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We report the first observation of laser-assisted collisions in molecules. Cross sec-
tions for such intermolecular processes involving high-energy (E ~ 11 eV) Rydberg states

in carbon monoxide are shown to be larger than 10

18 em? at the laser intensities approach-

ing 101 W/cm?. Our experiments clearly illustrate the care necessary in interpreting
multiphoton spectra taken at high laser powers.

PACS numbers: 34.90.+q, 33.20.Ni, 33.80.Kn, 42.50.+q

Optical processes involving the near simultane-
ous events of a collision and absorption of laser
radiation have recently been shown to occur with
significant cross sections! and in a wide range
of atomic media.? We report the first observa-
tions of analogous phenomena in a molecular sys-
tem, where we have demonstrated laser -assisted
intermolecular energy transfer in carbon mon-
oxide (CO). There are significant differences to
be encountered in the molecular case, since the
detailed rotational and vibrational energy-level
structure must be included in the interpretation
of both the frequency dependence and the magni-
tude of the laser-assisted transfer. Thus, laser-
induced collisional phenomena®* are an important
new probe for molecular dynamics and the con-
cepts developed in these studies may ultimately
lead to “transition state” spectroscopy in both
fragmentation and reactive scattering processes.

In spite of the fact that the rovibronic energy
levels in a molecule “dilute” the electronic tran-
sition probabilities, the cross sections for these
lager-assisted energy-transfer phenomena can
approach those observed in atomic media, and
in CO were measured to be >10-' cm? at a power
density of 8 X10° W/ecm?2 Moreover it must be
appreciated that when working at high power den-
sities, where the laser-induced cross section °
deviates from a linear intensity dependence, the
frequency dependence scales as 1/Aw rather than
1/Aw?. Thus in molecular systems much of the
structure due to individual rotational states may
be smeared out into a “quasicontinuous” spectrum
arising from laser-assisted collisional phenom -
ena. Such effects therefore could play an im-
portant role in multiphoton absorption at high

co(N{A'l, v,=5}+CO(21{X'2*, v, =0} +hw~ CO(1){X =", v, =1} +CO(2){ B'Z*, v,=0},

- CO({X'z*, v,=0}+CO(2){B'z*, v,=1},

laser intensities since they serve to eliminate
rotational bottlenecks and hence must be included
in the interpretation of multiphoton studies of the
electronic structure of polyatomic molecules,

The laser system for these studies produced
two independently tunable and time synchronized
dye-laser pulses. This was achieved by using a
Nd-doped yttrium aluminum garnet oscillator and
dividing the output into two beams which were
amplified, frequency doubled, delayed with re-
spect to each other, and then used to pump the
two dye lasers. Typical performance for the
first laser at 5570 A (Rhodamine 560) was 50 mJ
in a 10-nsec pulse with a linewidth of 0.8 cm-1,
This radiation was then frequency doubled in
deuterated potassium dihydrogen phosphate
(KD*P) to yield 6 mJ in an 8-nsec pulse at 2784
A. The second laser at A ~5800 A (Rhodamine
590) was narrower in linewidth (Av <0,06 cm™?)
and produced a 10-nsec-duration 25-mJ pulse,
delayed by 12 nsec with respect to the first pulse.
The two laser beams were counterpropagating
and focused into a stainless-steel cell with LiF
windows to a 200-um waist oriented parallel to
the slit of a 1-m vacuum ultraviolet monochroma-
tor. The detector was an EMI solar-blind photo-
multiplier (CsI cathode) and the absolute sensi-
tivity calibration of this system has been already
described.® In the present experiment the output
of the photomultiplier was amplified in a Tektron-
ix model-1ATA amplifier, then passed through a
50-nsec coincidence gate set to overlap the trans-
fer laser, and finally to a discriminator and
counter.

The types of laser -assisted energy transfer
processes which were studied in CO are as fol-
lows:

(1)

(1b)
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FIG. 1. Energy-level scheme for laser-assisted intermolecular energy transfer in CO. (a) and (b) correspond to

processes (la) and (1b) described in text.

and these are indicated in Figs. 1(a) and 1(b).
The first laser (A =2784 A) at =0 creates popu-
lation (>10*® ¢m™2) in a rovibronic level (v =5,
J=12) of the ATl state via two-photon absorption.
After a 12 nsec delay the transfer laser prepares
a dressed state® (indicated by the dotted line)
which can transfer its energy to another CO
molecule if it simultaneously makes a collision.
In the strong-field regime, the cross section for
this process is given!* by

PR LTy
0=1.4 N FI-L):&A—Q)& E, (2)
where p,;, b, and p, are matrix elements cor-
responding to B ~A(1, 5)[CcO(1)], B-x[CO(1)],
and B-X[CO(2)], respectively (including rota-
tional line strength factors). Aw is the detuning
from a real rovibronic level in the B state, and
E is the transfer-laser field strength. It should
be noted that the deviation from the E? depen-
dence observed at lower laser intensities is not
a saturation phenomenon, corresponding to an
equalization of populations. Rather it arises be-
cause the magnitude of the laser-induced avoided
crossing is becoming large enough that at very-
high fields the dressed states never cross.®
Since all the input parameters for Eq. (2) are
available™® for CO, it is possible to make esti-
mates of the cross sections for processes (1a)
and (1b). Allowing for the 10 cm™! deutuning
from a rovibronic level in the B'>" state and a
factor of 5 for the orientational average®® with
respect to the linearly polarized transfer laser,

at a power density (P/A) of 8 x10° W/cm? we
estimate 0=17X10"1® ¢cm?2 for (1a) and 0=3 x1071¢
cm? for (1b).

At low intensities of the transfer (10° W/cm?),
we observe only the direct (intramolecular) exci-
tation of the B'Z*(v’=1) -~ Al(v” =5) transition.
As predicted from consideration of the detailed
rotational -state selection rules for this two-step,
three-photon absorption, only P and R lines® (la-
beled with respect to the A state) are observed.
As can be seen from the lower trace of Fig. 2
(p c0=30 Torr) we are populating primarily J=12
in the A'Il state with a small contribution from
J=13, but with no J=11 (both J=12 and 13 are
excited simultaneously because the bandwidth of
the pump laser is comparable to their separation
at the S-branch A —X bandhead). Even for pres-
sures as high as 100 Torr there is no evidence
from these excitation spectra for any rotational
relaxation in this relatively unperturbed’ vibra-
tional level of the A'Il state. Measurement of the
B —~X fluorescence spectrum originating from
v’=1 gave a branching ratio for (1, 1), (1, 2), and
(1, 3) emission of 4:1:0.3, which is in good agree-
ment with the calculated ratio of Franck-Condon®
factors of 4:1.3:0.4.

Under conditions of high transfer-laser inten-
sity (8x10° W/cm?) we observe a dramatic change
in the excitation spectrum. If we detect only the
emission from v’=1 of the B state [(1,1) at 1151
f\.], then the sharp lines observed at low intensity
become asymmetrically broadened with a line-
width Av=3.7+0.3 cm™', Although we do indeed
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FIG. 2. Excitation spectra (scanning the transfer
laser A;) of CO, detecting B —~X fluorescence [ (0, 1)
+(1,1)+(,2)]. Transfer laser is delayed by 12 nsec
with respect to the pump laser. Lower trace: P/A
=10° W/cm?, signals registered between the R lines
correspond to the background level observed without
the transfer laser. Upper trace: P/A=8%10° W/cm?.
pco=30 Torr.

observe a red wing to the line, it is probably pre-
mature to interpret this as being directly analo-
gous to the quasistatic wing observed in atomic
media.?

In Fig. 2, we show the excitation spectrum tak-
en while simultaneously monitoring the fluores-
cence fromboth the v’ =0 and the v’ =1 levels
of the B'>* state. This choice was made because
(0, 1) emission lies too close (Ax=0.5 A) to the
(1, 2) emission to be resolved with our monochro-
mator and because we also wish to emphasize
that both processes (1a) and (1b) are occurring
simultaneously., As well as the asymmetric line
shape around the real transition noted above,
there is also an additional set of peaks of lower
intensity but »eproducible in position. Further-
more the emission spectra obtained when exciting
at 5776 A (near resonance) and 5778.2 A (at one
of the new spectral features noted) gave different
intensity ratios at 1151 A [(1, 1) emission] and
1180 A [(0, 1) +(1, 2) emission], namely, 4:1 vs
2:1, corroborating the additional presence of
(0, 1) emission resulting from process (1a).

A detailed theoretical analysis of the rotational-
state dependence [taking into account the Boltz-
mann distribution of acceptor states of CO(2) in
the X state] of processes (1a) and (1b) reveals
an extremely dense spectrum of switched colli-
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FIG. 3. Intensity dependence of the switched collision
process, pco=100 Torr and A, =5778.2 A. Solid and
broken lines represent slopes 3 and 1, respectively.

sions with Aw extending +200 cm™, and we have
observed similar quasicontinuous spectral fea-
tures, well above the background level, as far
as 150 cm™ from any real.B -A(1, 5) transition.

The intensity dependence of the spectral features
due to laser-assisted collisional energy transfer
is given in Fig. 3 (data are for x,=5778.2 &, Aw
=6.6 cm™!), It is initially linear in P/A and then
goes over to (P/A)Y? dependence at high intensi-
ties as predicted by theory. This behavior was
observed at several different wavelengths, except
in a 0.4-cm™! region around the intramolecular
transitions shown in the low-intensity scan in
Fig. 2. On resonance the intramolecular transi-
tion is saturated with the signal reduced by a fac-
tor of ~10 compared to that extrapolated from
low laser intensities, but this would account only
for a total width <0.2 cm™!, far less than ob-
served.

An intramolecular process which could account
for the observed emission is the production of
anti-Stokes radiation induced by the transfer
laser. Several reasons lead us to believe that an
anti-Stokes process can be eliminated. Firstly,
the frequency dependence of anti-Stokes radiation
must smoothly follow the intramolecular excita-
tion as shown in the lower trace of Fig. 2. Sec-
ondly, it must be symmetric with respect to the



VOLUME 47, NUMBER 4

PHYSICAL REVIEW LETTERS

27 JuLy 1981

frequency detuning. Finally, the emission spec-
trum (vibrational intensities) must be independent
of the wavelength of the transfer laser. All of
these properties are in direct contrast to what is
actually observed.

It is possible to make an estimate of the cross
section observed experimentally for the sum of
processes (1a) and (1b). We calculate that 29 of
the A'Il state is transferred to the B'Z* state via
this laser-assisted collisional process at 8 xX10°
W/cm. This corresponds to a total cross section
of 0,,,=5%X107'® ¢cm? compared to our estimate
of 0,,,=20x1071 ¢cm? Agreement is reasonable
considering the total uncertainties in the input
parameters.

This work shows the important role that laser-
assisted collisional phenomena can play in laser
spectroscopy studies at high laser intensities,

As the first observation of switched collisions

to achieve inelastic energy transfer in a molecu-
lar system, it is an important step in developing
and understanding models for laser field effects
in molecular dynamics, and provides the basis
for exploring dressed-state chemistry in other
areas such as photofragmentation and even reac-
tive scattering. Finally, the large cross sections
achieved in these experiments establish the feasi-
bility of future applications, as for example ex-
citing vacuum ultraviolet lasers.

The authors thank W. R. Green and G. Grynberg
for helpful discussions, J. Robert for experimen-
tal help, and D. L. Albritton for supplying his un-
published Franck-Condon factors for the B-X
transition in CO. Technical assistance of M. Bier-
ry and M. Chateau is also greatly appreciated.

(@ permanent address: Department of Chemistry and
Physics, University of Toronto, Toronto, Ontario
M5S1A1, Canada.

'W. R. Green, J. Lukasik, J. R. Willison, M. D.
Wright, J. F. Young, and S. E. Harris, Phys. Rev. Lett.
42, 970 (1979).

*R. W. Falcone, W. R. Green, J. C. White, J. F.
Young, and S. E. Harris, Phys. Rev. A 15, 1333 (1977);
W. R. Green, M. D. Wright, J. Lukasik, J. F. Young,
and S. E. Harris, Opt. Lett. 4, 265 (1979); Ph. Cahuzac
and P. E. Toschek, Phys. Rev. Lett. 40, 1087 (1978);

C. Polak-Dingels, J. F. Delpech, and J. Weiner, Phys.
Rev. Lett. 44, 1663 (1980).

321, 1. Gudzenko and S. I. Yakovlenko, Zh. Eksp. Teor.
Fiz. 62, 1686 (1972) [Sov. Phys. JETP 35, 877 (1972)].

3S. Yeh and P. R. Berman, Phys. Rev. A 19, 1106
(1979).

5°A. M. F. Lau, Phys. Rev. A 16, 1535 (1977).

35, M. Yuan, J. R. Liang, and T. F. George, J.
Chem. Phys. 66, 1107 (1977).

!s. E. Harris, J. F. Young, W. R. Green, R. W, Fal-
cone, J. Lukasik, J. C. White, J. R. Willison, M. D.
Wright, and G. A. Zdasiuk, in Laser Spectroscopy IV,
edited by H. Walther and K. W. Rothe (Springer-Verlag,
New York, 1979).

SW. R. Green and J. Lukasik, Opt. Lett. 5, 537 (1980).

bc. Cohen-Tannoudji, in Ca'rgése Lectures in Physics,
1967, edited by M. Levy (Gordon and Breach, New York,
1968), Vol. 2, p. 347.

"P. H. Krupenie, The Band Spectvum of Cavbon Monox-
ide, U. S. National Bureau of Standards, National Stan-
dards Reference Data Series—5 (U. S. GPO, Washing-
ton, D. C., 1966).

8D. L. Albritton, Franck-Condon factors, personal
communication.

9J. Danielak, R. Kepa, K. Ojczyk, and M. Rytel, Acta
Phys. Pol. A 39, 29 (1971). ’

top, Grimbert, M. Lavolée, A. Nitzan, and A. Tramer,
Chem. Phys. Lett. 52, 45 (1978).

Transition to Chaotic Behavior via a Reproducible Sequence
of Period-Doubling Bifurcations

Marzio Giglio, Sergio Musazzi, and Umberto Perini
Centro Informazioni Studi Esperienze, Societa per Azioni, I-20100 Milano, Italy
(Received 1 May 1981)

We present the results of measurements of the vertical and horizontal temperature
gradients in a Rayleigh-Benard cell. By an appropriate preparation of the initial state,
the system can be brought into a single-frequency oscillatory regime. Further stepwise
increase in the imposed temperature gradient makes the system go through a reproducible
sequence of period-doubling bifurcations up to /16, The Feigenbaum é and p universal

numbers are determined.

PACS numbers: 47.25.-c

A recent theory by Feigenbaum®'? suggests that
nonlinear systems which can be led into chaotic
behavior via a sequence of period-doubling bi-
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furcations will exhibit universal behavior. As
the stress parameter X is increased, the bifurca-
tion points A, occur in such a way that the ratio
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