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The differential cross section for the electron-impact excitation of the b 'X + state
8

from the ground state of 02 is found to decrease rapidly as the scattering angle approach-
es zero. This behavior is the diatomic-molecule analog of "parity-unfavored" transi-
tions in electron-atom scattering. A group-theoretic argument is given which explains
the observations and provides a selection rule for Z+ —X transitions in diatomic mole-
cules.

In a calculation of electron-impact double-ex-
citation processes of the ground-state helium
atom, Becker and Dahler' found that the differen-
tial cross section (DCS) for the transition 1s' 'Sg
-2P23pg was zero at scattering angles (relative
to the incident beam direction) of 0' and 180'.
This prediction has been verified experimentally'
and discussed in detail by Pano for states of defi-
nite parity in terms of "parity unfavoredness. "'
Experimental observations of the corresponding
transitions in the electron-impact excitation of
diatomic molecules have not previously been re-
ported; and, although certain selection rules de-
termining electronic excitation within the frame-
work of the Born approximation have been dis-
cussed previously, ' no general symmetry restric-
tions seem to have been presented for the non-
resonant' scattering of electrons by diatomic
molecules. In this paper we report an observa-
tion of the analog of "parity-unfavored" transi-
tions in atoms for the case of excitation of di-
atomic molecules and we present group-theoretic
arguments to explain the observed behavior.

A recent study' of electron-impact excitation
processes in molecular oxygen has yielded the
DCS's for excitation of the a'b,

&
and b'Zg' states

for incident electron energies from 4 to 45 eV
and scattering in the range 5'-85'. The DCS for
excitation of the a '6& state does not possess any
unusual behavior as a function of the scattering
angle, but that for the 6 'Z&' state was found to
decrease rapidly as the scattering angle (relative
to the incident beam direction) approached 0'.
This behavior is illustrated in Fig. 1 for an inci-

dent electron energy of 15 eV and scattering an-
gles of 32', 22', 12', and 4 . All four spectra
have been normalized at the peak of the a 'b,

g
(v'

=0) level to emphasize the decrease in the b 'Z '
8
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FIG. l. Electron-impact energy-loss spectra in 02
for an indident energy of 15 eV and scattering angles of
32, 22', l2', and 4' which show the decrease in the
b X&+ signal as the scattering angle is decreased. The

, strong backgroumi present in the 4 spectrum is due to
contributions from the incident beam.
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FIG. 2. Absolute differential cross sections for ex-
citation of the a '4

g
and 5 'Z &+ states of 02 for incident

electron energies of 10, 15, and 20 eV. The error bars
on the 15-eV data points indicate the magnitude of the
statistical errors present at each scattering angle.

(u' =0) intensity. In the present apparatus, be-
cause of the finite acceptance angle and other
geometrical factors, the measured signal comes
from the collection of scattered electrons in a
40' angular region centered at the nominal scat-
tering angle. The rapid decrease of the DCS for
the b 'Zg' excitation with decreasing scattering
angle, along with direct-beam interference and

errors associated with the "effective-path-length"
correction, ' made an accurate measurement of
the small-angle behavior difficult. However,
numerous additional measurements were made
at small scattering angles in order to establish
the symmetry of the scattered intensity around
0 and to minimize the uncertainty in the small-
angle measurements. Figure 2 shows the result-
ing DCS's' for excitation of the a'6 and O'Z '
states at incident energies of 10, 15, and 20 eV.
Smooth curves have been drawn through the ex-
perimental data points and the error bars on the
15-eV DCS's indicate typical statistical uncer-
tainties in the values of the DCS's. The DCS for
the a '6& state has been extrapolated smoothly
from 5' to 0'.

The following group-theoretic argument shows
that the DCS for electron-impact transitions of
the type Z —Z' in diatomic molecules is zero
for scattering angles of 0 and 180' at all incident

energies. For generality in dealing with all Z
—Z' transitions, the relevant group of symme-
try operations for the electron plus diatomic
molecule is taken to be C „. The additional in-
formation which can be obtained from the higher
symmetry of homonuclear diatomic molecules
(D „)will be discussed below. Since the elec-
tronic portion of the total Hamiltonian for the
electron plus diatomic molecule is invariant un-

der elements of the group C„„, the total elec-
tronic wave function (N+I electrons) in the ini-
tial and final channels must transform according
to the same product representation of C
The wave function describing the incident elec-
tron, y;, can be decomposed into a sum of func-
tions according to'

q7 f (&) +f—(2) + g g f (9)
n= y

where f ~ J' is a function transforming according
to the ath row of the jth irreducible representa-
tion of C„„. The wave functions for the N+1
electrons in the initial and final channels can be
taken as simple product functions,

+y= 9'y'@i

since the antisymmetrizing operator does not af-
fect the other transformation properties. If we
take as a specific example the excitation b 'Z '

8-X 'Z& in molecular oxygen, the molecular
wave functions g, snd gz transform, respectively,
according to the irreducible representations Z
and Z' of C „. The direct product of ((, with
each term in Eg. (1) can be formed to determine
the initial channel symmetry which, when com-
bined with gz, provides information as to the
symmetry character of the scattered electron.
In conducting this analysis, the coordinate sys-
tem is chosen such that the incident wave vector
and the molecular axis lie in the xz plane (but
with otherwise general orientation). In this co-
ordinate system, the incoming plane wave p, is
independent of y; hence cp, is even under a„",
and only those components which are even under
o„"appear in Eg. (1). The first term in Eq. (1)
transforms as a', which means that the initial
channel symmetry (I';) is Z . Since the final
molecular state has the symmetry Z', conserva-
tion of channel symmetry requires that the scat-
tered electron wave function y& transform as 0 .
Such a one-electron symmetry, however, is not
possible' and therefore this term cannot contri-
bute to the Z'-Z excitation process. The next
relevant term in Eq. (1) transforms like z, which
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means that I', transforms like II,. Conservation
of channel symmetry and the Z' final molecular
state requires that the scattered electron wave
function transforms as ~,. This argument can be
extended indefinitely to the higher terms of Eq.
(1) and shows that for a Z' —Z transition, the
components of the incident electron wave function
which are even under 0„'become components of
the scattered electron wave function which are
odd under o„".

The essential result from this analysis is that
since the x axis was taken as the incident beam
direction, the scattered electron wave function
which results from a Z' —Z transition must
have zero amplitude along the x axis. The DCS
for this excitation process must therefore rigor-
ously vanish at scattering angles of 0' and 180'.
This selection rule is a consequence of the fact
that for any molecular orientation with respect
to the incident beam direction, the scattered
electron wave function, which results from a Z'
—Z transition, must transform as odd under
reflection in the symmetry plane defined by the
molecular axis and the beam direction. It is not-
ed that this selection rule for the vanishing of
the DCS at 0' and 180 for Z' —Z transitions
does not depend on the existence of inversion
symmetry and thereby differs from the analog-
ous transitions in atoms. '

Some additional information can be obtained
for general scattering angles and specific orien-
tations of the molecular axis with respect to the
plane formed by the incident and scattered elec-
trons (the scattering plane). Since the xe reflec-
tion plane, as defined above, is a nodal plane
for the scattered electron wave function in Z'
—Z transitions, the scattering amplitude for a
Z' —Z transition vanishes whenever the molec-
ular axis is in the scattering plane. In addition,
for homonuclear diatomic molecules the transi-
tion Z' —Z saith a change in the parity of the
molecular state {g—u) also has zero scattering
amplitude when the molecular axis is perpendicu-
lar to the scattering plane because of the exis-
tence of the o„reflection plane in the homonuclear
diatomic molecule. This implies that the DCS
for a Z —Z transition with a parity change
should be smaller than the corresponding transi-
tion with no parity change or the similar transi-
tion in heteronuclear diatomic molecules (assum-
ing other factors to be the same). This expecta-
tion is based on the fact that for homonuclear di-
atomic molecules, the range of angles for the
orientation of the internuclear axis with respect

to the scattering plane is 0'-90', and the DCS
vanishes at both the end points. It is reasonable
then to expect that the DCS for such an excitation
should be smaller than for the other transitions
for which the DCS vanishes at only one orienta-
tion angle.

There are recent experimental results, in ad-
dition to those presented here, which support the
predictions made above concerning the vanishing
of the DCS at 0 for transitions of the type Z'
—Z . The energy-loss measurements in Q, by
Skerbele, Dillon, and Lassettre" at 45 eV and a
scattering angle of 3 are consistent with the pre-
dicted low-angle behavior in that although the
transition a 'kg (v ' = 0, 1)-X 'Z

&
could be readily

identified, the transition b 'Z
g

X Z
g

was too
weak to be distinguished above the background.
Recent high- resolution, electron energy-loss
measurements in N, by Lassettre et al, "Sker-
bele, Dillon, and Lassettre" and Williams and
Doering" indicate that transitions to the a''Z„
and B' 'Z„states from the X 'Z&' ground state
are absent at 0 scattering angle and are very
weak, if present at all, at scattering angles out
to 20 . Carbon monoxide has also been studied
under high resolution and small scattering angles
by Skerbele and Lassettre" and their spectra
contain no indication of excitation to the e 'Z and
I'Z states from the X 'Z' ground state for scat-
tering angles as large as 12'. Although both N,
and CQ have also recently been studied"'" to
scattering angles as great as 85' and for incident
energies as low as 10 eV, the corresponding Z-Z' transitions have not yet been observed.
This is probably because the Z -Z' transitions
in N, and CQ are strongly overlapped by other
features in the spectrum, and their detections
will therefore require higher resolution than has
been used to date in addition to observation at
scattering angles greater than 25'.

The authors are grateful to Professor W. A.
Goddard for numerous helpful discussions and to
Dr. D. G. Truhlar for calling their attention to
the work by Fano.
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High-Resolution Saturation Spectroscopy of the Sodium D Lines with
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The sodium D resonance lines have been studied in saturated absorption with a repeti-
tively pulsed tunable dye laser. The hyperfine splitting of the 3 S&g2 and 3 P&y2 states of
Na ~ is resolved. Measurements with a delayed probe reveal a remanent hole burning in
the velocity distributions of the two ground-state levels, caused by a velocity-selective
optical pumping cycle. A time-resolved observation of the collisional-velocity thermal-
ization in the presence of Ar buffer gas is reported.

In the past the techniques of laser saturation
spectroscopy' ' that eliminate Doppler broaden-
ing by spectral hole burning have essentially
been restricted to either gas-laser transitions or
molecular transitions in accidental coincidence.
Although organic-dye lasers have been tuned to
atomic resonance lines, "they generally did not
provide the required spectral resolution and sta-
bility. The present paper reports on a study of
the sodium resonance lines D, at 5896 A and D,0
at 5890 A in saturated absorption using a repeti-
tively pulsed tunable dye laser with an instru-
mental bandwidth of 7 MHz and a pulse length of
30 nsec. The use of a pulsed laser source is
made possible by a recently introduced sensitive
technique of saturation spectroscopy. " Two
light beams of equal frequency are sent in oppo-
site directions through the resonant atomic va-
por, and the change in absorption for one of the
beams, the probe, caused by the other, the
bleaching or saturating beam, is recorded. A
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FIG. 1. Experimental setup.

saturation signal is observed if the laser is tuned
close to an atomic resonance frequency, so that
both light waves interact with the same atoms,
i.e., those with essentially zero axial velocity.

A simpl. ified scheme of the experimental setup
is shown in Fig. i. The narrow-band tunable dye
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