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Scattering of CsF by Electrons*
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Absolute differential and total cross sections for the scattering of CsF by 0.6- to 6.5-
eV electrons have been measured using the molecular-beam recoil technique. The first-
Born-approximation differential cross section is used as the theoretical model to fit the
data. The experimental differential cross sections rise more sharply near 0' than pre-
dicted. Total cross sections derived from our measurements are a factor of 1.5 to 4
smaller than the first-approximation results.

We report absolute total and differential cross
sections for the scattering of CsF by 0.6- to 6.5-.

eV electrons, measured by the molecular-beam
recoil technique. To our knowledge these are the
first absolute, single-collision measurements on
a molecule of significant polarity, and therefore
a first test for features of the theory.

Given the 7.9-0 dipole moment of the CsF mole-
cule, one expects the scattering to be described
by an electron-permanent-dipole interaction.
For a 'Z diatomic with a point dipole moment and
a set of rigid-rotor internal energy levels, the
first Born approximation (FBA) to the differen-
tial cross section is~

'ilk' —kl ' for J-4+1,
d(d

0 for J+J&1.
Note the extraordinary prediction that the scatter-
ing is entirely inelastic. More exact theories
have not been evaluated for CsF, so this form is
used in our analysis.

When the electron energy greatly exceeds the
rotational spacing, the angle dependence can be
approximated,

1%' —kl s= —,'k s(1 —cos8+0) '.
For CsF, 6=2.6x10 'c(J, /E)s. The differential
cross section is extremely sharply forward
peaked. Averaging over the 8 distribution (1000'
K) and integrating over all angles,

a (As) = 7024/E + (930/E) lnE.

An interaction of this magnitude should dominate
the scattering.

The many-to-one nature of the laboratory to
center-of-mass transformation in our experi-
ment prevents a direct inversion of lab measure-
ments to produce a c.m. differential cross sec-
tion. Instead, the molecular scattering is com-
pared with theory by assuming a c.m. differen-
tial cross section with an undetermined constant
as a factor, transforming the form into lab coor-
dinates, and then fitting the constant by least
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squares to best match the experimental lab dif-
ferential cross section at aQ angles. Thus our
experimental total cross section is simply the
theoretical total cross section multiplied by the
matched constant. Total cross sections deter-
mined in this fashion do not depend on the appara-
tus angular resolution, but do depend on the dif-
ferential-cross-section form chosen. Should a
PBA result of several thousand A~ be trusted?

Despite the large magnitude of the total cross
section, it has been felt that the answer is a qual-
ified yes. 2 An expansion in electron partial waves
shows that o, is proportional to 1/l . Most of o

comes from small contributions from distant,
and presumably only slightly perturbed, elec-
trons. Close-coupled calculations, s available
for dipole moments up to - 2, 5 D, yield total
cross sections -80%%uo of FBA with the defect in
low partial waves. Over 9(F/g of the scattering is
in the d J= +1 channels whose differential behav-
ior mimics that given by the FBA. The remain-
der in4J=O ~2 ~ -. channels, is, by compari-
son, nearly isotropic. Thus an experiment shouM

see any 4J4 +1 contribution as an unexpected
tail at large angles.

The 7.9-D dipole moment in Csr exceeds the
first cxitical moment for electron binding in ro-
tating or nonrotating molecules. 4 Therefore re-
sonant processes could contxibute to electron-
CsF scattering. Any i.ndividual resonant stxuc-
tures will be averaged out of our measurements.
A more isotropic differential cross section, due

to long-lived complexes, or a nonmonotonic ener-
gy dependence, due to clustering of unresolved
structure, remains possible.

In the beam recoil technique' the molecular col-
lision partner is observed. Advantages of The

method are the determination of absolute cxoss
sections, since the electron number density is
known, and the possibility of state selecting the
molecular beam. The latter technique, using
electrostatic quadrupoles, offers the only way to
measuxe molecular J-state changes, and we vill
shortly begin such experiments. The major dis-
advantage is the sophisticated kinematic analysis
required to compare c.m. theory and lab obser-
vations,

A thermal beam of CSF is crossed at 90' by a10¹square-wave-modulated electron beam.
The modulated component of the molecular beam
is detected at a surface ionization detector which

can be reproducibly positioned to 5~10 6 rad lab
angle. CsF dimer concentrations ax e reduced
to —8% by 150'K superheat in the second oven
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FIG. 1. Typical laboratory differential cross section
(crosses} and best fit of theory (closed circles} at a
corrected electron energy of 2.73 eV.

chamber, and the beam is considered puxe mono-
mer in the analysis. Electrons are produced by
a plana, r, gridded, magnetically confined gun
closely patterned after the one described by Col-
lins et al.' Measured electron energy widths are
& 300 mV full width at half-maximum at all ener-
gies. Electron currents are held to &150 pA/cm'
so that scattering is linear in electron flux. Elec-
tron energies are fully corrected for contact po-
tentia, ls, space charge, and leakage potentials,
the last two by nuQlerlcaQy solving Poisson's
equation.

A typical laboratory differential cross section
and straight-through beam profile are shown in
Fig. 1. With respect to this diagram, electrons
traveling from left to right strike a molecular
beam moving out of the plane of the paper. The
negative sign for scattering at small angles
means that fewer molecules reach these detector
positions with the electrons on than with the elec-
trons off (scattering out). The positive sign to
the left (backscattering) and the right of the cen-
ter indicates net scattering in.

The kinematic analysis extends the theory suc-
cessfully applied to molecule-molecule scatter-
ing to include the angular divergences in both
the molecular and electron beams. The molecu-
lar divergence describes the straight-through
beam profile, whose width is not small when com-
pared with a typical deflection produced by scat-
tering. The need for expbcit avera, ges over the
electron angles is demonstrated by the existence
of backscattering. For 90' electron-molecule col-
lisions, backward molecular deflections are im-
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possible. Nonperpendicular meetings produce
such events and reinforce them with a kinematic
singularity.

Note the absence of a c.m. angle scale in Fig.
1. As the precollision conditions change over
their experimental ranges, many c.m. angles are
observed at one detector position. For example,
consider molecules with the most probable mole-
cular velocity which are scattered from the cen-
ter of the straight-through beam into a detects. ~

at the scattering in maximum. Variation of only
the two a,ngles mhich orient the electron velocity
sweeps the detector over c.m. angles from 9' to
46'. Despite this width, the detector appears
narrow to any given set of initial conditions (i.e.,
to any given incident molecule), typically sub-
tending 3' c.m. The process of transforming a
c.m. differential cross section into the lab sys-
tem involves integration over initial conditions
(detector height, molecular J state, detector
width, electron velocity and angles, molecular
velocity, and the straight-through beam profile),
each meighted by its distribution. The first tmo
integrals are analytic, the next five are per-
formed numerically at -8000 points per lab de-
flection, and the last is a numerical convolution
at -100 points per lab point. Considerable can-
celation of scattering in and scattering out takes
place in the averaging, particularly at small c.m.
angles. This means that scattering at c.m. an-
gles less than -10' is under-represented in the
determination of the constants that me report be-
low. The reader is cautioned to keep this in mind.
Details of the kinematics mill be presented in a
later publication.

The least-squares fit of the theoretical lab dif-
ferential cross section (FBA in the c.m. multi-
plied by a constant) at an electron energy of 2.73
eV is shown in Fig. 1. The constant is deter-
mined by least squares as 0.449 in this case. Si-
milar curves are found at all energies. Theory
and experiment are not mell matched.

Since the constant adjusts the theory to the
same apparent total cross section as the experi-
ment, differences in the shapes of the two curves
indicate relative errors in the c.m. differential
cross section. The calculated values underesti-
mate the scattering in at small and intermediate
angles. In other words, at fixed total cross sec-
tion, the true differential cross section must rise
towards 8= 0 considerably more sharply than the
already sharply peaked FBA cross section. On .

the other hand, 0' scattering out and large-angle
scatter ing in are adequately represented. These

0.8-

I-
& 06-
UJ

C3

~ 0.4-

~ ~ ~
0

~ ~

~ ~

ELECTRON ENERGY (EV)

FIG. 2. First-Born-approximation coefficients ver-
sus electron energy.

points would be increased in absolute magnitude
by any attempt to add low partial waves to the fit.
The FBA, if anything, already overestimates the
large-angle scattering and we find no evidence
for 4J W1 or resonant processes. The conclu-
sions hold at all electron energies studied.

The constants determined at each electron ener-
gy are displayed in Fig. 2. Were the FBA total
cross sections correct, these values mould all
be 1. The observed constants are dramatically
smaller, rising roughly linearly from 0.3 at 0.5
eV to &0.6 at 7 eV. Predicted and observed total
cross sections are shown in Fig. 3. The curve
through the experimental points is the peak value
of the scattering out. This relative measurement
has been scaled to match the absolute cross sec-
tions at one point. The smoothness of the curve
is strong evidence that any apparent structure in
the absolute total cross-section points is artifac-
tual (and therefore a measure of the aggregate
error in the measurements and data reduction).
There is no clear-cut evidence for resonant be-
havior.

The most reasonable way for the FBA to fail is
by overestimating the scattering from lorn elec-
tron partial waves, making the differential cross
section more isotropic than it should be. Such an
an error would qualitatively explain the discre-
pencies in both differential and total cross sec-
tions. We are testing simple modifications of
the theory at present, and me are definitely in
the market for a close-coupled calculation on
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FIG. 3. Total cross sections: crosses, first Born
approximation; circles, experimental fit with FBA;
dashed curve, scaled maximum scattering out.
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Pressure Shift of the Magnetic Resonance Line of Neon in a He-Ne Laser
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A pressure shift of the magnetic resonance line of the 3s2 level of neon in a He-Ne la-
ser operating at 0.633-pm r transitions was observed by varying the partial pressure of
helium. The shift in the resonant angular frequency was (2,8+0.5) && 10~ sec ~ Torr ~,

and the ratio a of the shift to the pressure broadening (half width at half-maximum) was
0.78+ 0.14.

Pressure shifts of lines in the optical region
have been reported by many authors, and such
shifts have been explained primarily by the adia-
batic collision theory, in which the atomic colli-
sions change the atomic wave functions and do
not induce transitions between the atomic energy
levels. However, in the rf or microwave region,
the mean kinetic energies of the colliding atoms
exceed greatly the energy splitting, so that diabat-
ic collisions have been considered to be impor-

tant for the collisional broadening of the lines,
and hence the pressure shifts have been expected
to be very small. Although in the microwave re-
gion experiments have been reported on the shifts
of the inversion spectrum of ammonia, "and on
the hyperfine spectra of atomic hydrogen, '4 deu-
terium, ' tritium, ' sodium, ' potasium, ' rubidium, '
and cesium, ' the investigation of pressure shifts
of lines in the rf region has not been reported.

In this Letter, we report on the experimental


