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A simple model is presented in which the coherence between different m~ states in a
tilted-foil, beam-foil experiment is induced by the electrostatic interaction between each
beam particle and the foil as a whole. Agreement between the predictions of this model
and the experimental results of Berry et Q. seems sufficient to warrant refinement of
the model and further experiments.

In beam-foil spectroscopic experiments, atoms
or ions in excited states are produced by passing
a high-speed ion beam through a thin foil, usual-
ly of carbon. If the plane of the foil is perpen-
dicular to the direction of the incident ion beam,
the cylindrical symmetry of the experiment about
this direction implies the absence of any coher-
ence in the radiations from excited states with
different magnetic quantum numbers m~ (=m~
+m. s) along the beam. ' If, further, Russell-
Saunders (L S) coupling -is valid for these states,
coherence can occur only between states with
the same m~ and m~. However, this symmetry
can be destroyed by tilting the plane of the foil.
In a recent beam-foil experiment Berry, Curtis,
Ellis, and Schectman' have investigated coher-
ence between the different m~ states of the 3P'P
term of 'He by measuring the anisotropy of the
5016 A radiation (3p 'P to 2s'S transition) as a
function of the angle between the normal to the
foil and the direction of the incident He' beam.
The purposes of the present Comment are to
present what I consider to be a plausible model
for the physical origin of the coherence between
different m~ states in such an experiment and to
compare the radiation anisotropy predicted by
this model with the data of Ref. 2. This work is
part of an investigation of the whole question of
coherent production of atomic states in beam-
foil experiments, the details of which will be
published elsewhere. '

The essential elements of the model are the as-
sumptions that the beam particles exit from the
final surface of the foil in states which, when

averaged over many beam particles, are inco-

herent superpositions of the various yn~ states
no matter hose the foil is oriented, and that the
coherence between different m~ states is induced
by the ezectxostgtic interaction between each par-
ticle and the foil as a whole experienced by that
particle while it is in the immediate vicinity of
the foil. These assumptions seem plausible and
have the added attraction of allowing one to pro-
ceed with the calculation of the dependence of
coherence on foil orientation and particle speed.

A neutral atom will see an image dipole elec-
tric field which is very strong (of the order of
10' V/cm) when the atom is within a few Bohr
radii of the foil, but falls off rapidly with dis-
tance from the foil. This strong electric field,
directed along the normal to the foi/, will re-
move the energy degeneracy between states of
different en~ by Stark coupling to distant elec-
tronic states. If for the Stark-coupling calcula-
tion we choose our axis of quantization along the
foil normal, the degeneracy between states whose
m~ values differ only in sign will not be removed.
These energy differences lead to the development
of phase differences between the various m~
states as the particle traverses the region of
large electric field. It is these phase differences,
the same for each beam particle, which deter-
mine the coherence of different m~ states in the
region beyond the foil.

For a Py state with no hyperfine structure the
initial wave function just as the atom exits from
the foil is

&.=fill&+f0 l0&+f &I- 1),

where f, is the probability amplitude for produc-
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ing the ith m~ state and the axis of quantization
is along the beam. The amplitudes are related
to the production cross sections v,. by o; =(If; I'&,

where the angular brackets denote an average
over beam particles. The lack of coherence be-
tween the initial rn~ states means that (f,f, *& = 0
for i4j. To simplify the calculation of the effect
of the surface interaction, we transform go to an
axis of quantization along the normal to the foil.
Figux"e 1 of Ref. 2 shows that the foil coordinate
system (foil normal along z') is obtained from
the laboratory system (beam along z) by rotating
counterclockwise about the x axis through the tilt
angle n so that x=x', y =y'cosa —z'sine&, and
z =y'sine+z' cosa. It is an elementary exercise
in the transformation of angular momentum eigen-
functions to express (0 in terms of the z' eigen-
functions to give

q. '=a, 'I»'+a. 'Io&'+a 'I- »'
with the a,"s functions of the f, 's and th.e angle a.

The electrostatic interaction lifts the degener-
acy between !0&' and the states !1&' and

I

—1)', but
leaves !1&' and I- 1&' degenerate. When the beam

particle has passed beyond the influence of the
foil, we have

(' = a, ' l1&'+ a, '!0&'exp(- iy)+ a, 'I- 1&',

where

y= J ~(t)dt= (1/v coso)J™cu(z')dz',

v is the particle speed, and (d is the time-vary-
ing angular frequency difference between !0)' and
the degenerate states !1&' and I-1&'. Taking the
upper limit of the phase integral equal to ~ causes
negligible error since the magnitude of ~ de-
creases rapidly with distance from the foil. The
choice of the lower limit for this integral is much
more problematic, reflecting the gross simplic-
ity of the model adopted for the particle-foil in-
teraction. We shall return to this point presently.
Finally, we transform back to an axis of quan-
tization along the beam to obtain a wave function
which can be used to predict the radiation anisot-
ropy for comparison with the results of Ref. 2.
This gives

0=a I»+a. lo&+a il-»,
with

a, = —(i/W2)(f, +f,) sino. coso. [1 —exp(- iy)] f+[ is'n+ocos'aexp(-iy)],

ai+a i = (fi+f i)[eos'o.'+ sin'o exp( —iy)]+ is 2f, sinn cos o [1 —exp(- iqr)],

a-i =fi f-i ~

C/I= R sin(4n) sin'((p/2),

S/I= Ii' sin(2o. ) sing,

(4)

Berry et al. ' have characterized the anisotropy
of the 3p 'P, to 2s 'So radiation by determining the
Stokes parameters' I, M, C, and S for radiation
in the x-z plane at angles 0= 53' and 90' with the
z axis. These parameters can be expressed in
terms of E!I and E, the radiation electric field
components parallel and perpendicular to the x-
z plane (see footnote 12 of Ref. 2). In turn, Ef~

and E,, can be expressed in terms of the a, 's and
the angle 8. Since the expressions for the Stokes
parameters are somewhat complicated for arbi-
trary 8, and the degree of agreement with the
exyerimental results is the same for 8 = 53 and
90', we limit our discussion to the case of 6 =90'
(observation along the x axis). For this case

-a„z,= —(i/~2)(a, +a, ), (3)
where we have omitted constants of proportion-
ality irrelevant to the present discussion. Equa-
tions (2) and (3) and footnote 12 of Ref. 2 yield

18 /I= 8 [1 —2 sin'(2 o) sin'(y/2)],

where B = (o, —o,)/(co+ a,) and use has been made
of the fact that (I f-il') = (I fil'& =ai T"e phase
angle cp= y, /coso. , where y, is the phase for n
=0. Results identical to those of Eq. (4) are ob-
tained if we start with Berry et al. 's Eq. (2) and
use our Eqs. (1) and (2) to calculate the required
expectation values of angular momentum opera-
tors. Equation (4) predicts a polarization frac-
tion f, = (it" + C'+ 8')'~'/I w»e»s equ» «(o,
—g, )/(o, +c,) for all values of n and q. Thus,
the surface interaction alters the nature of the
polarization as the foil is tilted, but does not
change its degree.

Berry et al. 's results have rather low preci-
sion, a reflection of the difficulty of these types
of measurements. Within the stated error limits,
the 8 = 90' results in Table I of Ref. 2 are in good
agreement with the present predictions for the
dependence on n of M/I and 8/I in the sense that
these results are consistent with the single value
for B and for 'pp Also, the experimental polar-
ization fraction is, within the error limits, in-
dependent of cy. However, their results for C/I
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are in rather violent disagreement with this pa-
per's predictions. Equation (4) predicts that C/I
should be positive for n between 0 and 45" and
should vanish at n = 45'. The experimental data
yield a negative C/I with its maximum absolute
value at 45'.

%bile for simplicity the present discussion so
far has been carried out in terms of a very naive
model which describes the particle-foil surface
interaction via an electric fieM acting on an other-
wise isolated atom, all that really seems to be
required to obtain Eq. (4) is the assumption of an
electrostatic, vector interaction whose direction
is along the normal to the foil. All of the detailed
physics of this interaction is contained in the
phase y, . Questions such as the one raised above
regarding the choice of a lower limit for the
phase integral just point to the need for a more
detailed picture of the interaction.

The agreement between the predictions of the
present model and the experimental data, while
by no means perfect, seems sufficient to war-
rant further investigation, both theoretical and
experimental. The expressions for the Stokes
parameters take on a particularly simple form

for observation along the x axis if the two mutual-
ly perpendicular directions used in determining
these parameters are taken along the foil and the
normal to the foil (see Ref. 3). Since any mech-
anism where coherence is determined by the
orientation of the foil is likely to yield its sim-
plest results for this mode of observation, I rec-
ommend its use in future measurements of the
kind carried out by Berry et al.

I am grateful to %. E. Lamb, Jr., for suggest-
ing, in another context, the possible role of elec-
trostatic interactions at the foil surface in pro-
ducing coherence in beam-foil experiments.
Also, I wish to thank L. L. Foldy for many in-
formative discussions.
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The adiabatic-nuclei approximation of vibrational-rotational excitation of homonuclear
diatomic molecules can be simply augmented to describe the vibrational-rotational cou-
pling by including the dependence of the vibrational wave function on j. Appropriate for-
mulas are given and the theory is applied to e-H2 excitation whereby it is shown that de-
viations from the simple Born-Oppenheimer approximation measured by Song and Schultz
can be explained. More important, it can be seen that the inclusion of the j-dependent
centrifugal term is essential for transitions involving high-rotational quantum numbers.

The adiabatic-nuclei approximation of rotational and/or vibrational excitation stems from the (ap-
proximate) separability of the total wave function%' of the electron-molecule system among rotational,
vibrational, and electronic motion. In its simplest form this means

@= 4.i(r) X.(&)&"(P ) .
In Eq. (l) r signifies the electronic coordinates, specifically, in the present context, those of the Scat-
tered electron; R= (R, p) are the internuclear coordinates with the angles p measured with respect to
the incoming beam direction. The fundamental dynamical problem consists of determining P,i, and is
done as a scattering problem in the fixed-nuclei approximation giving rise to a fixed-nuclei amplitude

f„g,n ) =Z~» .(&)~..'"(P)&.."'*(P)yi. (~'), (2)
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