is about 4X10 '
coincidences per scattered neutral particle, and
there are typically 2 x10' scattered neutrals per
hour. For comparison of theory and experiment,
more relevant parameters are P, = Cu+~ and P,

Co'yP ~ where P,„ is the char ge- exchange prob-
ability. The parameters Pp and P, represent the
number of measured coincidences per scattered
particle, neutral or charged. Using our own mea-
sured values of P,„, we have calculated P, and P,
and they are shown in Fig. 4 versus laboratory
scattering angle.

Clearly, 4p has the approximately constant

value of 90'. This implies that the rotation of
the polarization patterns is due as much to chang-
es in the relative size of o, and o, as it is to
changes in by. Also, despite the fact that o, is
small relative to op in the vicinity of 1.60', o, is
nearly equal to o, at 1.00', 1.25', and 2.00'. This
is to be contrasted to the conclusion of Vassilev
et al. that o', = 0.

We interpret these results using the electron-
promotion model, assuming a Landau-Zener
transition at a crossing between the 1sa~(2po„)'
and (1so,)'4do~ He, ' electronic energy curves at
some internuclear distance R,. The exact value
of R p is unimportant for our analysis except to
note that it is of the order of 1.0-1.5 a.u.

Because the mean radius of the 4d electron
wave function is much larger than R„we suppose
that the corresponding molecular energies are
degenerate. On the incoming passage of the
crossing, the 4do~ level is populated when the in-
ternuclear axis is oriented at an angle sina =b/
Rp where b is the impact parameter with respect
to the incoming beam. Subsequent motion of the
nuclei is accompanied only by a phase change of
the wave function, since, in the approximation
that the 4d&~ and 4do~ levels are degenerate, the
charge distribution maintains the orientation it
had at the time of the level crossing. A similar'
transition takes place on the outgoing passage of
the crossing. With the assumption that the Lan-
dau-Zener transition amplitude p is small com-
pared to unity due to the two-electron nature of
the transition, we have that the wave function
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after the collision is

)=pQ "~ exp(i/S)[f 'E (t')dt'+ J E (t')dt']+&,"exp(i/5')[f"„E, (t') dt'+ J E (t')dt'j)

+P, ' exp(i/5) J „E,(t')dt', (2)

a, =p2 '~'(3cos'a —1) cosA,

a, =ip3"2 sina cosa sinA,
(3)
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where subscript 1 denotes the initial 1sv~(2Pcr„)'
level and subscript 2 denotes the (1sv~)'4dcr~ level.
The superscripts i and o indicate that 4do, is eval-
uated with the symmetry axis along the internu-
clear axis at the in (i) or out (o) orientation.

A transformation of the 4do functions to a frame
with the ~ axis along the final-beam direction,
taking into account that 4da~ and 4d7I ~ correlate
with the 3P(m, =0) and 3P(m, =1) atomic orbitals
respectively, gives the amplitude ao or a, that
the final level is in them& =0 or m, =1 magnetic
substate. We find

aside from an overall phase factor. Here A
=j,"@,-E,)dt /a.

From Eq. (3) we immediately see that b.y(=90 )
is a constant in agreement with the experimental
results of Fig. 2. Slight variations around 90
are expected if other mechanisms contribute to
the excitation. The model is in excellent accord
with the measured phase difference, suggesting
that 3P excitation proceeds via the assumed cou-
pling. Note that the phase difference is indepen-
dent of any assumed relation between impact pa-
rameter and scattering angle and any theoretical
input concerning the detail of the potential energy
curves including the value of Ro.

In contrast la, P and la, P are sensitive to all
of those parameters. A detailed comparison of
this model with the present data has not been
made since the requisite potential curves are not
available. Furthermore, there is some doubt as
to whether a simp1e re1ation bebveen scattering
angle 8 and impact parameter b can be found. If
we take R,= 1 a.u. , then since a, (b) cuts off sharp-
ly at 5 R0 one expects dif fraction maxima and
minima' separated by 48 =h/mob =1.57 mrad
=0.09'. Since this uncertainty in 8 is comparable
to the angular resolution of the experiment, a de-
tailed calculation incorporating a partial-wave
analysis of the scattering is required to fully
compare theory and experiment.
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FIG. 4. Probabilities P& and Po for exciting the m&
=1 and m&

——0 substates as a function of laboratory scat-
tering angle. Here Po and P& are proportional to the
number of coincidences per billion total scattered par-
ticles. The number of total scattered particles equals
scattered neutrals plus scattered ions.
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