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Resonant Photocatalytic Effect in Laser-Induced Unimolecular Decomposition
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The probability rate of photon-catalyzed molecular predissociation (or unimolecular re-
action) is shown to increase by many orders of magnitude in the case of (near-) resonance
of the laser frequency with intermediate discrete molecular states. As a result, the photo-

catalytic effect is important even at unexpectedly low laser power. Both the resonant and

the nonresonsnt photocatslytic effects can be demonstrated by experiments with alkali-
metal dimers (e.g„Na&).

It is shown in this Letter that Photon catalyze-d
molecular predissociation (or unimolecular reac-
tion) can occur with significant probability rate
at laser intensity many orders of magnitude
smaller than those expected from previous stud-
ies. ' ' This reduction in the required laser pow-
er is made possible by the huge resonance en-
hancement (e.g. , ) 10') in the probability rate (or
unimolecular rate "constant") when the laser fre-
quency is resonant with the initial and some inter-
mediate molecular states. In this process, a
molecule in the vibrational bound state (AB)*
makes a transition to a nearby vibrational con-
tinuum via intermediate states by simultaneous
absorption of one photon and stimulated emission
of another photon of the same mode (see Fig. 1),

where A and B may be atoms or molecules. Since
the laser photons are not consumed in this chan-
nel of Reaction (1) and yet can increase its rate
constant, the photons are acting like catalysts.
As a result of the low power requirement found
here, this interesting photoeatalytic effect will
be much more amenable to laboratory studies
and practical applications. To underscore this
physical significance, this novel effect is called
resonant photocatalysis and is distinguished from
the previous nonresonant photoeatalytic effect."
In the latter, because of the large difference of
the laser frequency from resonance with any
intermediate states, only virtual absorption and
emission of the laser photons are involved.

The alkali-metal dimers (e.g. , Na, ) are sug-
gested here for the experimental demonstration
of both the resonant and the nonresonant photo-
catalytie effects. This is the first time any mol-
ecular system has been identified where these
effects are clearly dominant.

Nonradiative molecular predissociation is an
important process for the study of the spectra
and structure of molecules. 4 It is also the basic

mechanism in the decomposition (or bond-break-
ing) step of nearly all unimolecular reactions. '
In the nonradiative predissociation, the direct
transition from the initial molecular state to the
adjacent vibrational continuum (see Fig. 1)
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FIQ. 1. Resonant photocatalytic predissociation (solid
arrows) due to (a) higher- and (b) lower-lying interme-
diate levels. Nonradiative predissociation is indicated
by dashed arrow.

is due to intramolecular interactions. ' ' Numer-
ous recent works" have used laser excitation to
prepare molecular population in the initial bound
state for studying process (2). In the active area
of infrared multiphoton dissociation of polyatomic
molecules, ' the molecules are energized into ex-
cited bound states by absorbing laser photons in
the pump mode but it is assumed that the intense
laser radiation does not induce any decomposi-
tion from these states in addition to the nonradia-
tive component.

Lau and Rhodes" were the first to study how
the intense laser radiation may modify and con-
tribute to the predissociation dynamics itself. It
was found that depending on the symmetries (if
any) of the initial and final states, the laser radia-
tion can induce a radiative predissoeiation by
absorption (or stimulated emission) of the laser
photons' or by the nonresonant photocatalytic ef-
fect. '*' %hen the symmetries forbid single-pho-
ton absorption or stimulated emission, the photo-
catalytic effect can become the dominant process.
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Now I want to give the theory of resonant photo-
catalytic effect. Since the molecular symmetries
may allow both the laser-induced photocatalytic
effects (1) and the nonradiative predissociation

(2), the total decomposition rate per second per
molecule is given by

where

Sf, =( m/c)I Ja(ug(R&u —h(u)Q„D, „D„,.(l(a„, '+y„,.')' ' —s-', y„, ] '+[(b,„,,'+y„) ' — —,y„;] j ~

In this expression, g,. gives the probability dis-
tribution in the initial states g, so that Pg, = 1.
The density of states for the vibrational continu-
um, p&, is evaluated at Ff=F, (i.e. ,. energy con-
servation) and the sum P& is carried over other
discrete electronic (kA) and rotational (JM) quan-
tum numbers of the final molecular states. The
nonradiative predissociation is given by the
known" ' matrix element Tf, The photocataly-
tic effects are given by the matrix element Sf,
The laser, with integrated intensity I, has a
spectral line shape g(R&u —h~) centered at e so
that f d&u R(5u —hu) =1. The sum g„ is carried
over the intermediate states of the molecule.
The electric-dipole transition moments D,„are
given by (g, l P, q, r, ~ c

l g, ) with the continuum
vibrational part of the final state gf normalized
as' (Fzl pf')= p& '5(R& —R'&). The frequency de-
tunings are given by b,„,,=—(E„—E; + her)/h. The
Rabi frequency y „,=(8&I/c)'I'D„;/8 gives rise to
power broadening due to coherent optical pump-
ing and the full width at half maximum y« in-
cludes al'l incoherent broadening mechanisms.

The magnitude of the resonant (6„,. =0) photo-
catalytic effect depends on the width of the laser
spectral line shape relative to the full width 5„,.
=- p„,. —i-,y„,. of the transitions. This is illustrated
by the results for two simple special cases that
are encountered frequently. The first is when
the la.ser linewidth is much smaller tha, n

l G„,l,
where x are the resonant {or near-resonant)
states. Then neglecting the much smaller con-
tribution from far off-resonant states, one ob-
tains

(4)

The second case is when the laser width is much
greater than l 5„.l; then it is obtained from Eq.
(3) that

g, = j(2p'/c) IQ„D&„D„;g( +F.„—R&u) .
We see that in the former case, Eq. (4) the mole-
cular line-shape function comes into play whereas
in the latter case, Eq. (5), it is the laser line-
shape function.

Now I want to show the resonant enhancement

by comparing with the nonresonant photocatalytic
effect. '' In the latter, the energy departure
from resonance with any intermediate state is
much larger than the molecular or laser line-
width; the probability rate formula is also given
by Eq. (3) but with Sz, simplified to be'

With the assumption that Tz, is negligible (e.g.,
by symmetry AA = 2), an estimate of the order of
magnitude of the resonance enhancement is given
by the ratio of the resonant photocatalytic prob-
ability rate y„ to the nonresonant photocatalytic
probability rate y~,

where 5=5„,. for the case of Eq. (4) and 5=—[vg(0}] '
for the case of Eq. (5); and Is and I„are the in-
tensity of the laser used in the resonant and the
nonresonant case, respectively. Using the same
laser that can be tuned into and away from reso-
nance, one has ys/y„-( lE„; l

—Rcgu'/O'. For the
typical range of off-resonance

l E„,l

—h~ -10 to
104 cm ', and a typical molecular or laser line-
width 5-0.1 cm ', one obtains a huge enhance-
ment factor of 10' to 10" t If two different non-
tunable lasers are used in the resonant and non-
resona, nt cases, the reduction in the resonant
laser intensity I„required to induce the same
rates y„=y„ is given by Is/I~- 0/(lE„, l

—S~). .

For the above typical numbers, I„/I„-10 ' to
10 '.

A class of molecules ha.s also been identified
to demonstrate the photocatalytic effects. The
previously suggested diatomic halogens such as
I, and Br, have the difficulty that predissociation
by laser-stimulated single-photon transitions
from the bound B 0„' states to the nearby repul-
sive 1& and 0&' states would dominate over the
photocatalytic effects. ' However, the bound a'v„
state of the alkali-metal dimers (Li„Na„etc.)
is free from any single-photon predissociation
because it does not have any low-lying xePulsive
g«ade states nearby. This is shown in Fig. 2.'0'"
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FIG. 2. Schematic diagram showing the resonant pho-
tocatalytic effect (solid arrows) applied to the lowest
triplet states (solid curves) of Na&.

Na(
'a,nvZ) "'"=Na(3s)+Na(3s). (8)

In general, a CO, laser can be used for the non-
resonant photocatalytic effect." However to ob-
tain resonance enhancement with a CQ, laser
here, one has to populate levels above E, in Fig.
2. For low-lying levels such as E, in Fig, 2, one
may use the 1.318-pm line of the yttrium-alum-
inum-garnet laser to obtain resonant enhance-
ment through the high-lying discrete levels of the
b3Zg' state. By tuning the pump dye laser or the
ir laser (if tunable), one can optimize the i-r
and r-f Franck-Condon factors to obtain large
photocatalytic effect (now shown in Fig. 2). The
predissociation probability rate per second per
molecule in general can be estimated by

ps=6. 3 x1r'(l/5)'&f Df„'D„,', (9)

where 1 is in watts per square centimeter, and

Although the discussion below applies to other
alkali-metal dimers as well, Na, is chosen for
the amount of known information and for experi-
mental advantages. Because of spin-orbit mix-
ing with the A'Z„' states, "populations in the
(a' n, v't') states (lifetimes a 10 ' sec) can be pre-
pared by dye-laser excitation from the ground
(X'Z g'v "J")states. A second infrared laser can
photocatalytically predissociate these (a' n, v'4')
populations into the continuum of the x'Z„' state
with the (b'Z &'v J) states acting as the dominant
intermediate states:

5 is in inverse centimeters, p& is the density of
states per hartree, and Df„and D„,. are in atomic
units (1 a.u. =2.54x10 " esu). For Na„rough
estimates of p&Df„'-0.9 and D„,'-0.9 give a
power-broadened 5-1.9 cm ' and ~„-1.2x10'/
sec at I= 3 x10' W/cm'. A laser pulse of w -0.1

psec would decompose 12@of the population. To
induce the same rate with an energy off reso-
nance by -100 cm ' would require a laser inten-
sity -10' W/cm ."' The proposed experiment
uses an Na, molecular beam so that the decom-
posed fragments Na(3s) can be detected separate-
ly from the Na(3s) atoms present in the primary
Na, beam.

The increase in the detected signals from the
products Na(3s) with the infrared laser on, as
compared to off, can distinguish the photocatalyt-
ic effects from the nonradiative predissociation
(if any"). Note that the rate "constants" of the
photocatalytic effects can become dominant by
increasing the laser intensity whereas the non-
radiative rate constant is fixed. '" Another proc-
ess, resonant Raman effect (or resonance fluo-
rescence), may produce Na(3s) fragments but
their kinetic energy distribution is more diffused
than those of the resonant photocatalytic effect
peaking at Ef ——E, only. For the same values of
the molecular and laser parameters as above,
the resonant Baman effect depletes the initial
population at a rate (( 0.9 x10' sec ') lower than
the photocatalytic rate. More importantly, fur
ther increase in laser intensity increases the
photocatalytic rate linearly uhereas the Aaman
rate remains constant, because the i —z transi-
tion is already saturated in both cases. There-
fore the resonant photocatalytic effect can be dis-
tinguished from and dominate over the resonant
Baman effect Another com. peting process,
stimulated two-photon absorption, can also be
discriminated. For the low-lying levels such as
E, where an yttrium-aluminum-garnet laser is
used, even if there were significant two-photon
absorption into a higher electronic repulsive
states, the product, excited Na*, would fluoresce.
See Fig. 2. The relative kinetic energy of the
dissociated fragments is also distinct from that
of photocatalytic fragments. For the high-lying
levels such as E„where the CO, laser is used,
predissociation by laser-stimulated two-photon
absorption and emission into the continuum of the
x'Z„' state can occur. But the Na(3s) products
of these processes can be resolved from those
from the photocatalytic effects because their
relative kinetic energy differs by +2hz . Finally
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the probability rate for stimulated two-photon
emission is further reduced by orders of magni-
tude because of its large departure from reso-
nance with the intermediate states. Thus it is
likely that the photocatalytic effects can be un-
ambiguously demonstrated using Na. , (or other
alkali-metal dimers).

Photons have always been thought of as being
absorbed or emitted in photochemistry and laser-
induced chemistry. The significance of the above
experiment is to demonstrate the predicted new

role of the photons as "catalysts" and a new chan-
nel of laser-induced unimolecular decomposition.
This also makes more attractive the attempt to
demonstrate this effect in the more complex
laser-controlled collisional or reactional proc-
ess. Theory shows that the same principle
governs the two kinds of processes. ' '

I am grateful to D. D. Konowalow, D. M. Cox,
and M. S. Chou for several discussions and es-
pecially to D. Konowalow for furnishing unpub-
lished results.
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