
VoI.UMK 44, +UMBER ) PHYSICAL REVIEW LETTERS 21 JANUARY 1980

Lett. 41A, 373 (1972); Z. Phys. 265, 487 (1973).
7D. Brinkmann, E. Brun, and H. H. Staub, Helv.

Phys. Acta. 35, 431 (1962).
F. J. Adrian, Phys. Rev. 138, A403 (1965).

~C. H. Volk, B. C. Grover, and E. Kanegsberg,
U.S. Air Force Office of Scientific Research Annual
Technical Report, Contract No. F49620-77-C-0047,
1978 (unpublished) .

~ C. Cohen-Tannoudji, J. Dupont-Roc, S. Haroche,
and F. Laloe, Rev. Phys. Appl. 5, 95, 102 (1970).

~~C. H. Volk, T. M. Kwon, B. C. Grover, and J. G.
Mark, "Measurement of the Rb87-Xe' ~ spin exch~~~e
cross section, " (to be published).

' C. H. Volk, U.S. Air Force of Scientific Research
Annual Technical Report, Contract No. F49620-77-C-
0047, 1979 (unpublished).
'"B. G. Baker, L. A. Bruce, and P. G. Fox, Trans.

Faraday Soc. 64, 477 (1968).
' B. Cognac and G. Lemeignan, C. R. Acad. Sci. 264,

1850 (1967).
"I.E. Grinko, V. F. Terzeman, Yu. M. Petukhov,

and I. A. Shushpanov, Opt. Spektrosk. 29, 612 (1970)
l. Opt. Spectrosc. (V.S.S.R.) 29, 329 (1970)1.
'6V. P. Putyrskii and T. G. IzJJumova, Opt. Spektrosk.

37, 399 (1974) I. Opt. Spectrosc. (U.S.S.H, .) 37, 227
(1974)]

Two-Photon Technique for the Dissociative Spectroscopy of Simple Molecules

C. B. Collins, J. A. Anderson, F. %. Lee, and P. A. Vicharelli
Center for Quantum Electronics, University of Texas at Dallas, Richardson, Texas 75080

and

D. Popescu and Iovitzu I'opescu
Central Institute of Physics, Bucharest/Magurele, Romania

(Received 15 June 1979)

A two-photon technique is reported for the measurement of relative cross sections
for the photolysis of simple molecules into particular product channels. In a demon-
stration of this method, two independently tunable dye lasers were used to dissociate
molecules of Cs& sequentially for wavelengths in the range 445 to 505 nm, and then
to excite the resulting products to determine the relative cross sections for the photo-
lysis of the Cs, molecules into each of the energetically possible product states.

Historically, it has been the conventional tech-
niques of absorption spectroscopy that have con-
tributed most heavily to the understanding of the
structure of simple molecules. However, the
successes of these methods hav'e been generally
limited to the study of bound states. Comparable
studies by conventional means of transitions to
repulsive and dissociative states have usually led
to featureless absorption continua and, thus,
have not resulted in the depth of understanding
that has been reached with the well-bound states
of molecular systems.

The recent efforts which have developed in la-
ser chemistry and laser isotope separation have
tended to refocus spectroscopic interests upon
these less tractable dissociative states. . For ex-
ample, if it is intended to activate selectively an
isotopic or reactive species, photodissociation
of a parent molecule appears, at first, to be a
nearly ideal mechanism. Unfortunately, the prac-
tical application of such techniques generally re-
quires detailed knowledge of the dissociative

state to be excited, of the states of the products
with which it is correlated, and of the dynamics
of the dissociation process which determine the
extent to which the product channels might be
mixed by crossings of the potentials describing
long-range forces. The examination of spontane-
ous fluorescence from the products of laser-in-
duced photolysis provides some of this informa-
tion but it is generally susceptible to uncertain-
ties in the unique identification of product chan-
nels unless the fluorescence lifetimes of the dis-
sociation products are much less than the char-
acteristic times for collisional miging of the
states, as was the case in the classical measure-
ment' of the various partial cross sections for
the photolysis of H, .

The work reported here concerns the demon-
stration of a sequential, two-photon technique
for the study of laser photolysis. It is based on a
multiphoton process originally observed in H, by
Lucan et aL.' and independently demonstrated
by Collins etal. In particular, it was found in
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those works that a multiphoton absorption could
occur with high probability through a resonant
intermediate state that was unstable against dis-
sociation on the time scale of the multiphoton
process. Two-photon ionization spectra of Cs,
showing resonances for the absorption to a disso-
ciative state followed by absorption from an ex-
cited state of a product Cs atom were reported
in 1974.' Subsequently such hybrid resonances
were reported in Rb, K,' In, ' and Yb, ' but in all
cases the results were limited to resonances
which could be excited by multiple photons of the
same frequency.

The appearance of the hybrid resonances in dis-
persion curves of photoionization takes the typi-
cal form of a Rydberg series of discrete absorp-
tion lines from excited atomic states that are
modulated in intensity by the probabilities for the
molecular part of the absorption leading to disso-
ciation of the parent dimer. It was suggested' in
one of the first reports of this phenomenon that
the envelope contributed by the molecular part
could be isolated and studied as a function of
wavelength by use of photons from separately
tunable lasers. Furthermore, if the lasers were
pulsed, operating for a period short compared
with the inverse collision frequency of the disso-
ciation products vith the components of the ab-
sorbing vapor, the diffuse molecular bands which
were found could be uniquely correlated with
their dissociation products.

It was the purpose of the work reported here to
demonstrate this multiphoton technique by re-
solving the absorption cross section of Cs„
which appears to be a continuous function of wave-
lengths in the blue region of the spectrum, ' into
its component cross sections for photolysis into
particular product channels. In the absence of
thermal excitation of the parent Cs, only four
possible products, 6 +y/2, 6 +3/2p 5 D3/2, and
5 D,/„ conserve energy when the illuminating
wavelength is greater than 460 nm. The relative
cross sections for the production of each were
determined in this work in an environment vhich
was essentially free from collisions that might
tend to mix the channels for dissociation on the
time scale of this experiment. The sensitivity
and resolution which were achieved appear to in-
dicate that the multiphoton technique introduced
here can be of significant utility to photolytic
spectroscopy.

The apparatus used in this work was developed
and described by Anderson. ' Basically, it con-
sisted of tvo independently tunable dye lasers

pumped by a single pulsed nitrogen laser. The
output beams from the dye lasers were aligned
to be spatially collinear, but were temporally
dispersed so that the one used to dissociate the
population of parent molecules arrived first at
the absorption cell by about twice the duration of
the pulse. Provisions were available for the ad-
justment of the temporal separation of the pulses
but the results were not found to be particularly
sensitive to this variable unless the order of the
occurrence of the pulses was reversed. As ex-
pected, with the reversed temporal sequence the
effect was completely absent. The linewidth of
the output from the dye lasers was of the order of
0.01 nm and corresponded approximately to the
resolution with which the wavelength could be set.

The occurrence of the desired two-photon pro-
cess was determined by detecting the cesium ions
produced in the vapor by the associative ioniza-
tion of the populations of states produced from
the dissociation products by the delayed laser
pulse. The detection was accomplished by includ-
ing a space-charge-limited diode in the absorp-
tion cell. This method has been shown to be very
effective for the products of the photoionization
of metal vapors and has been used in all of the
previous studies in which hybrid multiphoton reso-
nances have been reported. 4 ' Essentially the
technique uses the ionization in the vapor as a
distributed grid to control a space-charge-limited
current flowing between a cathode and an anode
arranged to contain the absorbing vapor between
them. Sensitivities to the production of one ion
per second have been achieved in this manner. "
In the experiment reported here the detecting
diode was operated in cesium vapor at a pressure
of 0.13 Torr.

By adjusting the wavelength of the delayed pulse
to agree with a known absorption line correspond-
ing to a transition to a Rydberg state of Cs* from
a particular one of the possible dissociation pro-
ducts of the parent molecule, the cross section
for photolysis into a channel leading to that spe-
cific product was isolated for measurement. The
relatively narrow bandwidth of that absorption
channel ensured that the number of Cs, ' ions re-
sulting from the subsequent associative ioniza-
tion of the Rydberg atoms exceeded by 1.5 to 2
orders of magnitude the amount of ionization pro-
duced by any competing process such as the di-
rect photoionization of the excited states of Cs, *
remaining from the excitation produced by the
first laser pulse. It was found that the composite
effect of all of the spurious channels leading to
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the production of ionization that tended to contri-
bute background signal and noise to the hybrid
multiphoton process represented less than 20%
of the total signal and, thus, could be readily
subtracted without degrading the signal-to-noise
ratio. Once corrected in this way, and provided
that some care was taken to avoid intensities so
excessive that one of the steps in the absorption
sequence became saturated, an ion signal was ob-
tained that was found to be linearly proportional
to the intensities from each of the two lasers.
This resulting signal was then assumed to be pro-
portional to the product of the intensities multi-
plied by the known transition probability for the
excitation of the dissociation product, the proba-
bility for the associative ionization of the result-
ing Rydberg population, and the cross section to
be determined for the photolysis of the Cs, into
that particular product channel.

In the work reported here the channels for the
production of 6'Py/2 and 6'P, /, atoms were iso-
lated by adjusting the wavelength of the delayed
pulse to correspond successively to the transi-
tions to the Rydberg states 15'LI, ~, and 15'g~» ~„
respectively. Similarly, transitions to 20'E, /,
and 20'E, /»/, were used, respectively, for the
detection of 5'D, /, and 5'D, /, products. " Each of
the component steps in the sequence leading to
the ionization of the dissociation products should
have depended in L.S coupling upon quantum num-
bers n and L, but not J. As a consequence, the
overall detection efficiency should have been the
same for populations in states differing only in
J, while having been different from the:efficien-
cies for the detection of products in states having
other values of n or L. Thus, the relative cross
sections shown in Fig. 1 for photolysis of Cs,
into 6'P, /, and 6'P, /, states were obtained by

simply dividing the bilinear ionization signals de-
scribed above by the product of the experimental-
ly measured laser intensities. The relative cross
sections shown in Fig. 2 for photolysis into 5 D, /,
and 5'D, /, states were obtained in a similar man-
ner. The relative magnitudes of the resulting
curves were significant to +20% between each
fine-structure component, but the scaling between
the 6'P and 5'D states was not determined. The
scatter between individual measurements reflects
the variance observed over a time scale of the
order of weeks and may have resulted from the
difficulty in maintaining beam alignment.

In each figure the cross sections measured for
the fine-structure component of lower energy and
lower statistical weight are shown by the open
circles. In the case of the 6P states to within ex-
perimental error the cross sections appear to be
proportional to the product-state degeneracy, 2J
+1, as might have been initially expected. The
general similarity of the curves shown in Fig. 1
implies that the photolysis into both 6P&(2 and 6P»,
product states occurs through the excitation of a
single unstable manifold, either correlated with
6 P+6 S, or predissociating into it.

The case shown in Fig. 2 for the photolysis of
Cs, into 5D product atoms is less tractable and
even a rough explanation is difficult. Two or pos-
sibly three dissociative molecular states seem
to be involved. However, such peculiar features
as the observed shift toward higher photon ener-
gies of the peak of the cross section for the pro-
duction of the lower energy product imply the
existence of complex crossings and predissocia-
tions of excited molecular states. In contrast to
the occurrence of populations of 6'P atoms that
are proportional to their statistical weights, the
5'D states are actually inverted. Furthermore,
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FIG. 1. Relative cross sections as functions of
wavelength for the photolysis of Cs2 into 6Pf/p or 6/3/z
product states of Cs.

FIG. 2. Relative cross sections as functions of
wavelength for the photolysis of Cs2 into O'D3/2 or
5~D, /, product states of Cs.
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if the cross sections are divided by the degenera-
cies of the product states, the probability per
state of producing a 5'D, ~, atom in comparison to
a 5'D, ~, becomes as great as a factor of 2.7 larg-
er for the peaks in Fig. 2.

The surprising detail found with this new multi-
photon technique in the cross sections for the
photolysis of Cs, attests to the importance of ex-
perimental measurements of these quantities. It
is clear that the highly selective photodissocia-
tion of Cs, into 5D, ~, atoms for wavelengths be-
tween 470 and 485 nm could not have been antici-
pated from existing theoretical curves. It ap-
pears that the technique introduced here holds
the promise of contributing substantially toward
the detailed characterization of the repulsive
states of simple molecules that are becoming of
critical interest and importance in a variety of
applications.
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Disparate-mass neutral gases are here predicted to support two different forced-
sound modes at moderately high frequencies, a fast and a slow wave. Specific pre-
dictions are given for mixtures of xenon and helium.

Forced sound propagation in gases may be
studied by considering small disturbances from
absolute equilibrium of the form exp[i(kx —

& t)],
where the frequency ( is constrained to be real
and positive. The dispersion relation which one
subsequently obtains for the complex wave num-
ber k =k(u) in general has several roots. Usually,
one root of the equation will correspond to sound
propagation in the +x direction. That root is
identified by its low-frequency behavior: As ~
-0, Im(k) (proportional to the absorption coeffi-
cient) goes to zero, and Re(k) (proportiona, l to
the dispersion) goes to a positive known constant.

n =z U (number-density deviation),

U=z(n+ T+P) (flow velocity),

3T = 2n+ 2zq (temperature deviation);

(lb)

(1c)

An exception to this simple situation can arise,
however. Consider the Navier-Stokes descrip-
tion of a simple monatomic gas. The relevant
equations may be written in linearized, nondi-
mensional form, for deviations from equilibrium
of the form expi(kx —&ut), as follows:
Conservation equations,
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