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Observation of Excited States in Ozone near the Dissociation Limit
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National Bureau of Standavds, Washington, D, C. 20234
(Received 12 June 1975)

Several calculations suggest that the lowest triplet states of ozone lie near the dissoci-
ation limit. Using electron energy-loss spectroscopy, we have observed a broad feature
beginning at 1.3 eV, with a maximum at 1.65-eV energy loss. This structure is present
only under large momentum-transfer conditions, indicative of the excitation of optically
forbidden states. Together with the calculations, these data demonstrate that one or
more excited states of ozone exist which are stable against dissociation.

The immediate importance attached to under-
standing ozone chemistry, coupled with recent
experimental results'”® that hint of the possible
existence of low-lying excited states, has led to
both theoretical predictions*' ® of and experimen-
tal searches for these states. We report here
the first observation of excited states near the
dissociation limit. The optically allowed ozone
transitions, as seen by electron-impact spec-
troscopy, have been presented previously.®

Pulsed radiolysis experiments® in O, have
shown transient absorption which the authors at-
tribute to vibrationally excited ozone. A subse-
quent experiment? verifies the existence of the
absorption spectrum, but the authors suggest
that the transient species has not been “unequiv-
ocably established as vibrationally excited ozone.”
Two large-scale configuration-interaction calcu-
lations*' ° predict respectively that the *B, state
and the ®B, (0.4 eV), 34, (0.3 eV), ‘4, (0.1 eV),
and ®B, (=0 eV) states are bound with respect to
the dissociation energy of 1.13 eV by the ener-
gies indicated in parentheses.

Electron scattering experiments can observe
optically forbidden transitions by selective ad-
justment of the scattering parameters toward
large momentum transfer. While small-angle
scattering at high incident energies follows elec-
tric dipole selection rules, large-angle scatter-
ing at energies just above the threshold for the
excitation enhances the excitation of forbidden
states.”'® Excitation of the three triplet states
(®B,, 34,, 3B,) will proceed via exchange, while
excitation of the 'A, state occurs via electric
quadrupole excitation. The use of near-thresh-
old impact energies will favor the exchange in-
teraction and thus the excitation of triplet states.
We therefore expect that structure in the energy-
loss spectrum, present only for low incident en-
ergies and large scattering angles, is due pri-
marily to excitation of triplet states. We wish

to test whether there is such structure in ozone
at or near the predicted® values of energy loss
and, in particular, whether the measured verti-
cal excitation energies imply that the lowest
state (at least) is stable against dissociation.
We have used an electron monochromator-ana-
lyzer combination designed by Kuyatt and co-
workers® to produce electron beams with ener-
gies of 4 to 8 eV with a resolution of about 90
meV (full width at half-maximum). These elec~
trons are scattered from ozone confined in a gas
cell at a pressure of approximately 2 Pa (15
mTorr) and are energy analyzed at scattering
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FIG. 1. Top: Energy-loss spectrum of ozone-oxygen
mixture taken at 90° with a constant final energy of
5.5 eV, Bottom: Energy-loss spectrum of oxygen ta-
ken under the same conditions.
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angles of 45°, 75°% or 90°. The analyzer is set
to accept electrons of a fixed energy of a few
electron volts independent of the incident energy.
In this constant-final-energy (CFE) mode, the
spectrum which results as the incident energy is
swept is an energy-loss spectrum where each
excitation is caused by electrons at a fixed ener-
gy above the threshold energy. The ozone is pro-
duced by an rf discharge in oxygen and is pref-
erentially collected on cooled silica gel. The
silica gel is subsequently warmed to release the
ozone. We observed a sizable oxygen concentra-
tion in the ozone, requiring us to repeat each set
of measurements using pure oxygen in order to
subtract the oxygen background.

Figure 1 shows energy-loss spectra taken at a
scattering angle of 90° and a constant final ener-
gy of 5.5 eV. The top curve is for ozone plus
oxygen and the bottom one is for pure oxygen.
An ozone concentration of approximately 50%
was monitored at the source by optical absorp-
tion measurements using the mercury 253.7-nm
line. The incident energy of the electrons was
determined by adding a small amount of helium
to the cell and observing the position of the
(1s2s%)%S resonance in elastic scattering. This
was necessary because of the large change in
contact potential observed in the apparatus when

ozone or pure oxygen are interchanged in the
scattering cell. The pure oxygen curve shows

the a'A state (0.98 eV), the b'Z state (1.63 eV),
and a number of vibrational levels of the ground
states. The top curve shows these features plus
a broad peak between 1.3 and 2.4 eV. Both curves
contain the tail of the elastic signal on the left,
which becomes insignificant at about 1.2-eV en-
ergy loss.

Figure 2 shows the reduced energy-loss spec-
tra for ozone taken at scattering angles of 45°,
75° and 90° over the energy-loss range of 1.2 to
6 eV. The energies above threshold are 4.6, 6.2,
and 3.1 eV, respectively. These curves were ob-
tained by subtraction of the spectra due to pure
oxygen taken under nearly identical conditions.
Before subtraction, compensation was made for
slight differences in the energy scale zero and
resolution of pairs of spectra.'® The peaks at
4.9 eV (250 nm) are due to the Hartley band, the
allowed transition responsible for much of the
atmospheric ultraviolet attenuation. The broad
feature beginning at 1.3 eV (950 nm) and peaked
at about 1.65 eV (750 nm), seen only at low inci-
dent electron energies and large scattering an-
gles, we ascribe to one or more optically forbid-
den excited states.

Some residual structure appears in these
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FIG. 2. Energy-loss spectra of ozone, at scattering angles of 45° (&), 75° (+), and 90° (O). The three data sets
are not plotted on the same intensity scale. The vertical lines at the bottom denote the calculated vertical excita-

tion energies from Ref. 5.
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curves because of the difficulty of exactly repli-
cating, during the measurement of the pure oxy-
gen data, the conditions under which the ozone
data were taken. Slight differences in resolution
and incident energy, and the variation of incident
current with energy, cause some ‘“leakage” of
oxygen vibrational structure into the reduced
curves. When all of our data sets are taken into
consideration, this substructure can be seen to
be an artifact.

These results can be compared with those of
Hay, Dunning, and Goddard.® Figure 2 shows
their calculated vertical excitation energies to
the *B,, ®A,, 'A,, and ®B, states. The lowest ex-
cited state, the ®B, state, has a calculated adia-
batic transition energy of 0.7 eV and a vertical
transition energy of 1.47 eV. The difference be-
tween the calculated adiabatic and vertical ener-
gies is expected to be more accurate than either
separately, with both subject to the same sys-
tematic offset. Since the dissociation energy is
1.13 eV, the 3B, state would be stable against
dissociation if its vertical transition energy lies
below 1.9 eV. The observed structure is approxi-
mately what would be expected from the sum of
four broad peaks. In particular, even under the
most extreme assumptions, given the shapes of
the calculated energy surfaces, the intensity
maximum near or below 1.7 eV shows that one
or more of the states calculated are almost cer-
tainly stable against dissociation. This stability
opens another channel in the normal three-body
reaction for ozone formation, with the end pro-
duct being a more highly reactive species of

ozone, This state will now require consideration
in kinetics experiments and, depending on its
lifetime, in atmospheric modeling as well.
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By replacing the A and B magnets of the conventional molecular-beam-resonance tech-
nique with laser optical-pumping regions, we have developed a method for the observa-
tion of hfs in a single molecular-vibration-rotation level of arbitrary J. We obtain for
the electric quadrupole and spin-rotation constants of the X ’Eg*’, v” =0,J” =28 level of
Nay: eq@ =—463.7+0.9 kHz; |¢] =0.17+0.08 kHz. We also report the first observation

of a spin-rotation transition.

Much of our knowledge of the properties of free
atoms and molecules has come from the molecu-
lar-beam-resonance technique developed princi-
pally by Ramsey and co-workers." This method

is well suited to high-precision measurements
of hyperfine structure in low rotational levels of
neutral molecules. In an electric-deflection
beam spectrometer, rotational levels of polar
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