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section data are shown for comparison.
It appears from the large cross sections and

long lifetime observed for D, that these species
may be in a quartet electronic state analogous to
that of He (is2s2p)'P~.

Calculations on H, indicate that this ion is un-
stable with respect to H, +H clustering. " The
similarity between the D, and D, attenuation
cross sections indicates that D, may also be
electronically excited.

The isotopic and pressure effects on the rela-
tive production efficiency of the diatomic and
triatomic hydrogen negative ions are being stud. -
ied further in order to elucidate the mode of
formation of these species.

The authors wish to thank David L. Heustis for
theoretical discussions.

*The mass spectrometer used in this study has been
constructed as part of a program sponsored. by the Na-
tional Science Foundation under Grant No. GA-87729.

iG. J.Schulz, Rev. Mod. Phys. 45, 428 {1978).
V. I. Khvostenko and V. M. Dukel'skii, Zh. Eksp.

Teor. Fiz. 84, 1026 (1958) [Sov. Phys. JETP 7, 709
(1958)j.

8,. E. Hurley, Nucl. Instrum. Methods 118, 307
{1974).

Model 800-5, Colutron Corporation, Boulder, Colo.
80802.

H, . Schnitzer, W. Aberth, H. L. Brown, and M. An-
bar, in Proceedings of the Twenty-Second Annual Con-
ference on Mass Spectrometry and Allied Topics,
Philadelphia, Pennsylvania, 19-24 May 1974 (to be
published), p. 64.

6H. J. Hoden, in Proceedings of the Second Symposi-
um on Ion Sources and Formation of Ion Beams, Berke-
ley, California, 1974 (to be published).

7O. A. Schaeffer and S. O. Thompson, Badiat. Res. 10,
671 (1959).

J. S. Risley, Phys. Rev. A 10, 781 (1974).
F. H. Simpson and H. B. Gilbody, J. Phys. B: Proc.

Phys. Soc., London 5, 1959 (1972).
A. Macias, J. Chem. . Phys. 49, 2198 (1968); C. D.

Richie and H. F. King, J. Amer. Chem. Soc. 90, 825
(1968); T. E. Haas and M. J. Feinberg, Theor. Chim.
Acta 10, 189 (1967).

Photodissociation Spectrum of CO8: Evidence for a Bound Excited State*

P. C. Cosby and J. T. Moseley
Molecular Physics Center, Stanford Research 1nstitnte, Menlo Park, California 94025

(Received 21 April 1975)

The photodissociation cross section for COB +hv- CO&+0 has been measured from
6400 to. 5650 A using a drift-tube mass spectrometer and a continuously tunable dye la-
ser. The cross section has very detailed structure, which is interpreted as reflecting
the vibrational levels of a bound, predissociating state of CO3".

The existence of bound excited states for nega-
tive ions is the subject of considerable current
interest. Autodetaching states of atomic negative
ions have been discussed in several recent Let-
ters, ' ' and such a state has also been observed
for a molecular ion. ' Molecular negative ions,
particularly those with a large electron attach-
ment energy, may have bound excited states that
do not autodetach. Such a state has been observed
in C~, and one probably exists" in 0, . We re-
port here on the observation of a bound excited
state in CO, by measurement of the photodissoci-
ation cross section of this ion.

The experimental apparatus, consisting of a
drift-tube mass spectrometer and a laser, is
basically the same as that previously" used to
measure the photodissociation cross section for
CO, at seven discrete wavelengths between 5287

O

and 4579 A. However, the argon-ion laser used
in that work has been replaced by a tunable dye
laser having a resolution of 0.5 A. The CO, ions
are formed by reaction'" between 0 and CO„
and drift under the influence of a weak applied
electric field through CO, gas toward an extrac-
tion aperture. The ratio of the electric field
strength to the neutral-gas density, E/N, is cho-
sen such that the directed drift velocity is only
about one tenth the mean thermal speed of the
ions and gas molecules at room temperature.
Thus, the ions experience a large number of
thermalizing collisions following their produc-
tion. Just before passing through the extraction
aperture, the ions intersect the intracavity pho-
tons of the dye laser, which is chopped at 100 Hz.

The ions which pass through the extraction ap-
erture are mass selected by a quadrupole mass
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spectrometer and individually detected by an
electron multiplier. By counting these ions for
alternate periods when the laser is on and when
it is off, the cross section for the loss of a par-
ticular ion species due to photon interaction, the
photodestruction cross section, can be deter-
mined. " Such photodestruction may be due to
photodetachment, photodissociation, or both. It
is also possible that two-photon processes and
collisional dissociation following photon excita-
tion to a loosely bound state could contribute,
but we have not yet observed any such processes.
By tuning the mass spectrometer to the appro-
priate mass, the photofragment ions resulting
from photodissociation can also be observed, and
the photodissociation cross section measured.

In previous work, ~"we established that be-
tween 5287 and 4579 A the primary photodestruc-
tion process for CO, was the photodissociation
reaction

CO, +A@- CO, +0,
and that the photodetachment threshold for CO,
was probably at an energy of at least 2.7 eV.
Figure 1 shows the results of similar measure-
ments on the destruction of C03 over the range
from 6400 to 5650A made using the tunable laser.
These data were obtained at E/K values of 10
and 20 Td (1 Td =10 "V cm'), at which the CO,
drift velocities are (4.0 and 8.0) && 10' cm/sec,
respectively. The gas pressures used were 0.05
Torr of CO„and 0.1 Torr of 1:1mixture of CO,
and 0,. The drift distance was 10.1 cm or great-
er. Absolute cross-section values were deter-
mined by normalization to previously measured

0 (Branscomb et al.") and 0, (Ref. 8 and Burch,
Smith, and Branscomb") photodetachment cross
sections, using techniques discussed in Refs. 8-
10. Photofragment 0 ions were observed over
the entire wavelength range, and no other photo-
fragment ions were observed. The uncertainty
in the absolute value of the cross sections is
+25%%uq. The error bars in the figure represent
the uncertainty in the relative cross-section val-
ues.

The large number and close spacing of the max-
ima observed in the CO, photodissociation cross
section suggest that as a result of photon interac-
tion, the ions undergo transitions to a bound ex-
cited state which dissociates into 0 +CO, . The
observation of 0 photofragment ions indicates
that photodissociation is occurring, but a two-
photon photodestruction or photon excitation fol-
lowed by collisional dissociation could conceiv-
ably also be present. Further, if the parent CO,
ions have substantial vibrational excitation, these
excited levels could contribute to the observed
structure. To resolve these questions, several
additional experiments were performed.

First, it was important to establish that the
major photodestruction process was photodissoci-,
ation into 0 + CO, . The relative cross section
for the appearance of 0 photofragments was
mea, sured at fourteen wavelengths corresponding
to the major maxima and minima in Fig. 1, and

0
normalized at 5990 A. The resulting cross sec-
tions were in excellent agreement with those of
Fig. 1, indicating that most, if not all, of the ob-
served photodestruction is due to the photodis-
sociation reaction (1).
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FIG. 1. Total photodestruction cross section for C03" as a function of wavelength, obtained by observation of the
loss of CO3 . The photodestruction process was identified to be photodissociation, CO3 +hv —C02+0, by observa-
tion of the 0 photofragments.
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The possibility of collisional dissociation was
investigated by searching for a dependence of the
cross section on either CO, pressure or collision
energy. The pressure studies covered a range
from 0.040 to 0.100 Torr at an E/N of 10 Td, thus
changing the number of collisions experienced by
an ion after passing through the photon beam by a
factor of 2.5 while keeping the average collision
energy nearly thermal. At 0.050 Torr, E/N was
increased to 50 Td, which doubled the mean col-
lision energy. In both cases, the cross section
was observed to remain constant. The possibility
of two-photon processes was investigated by vary-
ing the intracavity laser power from approxi-
mately 5 to 130 W at 5990 A, and by variations of
approximately a factor of 5 at several other wave-
lengths. The cross section was observed to re-
main constant in each case. Thus, it is conclud-
ed that collisional dissociation and two-photon
processes do not play a significant role in the
photodestruction under our experimental condi-
tions.

Finally, the possible effect of vibrational ex-
citation of the parent CO, ions on the measured
cross sections was investigated. These ions are
likely to be formed vibrationally excited and the
number of thermalizing collisions required for
them to reach vibrational equilibrium at room
temperature is not known. Therefore, the cross
section was measured at several wavelengths as
the drift distance was increased from 2.54 to
20.3 cm, increasing the number of thermalizing
collisions from about 125 to 1000. For distances
shorter than 5.08 cm, a slight increase (10-20%%)
in the cross section was observed, but for longer
drift distances the cross section was constant.
As mentioned earlier, all of the data presented
in Fig. 1 were taken at drift distances of 10.1 cm
or greater. The shape of the cross section be-
tween 5990 and 6290 A was measured at collision
energies from those corresponding to room tem-
perature up to a mean collision energy of 0.2 eV.
Such an increase in mean collision energy be-
tween the CO, and CO, molecules would be ex-
pected to result in substantially increased vibra-
tional excitation of the CO, . However, no change
in the shape of the cross section was observed.
This result is surprising, since if vibrationally
excited states become involved in the photodis-
sociation, changes in the structure should be ob-
served. These measurements were not as de-
tailed as those of Fig. 1, and it is possible that
slight changes in the structure were missed. It
is also possible that the vibrational temperature

of the CO, was much lower than their kinetic
temperature, and consequently the amount of vi-
brational excitation was small. In any case, we
conclude that the effect of vibrational excitation
of the parent molecule on either the absolute
magnitude or the shape of the cross section pre-
sented in Fig. 1 is negligible. Recall that the
data of Fig. 1 were all obtained for very low CO,
drift velocities, and hence at essentially room
temper atur e.

The overall conclusion of these studies is that
the results presented in Fig. 1 are characteristic
of an excited state (or states) of CO, which has
a sufficiently deep potential well to accomodate
a number of vibrational levels, and which lives
for a time substantially longer than one vibra-
tional period. Further, CO, in this state spon-
taneously breaks up into CO, +0 .

The photodissociation cross sections of Fig. 1
contain basically the same kind of information
obtainable for neutral molecules from absorption
spectra. It is not generally possible to obtain a
sufficient number density of ions in the gas phase
to allow the usual absorption techniques to be
used. The absorption spectra of ions has gen-
erally been studied by isolating them in solid
matrices, but these experiments are often dif-
ficult to interpret and are subject to the uncer-
tainty of the influence of the matrix environment
on the ion. The infrared spectrum of CO, has
been studied'3 in this way.

The observed dissociation could be caused by
a curve crossing to a dissociative state, or by a
change in the geometric configuration of the mol-
ecule. In all likelihood, geometric considera-
tions impede the direct photodissociation of CO, .
The ground state of CO, is linear, while the
ground state of CO, is believed to be a trigonal
structure of C,„symmetry, "with an 0-C-0 bond
angle of nearly 120'. In the initial excited con-
figuration the molecule is probably trigonal, and
if so, there will be an effective barrier against
direct dissociation; As the excited molecule vi-
brates, for example, in the v, ' or v4' bending
modes, the O-C-0 bond angle could approach
180', thus facilitating dissociation. The close
spacing of the peaks in the envelope centered
near 6200 A indicates that these peaks character-
ize a weak vibrational mode, such as v3' and v4'

are likely to be.
Obviously, it would be of interest to use the

spectroscopic information contained in Fig. 1 to
characterize the excited CO, state. This is dif-
ficult because of the limited wavelength range of
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the data. However, it is known from our pre-
vious work" that CO3 continues to absorb and
photodissociate at wavelengths as short as 4579
0

A, and very probably at even shorter wave-
lengths. Further, there is evidence" that CO,
continues to photodissociate at longer wave-
lengths to at least 6800 A, and that a very strong

0
absorption exists near 6600 A. It therefore
seems feasible that the photodissociation cross
section of this molecule can be obtained from
6800 A to below 4579 A. This should provide a
sufficient range to determine the vibrational fre-
quencies of this excited state, as well as other
information concerning its character.

The visible absorption spectrum has been re-
ported" for the NO, molecule which is isoelec-
tronic to CO, . Approximately twenty diffuse
bands were observed in this spectrum between
6650 and 5000 A. The absorptions were assigned"
to the transition"

(e')'(a, ')', 'E'- (e')'(a, '), 'A, ',
and the diffuseness of these bands interpreted as
indicating a predissociation of this molecule in
the excited state. However, the high density and
general diffuseness of the bands permitted vi-
brational assignment only to v, '. A detailed study
of the CO, photodissociation spectrum should
also provide information complementary to that
in the NO, absorption spectrum, thus assisting
in characterization of the states of each species.

The technique used here will be applicable to
any molecular ion which absorbs in the range of
available high-power tunable lasers, and which
can be made to undergo a dissociation soon after
absorption. 'gee have observed ' the photode-
struction of CO, ~ H, O, 0, , and 04". Indica-
tions are that each of these cross sections ex-
hibits variations with photon energy related to
the structure of the ions. The ability of this tech-
nique of photodissociation spectroscopy to specify
the absorbing species, vary its internal energy

content, and identify charged photofragments
promises to assist significantly in understanding
the strpcture of complex molecular ions.
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