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It is shown that the experiments on the polarization of the light emitted after beam—
tilted-foil interaction are compatible with a surface electric field model.

Following the theory of Macek, the experimen-
tal work of Andra' has shown that the atoms or
ions which are produced in excited states by pass-
ing an accelerated beam of ions through a thin
carbon foil normal to the beam are aligned; i.e. ,
they emit light partially linearly polarized. More
recently, after a theoretical suggestion of Fano
and Macek' and of Ellis, Berry, Curtis, Ellis,
and Schectman4 have shown experimentally that
when the foil is tilted relative to the beam, an
orientation of the excited levels appears in the
direction Ox perpendicular both to the beam di-
rection Oz and the foil normal Oz'. This orienta-
tion leads to the emission of partially circularly
polarized light, Several authors'"' have suggest-
ed that the orientation could be caused by the ac-
tion on the excited state emerging from the foil
of an electric field at the final surface of the foil.
They have pointed out the similarity of such a
mechanism with a previous observation of Giroud
and Lombardi. "' In this last experiment, an elec-
tric field of a few hundred volts per centimeter
was applied to a set of atoms excited and aligned
by electron bombardment. It was then shown that
an orientation perpendicular both to the electric
field and to the electron beam appeared whenever
the beam and the field were neither parallel nor
perpendicular and when the phase q = w~/5 was
of the order of unity (hE is the Stark splitting, 7
= 30 nsec is the lifetime of the level). If y «1,
the field has no time to act during the lifetime;
if cp )& 1, the orientation oscillates rapidly and is
averaged out.

Eck' has made an explicit calculation of such
an effect under very restrictive assumptions. He

has calculated the effect of a second-order Stark
Hamiltonian (or, equivalently, of a, first-order
electric gradient interaction) upon a J= 1 level
aligned along the beam in the bulk of the foil. He
showed first that the maximum of orientation
should occur when the tilt angle n of the foil is
45', second that the fractional polarization per-
centage f~ (with the notations of Ref. 4) is con-
stant when one tilts the foil. These two predic-
tions have been shown to be in contradiction with
experiment by Berry, Curtis, and Schectman. "
The main purpose of this Comment is to,demon-
strate that this does not rule out the interpreta-
tion of the phenomenon by surface electric field,
but only the too restrictive assumptions of Eck.'

In the tilted-foil configuration, one has first to
account for the existence of a surface electric
field, As suggested by Eck,' it may be due to the
image charge of the ion in the foil, but in that
case one can hardly explain the similarity ob-
served between the results in neutral He and var-
ious ionic species. Another possible field source
is the direct electrostatic interaction of the in-
coming ion with the last layer of atoms in the foil.
That possibility is not ruled out by surface cor-
rugations either at the atomic (1 A) or microscop-
ic (1 pm) level. Indeed, even if the electric-field
direction is distributed evenly in the forward half-
space of the foil, the sino. and coso. terms in the
formulas below are reduced only by a factor of 2.
If one uses a more realistic, somewhat forward
peaked, distribution of the electric fields, the
other terms with higher multiples of 0. are also
preserved, only somewhat reduced. However,
in the hypothesis of a last-layer interaction, the
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electric field involved is probably only an effec-
tive electric field which takes into account the
more complex interaction of ion and foil. The
optical electron may come from the bulk with the
ion. In this case it probably undergoes at the sur-
face a transition from a low-lying orbital to the
final one. Indeed, the excited states involved are
usually much too big (= 4.5 A for the n = 3 'He lev-
el studied in Ref. 4) to pass through the foil lat-
tice." The optical electron may alternatively be
picked up at the surface. In either case, one has
to study the transition from a bound (first case)
or unbound (second case) state of the ion or atom
under the action of an effective electric field
which represents the action of the foil surface.
The crucial point, from the point of view of the
orientation effect, is that in either case the phase
cp defined as above is of the order of unity if one
supposes r = 10 "sec [(1 A)/(10' cm/sec)] and
E=1 ep.

Let us consider first the experimental evidence
for a maximum of the orientation signal at an an-
gle much higher than 45'. This fact, established
with angles of up to 60' in the 2s 'S-Sp 'P 5016-L
line of 'He and in the Ss' 'D-Sp' 'E line of Ne III
in Ref. 10, has been further confirmed with an
angle of 80' by Andra. ' In order to interpret
these results, we shall mention three effects
which may give peaking at angles other than 45 .
The first two of them are certainly not valid in
the 5016-A HeI line, but they must be kept in
mind for more general cases. Let us point out
first that the phase y varies with n as 1/v cosn. '
This corresponds to the fact that the rotation of
the foil not only tilts the electric field with re-
spect to the beam axis, but also increases the in-
teraction time. This could be a huge effect for
sufficiently small y 's and would then lead to an
orientation signal peaked nearly at 90'. Such an
interpretation is however ruled out in the case of
the 5016-A He I line. Indeed, the experimental
results gathered so far indicate that upon increase
of the interaction time, i.e. , decrease of the in-
coming-beam velocity, the orientation signal is
not increased but rather slightly decreased. '

The second effect which may give maxima at
angles other than 45' is the fact that for J~ 2,
orientation can arise through coupling with even
moments of order ~ 4 of the levels excited in the
bulk. Using the tensor calculations of Fano" as
in Refs. 8 or 9, one can show that the orientation
(proportional to p, I'I) induced from an even mul-
tipole of order k in the initial state depends upon
n as the rotation matrix element R»~ *(O,n, 0)

~Y,"(n, 0). For 0=4, Y,4(n, 0) has a maximum
positive at = 25' and a mini. mum negative at = 69 .
Again this explanation is certainly not correct in
the 5016-A HeI line for which J=1. -

Let us consider finally a third mechanism which
seems to provide a satisfactory explanation of all
the experimental results. It has been shown' by
general symmetry considerations that if one con-
siders only one level in the initial state of the
atom (or only levels of the same parity), the ori-
entation must vanish for n = 0 and 90, and hence
be peaked somewhere in between. More recently
it has been shown theoretically' that if one sup-
poses that the initial state of the atom has a non-
zero value of (Q, i.e. , a coherence between op-
posite-parity levels, a first-order Stark effect
creates an orientation which is nonzero at 90'.
This phenomenon is the quantal analog of the
torque mechanism suggested by Berry and co-
workers. " A direct experimental demonstra-
tion of SP coherence-induced orientation has been
made recently" in a beam-gas experiment on H

and He+.
In order to extend this model to beam-tilted-

foil experiments, one must justify both the exis-
tence of nonzero (@ values and of strong first-
order Stark effects. The nonzero value of (@ in
beam-foil experiments after the exit from the
foil (which is our final state here) has been dem-
onstrated experimentally"" by a method suggest-
ed by Eck." It has however been argued" that
coherence between different states cannot exist
in our initial state, i.e. , at the exit from the bulk,
but the predictions of this model developed in Ref.
18 are in contradiction with experiments on SP
coherenceI and on SD coherence ' ~ jn hydro-
genoid atoms. Furthermore a nonzero value of
(3), or eIluivaleritly of Re(cr,~) or of the relative
phase of s- and p-wave amplitudes, means that
the opti. cal electron has not an equal probability
of being before or after the ion at the exit from
the bulk. This is a very probable consequence of
the electron-solid interaction if the optical elec-
tron comes from the bulk and is granted when it
is picked up at the surface. On the other hand,
the need for a first-order Stark effect restricts
the usual ezperiments'""'" to hydrogenoid atoms,
but with crystalline fields which give rise to in-
teraction energies of a few eV, first-order Stark
effect is practically always present.

To be more precise, we display the values of
the four Stokes components of the light observed
in the Ox directi. on, obtained with a calculation
analogous to Ref. 5 but with two s and p spinless
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levels coupled by a first-order —ct E Stark Ham-
iltonian and separated by a zero-field energy 5', .
In that treatment, spins are ignored as usual
since they have no time to interact with the orbit

during the relevant time (10 " sec). The s level
involved can be either a real s level of the ion or
merely, in the pickup model, the s-wave compo-
nent of the plane wave which represents the opti-
cal electron before the collision:

I=
) b('o, + —,'(( a~'+ l)(o, + o,) + —,'(~a)' —1) cos2n (v, —o,) + [(ba*+ah*)a~+ i(ba* —ab*)o~] cosn;

I =
l bl 'cos2no+ 'a(lal' —1) cos2a(o, + o,) + [Re(a) + 2la —11' cos'2o](o, —o,)

+cosa b a* - 1 +b* a - 1 cos2z +b+b* o„+i b a* —1 -b* a —1 cos2n +b - b* o~,
C = (b('sin2o. o, + —,'()a(' —1) sin2n(o, +cr,)+ —,')a —l~' sin2o, cos2o. (o, —o,)

+ sino. ([b(a* —1) +b*(a —1)]cos2o. + (ba*+b*a))a„

+i([b(a —I) "—b~(a —1)]t:os2a+ba* —b~a)rr~);

S = —,'i(o.'-n*)sin2o(o, —cr,)+[i(b-b+)gz —(b+b+)o&]sino.

Here I, M, C, and S are the Stokes parameters. 4

a =(p, OISlp, O) and b =(p, O[ S[ s, 0) are the two
components of the 8 matrix which describe the
transition between the p, 0 and s, 0 sublevels quan-
tized along the field. In the limiting case in which
the interaction energy -(s, Oldlp, O)E is much
smaller than W„b -0 and a- exp[- i f,", V'(t)/
g, di] = exp(- ip), so that one recovers the sec-
ond-order Stark expressions of Eck.' o„g„
and o, are the density matrix components of s, 0,
p, 0, and p, 1 sublevels at the exit of the bulk,
quantized along the beam. o„+ iop opo p is the
coherence between the p, 0 and s, 0 sublevels.
These formulas display the expected results,
The circular polarization S is nonzero for o. = 90 .
C contains sin2e terms which have no change of
sign for n =45'. M contains cos2n terms which
produce the change of sign between 0 and 80' ob-
served by Andra. " Finally the fractional percent-
age polarization f~ is no longer constant since
there is real creation of orientation from coher-
ence, not merely a transformation between dif-
ferent kinds of polarization. The constancy of f~
in Eck's calculation' is only a very peculiar con-
sequence of the constancy of Ip I =P~, l p,~l' dem-
onstrated by Fano. " For a J'=11evel, f~ is pro-
portional to the sum of the terms in t pl which
vary with the tilt angle. But if J& 1, optical ob-
servation depends only on components with 4 ~ 2,
and one cannot reconstruct I p | from observations
in zero field.

In conclusion I should say that a more general
calculation, which will be published elsewhere,
shows that with such a surface electric field mod-
el any n dependence compatible with the change
of sign of C and S and invariance of M andI when
o. - —o can be predicted. It is then not possible

to give a proof or a disproof of this model, as
was supposed in Hefs. 5 or 10, by study of e de-
pendence of observations. One has only to make
very detailed studies of the surface interaction
phenomenon to compare them with experiments.
It would then be interesting to see whether dynam-
ical effects such as distortion of the lattice by
the ion are important. They do relax the need of
first-order Stark effect to give orientation at a
tilt angle of 90'. Indeed, they can give an effec-
tive electric field of cylindrical mean symmetry
in thd bulk and hence an electric field of direc-
tion intermediate between beam and foil normal
at the surface. But this needs much cleaner ex-
periments since these are surface effects and at
a pressure of 10 ' Torr, commonly used in beam-
foil experiments, a monolayer of contaminants
is deposited every few minutes.

I am indebted to H. J. Andri and J. D. Silver
for communication of their paper before publica-
tion and to M. I . Gaillard for a critical reading
and correction of the manuscript.
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A simple model is presented which affords an unambiguous and quantitative determina-
tion of the quasimolecular states responsible for the striking oscillatory structure in the
energy dependence of the polarization components of total cross sections for optical
emission due to low-energy Na+-Ne collisions. The tII (0= + 1) and 3II (0= + 2) states
are identified as the major participants in the quantum-mechanical phase-interference
process and not the simple single-electron diabatic states as believed previously.

Measurements of striking oscillatory structure
in the energy dependence of total cross sections
for optical emission due to low-energy (100 eV
to 6 keV) Na'-Ne collisions have been reported
previously ' and explained in terms of inter-
fering diabatic molecular-orbital states."In
this Comment we propose an alternative model
which uniquely relates the final Ne(3p) and Na(Sp)
atomic excited states to the specific (NeNa)+ qua-
simolecular states participating in the quantum-
mechanical phase-interf erence phenomena. Con-
clusions based on the model do not support the
previous interpretations. ' 2

The optical radiation observed in these exper-
iments arises from the excitation of Ne I and
Nai into Sp electronic states as a result of di-
rect and charge-exchange collision processes, '

Na+ + Ne*(Sp),
Na, *(SP)+Ne'.

We have extended the measurements to include

the energy dependence of both the perpendicular
and the parallel components of the absolute emis-
sion cross sections arising from ten Net 3s-Sp
and two Nai Ss-3p optical transitions. Examples
of the data are given in Fig. 1. In some instances
very strong polarization was observed, e.g. , Fig.
1(b). Analysis of the results has led to the devel-
opment of a colbsion model which accounts quan-
titatively for the amplitudes of the oscillations
in each polarization component of the emission
cross sections.

The essential elements of the model are con-
tained in the following three hypotheses:

(1) Oscillations in the energy dependence of the
cross sections result from interference between
one or more pairs of excited levels which are
populated coherentLy at small internuclear sep-
aration (R ™Rz)and then interact at large sepa-
ration (R -R,) as schematically represented in
Fig. 2. This dual-coupling mechanism first pro-
posed by Rosenthal and Foley~ has been estab-
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