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In this paper we advance a model for multiphoton photofragmentation of an “isolated,” collision-free,
polyatomic molecule on the ground state potential surface. The molecular energy levels are separated into
three regions. In the low energy range the level structure is sparse and only dynamic Stark shifts will be
exhibited. In the intermediate energy range the density of bound vibrational states is high and the level
structure can be described in terms of mixed (zero-order) states. We argue that in this energy range
inirastate anharmonic scrambling may be of central importance in the excitation process, but that intrastate
vibrational relaxation and energy redistribution is not encountered for medium-sized molecules. In the high
energy region dissociative channels open up and reactive intramolecular decay is handled in terms of
resonance theory. The time evolution of a multilevel system, whose highest energy levels are metastable,
and which is driven by an intense laser field, is handled by the effective Hamiltonian formalism. Explicit
expressions are derived for the photofragmentation yields and their dependence on the molecular
parameters and on the field parameters. Specific applications to two distinct model systems are presented.
First, we treat the quasidiatomic model, which disregards level scrambling in the intermediate energy
range, whereupon near-resonant radiative coupling prevails between the states of a truncated anharmonic
oscillator. Second, we have considered the two-ladder model where in the low energy range near-resonant
radiative coupling occurs within an anharmonic ladder, while in the intermediate energy range resonant
radiative coupling between mixed states prevails. We present numerical simulations of the
photofragmentation yields and their dependence on the molecular parameters, such as the diagonal
anharmonicity, the molecular dissociation energy, the predissociative widths, and the isotopic shift. We
have also explored the dependence of the photofragmentation yields on the pulse parameters, such as the
off-resonance energy, the field intensity, and ihe pulse duration. The quasidiatomic model seems to
overestimate the power onset for photodissociation and the power required for the onset of saturation
effects, while the two-ladder model is quite adequate to account for the gross features of coherent

multiphoton molecular photofragmentation.

I. INTRODUCTION

Laser-induced chemical processes have been under
activate investigation during the last five years.! Of
considerable interest are those processes‘ where laser-
induced enhancement of a homogeneous chemical reac-
tion occurs which does not originate from the trivial ef-
fects of heating, i.e., increase of the translational
temperature of the reactants.? Some of the relevant
processes induced by laser irradiation in the vibrational
molecular spectra in this category are (a) bimolecular
reactions between vibrationally excited reactants‘; (b)
vibrational excitation followed by V-V transfer which
result in molecular dissociation®®; and (c) multiphoton
molecular photodecomposition.” ™ Processes (a) and
(b) can be induced at moderately lower laser powers,
while Process (¢) requires high power pulsed excitation.
Recent experimental work by Abratzumian ez al.®*° and
by Robinson and colleagues!!’!? has established that mul-
tiphoton photodissociation processes of a variety of mol-
ecules, i.e., SiF,, BCl;, SF,, C,H,, C,F;Cl, CH,;0H,
etc., can be induced by a high-power pulsed CO, laser,
which is characterized by output of ~1-2 J/pulse, pulse
duration ~ 100 nsec, and peak power of 1-5 GW cm™:
The currently available experimental information can
be summarized as follows”™*;

(1) The photodissociation yield exhibits a sharp power
dependence as observed for BCl, at moderate power, !®

(2) The threshold power required to induce observa-
ble photofragmentation in SF, exceeds ~5 MW cm™, 1!
This threshold power depends, of course, on the sensi-
tivity of the experimental detection system., The onset
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of field saturation effects, where the photofragmenta-
tion yield begins to exhibit a weak field dependence, was
observed!* at a power of 1 GWem™ for BCL,.

(3) The photofragmentation is highly isotopically
selective. Enrichment factors of ~35 for SF; were re-
ported, !

(4) The photofragmentation yield and the isotope en-
richment factor of SFy; are weakly dependent on the CQ,
laser wavelength.!!

(5) The isotope enrichment factor and the decomposi-
tion yield of SFg is a linear function of the number of
pulses.

(6) Increasing the pressure of the SFg/H, mixture
above 1 torr results in an appreciable reduction of the
isotopic enrichment factor. !

(7) In some cases, photodissociation was observed
under collision-free conditions.!?

(8) In some systems, such as SF,, photodissociation
occurs to ground state fragments, i.e., SF;—~SF;
+F, 1112 while in a variety of other systems, dissocia-
tion processes, for example of BCl;, C,H,, CH;0H,
C,F,Cl, CH,CN, CH;O0H, CF,Cl,, electronically excited
photofragments were produced, 10-11:13:14

(9) The photofragments produced by an infrared high-
power laser pulse differ in some cases from those ob-
tained by direct one-photon photodissociation. 1

Observations (1) and (2) provide strong evidence that
the photofragmentation proceeds via a multiphoton pro-

Copyright © 1977 American Institute of Physics

Downloaded 17 Feb 2009 to 132.66.152.26. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



S. Mukamel and J. Jortner: Multiphoton molecular dissociation in intense laser fields

cess of high order. This is compatible with simple
minded energetic considerations which imply that the
processes SFy = SF; + F and BCl; -~ BCl, +Cl should be
induced by a simultaneous or consecutive absorption of
~25 and of ~ 31 infrared photons, ' respectively. One
should note that observation (2) might originate from
power broadening effects in multiphoton excitation as
recently suggested by Bloembergen.!® Observations
(3)—(5) pertaining to isotopic selectivity and time scal-
ing support the notion of a selective laser-induced reac-
tion unaffected by energy scrambling processes, such

as V-V transfer, which occur at high pressures {Ob-
servation (8)]. Point (7) is central, providing the first
experimental evidence for multiphoton photofragmenta-
tion of an “isolated” molecule. Finally, Points (8) and
(9) are relevant for the elucidation of the nature of the
nonradiative decay channel, When ground state photo-
fragments are produced (under collision-free conditions)
a possible mechanism involves intramolecular vibration-
al or rotational predissociation on a single (ground state)
potential surface. Production of electronically excited
products may result either from direct photodissociation
or electronic predissociation on an electronically ex-
cited potential surface reached by the multiphoton exci-
tation.

The theoretical understanding of the dissociation of
molecules by intense infrared radiation is still in em-
bryonic stages. Rough estimates of multiphoton photo-
dissociation probabilities, which rest on conventional
perturbation theory, were provided by Pert, !* who sug-
gested that such processes will be induced by laser
powers ~10"® W cm™, Obviously, at such strong fields
the perturbation treatment is inapplicable. Goodman,
Stone, and Thiele!® treated the coherent and incoherent
excitation of a harmonic oscillator by a strong radiation
field. A similar approach for the incoherent excitation
problem, recast in terms of a master equation, was
presented by Gordiets ez al.’ In the recent work of
Goodman, Stone, and Thiele, * ¢ only level population
was considered and intramolecular decay processes
were not accounted for, while in the original work of
Goodman and Thiele!®® microscopic unimolecular decay
constants were properly assigned to the higher states
in the incoherent excitation model, but explicit solutions
were provided only for a two-level system. The impor-
tant role of anharmonicity effects which results in some
important quantitative features of the level populations
was not taken into account in that work. A recent study
of multiphoton excitation of a single molecule which
focuses attention on anharmonicity effects as well as on
field effects was provided by Bloembergen, ¢ This
treatment rests on a classical formulation for the ex-
citation of a single anharmonic oscillator with a cubic
potential term. Bloembergen’s theory assumes that the
distribution of the excited molecular levels is Poissonic,
as is the case for a harmonic oscillator, while the an-
harmonicity just affects the energy absorbed by the
system. Bloembergen assumed a coherent excitation
to a low (v = 3-4) level, followed by an efficient intra-
molecular vibrational energy redistribution, and by a
subsequent sequence of one-photon transitions increas-
ing the energy in the quasicontinuum. This last assump-
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tion is questionable in view of experimental evidence re-
garding slow intramolecular vibrational relaxation® =2
which will be discussed in Sec, II. Bloembergen’s mod-
el'® js of considerable interest in providing a clue for
the interplay between anharmonicity effects and field ef-
fects and in focusing attention on the possible role of
intramolecular vibrational relaxation in such processes.
The general features of multiphoton photodissociation by
intense laser radiation were recently discussed by
Abartzumian, Chekalin, Gorokhov, Letokhov, Markov,
and Ryabov.?! They argue, presumably on the basis of
perturbation-type calculations, that dynamic Stark
broadening effects in laser fields of ~1 GW ¢m™ cannot
explain the photofragmentation process of an anharmonic
molecule. They have also considered the possibility of
intramolecular vibrational relaxation (i.e., intramolec-
ular V-V transfer) and assert* that this process is in-
efficient. They conclude that “the way how the molecule
overcomes the difficulties connected with anharmonicity
in vibrational frequencies during the absorption (pro-
cess) is not clear, %

These multiphoton photofragmentation processes con-
stitute a new class of photophysical phenomena. The
understanding of these interesting processes requires
the elucidation of the following points:

(i) Diagonal anharmonicity effects. As only a single
vibrational mode of the polyatomic molecule is in near
resonance with the electromagnetic field at low energies,
one should inquire as to how the anharmonicity of this
special mode affects the multiphoton excitation and the
level populations.

(ii) Intrastate scrambling effects. The description
of the level structure of the lowest potential surface of
a polyatomic molecule in terms of independent anhar-
monic oscillators (corresponding to different vibrational
modes) is expected to break down at some (as yet un-
specified) energy above the electronic origin of the po-
tential surface, in view of intrastate off-diagonal an-
harmonic coupling between different modes. The spe-
cial zero-order mode which is in near resonance with
the laser field is then mixed with other modes, The
physical situation is reminiscent of interstate coupling
between vibronic levels corresponding to different (zero-
order) electronic configurations which results in a
scrambled level structure in “small” molecules?5:28 and
is manifested by intramolecular relaxation (i.e., intra-
molecular E-V transfer) in the statistical limit.2¢ Ad-
dressing ourselves to the problem at hand, we inquire,
what are the effects of intrastate level scrambling be-
tween different (zero-order) vibrational states on the
multiphoton excitation on the ground state potential sur-
face of a polyatomic molecule.

(iii) Interstate mixing effects. As electronically ex-
cited photofragments were experimentally detected in
some cases of multiphoton photofragmentation, !° one
should consider the effects of interstate nonadiabatic
coupling between different electronic configurations, It
should be noted, however, that in the present case the
relevant zero-order states (corresponding to different
electronic configurations) which are effectively coupled
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to the radiation field are different from those accessi-
ble by one-photon excitation from the ground state, 1
which were previously discussed® 2% in relation to in-
terstate coupling and intramolecular relaxation in poly-
atomics, One should inquire in this context what the
proper description of the mixing between those relevant
zero-order states is,

(iv) Nature of dissociative channels, This is a prob-
lem common to the description of unimolecular chemical
reactions,?” In the present context it will be interesting
to elucidate the nature of the metastable states above
dissociation threshold and to handle their decay in
terms of resonance theory of unimolecular processes.?7

(V) Effects of external perturbations. Although we
shall be concerned here with multiphoton photofragmen-
tation of a single isolated molecule, collisional effects
on such processes are of interest. It is well estab-
lished!'? that V-V intermolecular energy transfer may
result in excitation to high states and subsequently to
dissociation. Such processes (which are not isotopically
selective) are of little interest in the present context as
they do not provide any new physical features. Colli-
sion-induced vibrational and rotational redistribution
within a single molecule will drastically affect the na-
ture of the multiphoton photodissociation process via
phase shifts (proper 7, processes), cross relaxation
(improper T, processes), and even by collision-induced
decomposition (T1 processes). In an isolated molecule
coherent multiphoton excitation of the complex level
structure (of scrambled states) is exhibited, while in a
collisionally perturbed molecule coherence effects will
be eroded. A comparison between these two distinct
processes will be of interest.

(vi) Effects of intense electvomagnetic field. Multi-
photon molecular photodissociation was observed’™* in
intense electromagnetic fields (~5 MW em™@-10 GW
cm™). A theory of this process cannot just consider
various features [points (i)—(iv)] of the molecular prob-
lem but has to provide a framework for molecular pho-
tophysics in intense electromagnetic fields. The follow-
ing effects are of interest,

(a) Dynamic Stark shifts.?®? In intense fields,
power broadening effects will result in compensation
of anharmonicity effects in the special zero-order
mode [Point (1)] which is near resonance with the
field.

(b) Saturation effects. Such phenomena are well
known for a two-level system where the time response
was treated by Rabi*® while the line shape was handled
by Karplus and Schwinger.® A proper theoretical
treatment for a multilevel system has to be provided.

(¢) Intrastate and inteystate coupling in an intense
electromagnetic field. All previous treatments of an-
harmonic intrastate coupling and nonradiative relax-
ation considered excitation by weak electromagnetic
fields which do not affect the intramolecular coupling.
It is an open question whether intense electromagnetic
fields do affect intrastate scrambling, interstate
massing, and possibly intramolecular vibrational or
electronic relaxation.
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In this paper we shall address ourselves to the prob-
lem of multiphoton photofragmentation of an isolated
molecule on the lowest electronic potential surface. A
single molecular mode which (at least for low vibration-
al quantum numbers) is in near resonance with the la-
ser field will be represented in terms of a truncated an-
harmonic oscillator., The implications of intrastate
coupling and intrastate vibrational relaxation for the
excitation process in an intense laser field will be ex-
plored. In particular, we shall first treat an anharmonic
oscillator driven by an intense laser field. Subsequent-
ly, we shall consider the interesting problem of how in-
trastate coupling can compensate for anharmoncity ef-
fects and how it affects the level populations ina strong
electromagnetic field. The decay channels for photo-
fragmentation occurring via rotational, vibrational, or
electronic predissociation!” will be described in terms
of resonance theory?” by attributing appropriate decay
widths to the highest lying zero-order levels. Next,
we shall handle the response of the molecular system
to an intense laser field which is near resonance with a
sequence of levels, some of which are metastable with
respect to decay to dissociative channels. This central
issue, which constitutes a generalization of the Rabi
two-level problem® for a multilevel system, was han-
dled utilizing the effective Hamiltonian formal-
ism?™ 3233 and which was recently advanced by the
present authors® and by Larsen and Bloembergen®® for
the study of the problem at hand. Numerical studies,
based on the effective Hamiltonian formalism, will be
presented for the two types of model systems. First,
we shall treat a molecule which is optically pumped up
a vibrational ladder which corresponds to a single an-
harmonic mode, exploring the interplay between anhar-
monicity effects and field effects. Second, we shall
handle the case where intrastate anharmonic coupling
compensates for anharmonicity defects. Our results
will be helpful in elucidating the gross features of mul-
tiphoton photodissociation of a single molecule in an in-
tense infrared laser field.

1. MOLECULAR MODEL

A. Zero-order eigenstates and energy ievels

We shall consider an isolated polyatomic molecule,
such as SF,;, which undergoes multiphoton photodissoci-
ation on the lowest, ground state, electronic potential
surface. We shall consider first the vibrational level
structure, disregarding for the sake of simplicity the
rotational degrees of freedom. As we are interested
in the vibrational level structure up to high energies,
some care must be exercised in defining the vibrational
levels. The nuclear Hamiltonian

H=T+U(R1’ RZ,"" Rn) 4

where T is the kinetic energy, and V corresponding to
the Born-Oppenheimer potential surface is ex-
pressed®~* in terms of curvilinear instantaneous in-
ternal displacement coordinates R=(R,, R,, ...) which
are related to the Cartesian coordinates X by the non-
linear transformation R=§X, where the tensor B has
been considered by several authors. ¥~* The zero-or-
der Hamiltonian can be arbitrarily chosen by taking the

(frr.1)
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potential energy through fourth-order terms in the in-
ternal displacement coordinates

Hy=T+U, , (I1.2)

where

Uy = EKljRiRl+ig;kKiJkRiRIRk

i<j

+ 2 KuuRRRR, .
i=j<p=]
A nonlinear transformation from internal to normal co-
ordinates space results in explicit expressions for the
zero-order energy levels. In the absence of Fermi res-
onances these energy levels are*!

E€uD =2 wv, +£,/2)

+Z KXo (0, +2,/2) (0o +84 /2) +ZX,,,_”, ,
s,8’ t,t’
(I. 3)

where {v,}=v,, v, ..., v, corresponds to the collection
of the vibrational quantum numbers, w, are the charac-
teristic frequencieswith the degeneracies g,, the coeffi-
cients X, denote the anharmonicity constants, while
X4, ¢ Tepresent additional contributions of high-order
terms which are independent of {v,} together with vibra-
tion-rotation coupling. Explicit expressions for these
coefficients were derived by Nielsen, *! Although the
zero-order Hamiltonian is sufficient to specify accurate-
ly the low lying energy levels, it is not adequate at
higher energies where coupling between zero-order
states® {|v,)} occurs via the perturbation term

Va=U-U, (. 4)

V4 corresponds to high-order anharmonic coupling. At
this point the attentive reader may argue that one can,
in principle, solve the Schriddinger equation with the full
Hamiltonian, Eq. (II.1), to obtain the exact nuclear ei-
genstates and energy levels. This is, obviously, a valid
but unpractical argument commonly encountered in the-
oretical discussions of intramolecular coupling and in-
tramolecular relaxation phenomena, Choosing a “rea-
sonable” zero-order basis set, where (1) the energy lev-
els are close to the exact eigenstates (i,e., level shifts
are small), and (2) the perturbation term, Eq. (IL.4) in
the present case, is sufficiently small to induce only
near-resonance intramolecular coupling, has some def-
inite advantages. One can then specify the coupling be-
tween the radiation field and the molecular zero-order
levels focusing attention only on those zero-order levels
which are in near resonance with the radiation field.
This conventional approach will enable us to specify the
nature of interstate coupling between zero-order states
and intramolecular vibrational relaxation on the ground
state potential surface.

The vibrational level structure is schematically por-
trayed in Fig. 1. The laser frequency 7w is near reso-
nant with a certain manifold of zero-order levels |v)
=12,0,0,0 ... 0) characterized by the energies E(v),
Eq. (I.4) (e.g., those states containing a dominant
contribution from the vy vibrational mode in the
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FIG. 1. Molecular energy level structure of a polyatomic

molecule. The “special” set of {|v)} states is near resonance
with the laser energy % at low energies. V, denotes anhar-
monic intrastate coupling with the discrete prediagonalized
background states {15 )} which are characterized by the density
of states p,(E,). V), represents nonadiabatic coupling of the
{1v)} and of the {| 5)} states with the dissociative continuua
which are characterized by the density of states p.. The three
energy regions I, II, andIllare schematically separated by hori-
zontal dashed lines.

case of SFy). These zero-order states will be char-
acterized by the single vibrational quantum number
v. This special subset of zero-order states will be
singled out in the present treatment as they provide, at
least for sufficiently low values of v, a set of “doorway
states” for near-resonance coupling with the radiation
field. This subset of levels {|v)} are well separated in
energy relative to the matrix elements of V,, Eq. (IL.4),
which combine these states, i.e., E(v) - E(v’)

»>(v |V, lv") for all v#2’, so that high-order anharmonic
coupling between these zero-order states can be disre-
garded. The other vibrational states of the molecule
can be now described in terms of two alternative basis
sets: (a) A set of the anharmonic modes i{v,}), where
{ve}+# (v,00000), excluding the special mode [v), which
are eigenstates of the zero-order nuclear Hamiltonian,
Eq. (II.2). These zero-order states are coupled among
themselves (as well as to the subset |v)) by the high-or-
der anharmonic terms V,, Eq. (II.4); (b) A prediagonal-
ized basis set { |b)}, characterized by the energies E,,
which is formed by diagonalizing the total nuclear Ham-
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TABLE 1. Densities of vibronic states in
SFg.2
Efcm™ olstates/em™)
1000 0.16
2000 3
3000 30
4000 200
5000 103
10600 2x10°
19000 3x 10!

*Reference 43.

iltonian, Eq. (II.1), in the basis set { [vy)}. The { [)}
basis obeys the relations (b |V, 15') =0 and V,(E,)

=(h |V, lv) #0, whereupon the high-order anharmonic in-
teraction induces coupling only between the special sub-
set { 1)} and the background { [5)} of other vibrational
states. In Fig. 1 we have presented the zero-order
states which correspond to the special vibrational ladder
{Ib)}. The latter are characterized by the density of
states p,(E,) at the energy E, above the electronic origin
of the ground state,

B. Segregation of energy regions

In a polyatomic molecule we can distinguish three en-
ergy regions in the order of increasing energy.

1. Low energy range, bound state, sparse level distribution
For low values of v the density of background states
p,(E,) is low, i.e.,

Va(E,) <[ py(E)]™ (IL. 5)

In this case intrastate scrambling of the {lv)} states
with the background states is trivially small and the
zero-order states {|u)} and {Ib)} are “pure,” constitu-
ting a good approximation for the eigenstates of the total
Hamiltonian, Eq. (II.1). When an intense electromag-
netic field is switched on, only power broadening effects,
i.e,, dynamic Stark shifts, 2®% will be exhibited.

2. Intermediate energy range, bound states, dense level
distribution, mixed states

At higher energies the special subset levels {|v)} are
quasidegenerate with a background manifold of {ib)}
states as p,(E,) increases fast with increasing energy.
To provide a rough estimate for the energy dependence
of p,(E,), we assert that p,(E,)~ p(E,), where the total
density of vibrational states (Table I) is p(E,) « Ef, with
N corresponding to the number of vibrational degrees of
freedom. When the coupling terms V,(E,) exceed the
level spacing ~ p,(E,)™, near-resonance intrastate cou-
pling becomes important., This near-resonance coupling
between { ()} and {Ib)} is distinct from the conventional
situation of Fermi, Fermi-Denison, and Coriolis cou-
pling between low lying vibrational states, as in the
present case the coupling between nearly degenerate
high energy nuclear states is induced by high-order an-
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harmonic terms, Eq. (II.3). The onset of Region II is
determined by the condition for effective intrastate cou-

pling

Vu(E,) 0, (Ep) > 1 (11.8)

Thus at energies E > E,, where E, is determined by Eq.
(IL.6), the zero-order states of Fig. 1 lose their iden-

tity and should be considered in terms of (complicated)
superpositions

|m>=ZaL"|v>+;B':|b> .

An immediate consequence of level scrambling is the
spread of those levels effectively coupled by the radia-
tion field over the energy range W(E,)~2w|V,(E,) |2

X py(E,), as is the case for interstate coupling (between
two different electronic configurations) in polyatomic
molecules.?*'?® We now inquire what are the general
conditions that intrastate coupling will result, in prin-
ciple, in intramolecular vibrational relaxation. It is
now apparent?® that Condition (II.6) alone is not suffi-
cient to ensure the occurrence of such a process in a
discrete level structure. Referring again to studies of
the interaction of electronically excited states of large
molecules with weak electromagnetic fields, we recall
that the necessary conditions?¢ for intramolecular re-
laxation are as follows: (1) A small number of zero-
order states (e.g., the {|v)} manifold in the present
case) which are well separated in energy are effectively
coupled by the radiation field, so that a metastable non-
stationary state of the system which exhibits time evo-
lution is selected by the radiative coupling. (2) These
zero-order states { |v)} interact effectively (via intra-
molecular coupling) with background states {15)}. (3)
The background states exhibit an effective sequential
decay process. We assume first that Conditions (1) and
(2) above are satisfied in Region II. To explore the pos-
sibility that Condition (3) also holds, we have to consider
the nature of sequential decay processes of the back-
ground states {|b)} in the isolated molecule. Although
the spectrum in this region consists of bound states
with respect to fragmentation, we note that, strictly
speaking, the levels are metastable, as these states
decay by infrared emission. A proper description of
such separated decay process will involve the assign-
ment of an infrared decay width 7;" to each of the {|b)}
states, as well as to the states {|z)}. Typical infrared
decay times are /¥ ~107-10" sec, so that ¥;"~ 10—
10® cm™. Now, when the level spacing p,(E,)™ in the
{1b)} manifold is smaller relative to the width ¥* of
these levels,

14 pb(Eb) >1,

overlap of the background levels is exhibited and the
manifold acts as an effective dissipative continuum for
intramolecular vibrational relaxation (IVR). Thus, for
energies E ZIE,,, where E, is determined by Eq. (II.8),
IVR can, in principle, occur. It has been shown that
for random coupling terms* V, (E,) the IVR rate, I.'F,
of an “initially excited” [v) level located at E > E, is
given by the Fermi golden rule,

(11.7)

(I1. 8)

TIVR =27 |V, (E,) |2 py(E;) {I1.9)
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From the available level density data®® for the ground
electronic state of SF, (Table I), we assert that Condi-
tion (II. 8) for the onset of IVR sets in at E, =10* cm™
above the ground state where p, 210% cm. For energies
exceeding 10* cm™ above the ground state of SF,, the
necessary condition for the occurrence of IVR is satis-
fied. To assert whether this process is of any impor-
tance (on the time scale of the “lifetime” of the zero-
order state), one has to examine the magnitude of I'.'F
which, unfortunately, is unknown. Thus, in Region II
we have to account for (a) the effects of level scrambling
throughout the entire energy range, whereupon a proper
description of the energy levels should be given in terms
of the mixed {|m)} states, Eq. (II.7). We shall return
to this problem in Secs. III and VI; (b) The possible ef-
fects of IVR in the higher energy range of Region II,

The problem of intramolecular vibrational relaxation

in an isolated molecule (induced by excitation in weak
electromagnetic fields) is not yet well understood. Rice
and Nordholm?®® and Zare et al.?" have recently consid-
ered a variety of recent experimental data in isolated
polyatomic molecules such as single vibronic level
fluorescence®'* from electronically excited singlet
states of benzene, naphthalene, anthracene, and their
derivatives, mass spectroscopy,® infrared chemilumi-
nescence of medium-sized radicals, 2® and optical exci-
tation of tetracene in molecular beams.?"® These ex-
periments indicate, at least in some cases, that IVR is
slow on the time scale of the lifetimes of the metastable
state. On the other hand, Lim and Okajima% have pre-
sented evidence for efficient IVR in the first excited sin-
glet state of tetracene and pentacene which is faster than
10 sec. We note in passing that the latter evidence
pertains to large molecules, e.g., the pentacene mole-
cule being characterized by 105 vibrational degrees of
freedom. As we are concerned here with multiphoton
excitation of polyatomic molecules of moderate size
(4-7 atom molecules), we shall assume (see Sec. IV) that
IVR (and intramolecular vibrational energy redistribu-
tion) in these molecules is slow relative to the rate of
‘the photofragmentation process which will now be
considered.

3. Reactive region, metastable states

At energies above the first dissociative threshold E,
(to ground state or to electronically excited fragments),
a dissociative channel opens up. The fragmentation
process can occur via rotational predissociation, 17 or
more likely by vibrational predissociation.!” Alterna-
tively, when the ground state and electronically excited
potential hypersurfaces do intersect, fragmentation can
occur via electronic predissociation.!” Above the dis-
sociation threshold all the zero-order nuclear states
{iv}} and {I)} are metastable and can be described in
terms of decaying resonances due to coupling to the con-
tinuum states {|c)} (Fig. 1). An alternative legitimate
approach involves the description of those mixed { |m)}
states, Eq. (I.7), which we located at E > E, in terms
of metastable states. Provided that interference effects
between resonances are negligible, we can characterize
each metastable state by an appropriate decay width in
the spirit of resonance theory of intramolecular decay
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processes. ¥

Up to this point we have been concerned with the fea-
tures of the molecular system. We shall now utilize
this description to consider possible models for molecu-
lar multiphoton photofragmentation.

11l. MODELS FOR MULTIPHOTON MOLECULAR
PHOTOFRAGMENTATION

We now proceed to consider three distinct models for
effective and selective excitation which is accompanied
by photofragmentation of an isolated, collision-free
molecule by an intense laser field. Each of these mod-
els attempts to emphasize different aspects of the mo-
lecular level structure which were discussed in the pre-
ceding section,

(A) The unimolecular decomposition model. This
model advanced by Bloembergen'® envisages multiphoton
photodissociation to occur in two steps. The molecule
is excited from the ground vibrational state via the an-
harmonic ladder {|v)} in Range I, where field effects
compensate for anharmonicity effects. At v=3-4, the
vibrational density of states is considered to be suffi-
ciently large and “the vibrational energy will spread
out into a quasicontinuum of hot bands.”*®* We note in
passing that Bloembergen’s estimate of the onset of the
quasicontinuum, which does not distinguish between in-
trastate coupling and intramolecular vibrational relaxa-
tion in Range II, is somewhat underestimated in view of
the density of states data for SF, displayed in Table I;
however, this is just a minor technical detail. What is
central in this model is that the spread of energy among
the vibrational modes in Range II involves a complete
intrastate vibrational (and rotational) internal energy
redistribution, which can be specified by an effective
vibrational temperature T*, 7* is subsequently in-
creased by a sequence of one-photon absorption pro-
cesses until the photodissociation threshold is reached.
The second stage in this model, which assumes effec-
tive vibrational energy redistribution in the isolated
molecule in Range II, bears a close analogy to the
RRKM theory* of unimolecular reactions.

(B) The quasidiatomic model. This model, proposed
by the present authors, 3* asserts that the effects of in-
tramolecular level coupling and intramolecular vibra-
tional relaxation are negligible relative to the dissocia-
tion rate and that near-resonant radiation coupling pre-
vails only between adjacent vibrational levels of the
special subset {|v)} of the zero-order states. The mol-
ecule is optically pumped throughout Regions I and II
via radiative coupling with the {|v)} levels until the re-
active region III is reached. Multiphoton photofragmen-
tation is described in terms of truncated anharmonic
oscillators, whose upper levels are metastable, which
is driven by an intense laser field. A preliminary study
of this model system was already provided®! and detailed
numerical results will be presented in Sec. V.

(C) The two-ladder model. This model assumes, as
in Model (B), that intramolecular vibrational relaxation
in Region II is of minor importance and that in contrast
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TABLE II. Isotope shifts in the vibra-
tional spectra of some polyatomic mole-
cules.

Molecule Sem™)
BCl, (11/10) 39.0
CF,Cly (13/12) 32.0
SF, (34/32) 17.4
SiF, (29/28) 8.9
0,04 (187/192) 1.3

to Model (A) no intramolecular vibrational relaxation
and no vibrational energy redistribution occurs., How-
ever, in variance with Model (B) an attempt is made to
account for level scrambling and radiative coupling be-
tween mixed states in Region II. We assume that in
Range I near-resonance coupling with the radiation field
prevails for the special anharmonic subset of { |v)} lev-
els, while in Range II the density of the mixed states
{im)}, Eq. (0.7, is sufficiently large so that there is
always an |m) state in resonance with the radiation field
Provided that radiative coupling between those { |m)}
states is effective, we expect that excitation in Range II
will occur by resonance coupling, and level mixing com-
pensates for anharmonicity effects, The molecule is
then excited by near-resonance radiative coupling in the
first {|v)} 1adder in Region II up to the reactive Region
III. This model will be exposed in detail in Sec. VI.

In Fig. 2 we portray a schematic description of these
models for multiphoton photofragmentation. These
three models have some common characteristics, but
they are also distinct in predicting some of the central
physical features of the molecular multiphoton photofrag-
mentation, Consider first the common features of the _
three models, In all three models the description of
radiative coupling in Range I is identical, and field ef-
fects, which induce dynamic state shifts, compensate
for anharmonicity effects. Isotopic selectivity, for
moderately large isotope shifts (Table II), is insured
in all three models by the selective near-resonance cou-
pling to one isotopic species in Region I. We now con-
sider three different predictions stemming from the
three models. First, in Models (A) and (C), resonance
radiative coupling is insured in Regions II and III, while
in Model (B) anharmonicity defects are of crucial im-
portance not only in Region I but also in Regions II and
III. Thus, higher fields are required to induce photo-
fragmentation in Model (B) relative to Models (A) and
(C). Second, Models (A) and (C) predict that diatomic
molecules will not be photodissociated by intense laser
fields, while in Model (B) such a process can, in prin-
ciple, occur provided that anharmonicity defects are
not too large (see Sec. V). Third, Models (A) and (B)
predict that photodissociation will occur on the ground
electronic surface. This is obvious for the quasidi-
atomic model, while for the unimolecular decomposition
picture which bears a close analogy to the RRKM mod-
el® the general rule (with very few exceptions) in uni-
molecular chemical kinetics is that fragments are pro-
duced in their electronic ground state. On the other
hand, the two-ladder model [Model (C)] considers ef-

S. Mukamel and J. Jortner: Multiphoton molecular dissociation in intense laser fields

fective radiative coupling between adjacent mixed states.
We have considered mixed states, Eq. (II.7), which
originate from intrastate coupling of zero-order levels
of the ground state potential surface. However, mixing
between different electronic configurations via nonadia-
batic (nuclear kinetic energy and spin—orbit) coupling
can result in mixed states which scramble vibronic lev-
els which correspond to different electronic configura-
tions. Thus a conceptually simple extension of the two-
ladder model leads to resonance radiative coupling with-
in a second ladder of mixed states which scramble dif-
ferent electronic configurations, This mechanism can
result in multiphoton excitation to higher electronic con-
figurations and lead to predissociation into electronical-
ly excited photofragments.

We prefer the two-ladder Model (C) to Bloembergen’s
unimolecular model [ Model (A)] because of the following
considerations: (a) The assumption of intrastate vibra-
tional equilibrium in an isolated medium-sized mole-
cule (such as SF, or BCl;) which is inherent in Model (A)
is questionable in view of a variety of experimental
data!®:20:22:23:44 reyiewed in Sec. II. (b) Model (A) pre-
dicts that the dominating decay channel will result in
most cases in fragments in their electronically ground
state, in contrast to the prediction of Model (C), which
provides a variety of decay channels for the production
of fragments in their ground state, in electronically ex-
cited states and even for ionic fragments. The latter
qualitative consideration is in accord with recent exper-
imental results where in most cases of molecular multi-
photon photofragmentation electronically excited radicals
were observed.!® To study Model (C) we have to extend
the well known two-level Rabi problem®® for near-reso-
nance coupling with a manifold of discrete and metasta-
ble levels. Model (B) is amenable to theoretical study
by the same formalism. We shall now proceed to pro-
vide a theoretical framework for the study of Models (B)
and (C).

V. TIME EVOLUTION OF A MULTILEVEL SYSTEM
IN AN INTENSE FIELD

We shall now consider the time evolution of a multi-
level system, whose highest lying levels are mestable
with respect to predissociation, which is driven by an
intense laser field. The molecular model is character-
ized as follows. There are M molecular levels {|a)}
characterized by the molecular energies E (a=1,2---
M) which are in near resonance with the laser energy
7iw. In the quasidiatomic model of Sec. III, these M mo-
lecular levels constitute a truncated anharmonic oscilla-
tor, while for the two-ladder model of Sec. III the
Ny(a=1--- N;) levels in Range I correspond again to the
states of an anharmonic oscillator, while the Ny =M ~N;
(@=N;+1+-+ M) levels in Ranges II and III correspond
to the mixed states {| m)}, Eq. (IL.7). Thehigh lying molecu-
lar levels in Range III are metastable with respect to
predissociation into fragments. The predissociation
process can be described in terms of the nonadiabatic
coupling with the continuum levels. To each of the
states in Range III, located at E > E, (which will be la-
beledby |a}), we assign a decay width,
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FIG. 2. A schematic representation of three models for multiphoton molecular photodissociation. (A) The unimolecular model
(Ref. 16). The moleculeis pumped via near-resonance coupling in region I (Step 1) until high density of background states per-
mits intramolecular vibrational relaxation and effective intramolecular vibrational energy redistribution via the anharmonic cou-
pling V,. After the molecule has acted as its own heat bath a set of sequential one-photon excitation processes (Steps 2, 3, etc.)
takes place until the threshold E; for dissociation is reached. (B) The quasidiatomic model. Intramolecular anharmonic coupling
and IVR in Regions IT and III are disregarded. The molecule is optically excited via near-resonance coupling between adjacent
{1v)} states until the metastable states in Region III are reached. (C) The two-ladder model. Intrastate anharmonic coupling and
level scrambling in. Range II is crucial and the {|v )} states in Region II and III lose their .identjty, IVR is not considered, but
rather effective-resonance coupling between mixed {| m )} states is assumed to occur in Regions II and IIl. The molecule is ex-
cited by near-resonance coupling between {| »)} states in Region I and via resonance coupling between {1 m )} states in Regions II
and III, until metastable | =) states are reached.

r2=27 (| vp|ca)|? Pes » (Iv.1) while p,; corresponds to the density of states in the dis-
sociative continuum. Assuming that the spacing be-
where V), is the nonadiabatic coupling, {|/ca)} are the tween resonances originating from zero-order states
continuum dissociative states coupled to the state |a), which decay into a common decay channel considerably
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exceeds their decay widths, Eq. (IV.1), the width I'2
represents the fragmentation rate of the state |a).

Next, we turn to consider the laser field. We specify
the intense electromagnetic field in terms of a state |»)
containing » photons (z > 1) of frequency « in a single
mode, which is switched on the time scale 0<t¢< T,

We note in passing that the results for n>1 (or more
accurately n > M) derived using the quantum description
of the radiation field are equivalent to those obtained us-
ing a classical field. The off-resonance energy A for the
first molecular transition is

(Iv.2)

(where we use the units 7=c=1). Provided that all the
off-resonance energies (E, - E, ., — w) are not too large,
we can safely assume that only adjacent states are cou-
pled by the radiative interaction H;,, =y - €, where u is
the dipole operator and € corresponds to the electrical
field, whereupon

<C¥, n’[Hint | alyn”>

A=E,-E ~w

(Iv.3)

The combined zero-order states |a,n’) of the molecule
and the radiation field, i.e., the “dressed” molecular
states, are characterized by the energies

= Gn",n'il[u'a'.aﬂ Eﬁu: ya-lt Mo, a1 66&',0:"1] ‘

(1v.4)

Let us now consider a group of near-resonant dressed
molecular states 11,%), 12, n-1)+++ |, n—-a+1)
which correspond to the energetic sequence

E(a,nY=n'w+E,

Ela,n~a+1)=npw+E, - (¢ ~Nw; a=1-++M,

(Iv.5)
These dressed states are radiatively coupled according
to Eq. (IV.3). Now, the laser frequency w is of the or-
der of the spacing between adjacent molecular levels,
whereupon the energetic spread 6 of the dressed states,
Eq. (IV.5), is

< w (Iv.6a)

Furthermore, the laser frequency considerably exceeds
the radiative coupling terms

Ko, ae €< W, a=1---M . (IV.Gb)

Conditions (IV,6a) and (IV.6b) permit us to neglect off-
resonance radiative coupling between sets {a,n—-a +1)
and |a,n- a + 1) wheren'#xn. This amounts to invoking
the rotating-wave approximation.*’ Finally, to complete
the list of approximations we shall neglect spontaneous
infrared emission which predominantly occurs between
adjacent levels (i.e., a—a—1). Incorporation of the
effects of spontaneous emission in intense electromag-
netic fields will introduce interesting cascading effects.®®
However, the infrared decay times are (y'")'~10-%-10"
sec, which are considerably longer than the relevant
time scale with which we are concerned here, i.e.,
(I'2)" ~1072-10"° sec for the decay of metastable states
and T=~10"°-107 sec for the duration of the pulse. We
thus assert that the effects of spontaneous infrared
emission can be quite safely neglected.

We are now concerned with the time evolution of a
system which is characterized by a fine number of dis-

S. Mukamel and J. Jortner: Multiphoton molecular dissociation in intense laser fields

crete dressed molecular states |a,n-a +1) (@ =1... M,
n> M) as well as by several (dressed) intramolecular
continuua {Ica, n - @ + 1)} (degenerate with the o states
in Range ITI). This problem can be handled by the ef-
fective Hamiltonian formalism, which was utilized for
the study of electronic intramolecular relaxation and
photon scattering from a complex molecular level struc-
ture?®®° and which will be now briefly considered. The
Hilbert space is partitioned as follows:

M
ﬁzz la,n—a+{a,n-a+1]

a=1
Q:Z_[dEcaPca ’Ca, n-a+1){ca,n-a+ 1( ,
[+ 2

P+d=1 av.?

The time evolution operator U(¢, 0) within the P sub-
space spanned by the M discrete (zero-order) levels is
given by

(a| PUL(t,0) P|a"y

, (Iv.8)

where the states |a) and |a’) belong to the subspace P,
The Green’s function G(E) within the P subspace is

(a| BG(E) Pla'y =(a| (E = H,y) " |a") (Iv.9)

being defined in terms of the effective Hamiltonian H,,,,
which for the problem at hand consists of an M XM com-
plex symmetric matrix

=~ (2mi)! f” dE exp(~ iEt) (a| PG(E) P|a")

Regions I and I Region III
E(1) e 0
By € E(2)  pye 0
L€ E(3)
Hygy = 0 4

[EM=-1)-3iTq.) tyaue
-1 € LE(M) - 3i T3]

(Iv.10)
where E(a)=E(a, n - a + 1) which is given by Eq.
(IV.5). Equation {IV.10) specifies the effective Hamil-
tonian for the time 0 < {< 7T, when the laser pulse is
switched on. For ¢> T we have to set €=0 in Eq.
(IV.10). The initial state of the system is |1, #) and the
probability amplitude for the population of a dissociative
state |a) in Range II, i.e., the state (a,m—a +1), at
time ¢ is given in terms of Egs. (IV.8) and (IV.9),

Cz()=Q,n|EU®, 0 Pla,n-a+1)
=— (2m)™! f QdEexp(— iEt)

XU, n[(E-Hp)? |@,n-a+1) . (Iv.11)

To derive an explicit expression for the yield of multi-
photon photofragmentation we shall consider first the
probability for the (partial) predissociation yield from
the [a) state. This probability for dissociation in the
time interval 0 - .. ¢ during the pulse is given by
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t
Plg-,(t)zr‘gfo drlcg(m|t; o<t<T ,  (v.12a)

while after termination of the pulse the contribution to
the dissociation yield from the |a) state on the time
scale T...{is

¢
Pz,;(t)=I‘§f dr|csm e t>T . (Iv.. 12b)
T

The total probability for photofragmentation on the time
scale 0<{< T and ¢> T is obtained by summing up Egs.
(Iv.12a) and (IV.12b) over all the metastable states in
Range III. For the dissociation probability during the
pulse we get

PB=2_ Pig(t),

while the total dissociation probability after termina-
tion of the pulse is

P,(0)=2_ Pya(),

The total photofragmentation yield during the pulse is
Pp(T) = P(T) (Iv.14a)
and the total photofragmentation yiéld is given by
Py =P(T) + Py(x) . (Iv.14b)

The Green’s function which determines the probability
amplitudes, Eq. (IV.11), can be evaluated by standard

0stsT, (Iv.13a)

(>T . (IV.13b)

techniques, 26323 The effective Hamiltonian, Eq.
(Iv.10), is diagonalized by an orthogonal transforma-
tion D,

D H,;, D' =A (Iv.15a)
where

Ay, =(€5-317,) 8y, (Iv.15b)

We note in passing that these complex eigenvalues satis-
fy the diagonal sum rule

N '
2E@=) ¢, ,
a=1 j=1

(Iv.16a)

Pg(t)=T2 ;ij @,n-a+1]|jyQ,n|j)

M
2. T2=3", (IV.16b)
@ J=1
Equation (IV.16b) implies that the decay widths of the
zero-order states in Range III are now spread over all
the “new states.” The new nonorthogonal basis set
{(7)} generated by the transformation D is characterized
by the energies {¢,} and by the widths {¥,}, which specify
these “independently decaying levels.” The time evolu-
tion operator and the Green’s function are in general
given by

(a|PG E)Pl /> Z <a|]><] |a>

E-¢+3iv,

’

(@| 2U(z, 0) ﬁl'a'>=; (@57 |a"

@ expl-ig;t - (v,;t/2)] , (rv.17)

where {17)}=(D™)" {la, m — a + 1)} is the basis which is
complementary to {|7)}. In the present case the basis
set la,n — a +1) has a real representation, {|7)}={17*)},
and we get

(a| BG(E) Pla’y = Zﬁ———ﬁ——wm alj

€+ziy; ’

(a| Pu(t,0)P|a"y = §<a|j> (@'|7)

®expl-i€;t— (v,¢/2)] (Iv.18)

Utilizing Eqs. (IV.10) and (IV.18), the probability am-
plitude, Eq. (IV.11), can be expressed in the explicit
form

Ca(t)=0, t<0 ,

Cz()=2_ @, n-a+1|5),n|j)
i

@expl-ig,i—(r,t/2)], OstsT |

t>7T .
(Iv.19)

The partial transition probability, Eq. (IV.12), can be

now expressed by making use of Eq. (IV.19),

Cz(0)=Cz(T) expl-iEz(t - T) - Tt - T)/2] ,

= — " 1 - expl-i(e,— €,) ¢t = (v, + vp)(¢/2)] <r<
(' |a,n-a+1){ ll,n){ i(i,—é,,):[(7,+}’;)/21 } , O0stsT , (Iv. 20a)
Pz;(t)=|;(5,n—5+1]j)<1,n!]')exp[—ie,T—(Y,T/Z)]la{l—e)q:[r‘a‘-’(t—T)]}, I>T . (IV. 20b)

We have derived a general solution of the problem of
coherent excitation and photodissociation of a multilevel
system. All that is required is to specify the effective
Hamiltonian, Eq. {IV.10), to find its (complex) eigen-
values and eigenvectors according to the recipe given
by Eq. (IV.15), and to obtain explicit results for the
partial transition probabilities, Eq. (IV.20). Some re-

r
marks are now in order:

(2) The general result obtained herein provides a gen-
eralization of some well-known results. Thus for a one-
level system, M =1, Eq. (IV.20), is nothing but the
Fermi golden rule P(f) =exp(— I'’#), while for a two-lev-
el system Eq. (IV.10) takes the form
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Hyyp = <E @)

M€ ) ,
Mg € [E(Z)—%zl"g]
which is just the Rabi two-level problem® which incor-
portates an additional decay channel, Our solution con-
stitutes a generalization of the Rabi result for a multi-

level system.

{b) The solution, Eq. (IV.20), for the multilevel sys-
tem is oscillatory in time, as is the case for the well-
known two-level solution.® A sufficient condition for
damping of the time oscillations is

[y +7,)/21 | ;- €| (v.21)

for all j and j’, whereupon the decay processes will
smear out the interference effects. In a multilevel sys-
tem destructive interference effects between various en-
ergy levels €; which are unevenly spaced will smear out
the oscillations. In actual numerical calculations, when
Condition (IV.21) was not obeyed, the fragmentation
probability, Eq. (IV.20), was averaged over a time in-
terval of 7/100. Such an averaging process does not
just involve a mathematical procedure, as in a real ex-
periment these oscillations are averaged by the finite
rise and fall times of the pulse.

(c) At low fields when the off-diagonal matrix ele-
ments of the effective Hamiltonian, Eq. (IV.10), are
small relative to the level spacing, i.e.,

by, €< |El@) - E(a’) - $i(I5 - T5)

(1v.22)

forall o, and a perturbative solution is adequate, the
photodissociation probability is then proportional to €%,
i.e., to the ath power of the intensity, as expected,
for a high-order multiphoton process.

(d) The perturbation treatment will break down when

o,o €2 |E(@) - E(a’) - $4(P2 - T2,) (1v.23)

for some @ and a’, and saturation effects will be exhib-
ited. To provide some criteria for saturation effects
in a multilevel system we shall first discuss the onset
of saturation and subsequently consider the situation of
complete saturation, When the radiative coupling terms
exceed the spacings and the differences in widths be-
tween adjacent levels, i.e.,

[ ko, qu€los |El@) - E(a£1)] | (Iv. 24)
[“a,aﬂe]os 2 | r‘f - r3g1l (IV. 25)

for all «, the onset of saturation effects {denoted by
[Kq,as1€l0s in Eq. (IV.24)} will set in, and in contrast
to the low field behavior [discussed in Sec. (c)] Pp vs €
now exhibits a weak field dependence. At even higher
fields when the radiative coupling exceeds the total en-
ergetic spread and the widths of the dressed states

[”a.andcs 20,
[“a.aﬂ(]cs 2T2

for all @, complete saturation (denoted by [ 11y, s €)cs)
will set in and P, is expected to be independent of €.

(Iv.26)

(e) Finally, it is worthwhile to note that the present
study provides an adequate treatment not only of field
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FIG. 3. Combined |v,n’) zero-order states of the molecule
and the radiation field.

effects but also of the intramolecular (indirect) fragmen-
tation process. This complete treatment yields explicit
expressions for the decay probability during the pulse,
Eq. (IV.20a), while in some previous work, '**:° which
did not explicitly incorporate the dissociation process,
only the contribution for ¢> T was considered, resulting
in the relation Pp=%;!Cz(7)|2 for the photofragmentation
yield.

V. THE QUASIDIATOMIC MODEL

In this model {Model (B), Sec. Ill] we approximate
the relevant molecular levels, which are in near reso-
nance with the laser energy %w, in terms of a truncated
anharmonic oscillator.?* The molecular energy levels
of the state [a)= [v+1) are

) (v.1)

where w, is the oscillator frequency and x the (diagonal)
anharmonicity constant. The discrete (zero-order)
spectrum is characterized by M =7 +1 zero-order states.
The dressed molecular states |v,n’), portrayed in Fig.
3, are characterized by the energy levels

, (v.2)

while a group of near-resonant dressed states (Fig. 4)
corresponding to the sequence |v,%n —v) is obtained from
Egs. (IV.5) and (V.2) in the form

= 2
E,=wyv—xv

E@w,n")=n'w+vwy - xv?

E(w,n-v)=nw+va-2*, v=0,1,...,70 , (V.3)
where the off-resonance energy, Eq. (IV.2), is
A=wy—w (v.4)

J. Chem. Phys., Vol. 65, No. 12, 15 December 1976

Downloaded 17 Feb 2009 to 132.66.152.26. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



S. Mukamel and J. Jortner: Multiphoton molecular dissociation in intense laser fields

A/;=O -
Arx=5 - _
z _ — - - — _ —
€ _ p—
S larx=10 _ -
> “
5 _
B _
S — — —
> _ -
ui _ _
A% =15 e
TA/x =20
I [ | ] 1
0 ? 4 6 8 10 12

FIG. 4. The zero-order dressed states in the quasidiatomic
model for several values of A/x.

The energetic spread ¢ of these latter states, Fig. 3,
for a given value of A is

8(A) = (A% /4x) +x7% - DA
8(a) =A%/4x

Decomposition in this model system is described by as-
signing a single molecular state |7) to Range III, which
is characterized by the predissociation width I'2, We
could have easily incorporated several metastable states
(i.e., 1), I~1),..., etc.) in the reactive region; re-
gion; however, in view of lack of microscopic informa-
tion regarding the decay widths there is little point in
doing so. Finally, the radiative coupling, Eq. (IV.3),
between adjacent levels is approximated in terms of
radiative coupling for a harmonic oscillator,

72 Alx
’ (V.5)
7<SA/x

<v”"I 'Hut l v, n)= “01€5n'.n*1

e[(v+1)1/25,, ., +v'/28 (v.8)

where u,, corresponds to the transition moment for the
v=0~p =1 transition and where we have assumed » to
be a large number.

v’ ,vol] y

The effective Hamiltonian, Eq. (IV.10), is character-

ized by the diagonal matrix elements
@,n=v|Hyglv,n-0)=E,n-v), O0<v<7p

=E@,n-0)-3iTE, wv=7, (V.7a)
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which we expressed in terms of Eq. (V.3), while the
off-diagonal matrix elements

(v, n—v]He“\v’, ”- v'>=<v,n—v|Hm]v',n—v'> (V. 7o)

are given by Eq. (V.6). Diagonalization of this effec-
tive Hamiltonian, Eq. (V.7), results in the complex
eigenvalues ¢; - %iy, and the (nonorthogonal) eigenvectors

{15}

The photofragmentation yields, Eq. (IV.20), are now
expressed in the form

t
B0-1¢ [ |Gmiar, ost<T,
0

Py()=|Cp(T)|2{1 —exp[- T2z -T)]}, t>T.
(v.8)
Explicit expressions for these yields can be now ob-

tained from Eq. (V. 8) together with Eq. (IV.19).

Numerical simulations for the quasidiatomic model
were conducted by using the following molecular param-
eters: the number of vibrational levels was taken to be
M=10, 15, and 20; the molecular anharmonicity was
chosen in the range x =0-5 ¢m™; the off-resonance en-
ergy was varied over the region A =~50 em™ to +50
cm™; and the predissociation width was chosen in the
range I'’=10" to 10! cm™. The pulse duration was
taken in the region 7 =10-10* nsec, while the field inten-
sity, characterized in terms of the Rabi frequency

Wg=pp€/i (v.9)

was chosen in the range wz=0.01-10 cm™. We note in
passing that such laser fields are experimentally acces-
sible, as for a laser power of 1 GW cm™ €=10° V cm™,
so that for a typical infrared transition moment of g,
=0.1 D we then have wz=2 cm™,

Numerical calculations have been performed for the
photofragmentation yield P,(T) during the pulse over the
time scale £=0-T and for the yield after termination of
the pulse P,(») occurring during the time interval
t=T-=, We note that the physical system is character-
ized by frequencies l¢, — €, | >10'? sec™, whereupon
P,(T) and P,(~) were averaged over the time intervals
of A1=0.3 nsec.

In Fig. 5 we present the results of model calculations
of the molecular dissociation probabilities P,(T) and
P,(«) as a function of the pulse duration at a constant
pulse power, while complementary information is ob-
tained from the dependence of P;(T) and of P,(~) on the
predissociative width I'? at constant 7 (Fig. 6). At low
values of TZ 7 the dominating contribution to the photo-
fragmentation yield occurs at times ¢ > T after the pulse
is switched off, while for Iy 7>1 the dominating con-
tribution to predissociation occurs during the pulse.

We also note that for large values of I§ 7, P(T) T

and Py(T) < I§, while P,(») is constant, which implies
that the system is in a steady state. For even larger
values of I'} T, depletion of the ground state (v =0) causes
deviation from the steady state behavior.

Next, we turn to numerical simulations of anharmon-
icity effects and field saturation effects in this model
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FIG. 5. The dependence of
the moleculardissociation
probability during the pulse
Py(T), and of the photofrag-
mentation probability after the
pulse, Py(«)}, on the pulse
duration T. Calculations for
the quasidiatomic model with
the parameters M =410, wg
=10 cm", x=1em™, A=0,
r2=10% em™.
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system, which were conducted for I3 T =5 where photo-
fragmentation occurs predominantly during the pulse
and P,~ P;(T). Some of the features of the field depen-
dence are displayed in Figs. 7(a) and 7(b), where we
portray P, vs the laser frequency (expressed in terms
of A) at various values of wg, for M =10 and for M =15,
Additional information concerning the dependence of the
photofragmentation yield on the number M of the discrete
quasidiatomic levels is portrayed in Fig. 8. Finally, in
Fig. 9 we explore anharmonicity effects displaying
P,(T) vs A for various values of x. Several features of
these numerical results should be noted:

(1) At low fields P, increases rapidly with increasing
wp (Fig, 10) as expected for a high-order multiphonon
process.

(2) At higher fields saturation effects will be exhib-
ited. The onset of saturation effects, determined by
Eq. (IV.24), will occur when

[ky,ua1€los 2 | E(r, v£1) - Er, v)| . (V.10)

Utilizing Eq. (V.6) we take (7 +1)!/2 u, for the highest
value of the transition moment between adjacent levels,
while from Eq. (V.3) we get |1A-2(v+1)x| for the ener-
gy spacing between adjacent levels. Thus the condition
for the onset of saturation effects in the quasidiatomic

model is
@ +112[wglosR AE e (v.11)

where the maximum value of the energy spacing between

adjacent levels is
AE ., =4A, A>0and A/x>20+1

AEq,=(20+1)x-4A, A>0and A/x<20+1,

AE=(20+1)x-A A<O (v.12)

At even higher fields when p, ,.,€ exceed the energetic
spread 6(A) of the dressed states, i.e.,

P,(T). Pye)

10 | 1 ] 4“
©° 194 16® 162 6!
£
FIG. 6. The dependence of the molecular photodissociation

probability P4(T) during the pulse and the photofragmentation
probability P,(«) after the puise on the decay width I'? of the
(single) metastable state. Calculations for the quasidiatomic
model with the parameters M=10, w5 =10 em™?, x=1cm™?,
A=0, T=5x10° cm.
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FIG. 7. Ppvs A curves at different laser powers for the quasidiatomic model with x
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FIG. 8. The dependence of the photodissociation yield in the
quasidiatomic model on the number M of levels wg =10 emd,
x=1cm™, r2=10"% cm™, T=5x10"em, M=10, 15, and 20,
as indicated.

@ +1)V2[wgleg 2 6(8) , (v.13)

complete saturation occurs. Equations (V.11) and
(V.13) together with Eq. (V.5) determine the dependence
of the laser field required for the saturation onset and
for complete saturation on the off-resonance energy A,
on the anharmonicity x, and on the number of levels
M=7+1. The lower limits of the field for the onset of
saturation is given by

[wilos = AEma/(T+1)1/2 (V.14)
while the lower limit for complete saturation is
[wrles = 8(a)/ @+ 12 (V.15)

In Fig. 10 we mark these values of [wg]os and of [wgles
for a model system where M =10, ¥ =1 cm™ and where
A was taken at A=0 and at A=8 cm™ [we note that in the
latter case Pj, vs A reaches its maximum value (Fig.
8)]. The behavior of Pp, vs wy is just as expected on
the basis of Eqs. (V.11), (v.13), and (V.5). From the
results portrayed in Figs. 7-9 we note that the satura-
tion onset increases with increasing x and of M, as ex-
pected on the basis of Eq. (V.11).

(3) The P, vs A curves are characterized by a maxi-
mum at the off-resonance energy A, which exhibits only
a weak dependence on the field strength and which is de-
termined by the number of levels and by the anharmon-
icity. From Figs., 7-9 we note that A is given by

A=px . (v.16)

Thus, maximum photofragmentation efficiency is accom-
plished in high field when the lowest v =0 and the highest
7 level are resonant. As A >0 anharmonicity effects
should be compensated by tuning the laser source below
the 0-1 molecular transition in accordance with Bloem-
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bergen’s classical argument.!® It is of interest to deter-
mine the saturation condition at the off-resonance ener-
gy A. In this case we have from Eqs. (V.12) and (V.16)
AE..=A=7x, while Eq. (V.5) leads to 6(&)=v%x/4.
Utilizing Egs. (V.14) and (V.15) we get

loglos=7"/2x, a=3a (V.17a)
and

=3/2 _
[wR]cs’v—‘lz ’ A=A (Iv. 17b)

(4) The P, vs A curve is considerably broadened with
increasing w,. The same behavior is also exhibited for
a truncated harmonic oscillator, *

(5) The P, vs A curve is characterized by several
regularly spaced sharp resonances superimposed on a
broad background. The resonances are prominent at
moderately low fields being shifted and broadened at
higher wy and when wg~ A, the resonances merge into
a broad background, The nature of resonances in multi-
photon excitation of this multilevel system may be elu-
cidated by examining Fig. 4 where we display the zero-
order dressed molecular states for several values of A.
We note that whenever w; — w =vx, the vth level is degen-~
erate with the v =0 dressed level, (i.e., the v~v +1
transition is in resonance with the laser frequency), re-
sulting in a resonance in the P, vs A curve. We thus
expect a series of resonances to be separated by x,
which is borne out by our numerical results. Some ad-
ditional resonances may originate from many other com-~
binations of (zero-order) levels whenever degeneracy is
encountered. This effect is of limited interest as rota-
tional effects will probably result in a smearing of these
resonances.

(6) The quasidiatomic model exhibits high isotopic
selectivity. Vibrational isotope shifts S of a few wave-
numbers (Table II) are sufficient to obtain considerable
isotopic enrichment in the photofragmentation process.
When the isotopic molecular species characterized by
the lower molecular frequency «, is excited at w < wy,

then A > 0 for both isotopic species, and the maximum
isotopic separation factor 8 is*

B=Pp(A)/Py(A+S) . (v.18)

Typical numerical results for g are presented in Fig. 11,
indicating high isotopic selectivity which, as expected,
is reduced by a further increase in the field intensity.

We now address ourselves to the central issue of
whether the quasidiatomic model is adequate to account
for the experimental observations of multiphoton photo-
fragmentation of polyatomics. To answer this question
we turn o some rough numerical estimates of the
threshold power required to induce observable photo-
fragmentation and of the power required for the onset
of saturation effects., From the numerical data pro-
trayed in Figs. 6—10, we conclude that the threshold for

(wrl J!
1072

P, (T)

107

10°°

-8
10
0

FIG. 10. Model calculations of the photofragmentation proba-
bility vs the Rabi frequency wp for the quasidiatomic model:
M=10, x=1em™, TP=10% em™, T=5x10° cm. (A) A=4;
(B) A=0, the values of {wgleg and of [wgles, Egs. (V.11),
{V.13), and (V.17), are indicated by arrows.
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FIG. 11. Model calculations of the isotopic separation factor

3, Eq. (V.18), vs the laser field intensity for the quasidiatomic
model: M=15, x=2 cm™, T§=10"% cm™, T=5x10° cm.

observable photofragmentation, Pp~ 10, (per pulse) is
obtained at the Rabi frequency (wg),, which is about 1
order of magnitude lower than [wg],g. Consequently,
we define, somewhat arbitrarily, the threshold power
at A=4,

(‘-"‘R)t&'[(’-’n]os/lo =x51/2/10 , (v.19)

where we have made use of Eq. (V.17a), A cursory ex-
amination of Eqs. (V.19) and of Eq. (V.17a) reveals that
both thresholds depend quite weakly on the number

M =7 +1 of the coupled levels and depend linearly on the
anharmonicity constant. Now, for a polyatomic mole-
cule we take roughly o=~ D,/w, =25-30 (where D, is the
bond dissociation energy) and x =~ 2 em™ for a “typical”
diagonal anharmonicity constant. These “intelligent
guesses” yield (wg),~1 cm™, which corresponds to a
laser power of I~0.25GW cm™ for the threshold, while
[wglog ~10 em™ and a laser power of I~ 25GW cm™2is re-
quired for the onset of saturation effects., This very
rough estimate of [wg].g is somewhat higher than the
experimental threshold!* 7~1 GW cm™ for the onset of
saturation effects in the photodissociation of BCl;. The
estimate for the threshold power I~ 250 MW c¢m™ for
observable photodissociation considerably exceeds the
experimental value!® of I~ 5-10 MWem™ for SF;. We
thus conclude that the quasidiatomic model predicts
threshold values for experimentally observable multi-
photon photodissociation in the range of ~1 GW cm™,
which are higher than those experimentally observed.

We shall make a slight detour at this stage and con-
sider briefly coherent multiphoton dissociation of di-
atomics within the framework of the present model, In
this case anharmonicity is often higher than the (diago-
nal) anharmonicity in a nonsymmetric mode of a poly-
atomic and the corresponding values of (wg), and of
[wglos Will be higher. A reasonable estimate for a di-
atomic canbe obtained utilizing the approximate rela-
tions for a truncated anharmonic oscillator x = w?/4D,
and 7= wy/2x =2D,/w,, so that Eqs. (V.17a) and (V.19)
result in

[wﬂ]os =~ (wo/Dg)l/z (w0/2f§) ,

(wg)e=~ (w§’2/20V2D,) . (V.20)
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For typical values of w1000 ¢m™ and D,~ 30000 cm™
[wglog = 60 cm™ while (wg);~6 cm™, Thus the threshold
for photodissociation of diatomics is expected to occur
at laser powers of ~9 GWem™, This conclusion is not
inconsistent with the recent (yet unpublished) work of

the Los Alamos group, ® who failed to dissociate diatom-
ic molecules in intense laser fields,

The quasidiatomic model requires some further modi-
fication. First, the assumption that radiative coupling
occurs only between adjacent levels which is valid in
Range I has to be relaxed at high energies where the
selection rules for the harmonic oscillator, Eq. (V.5),
used herein will break down. Second, and more inter-
esting, one should consider physical mechanisms for the
compensation of anharmonicity effects, which are re-
sponsible for high threshold values obtained for the
quasidiatomic model. Larsen and Bloembergen® have
pointed out that rotational effects, which are neglected
in the present treatment, can compensate for anhar-
monicity effects. Within the framework of the quasidi-
atomic model such compensation for anharmonicity by
transitions between different rotational states will op-
erate in Ranges I, II, and III, leading to a considerable
reduction in the power threshold required for observable
photodissociation. An alternative physical mechanism,
which compensates for anharmonicity effects, involves
near-resonance coupling between mixed states in Ranges
II and III. We propose that the role of intrastate level
mixing exhibited in polyatomics is of crucial importance
in the process of multiphoton photodissociation. The
consequences of the effects of level scrambling in poly-
atomic molecules can be accounted for in terms of the
two-ladder model which we shall now consider in some
detail.

VI. THE TWO-LADDER MODEL

In this model [Model (C), Sec. III] we approximate the
molecular levels which are in near resonance with the
laser energy 7w in terms of the two following subsets of
states: (a) N; levels in Range I which correspond to a
truncated anharmonic oscillator characterized by a fre-
quency w, and anharmonicity x, and (b) Ny levels in
Ranges II and III which correspond to mixed states and
which are in exact resonance with the laser field. The
energies of these M =N; +N;; molecular levels are given
by

E,=wla-1)-x(a-1?% «a=1,2 ..., N;

a=Ny+1), Wy+2)--- M,

b
Em=Ea-1+w s (VI.].)
The dressed molecular states E{a, n- a +1), Eq. (V.3),
are characterized by the energies

Ela,n-a+1)=nw+(a-1)a-(a-12%, a=1---N;,

(VL. 2a)
Elg,n—a+l)=nw+N;-1)a- (N =-10Px ,

a=(N;+1) ... M, (VI 2b)

and the energetic spread is

8(a) = (A%/4x) — Ny~ 1) A~ x(Ny - 12,
=A%/4x Ny<s(a/x)+1

Nyz(a/x)+1
(VL 3)
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where the off-resonance energy A is defined by Eq.
(vV.5). As before, we describe the decomposition pro-
cess by assigning a single molecular state a =M to
Range III, which is characterized by the predissociative
width I';. Next, we consider the radiative coupling
terms between adjacent levels. In Region I we approxi-
mate these terms by those appropriate for a harmonic
oscillator, Eq. (V.6), while in Regions II and III coupling
between adjacent levels [Eq. (IV.3)] is assumed; thus,
the nonvanishing matrix elements are

(a,n—a+1|H,nt|oz+1,n—a>

=pg al’/e,  a=1..-N;

(@, n—a +1|Hy|a+l, n-a)

=y, an€, Q@=Ny+leee M (VL.4)

Here u, corresponds to the transition moment for the
v=0-v=1 transition, which is known from molecular
spectroscopy. The radiative coupling terms connecting
adjacent mixed levels in Regions II and III are unknown.
The breakdown of the harmonic oscillator approximation
is expected to be severe in this region. One could, in
principle, attempt to expand the mixed states in terms
of a (multidimensional) harmonic basis to evaluate the
coupling terms 1, ., (@ =Ny+1--+ M). Such a procedure
was applied for small polyatomics at moderately low en-
ergies.?®*%0 At the present stage of our analysis we
shall take these radiative coupling terms in Regions II
and III as variable parameters. We shall invoke the
reasonable assumption that

|ty qor/ bz | <1 (VL 5)

for all @ =(; +1),...,M. Inour numerical calcula~
tions we shall either take all the radiative coupling
terms in Regions II and III to be constant or, alternative-
ly, we shall assume that these terms vary randomly with
o in the range determined by Condition (V1. 5),

The effective Hamiltonian, Eq. (IV.10), for the prob-
lem is characterized by the diagonal matrix elements

(o, n=a+1|Hye|lo, n—a+1)
=E(la,n-a+1), a=1,2.-.M-1)

=EM,n-M+1)-%iTy a=M (VI.6)

being expressed in terms of Eq. (VI.2). The nonvanish-
ing off-diagonal matrix elements of the effective Hamil-

tonian are given by Eq. (VI.4). The photofragmentation
yield P,, Eq. (IV.14b), is calculated utilizing Egs.

(Iv.11), (Iv.12), and (IV.20).

Numerical simulations for the two-ladder model were
conducted using the following parameters: M =10, 15,
and 20; N; =5-M; x=0-10 em™; A=-50 cm™ to +100
em™, T2=10" cm™; and 7=5%10° em. We have chosen
T2 T>1, whereupon the dominating contribution to the
photofragmentation yield occurs during the pulse. The
radiative coupling in Region I was specified in terms of
the Rabi frequency wg = Uy, €/, which was varied in the
range wr=0.01~10 cm™, The Ny, transition moments
My, o and the radiative coupling terms i, q,€
[a=(Np+1)... M] were specified in terms of one of the
following procedures:
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FIG. 12. The dependence of the photodissociation yield in the
two-ladder model at moderate laser field on the choices of the
transition moments p, .1ly =Ny +1) -+ M] in Regions II and
II. The logy P, scale is given for Curve 1, Each of the other
logyyPp vs A curves in this figure which are labeled by i=2, 3,
4, 5, 6, 7 is horizontally displaced upwards by (i — 1) units.
M=15, Ny=5, x=1cm™}, wg=1cm™, r§=10" cm™, T=5x10
cm. The values of 7, =k, .1/ Hy are indicated on the figure.
A constant value of 7, implies that all transition moments are
equal, Otherwise, 7, is a random number in the range shown
in each case.

(a) A constant value L, ., =7y, Where »<1, was
assigned to all these transition moments.

(b) The transition moments were assumed to be ran-
dom but of the same sign. Each transition moment
K, 1 Was assigned a random number v, in the range
0s7r,<f, where 0s f <1. The transition moments are
then taken as f,, 44 =74 Ho-

(c) The transition moments were taken to the random,
Each transition moment u,,,,, was assigned a random
number ¥, in the range — f<7, <+ f, where 0 f <1,
and p’a,oul = Vo Mor.

Numerical calculations of the photofragmentation
yield were carried out utilizing a coarse graining aver-
aging procedure over time intervals of Af=0.3 nsec,
as described in Sec. V. When procedure (b) or (c) for
the assignment of the transition moments in Regions II
and III were employed, we have attempted to correct
for the effects of statistical fluctuations in the P, data
by using different sets of random numbers and averaging
the results of P, at each A for 2—4 separate runs. This
procedure converges (within 10% or so) after two runs,
and additional averaging is not necessary.

We now turn to the results of the numerical simula-
tions for the two-ladder model. The alert reader should
recognize that the weakest point of the present treatment
involves our ignorance of the transition moments in Re-
gions II and I. Accordingly, we have conducted a se-
ries of model calculations (Figs. 12 and 13) exploring

J. Chem. Phys., Vol. 65, No. 12, 15 December 1976

Downloaded 17 Feb 2009 to 132.66.152.26. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



S. Mukamel and J. Jortner: Multiphoton molecular dissociation in intense laser fields

[ l I T ] I I ]

. 0£M¢<0.001 4

T T
N -

.-0.001< fa£0.001 4
.~0.01¢ Mo < 0.01

T
w

H
. 0g Mg £0,01 J

T
-~

1 s 0srasoq -
~01€ (€01

~

10-2 7. To=001

. Ta=04
1074

Pp

10-¢

108

A cm-!

FIG. 13. The dependence of P, in the two-ladder model at

high field on the choice of the transgition moments #a,.,u[oz
=(N;+1)+++»M] in Regions Il and Il. M =15, N;=5, x=1 ceml,
wp=10 cm™, T2=10"% cm™, T=5x10% em. The values of 7,
used in these calculations are indicated on the figure and labeled
as in Fig. 12,

the dependence of P, on ¥, =i, 4.1/ Mg, Where 7, was
chosen either as a constant or as a random number
which is varied in the range 0 to f or - f to + f, accord-
ing to the recipes previously outlined. From Figs. 11
and 12 several conclusions emerge. First, when »,

is chosen to be random, then for f <0.1, P, exhibits
quite a marked dependence on f, and increases with in-
creasing f, as expected. Second, for random », with
f<0.1, P, is larger by about 1 order of magnitude
when all the transition moments in Region II are char-
acterized by the same sign, i.e., 07 < f, relative to
the case when both the magnitudes and the signs of the
transition moments are random, i.e., - f <7, <f.
Third, when f > 0.1, the maxima of the photodissocia-
tion yields vs A calculated according to procedures (a),

) T T T T T L —
| M=|5 4
m~2_ Ni= 5§ 4
| X = tem- 4
10-4— 0£fag0.1 -

We=20cm-*

Wn=lem-!

1 | [
-20 -0 0 L} 2 30 L]
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FIG. 14. Model calculations of field effects on Py for the
two-ladder model. M=15, N;=5, x=1cm™, I'§=10"% cm™,
T=5x10% cm, K, 4.1 =7,My (Where0 =7, =1). Laser intensity
is specified in terms of the Rabi frequency wpg.
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1072
a0 1074
1678

108

-

1
-20 -10 30 40

FIG. 15. Model calculations of field effects on P, for the two-
ladder model. M=20, N;=5, x=2 cm™, I§=10"% em™, T
=5x10%cm, My qe1=Hy fOr all 4 = (Ny+1)++ <M. Laser intensity
is specified in terms of the Rabi frequency wp.

(b), and {(c) are practically identical. In what follows
we shall choose either »> 0.1, when procedure (a) will
be applied, or f = 0.1, when procedure (b) or (c) will be
utilized. We now turn to field effects and saturation
phenomena. In Figs. 14-16 we present some typical
results for M =15 and M =20 with Ny =5, which exhibits
the following characteristics:

r
107
1072
C M =20
i Ni= 5
~3 |
10 3 X = 2¢cm™!
PD [ Foc= 1
- A = 8em ! -10cm-!
107 &
107°
10°8 s | . i N | " i N i
0 2 4 6 8 10
Wg ,Cl'ﬁ_‘I
FIG. 16. The dependence of P, on the laser intensity, wg, at

A=A, i.e., at maximum photodissociation probability, ignor-
ing the effects of resonances for the two-ladder model. Molec-
ular and laser parameters same as those in Fig. 15.
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[ T 1 I T 1 1 I [
L 1. We=t0cm-', X»18cm=: 5. Wax Scm-t, X35em-!
L 2. Ws=5cm-', Xziecm- $.Wa" 2cm-', X:5cm-!
r_ 3.We= 2cm-', X =t0cm-! 7. Waz18cm-, X=icm-'
1 | 4 Westtem-, X= 5em~ B.Wr= 5em-', Xt1cm-

T | T

M =15 4
Nr= § 4
-0.1<la<01

FIG. 17. The dependence of
P, on the diagonal anharmo-
nicity constant x, inthe two~
ladder model, M =15, N,=5,
-0.1=7,=<0.1. g was
varied in the range 2—-10 cm™
while x was varied in the
range 1-10 cm™, as indicated
on the figure.

(1) A fast increase of P, vs wy for “low” fields, wy
Slem™ for all A,

(2) At the maximum of P, vs 4, the onset of satura~
tion for moderate values of the anharmonicity (x =1-
2 cm™) is exhibited for wz~1~2 cm™, while for wz>2
em™ complete saturation occurs.

(3) The P, vs A curves broaden considerably with in-
creasing A, We note that all these features are qualita-
tively similar to those encountered in the quasidiatomic
model (Sec. V) except that the onset of saturation now
occurs for a somewhat lower field. Next, we consider
anharmonicity effects, and from the results summarized
in Figs, 17-19 we conclude that (i) The P, vs A curves
are now characterized by a maximum at the off-reso-
nance energy

A=(N;-1)x (VL.7)

The maximum efficiency now occurs when the lowest
dressed level is in resonance with the N; dressed level,
while in the quasidiatomic model the maximum efficiency
is exhibited when the v =0 dressed level is in resonance
with the M level. As in the case of the quasidiatomic

IR 1 T T 1 T
1+ -
L Ni=5 A
m—z),_ X =1cm _|
L 0% o0t |

a m-l We =0 cm-’

P

10-¢

PO S|

I S
-20 -1 0 10 2 30 L]

A, cm!

FIG. 18. The dependence of Pp in the two-ladder model on the
total number of levels. M=10, 15, 20; N;=5, x=1 em™,
0=7,=0.1, wg=10 cm™,

model, A> 0, as anharmonicity effects in Region I have
to be compensated. A is practically independent of the
field and for constant Ny A is independent of M, (ii) A
rich resonance structure is exhibited in the P, vs A
curves. For moderate fields or for high anharmonicity
(x~10 cm™), regularly spaced resonances are observed
whenever degeneracy occurs between the lowest level
and any other dressed level of the anharmonic ladder in
Region I. These regularly spaced resonances are then
just split by the anharmonicity constant x. At high fields
these regularly spaced resonances originating from Re-

[ T [ 1 T

- ]
TV |
L 2Nz 7 4
[ 3Ng=10 M=15 ]
L ANp=11 X = 1em- |
| SNp=13 W= 10cm—
L SN =M 05fas0.1

A, cm-t

FIG. 19. Model calculations of the effect of changing the
number N; of levels in Reglon I (at constant M) on the P, vs
A yield curves for the two-ladder model. M =15, N;=5-15,
x=1lem™, wg=10 cm™, 0=7,=0.1. The log,,Pp scale is
given for Curve 1. Each of the other log 4P, v8 A curves in
this figure which are labeled by i=2, 3, 4, 5, 6, 7 is hori-
zontally displaced upwards by (i —1) units.
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10
10 T T T T 1

M=20

N:= 10 N
X = 2cm-t

fa= 1 -
8 = 17¢cm~

Pm‘-

04

wglcm)

FIG. 20, Model calculations of the isotopic separation factor
8, Eq. {(V.18), vs the laser field intensity for the two-ladder
model.

gion I are smeared out, as in the case of the quasidi-
atomic model. However, when the transition moments
in Region II are random, an additional resonance struc-
ture is observed at high fields, which originates from
Stark shifts of the levels in Region II (see Fig. 17).
Again, we expect that rotational effects may erode the
resonance structure. (iif) The dependence of P, on w,
is weak (Fig. 16) in contrast to the features of the quasi-
diatomic model. (iv) The two-ladder model exhibits
high isotopic selectivity for reasonably high values of
the vibrational isotopic shift as appropriate for SF;

(Fig. 20). These results are similar to those observed
for the quasidiatomic model (see Fig. 11). We thus con-
clude that isotopic selectivity in both models originates
from selective radiative coupling in Region I.

We now proceed to discuss some physical features of
the two-ladder model.

A. Saturation effects

The conditions for the onset of saturation at A=A are
given by Eqs. (IV.24) and (IV.25). Condition {IV.25)
regarding the decay width

(VL. 8)

is expected to be satisfied for the laser fields with
which we are concerned (i.e., wz20.1cm™, 7>0,1),
and we have to focus attention on the energetic condition
(IV.24). Now, as the states in Region II are in reso-
nance, we have just to discuss saturation effects in Re-
gion I. Considering the radiative coupling between the
highest states in Region I, we get for the onset of satur-
ation

[twpet, m€los™ [EW; = 1) - EQV)| (VL 9)

where E(a)=E(a, n~ a +1). Making use of Eq. (V.6)
for the transition moment and Eq. (VI.2a) for the energy
levels, we obtain for the maximum of the photodissocia-
tion yield

[“)R]os2 (N +2) (NI)-UZx"(Nx)l/zx (VI.10)

at A=A, The threshold for complete saturation is ob-
tained from Eq. (IV,26). As Condition (VI. 8) is ex-
pected to hold, we get for complete saturation

D
bBya,u€2 Ty

[“'NI-I.NI €los > 6(8) . (VI.11)
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Utilizing Egs. (V.6), (VI,3), and (VL.7), we obtain
[wglog> N}/ %x/4 | (V1.12)

A cursory examination of Eqs. (VI.10) and (VI.12) for
the two-ladder model when confronted with Eq. (V.17)
for the quasidiatomic model reveals that both onsets
are appreciably lower in the former case, [(.«JR]Os is
reduced by (N;/M)}/2, while [wg]eg is lowered by (N;/
M)*’2 where M~ (D,/w,) - (2D,/w,) is the effective total
member of levels in the quagidiatomic model. To pro-
vide a rough numerical estimate for these onset powers
in the two-ladder model, we take N;=5 and x=2 cm™,
whereupon Egs. (VI.10) and (VI.12) yield [wglos ~[wg]
~4 cm™, a result compatible with the numerical data
of Fig. 14, This onset for saturation which corresponds
to the laser power of I~ 4 GW c¢m™ is compatible with
the experimental onset of saturation effects at I~1 GW
cm™ reported!* for the photofragmentation of BCl,. It
is important to note that in the two-ladder model for
moderate values of Ny S5, [wglog~{wrles and the onset
of saturation effects is abrupt. We would like also to
point out that near saturation P, is independent of the
total number of levels M =D,/w, in the present model
provided that Eq. (VI.8) holds, This conclusion con-
curs with the numerical results of Fig, 16.

A=A,

B. Threshold power for observable photofragmentation

This experimental threshold for which P,~10%-107
is roughly estimated, as in Sec. V, to be (wg); ~[wglog/
10, so that

(wp)e~ WN)2x/10, 4A=3 , (VI.13)

where we have made use of Eq. (VI.10). This experi-
mental threshold exhibits a linear dependence on the di-
agonal anharmonicity constant x, a weak dependence on
N, and is practically independent of the total number of
levels M =D,/w,. Setting x=2 cm™ and N, =5, Eq.
(V1.13) results in (wg);~0.4 em™, which corresponds
to a laser power of /=40 MW e¢m™ {for yy; =0.1 D),
This estimate of (wg); is still higher by about 1 order of
magnitude than the experimentally reported onset of
I=5-10 MW cm™ for the photofragmentation of SF,.

The present estimate of (wg), disregards rotational ef-
fects® which will further compensate for anharmonicity
defects in Region I.

C. Dependence of the threshold and of the onset for
saturation on molecular parameters

When anharmonicity effects are properly compensated
by choosing A=A Eq. (VI.7), the threshold field and
the fields required for saturation, i.e., (wg):, {wrlos,
and [wgleg, are determined by the molecular parameters
x and Ny but not by M. The linear dependence of the
power on the diagonal anharmonicity is self-evident as
it relates to the effectiveness in climbing the anharmon-
ic ladder in Region I. The dependence of (wg), and
[wrlos on (W)*/2 and of [wy].s on N3/2 establishes a re-
lation betweenfield effects and the molecular level struc-
ture. The termination of Region I will occur when the
density of background states p,(E,) is sufficiently large
so that Condition (II. 6) is obeyed and the effects of level
scrambling set in. We thus expect that, in general N
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will decrease with increasing of the number of vibra-
tional degrees of freedom. Thus the photodissociation
yield (at constant laser power) will increase with in-
creasing of the size of the molecule. In this context it
is also of interest to recall that the onset of saturation ef-
fects is abrupt for moderate values of N;$5. We ex-
pect that such an abrupt onset will be observed in mole-
cules where N, is low, i.e., where the density of the
background states is already large at ~5000 cm™ above
the electronic origin of the ground state. A careful ex-
perimental study of the onset of saturation effects under
coherent optical excitation of an “isolated” molecule will
be of considerable interest. Finally, we would like to
note that the threshold power for observable photofrag-
mentation, as well as the field required for saturation,
are practically independent of M =D,/w,, i.e., on the
bond dissociation energy. This negative conclusion is
of considerable importance as for moderate fields which
satisfy Condition (VI.8) the molecule can be coherently
pumped via resonance coupling in Region II up to the on-
set of (vibrational or rotational) predissociation on the
ground state potential surface. Furthermore, when in-
terstate nonadiabatic coupling is incorporated resonance
coupling in Range II can occur to higher excited elec-
tronic configurations which can result in electronically
excited fragments and even ionic species.

D. Dissociation probability vs laser frequency

Recent, as yet unpublished, work by Lethokov and
colleagues® provides a confirmation of the general fea-
tures of the P, vs A curves predicted by the two-ladder
model. Multiphoton photodissociation of SF at 0.12
torr at 300 K by a single high-power pulsed CQO, laser
(output 2 J in 90 nsec) resulted in a broad P, vs A dis-
tribution peaking at A=9 cm™. This result is consis-
tent with the theoretical prediction provided by Eq.
(VI.7). Excitation by two time-delayed, frequency-
shifted lasers resulted in a drastic reduction of A to
the value of A~3 cm™ and to the narrowing of the P,
vs A distribution, as in this case the number N; of the
steps in the first ladder in Region I is reduced.

VIil. CONCLUDING REMARKS

The two-ladder model has many attractive features,
providing a self-consistent physical picture of how a
single polyatomic molecule can overcome anharmonic
defects during the high-order multiphoton absorption
process. The major mechanism which compensates for
anharmonicity effects invoives, in our opinion, intra-
state anharmonic scrambling in Regions II and III. We
have argued that intrastate mixing is of central impor-
tance, while the effects of IVR and vibrational energy
redistribution within a single molecule are of minor im-
portance. This cardinal point rests on the careful dis-
tinction that has to be made between level mixing and
IVR. The Condition (IL. 6) for intrastate coupling sets
in at lower energies than the validity Condition (II. 8)
for IVR. In the energy region E E, the zero-order
{Iv)} states already lose their identity and we argue that
the radiative coupling between adjacent { |m)} levels
separated by w in the energy region E, < E< E'b is effec-
tive. Thus, when the energy E, is reached, the anhar-

S. Mukamel and J. Jortner: Multiphoton molecutar dissociation in intense laser fields

monic coupling terms V (E, > b:,,) are already sufficiently
small so that the IVR rate, Eq. (II.9), is negligible on
the relevant time scale. Furthermore, the |v) charac-
ter of the mixed { |m)} states, which are in resonance
with the laser field, is already small in the high-energy
region E, R E, of Region II, and we cannot consider a
single metastable |v) state “selected” by radiative cou-
pling with a lower level, whereupon the concept of IVR
loses its significance.

The two-ladder model is admittedly oversimplified,
as in our treatment we had to single out a single state
from the manifold of the mixed { |m)} levels in each en-
ergy range in Regions II and III, which is in resonance
with the laser field. A pedantic treatment of the prob-
lem would involve the replacement of each of the non-
vanishing diagonal and off-diagonal matrix elements of
the effective Hamiltonian in Regions II and III by a ma-
trix, but this is not a practical approach, We believe,
however, that the two-ladder model elucidates the gross
features®® of coherent multiphoton excitation and photo-
fragmentation of a single “collision-free” polyatomic
molecule and provides a set of theoretical predictions
which can be confronted with experiment.
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