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A transmission experiment is used to observe the structure in the total electron-im-
pact cross section in CO and O,. The structure in the cross sections is enhanced by
measuring directly the derivative of the transmitted current. An isolated resonance in
CO is observed at an electron energy of 10.04+0.08 eV. In O,, structure is observed
which correlates well with the absorption spectra in the energy range 8-10 eV. In addi-
tion, two very sharp resonances (30-meV width) are observed at 8.02+0.03 and at 8.25

+0.03 eV.

Resonances in the total cross section for elec-
tron impact on diatomic molecules have been the
subject of extensive experimental and theoretical
investigations in recent years. These resonanc-
es can be classified into two major categories,’
namely, (i) “single-particle” or “shape” reso-
nances which consist of the target molecule, usu-
ally in its ground electronic state, plus an elec-
tron trapped in the neighborhood of the molecule
by the centrifugal barrier and polarization and
exchange potentials, and (ii) “core-excited” or
Feshbach-type resonances which consist of an
electron temporarily bound to an excited state of
the molecule, Whereas single-particle resonanc-
es generally lie 0-3 eV above the ground state,
core-excited resonances lie at higher energies,
near the excited state from which they derive.
This Letter reports observations of new reso-
nances in the energy range 8-10 eV in both O,
and CO.

Experiment. —The existence of resonances can
be established by observing structure in either
the elastic or inelastic cross sections by elec-
tron impact, and by studying vibrational excita-
tion or dissociative attachment. We examined
the structure in the total electron-impact cross
section using a transmission experiment, Such
an experiment can be used to enhance the struc-
ture in the cross section as described by Kuyatt,

Simpson, and Mielczarek?® and by Schulz.® A
further refinement is introduced in the present
experiment by observing directly the derivative
of the transmitted current.

Figure 1 shows a diagram of the apparatus.
Electrons emitted from a thoria-coated iridium
filament F are aligned by an axial magnetic field
B of 130 G and traverse a trochoidal monochro-
mator* to produce a monoenergetic electron beam
of about 3X10™® A with an energy spread between
25 and 40 meV. The electrons leaving the mono-
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FIG. 1. Schematic diagram of transmission tube.
Electrons are emitted from the filament F and aligned
by a magnetic field B and pass through the trochoidal
monochromator and the collision chamber. A small
modulating signal (5-50 meV, 71 Hz) is applied to M
and the transmitted current is detected synchronously
at the collector C. The retarding electrodes R provide
a potential barrier for scattered electrons.
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chromator are accelerated into a collision cham-
ber maintained at a pressure of about 0.03 Torr.
Those electrons which reach the exit of the col-
lision chamber are decelerated to nearly zero
energy by the two retarding electrodes R. This
deceleration prevents scattered electrons from
reaching the electron collector C because the
scattered electrons have their velocity vector re-
oriented and thus do not possess sufficient axial
momentum to overcome the potential barrier.

Unlike the conventional transmission experi-
ment, which measures directly the transmitted
current, the technique used for this work mea-
sures the derivative of the transmitted current.
A sine wave of variable amplitude (5-50 meV
peak-to-peak) is applied between the collision
chamber and the insulated cylinder M surround-
ing the inside of the collision chamber. The re-
sulting modulation in the transmitted current
measured on electrode C is amplified by an oper-
ational amplifier and measured in phase with the
modulating signal by means of a phase-sensitive
detector. During each sweep the modulating sig-
nal is kept constant, and thus the output signal
from the phase-sensitive detector is directly pro-
portional to the derivative of the transmitted cur-
rent taken with respect to the electron energy.
A more complete description of this technique
will be given in a future publication.

Structure in the derivative of the transmitted
current may be due to the following causes:
(i) resonances in either the elastic or inelastic
cross section; (ii) rapid changes in the inelastic
cross section not related to resonances, e.g.,
sharp onsets, or variations in the Franck-Con-
don factors in molecular transitions. Resonanc-
es and sharp onsets can be recognized by the
shape of the structure they produce in the deriv-
ative of the transmitted current. However, dif-
ficulties in the interpretation of the data may
arise when the above-mentioned structures over-
lap. In this case, we make an attempt to corre-
late the data with known inelastic thresholds and
other observations in order to arrive at a proper
interpretation. Sharp resonances are usually not
afflicted by these problems and are easy to iden-
tify. We have checked the procedure outlined
above in the case of helium, where most reso-
nances are fairly well known, We can reproduce
all the features found by Kuyatt, Simpson, and
Mielczarek? with a signal-to-noise ratio about an
order of magnitude better. There are no signifi-
cant discrepancies in the energy scale. In the
case of CO the interpretation of our results is
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essentially unambiguous, whereas O, represents
a more difficult problem of interpretation.
Resonance in CO.— Figure 2 shows a plot of the
derivative of the transmitted electron current
versus energy. The structure at about 6 eV is
interpreted as the excitation of vibrational levels
of the a®Il state of CO. Trapped-electron experi-
ments also show this structure.® The known po-
sitions of these vibrational levels® are indicated
on the upper portion of the figure. No further
structure is evident until we come to the large
excursion around 10 eV. We can identify this
structure as a resonance whose shape is broader
than the spread in the electron beam. Without a
complete phase-shift analysis, we can only esti-
mate the natural width to be of the order of 0.04
+0.02 eV, The energy position of this resonance
has been established in three different ways:
(1) by comparison with the 19.30-eV resonance®
in He using a CO +He gas mixture, (2) by com-
parison with the 11.09-eV argen resonance?® using
a Co +Ar gas mixture, and (3) by measuring the
energy difference between the onset of the a°II
state and the resonance. All three calibrations
agree within 30 meV and lead to the value 10,04
£0.03 eV for the energy at which the derivative
curve has a minimum. The maximum of the
transmitted current would occur at the position
at which the derivative curve goes through the
first zero, i.e., at 10.00+0.03 eV, The center
of the resonance lies between the maximum and
the minimum of the transmitted current, i.e.,
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FIG. 2. Derivative of the transmitted current versus
electron energy in CO. The structure in the region
6-7 eV is due to inelastic processes involving the a°Il
state. The sharp structure around 10.04 eV is a new
resonance. The locations of some of the electronic
states of CO are indicated.
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close to the minimum in the derivative at 10.04
eV.

The dip which follows the resonance occurs at
10.40£0.03 eV, in agreement with the spectro-
scopic location® of the 3= * state (10.39 eV). As-
signment of emission lines from that state indi-
cate that only the ground and first vibrational
levels of the %2 * state are excited. It therefore
seems likely that the b°Z * state is the parent of
the 10-eV resonance, since that resonance also
has little vibrational structure.

Furthermore, the nature of the structure at
10.40 eV indicates the presence of a sharp onset,
possibly with a peak, in the excitation cross sec-
tion of the 532 * state. In N,, our data show a
markedly similar behavior for the excitation of
the E °Z ,* state at 11.87 eV, with a resonance’
lying near 11.4 eV. The sharp threshold behavior
of the cross section for the electron excitation of
the E 32 g+ in N, has been previously observed by
Heideman, Kuyatt, and Chamberlain’ and con-
firmed by other types of experiments.>®° The
trapped-electron data of Brongersma and Ooster-
hoff® also show a similarity in the threshold be-
havior of the °Z* cross sections in CO and N,.
Thus it appears that in both CO and N, a reso-
nance lies about 400 meV below the respective
3% * states and that the inelastic cross sections
for the excitation of the 32 * states exhibits a res-
onant-type behavior near threshold.

It is now known that the existence of a reso-
nance below an inelastic thrushold can cause
sharp structure in the inelastic cross section
just above threshold.’ This effect is caused by
a new channel of decay opening up at the thresh-
old of the inelastic process, leading to a sudden
increase in decay width for the resonance. Such
an effect is expected only when the excited state
is the “parent” of the compound state. We can
speculate that the behavior of the excitation
cross section for the *Z * states in both CO and
N, is caused by the existence of the resonances
lying below these states.

The fact that the 10-eV resonance does not
seem to have significant vibrational structure
could indicate that the shape of the CO~ potential-
energy curve to which the resonance belongs has
a small well in the Franck-Condon region and a
potential “hump” at larger internuclear separa-
tions. The “hump” could arise from an avoided
crossing between two states of the same symme-
try, and the potential could be deep enough to
support a single vibrational state. Such a hypo-
thesis is consistent with the data of Stamatovic

and Schulz'! who found that the onset of C~ pro-
duction from CO is delayed by 0.36 eV, a value
which is indicative of the height of the “hump.”
Furthermore, the presence of the resonance at
10 eV would explain the structure they observe
at that energy in the cross section for O~ forma-
tion from CO. The remaining structure in CO
seems to occur in the inelastic cross section, as
may be seen from the agreement with the energy
position of the absorption lines taken from the
recent work of Tilford and Vanderslice.'?
Resonances in O,.,— Figure 3 shows a direct
plot of the derivative of the electron transmission
spectrum of O, between 8 and 10 eV. The ob-
served structure can be compared with the peaks
observed in optical absorption, and fairly good
correspondence can be found. Exceptions are the
two very sharp structures at 8.02 and 8.25+0.03
eV, respectively. The widths of the rising por-
tion of these structures are limited by the spread
in the electron beam (about 30 meV). The exis-
tence of these compound states would imply that
at least one parent electronic state of O, exists
around 8.3-9.0 eV, No spectroscopic or theoreti-
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FIG. 3. Derivative of the transmitted current versus
electron energy in O,. The two sharp structures near
8.02 and 8.25 eV are interpreted as sharp resonances.
Most of the remainder of the structure probably re-
sults from “undulations” in the Franck-Condon factors.
The peaks in photon absorption observed by Bixon,
Raz, and Jortner (Ref. 13) are indicated by the vertical
solid lines, and the prominent absorption peaks ob-
served by Tanaka (Ref. 14) are shown by the dashed
lines. For calibrating the energy scale, a small
amount of either He or Ne is admixed to O, and the
19.30-eV resonance in He and the 11.09-eV resonance
in Ar are used as calibration points. The energy scale
is accurate to +0.03 eV.
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cal evidence exists for bound excited states in
this energy range.'® It is therefore difficult to
interpret the two sharp structures at 8.02 and
8.25 eV in the usual fashion, and no clear-cut
answer can be provided. The possibility exists
that the two resonances result from an avoided
crossing of two O, potential-energy curves,
which may lead to a well of sufficient depth to
support two vibrational modes.

Condon’ has shown that Franck-Condon factors
associated with repulsive-type curves can exhib-~
it undulations which he called “diffraction bands
in the continuous spectrum.” These have been
recently confirmed theoretically'® " and observed
experimentally.'® ' In fact, electron beam
experiments also could be interpreted in this
fashion.’®?® The absorption peaks resulting from
“undulations” and measured by Bixon, Raz, and
Jortner!® are indicated in Fig. 3 by the vertical
solid lines and the strongest absorption peaks of
Tanaka'® by the vertical dashed lines. Fair
agreement exists between the absorption peaks
and the structure found in the present experi-
ment. The two sharp structures at 8.02 and 8.25
eV seem to be exceptions, and their sharpness
would indicate that they do not result from “dif-
fraction” effects.

The authors are indebted to P. D. Burrow and
A. Herzenberg for advice and helpful comments.
Also, thanks are due to J. H. Kearney for techni-
cal assistance.
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Complete Hyperfine Structure of a Molecular Iodine Line*

T. W. Hansch,t M. D. Levenson,i and A. L. Schawlow$
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(Received 1 February 1971)

The complete hyperfine structure of the P(117) line of the 21-1 band of the B X tran-
sition of ¥, is observed at 568.2 nm. A resolution in excess of 10° is obtained by a sen-
sitive technique of saturation spectroscopy using a krypton-ion laser. The spectrum can
be fitted by a model which includes both a nuclear electric quadrupole and a magnetic hy-

perfine interaction.

The hyperfine structure in the visible absorp-
tion spectrum of molecular vapors is usually
masked by Doppler broadening.’ The techniques
of laser-saturated absorption® * offer a way,
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however, to overcome this difficulty. By study-
ing inverted Lamb dips in a 632.8-nm He-Ne la-
ser with an iodine-vapor absorption cell placed
inside the cavity, Hanes and Dahlstrom® were



