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General theory and analytic results are given for calculating the fragment yield and the
rate constant of bound-to-continuum decompositions of atoms or molecules induced by a

multiphoton effect called the resonant photon-as-catalyst effect (PCE). In this effect the
rate constant of the reaction is increased due to the presence of the photons while the to-

tal number N of photons in a given mode of the electromagnetic field is conserved. The
decomposition processes include (1) photon-catalyzed (PC) predissociation from excited

states of molecules in general, as well as from ground states in some cases of polyatomic
molecules: AB +Nhco~A +B +Nfico; and (2) PC autoionization of atoms or molecules:

A +NAco~A++e +Nhco. Both pulsed and continuous-wave laser irradiation are stud-

ied. Optimization of the yield and the rate constant by the lifetimes of the molecular

states are studied for the first time. Resonant enhancement [Lau, Phys. Rev. Lett. 43,
1009 (1979)] and coherent saturation [Lau, Phys. Rev. A 22, 614 (1980)] in this effect are

further elaborated. Laser-stimulated decays and optical Stark shifts due to the continua

and other nonresonant discrete states are included in the theory. The rotational line

strengths for symmetric top molecules predissociated by resonant PCE using linear-

polarized laser radiation are also given.

I. INTRODUCTION

This paper gives the general theory and analytic
results for the calculation of the fragment yield
and the rate constant (i.e., the probability rate per
unit time per molecule) of atomic or molecular
decompositions involving bound-to-free transitions
induced by the photon-as-catalyst effect (PCE).
Specifically, these processes include: (1) photon-
catalyzed (PC) predissociation of molecules AB,

AB +NAco~A +B +NAco,

emission of an equal number of laser photons of
the same mode (i.e., the same frequency co, polari-
zation e, and propagation vector k). Since the rate
constants of these unimolecular reactions are in-

creased while the number of photons N is con-
served, the photons are acting as catalysts.

and (2) PC autoionization of atoms and molecules

A,
~ XX
I

A +NAY A++e +Nfico (1.2)

where the reaction conserves the total number N of
photons in a given mode of the electromagnetic
field (EMF), such as that provided by a single-

mode laser. As illustrated in Fig. 1, the PCE con-
sists of a parent atom or molecule initially in a
bound state

~

i ) being induced to make transition
via the intermediate states r ) to an "equal-
energy" continuum

~ f ) leading to the fragments

by the virtual or real absorption of one (or more)
photons of a given EMF mode and the stimulated

SC HEME (a) SCHEME (b)

FIG. 1. Photon-as-catalyst effect in laser-induced

decomposition of atoms or molecules consists of the po-

pulation in initial bound states
~

i ) making transition to
the continuum

~ f ) via intermediate states
~

r ) by the

absorption of one (or more) laser photons and the stimu-

lated emission of an equal number of laser photons.
T'he decay rates of the states are represented by y's.
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The PCE was first introduced by Lau and
Rhodes' and was novel to laser-induced molecular
processes and photochemistry, where the molecular
processes are usually initiated by the actual absorp-
tion or emission of photons. In principle, the ef-
fect consumes zero photon per product molecule in
the PC reaction itself. It is therefore a highly non-
stoichiometric use of laser photons to do photo-
chemistry. From the viewpoint of practical appli-
cations, this is a desirable feature, according to the
recommendations of two recent surveys of laser
photochemistry. ' There are, of course, other
processes causing the loss of laser photons, such as
Raleigh and Raman light scattering, and perhaps
single-photon or multiphoton absorption. Depend-
ing on the particular molecule under consideration,
some of these undesirable losses may be minimized
or avoided. Through the laser-intensity depen-
dence in its rate constant, the PCE may become
dominant over other processes by increasing the
laser intensity.

For PC bound-to-free processes, the works of
Lau and Rhodes and some later works ' have
studied the common cases in which the laser fre-
quency co is nonresonant with the molecular transi-
tions between the initial and the intermediate
states. However, two earlier papers ' have
analyzed the (near) resonant cases. Generally
speaking, the bound-free PCE, for example, in its
lowest order of absorption of one photon and
stimulated emission of another photon of the same
mode, is at least as likely to occur as the known
two-photon dissociation or ionization process start-
ing from the same initial states and for comparable
magnitudes of transition moments. The resonant
(denotes hereafter both near-resonant and on-
resonant} cases have several advantages. First, the
signal is greatly enhanced compared to that of
nonresonant cases, thus reducing the required laser
power for a given signal. Secondly, the resonant
bound-bound transition can readily be coherently
saturated. Then the rate constant or cross section
for PCE becomes as large as a single-photon
bound-free process. This has the important conse-
quence that the PCE can compete with and may,
in some cases, dominate over the single-photon
processes. The simple theoretical expressions of
the probability rate given without derivation in
these earlier papers ' were adequate to discuss
these physical points. However, for obtaining a
probability of fragment yield over a given interac-
tion time, these probability rates are sufficient only
when the interaction time is short compared to the

lifetimes of the molecular states.
Continuing the study of the resonant PCE, the

present paper gives considerably more general and

more detailed results, together with their theoreti-

cal justifications. With the new results here, it is

now possible to calculate the probability of frag-
ment yield for laser pulses whose durations are
comparable to or longer than the molecular life-

times, as well as for those that are short. In the
present treatment, the effective lifetimes of the ini-

tial and intermediate states are allowed to be un-

equal. This is, of course, more realistic. The pro-
bability rate given here becomes identical to that in

earlier works ' when the two lifetimes are equal.

While the initial bound states in PC predissocia-
tion are in many cases electronically excited states
of diatomic or polyatomic molecules, or excited
rotational-vibrational states in the ground electron-
ic states of polyatomic molecules, the PCE can be
applied to some polyatomic molecules in the ther-
mally populated ground states if their energies lie
higher than the sum of the internal energies of the
two fragments. The molecule is initially stable in
this case due to the high activation energy barrier,
as shown in Fig. 2. The resonant PCE can induce
transition from these ground states to the dissocia-
tive continuum (corresponding to the two frag-
ments) via intermediate states lying above or below
the peak of the energy barrier. For the theoretical
results in this paper to be directly applicable, the
same intermediate state must have vibrational over-
laps with both the bound and the continuum states.
In general, however, the PCE transitions may in-
volve absorption into a bound intermediate state
which rapidly decays intramolecularly into another
intermediate state. From the latter, stimulated em-

+B

FIG. 2. Photon-catalyzed predissociation (or dissocia-
tion) of polyatomic molecules in thermally populated
ground states, whose energies lie higher than the sum of
internal energies of the fragments A and 8. As the plot
of potential surface along the dissociation coordinate
shows, the initial states are stable due to the high activa-
tion energy barrier.
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ission to the final continuum completes the PCE
transitions. In any case, if the high activation en-

ergy barrier forbids any tunneling, the PCE in ef-

fect opens up a new dissociation channel by cir-

cumventing the potential barrier. This is in addi-

tion to the possibility of new channels due to new

selection rules ' ' Having the rnolecules in the

thermally populated ground states as initial states

for PCE is advantageous because no additional en-

ergy of any form is needed to prepare the initial-

state population and because the PCE can act over

the long lifetimes of the ground states. This would

likely reduce the required laser power (see below) ~

Although one may call the situations described in

this paragraph photon-catalyzed dissociation, we

shall include it under PC predissociation. The rea-

son is that the term predissociation further conveys

the notion that the dissociation does not require

the net absorption of an amount of external energy

in order to overcome the dissociation barrier.
Although all published works on PC bound-free

transitions so far were presented in the context of
PC predissociation of molecules, where the bound-

free transition involves vibrational motion, it is
clear' '" that the same idea, formal theory, and

analytic results also apply to autoionization, '

where the bound-free transition is electronic. Since
the PC fragments in this case are charged particles,
which can be detected more readily by such tech-

niques as ejected-electron spectroscopy, "autoioniz-

ing states, especially the rnetastable ones, are good
candidates for experimental demonstration of PCE.
The peak(s) in the electron spectrum due to PCE
should be narrow, equal in energy to the initial

states, and possess laser-parameter dependence

described in this and earlier papers. ' ' As ex-

amples, the long-lived quartet states in the alkali
atoms' ' can be PC autoionized via the rneta-

stable doubly excited even-parity P states. ' ' An

example for Li,

Li( ls 2s 2p P')+Nhcu~Li+(1s 'S)+e +Nkvd,

(1 ' 3)

is given in Fig. 3. The initial-state population can

be prepared by electron or ionic bombardment of
the neutral atoms in the ground state. ' ' Recent-

ly, these quartet and discrete doublet states are the
proposed storage states and upper lasing states,
respectively, for XUV lasers. ' ' Since the
intermediate-to-continuum transition in process
(1.3) is electric-dipole allowed, process (1.3) and

two-photon ionization via the (1s 2p P) level may

496 943
Li (ls 2p P)

463 061
Li (ls 2s 2p P') Li ls S) + ~

perhaps become significant processes when the pro-

posed high-power transfer laser irradiates on the

quartet-state populations.
The bound-to-free transitions in PC predissocia-

tion and PC autoionization are induced directly by

the radiation. Similarly, laser-induced predissocia-
tion from predissociative states by actual absorp-
tion or stimulated emission of photons has also
been studied and it was shown that the PCE may
be considered as a new type of photon-number-

conserving multiphoton processes. Recently,
laser-induced autoionization by actual single-

photon or two-photon absorption from autoioniz-

ing states was also analyzed. ' In the more fami-

liar photo-predissociation and photo-autoion-
ization' ' ' processes, although the population in

the bound states are prepared by single-photon or
multiphoton absorption, the predissociative or au-

toionizing transitions are not radiatively stimulat-

ed. Although the idea of PCE and the theoretical
formulation given in Lau and Rhodes were shown

to be applicable also to free-free transitions such as
dissociations and collisions, ' the theory and resu-

lts in this paper cannot be applied directly to such

cases. Recently, Weiner applied the theory of Lau
and Rhodes to analyze PCE-modified dissociation
in alkali halides. In this PC free-free transition,
the molecule is already in the dissociative continu-

um when the PCE causes transition to another

equal-energy continuum belonging to a different
channel, thus changing the branching ratio of ion
versus neutral production. Generally speaking, the
PC free-free transition requires higher laser power
to induce the same probability than the PC
bound-free transition, because in the latter case, the
PCE can act over the considerably longer lifetime
of the bound state.

The rest of the paper is organized as follows.

/////////////
L

+
( 1 2 1 s )

0 cm
-1

Li (ls 2s S)

FIG. 3. Proposed photon-catalyzed autoionization of
Li in the metastable quartet state

i
1s2s2p P') to yield

Li+ ions and electrons.
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Section II contains the main body of the theory
and results for resonant PC decompositions
represented in Figs. 1 and 2. Section II A presents

the treatment on single-mode laser pulses of
smooth but arbitrary shape in time. Section II B
gives the analytic results for pulsed or continuous-

wave irradiation at constant laser intensity. In
Secs. II C and II D, the effect of lifetimes on the
coherent saturation and the resonance enhance-

ment, respectively, are studied. From the results in

Sec. II, we deduce a set of optimization criteria for
selecting atomic or molecular candidates for PCE.
This is given in Sec. III. In Appendix A, it is

shown that when the optical Stark shifts of molec-

ular energy levels or the laser-stimulated decays are

important, they can be incorporated into the results

in Sec. II by a straightforward substitution of
parameters. In Appendix B, the rotational transi-

tion strengths for the resonant PC predissociation
of symmetric-top molecules (including the diatom")
interacting with linear-polarized laser radiation are

given. Previously, only those for the nonresonant

PC predissociation were given.

II. CALCULATION OF YIELD
AND PROBABILITY RATE

A. Smooth time-varying laser pulses

P= gg;P;, (2.1)

and g; are the probability distribution of popula-
tion in

~

i ) such that g,. g; = 1, and P; is the pro-
bability of photon-catalyzed decomposition from
the state

~
i ). This section gives the theory for the

calculation of P;.
The total Hamiltonian H for the present prob-

lem consists of the Hamiltonian for the molecule
H; the Hamiltonian for the electromagnetic field
H„and the interaction Hamiltonian H'. The
eigenvalues and eigenstates of H and H„are de-
fined by the following relations:

H- 1 m) =& lm) =~
~

m), (2.2)

For the reactions (1.1) and (1.2), the total yield F
of one of the photon-catalyzed fragments is given
by Y =N P, where N is the total number of irra-
diated atoms or molecules in all the initial bound
states

~

i ) and where P is the average probability
of photon-catalyzed decomposition (predissociation
or autoionization) from the initial states

~

i ),

H„~ n ) =Tuna a
~

n ) =neo
~

n ) . (2.3)

Although higher multipole moments may be readi-

ly included, it is sufficient for most purposes to
consider the electric-dipole interaction only. In
this case, the interaction Hamiltonian H' is given
by

& = —Pqtrt'E
I

where the electric field operator E is given by
' 1/2

27TNA
( + )~

V

(2.4)

(2.5)

for one electromagnetic field mode having angular
frequency co, linear polarization e, and propagation
vector k. (Vis the quantization volume. ) Expand-
ing the total wave function P in terms of the basis
states

~

m'n') =
~

m')
~

n') of the noninteracting
molecule-field composite system,

ttj(t)= g b „(t)e " m'n'),
m'n'

(2.6)

db n(t)
ih

dt m'n'

(2.7)

Note that the molecular states
~

m ) and
~

m')
refer to continua as well as to discrete states. The
interaction matrix element H' „„will be ex-
pressed in terms of the electric-dipole transition
moment D =(m

~ gtqtrt ~

m'). e or the Rabi

flopping frequency 7 ~ by the following rela-
tions

Hmnm'n' + ~

' 1/2
277

mm '~n, n'+ 1e

. 1=+~
2 &+mm ~n, n'+1 ~ (2.8)

where the spectrally integrated laser intensity I is
related to the mean number N (a very large num-
ber compared to unity) of photons in the EMF
mode by the relation

I =chcoN/V =eke(N+1)/V . (2.9)

The frequency difference 6 „„used in Eq. (2.7)
is defined by

and substituting into the Schrodinger equation, one
obtains

and —co +(n' —n)co . (2.10)



25 RESONANT PHOTON-CATALYZED PREDISSOCIATION. . . 367

With reference to Fig. 1, the photon-as-catalyst
effect consists of transitions from

~

iN) to
~
fN)

via
~

rN 1—) in scheme (a) or via
~

rN+ 1) in
scheme (b). For a given initial state

~

i ), it is as-
sumed that

~

r ) is the only state that is near
resonant with the laser frequency, i.e., when the
frequency detuning,

able, since the fragments once in the region of
small separation of the continuum state will fly
apart rapidly into the large-distance region where
there is negligible transition to the bound wave
functions.

Eqs. (2.12) and (2.13) are to be solved with the
initial conditions,

~n. =Cur —CO;+CO (2.11) b;(0)=1, b, (0)=0, (2.16)

is not much larger than i~r transition linewidth
nor the laser linewidth. The probability arnpl-
tudes b; =b;~ and br =b,z-

&
of the two discrete

composite states are coupled by the differential
equations obtained from Eq. (2.7),

and

d 3i +tr—b. = ——b+ b e
dt '

2
' 2

I

d Xr &ri +ia t—b, = ——br+ b e
dt 2 2

(2.12)

(2.13)

I
Xr =Fr+) fr (2.14)

In Eqs. (2.11)—(2.13) the upper and lower signs

correspond to the schemes (a} and (b}, respectively.

The total decay rate y,
' for the intermediate state is

a sum of its natural decay rate y, and the laser-

stimulated
~

r )~
~ f ) transition rate, y~„, which is

necessarily present in PCE:

(2.17)

where

Arf =Ct)r —COf +N, (2.1S)

and bf(0) =0. In general, it can be integrated im-

mediately to obtain the desired probability arnpli-

tude,

at the time t =0 when the interaction is switched
on. For the general case of a time-varying laser
pulse, the intensity I(t) and hence 7„. and y,

'
are

time dependent. Then the above equations can be
solved numerically for b, (t). But in Sec. IIB
below, an analytic solution is given for a field am-
plitude constant over a time interval whose value
may range from short to long compared to the life-
times of the states.

The Schrodinger equation for the probability
amplitude bf(t) =bf~(t) is

' 1/2
d 1 2m —ib, t—b-=+ — I D b edt' A c fr r

aild

4 2

yfr= Ig ~Dfp
~

py(E~),
Ac

(2.15)

1/2
—ih„~t'

Dfr bre

(2.19)

where pf(E~) is the density of the vibrational con-

tinuum of the final states defined in the norrnaliza-

tion of the continuum, (E~
~ E~ ) =p~ '5(E~ E~);-

and the summation QJ is carried over other

discrete quantum numbers of the final states. For
simplicity here, we shall use just the natural decay

rate y; for the state
~

i ). If any laser-stimulated

decays of
~

i ) are important, they can be readily

incorporated into the results as shown in the Ap-

pendix A. The natural rates y; and y, may include

spontaneous radiative decay, nonradiative relaxa-

tion, and collisional quenching. In Eqs. (2.12) and

(2.13), treating the original interaction term of
~

r )
with the

~ f ) state as a decay term (see Appendix

A) means that the continuum states are acting as a
sink of molecular population from

~

r ). It
neglects any coherent Rabi population oscillation
from the continuum

~ f ) back to the bound state

~

r ). This assumption is intuitively very reason-

and

5t &&w&,

5t (&g„;', 1/6„. ,

(2.20a)

(2.20b)

5t ((1/y,', 1/y; . (2.20c)

Then over the short-time domain, co,—ih t
t & 5t, the quantities I(t) and b, (t)e " may be

with br obtained from the solution of Eqs. (2.12)
and (2.13). Alternatively, a result can be obtained
as follows. The factor A,f in Eq. (2.19) may be
rewritten as 6„;—hf;, where hf; ——cof —co;. Then,
consider a time interval 5t such that it is small

compared to the duration ~z of the slow time-

varying laser pulse, to the Rabi flopping period

7„;', to the inverse of the frequency detuning,
1/6„- and to the lifetimes 1/y,

'
and 1/y;, i.e.,
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assumed to be essentially constant and may be tak-
en out of the time-integral in integrating Eq. (2.19)
over this time domain. The result after taking ab-
solute square is

4n.
i (&)

I

'=, I
I Dg„ I I

b„
I
't6(hg; ), (2.21)

where the identity for t &) co~ ', and co, ',

(2.22)

From Eq. (2.23), an "instantaneous" (but on
coarse-grained time t-6t) probability rate y;(t) for
a given initial state

I

i ) can be defined,

y;(t) =yi„(t) b„(t)
I

(2.24)

where y~, (t), given in Eq. (2.15), is the instantane-
ous probability rate of transition from

I
r ) to

I f ).
Equation (2.24) says that for near-resonant transi-
tion from

I
i ) to

I
r ), the instantaneous photon-

catalyzed probability rate is given by the probabili-
ty I b, (t)

I
of finding the molecular system in the

state
I
r ) multiplied by the probability rate of

transition from
I
r) to

I f). In an experiment
where the fragment yield is measured, the probabil-
ity of PC decompositions in Eq. (2.1) is

P, (r) = f dt y&, (r) I
b„(t)

I

', (2.25)

obtained by integrating the instantaneous probabili-
ty rate over the time from t =0 when the laser in-
teraction is switched on to the time ~, which is the
shorter of the interaction time or collection time.

For a smooth laser pulse of arbitrary shape in
time, the integral in Eq. (2.25) can be readily
evaluated numerically with b, (t) solved from Eqs.
(2.12) and (2.13). However, for some special pulse
shapes, analytic results for Eqs. (2.12), (2.13), and
(2.25) may be obtained. One such case is given in
Sec. II B.

B. Solutions for constant laser intensity:
Pulsed or continuous wave

In this section, the situations considered are
those in which the laser intensity is constant over a

has been used. Summing the contribution to all
the final continuum states, one obtains the total
probability at time t,

2

y' f de pg I
bf(t)

I

= I g I Dfr I pf Ib, I'~ .
f Pic

(2.23)

time interval v., whose value may range from short
to very long compared to the lifetimes 1/y; and
1/y„'. During this time r, .7;, in Eqs. (2.12) and
(2.13) can be treated as constant. Exact analytic
solutions for b; and b„can be obtained as fol-
lows. From Eq. (2.12), b„ is expressed in terms
of b; and db;/dt and is used to eliminate b„and
db, /dt in Eq. (2.13), yielding a second-order dif-
ferential equation of b; with constant coefficients.
Substituting b;(t) =e'"' in this differential equation
and solving for the roots of the resulting auxiliary
equation gives

I

I . yi+yr
rl

1+-, 0, (2.26)

~ +i—,(y; —y,')
b;(t) = cos —,At+i sin —,Qt

.y]+yr
X exp —i — 4 —iPl (2.28)

and

Xexp[i —,b„;t——,(y;+y', )t], (2.29)

where the upper and lower signs correspond to the
schemes (a) and (b), respectively.

Substituting the solutions in Eqs. (2.29) and
(2.15) into Eq. (2.25) and performing the time in-
tegration, one obtains without further approxima-
tion the probability at time ~ of PC decomposition,

P;(~)=Ai+B, (~),

where A; is a time-independent term,

4y y'i)'+y' I& I'+y y'y'

and B;(~) is a time-dependent term,

(2.30)

(2.31)

B;(r)=—
2

) fr I +ri I
—(i/2)r„~

2O; sinhO;~+ y . cosh';~

y„; —4Q;

20„sinQ„~—y„cosQ,~

y„.+4Q„
(2.32)

where

n=[[b,„+I, (y; —y',—)]'+ IX;, I j

iA, +t iA, t
Now letting b;(t)=A+e + +A e, and requir-
ing b;(t) and the corresponding expression of b„(t)
to satisfy the initial conditions (2.16) give
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Iy. =y, +y;, (2.33)

and (b) 0, and 0; are, respectively, the real and

imaginary parts of 0 defined in Eq. (2.27),

&.= (-, l~'+
I
&.

I

'——,(y' —y )')

+ —
I l~'+

I &.
I

' ——(y' —y )'1'

+(y y )2g2 I1/2)1/2 (2.34)

and

with the definitions: (a) y„ is the total decay rate

of the
I
i )~

I
r ) transition due to all the in-

coherent broadening processes,

1f y, ,y„'~0, (2.38)
~'+p- I

&-
I

'+ ,
'

y—.
'

P;='
yfr if y;=0,
yr

(2.39)

where the dimensionless saturation enhancement
factor,

it can be proved by using the property

I
~n/'f)r

I
& l for I&n I

&0 that B;(r) becomes

negligible compared to A;. In the case y; =0, only

condition (2.37a) is needed to determine the

8;(r) =0 result. Then P; of Eq. (2.30) becomes

0;=
20„

(2.35)
p„=(y;+y„')'/(4y;y„'),

and the lifetime,

(2.40)

From its definition Eq. (2.25), we see that P;(r) )0
and P; (rQ oo ) & P;(r= ao ). We can show using the
result P;(oo)=A; from Eq. (2.30) that P;(oo)(1
even under very strong coherent-saturated pumping

[see Eq. (2.54) below]. To summarize the condi-

tions of validity of the result (2.30), it is derived by

assuming (a) that there is only one discrete state

I

r ) near resonant with the initial state
I

i ); and

(b) that the interaction strength (i.e., laser intensity)

is constant during the interaction time or the ob-

servation time r.
Two separate limits of Eqs. (2.30)—(2.32) are of

particular interest. In one case, when the lifetime

of the initial state is infinite (i.e., y; =0) such as

the case of PC predissociation from the ground

states shown in Fig. 2,

—1

Tl yPl (2.41)

r, —=—
d'„+p„ II„;I'+ —,y'„;

(2.42)

The right-hand side of Eq. (2.38) is essentially the

A; term with the numerator and denominator di-

vided by 4y;y„'. According to the result Eq. (2.39),
the probability of PC decomposition for the case

y; =0 in the long-time limit is simply the branch-

ing ratio of stimulated
I

r )~
I f ) transition rate

to the total decay rate from
I

r ), as it should.
A time-averaged probability rate per unit time,

I;, for a molecule in a given initial state
I
i ) to be

decomposed, can be extracted from Eq. (2.38) by

noting that P; =2I;r„., where

P( )=", +8, ( ).
yr

(2.36)
With the restriction of time t short compared to all

r„;, an overall probability rate y may be defined by

2r))
y„'(l —

I
b„;/&, )

or when

2

y;( l —
I

b,„;/0„
I

)
'

(2.37a)

(2.37b)

where 8;(r) is formally the same as Eq. (2.32) but
with y; set equal to zero. In connection to study-

ing the second case, the long-time limit, we note
first that the magnitude of 8;(r) is almost equal to
A; for very small r, i.e.,

I
B;(r)

I
~A; as r~0

The term 8;(r) consists of summands, each of
which contains an exponential time-decay factor.
In the limit of long interaction time (due to a long

pulse or continuous wave) and long collection time,
i.e., when

(2.43)

which can be useful in rate equations and in con-
siderations of competition with other processes.
Note that without such restriction, an overall pro-
bability rate y for all initial states cannot be de-

fined from Eq. (2.38) in conjunction with Eq. (2.1)

because the r„'s for different initial state
I
i )

could be quite different in magnitude. When

P„;= l (i.e., y; =y'„), Eqs. (2.42) and (2.43) are the
results used in earlier analyses. ' The results given
here are therefore more general. The probability
rate Eq. (2.42) can be interpreted quite physically
as the probability rate yf, of stimulated transition
from the intermediate state to the continuum mul-

tiplied by the time-averaged probability of finding
the molecule in the intermediate state.
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While there are useful applications and other
simplifications of the results Eqs. (2.30)—(2.36)
under various conditions, we shall defer their dis-

cussion to future publications on specific systems.
In the rest of the paper, we shall concentrate our
study on the long-time limit Eq. (2.38).

C. Optimizing coherent saturation
and yield by choosing lifetimes

It has been shown that the bound-bound
I
i )~

I
r ) transition can saturate quite readily under res-

onance condition. After saturation, the probabili-
ty rate for this effect becomes ip magnitude that of
a single-photon dissociation process. An aspect of
coherent saturation new in this effect as indicated
by the more general result Eq. (2.38) [or Eq. (2.42)]
is that in the coherent saturation condition,

(a) If y;=yr =r

P;= i yI. I &n
I

'

5„+4y„.
(2.51)

I I I I I I I I I I

0 2 4 6 8 10 12 14 'I 6 18 20

R
FIG. 4. Plot of the saturation enhancement factor P'

(Eq. 2.45) as a function of the ratio R of the effective
lifetimes of the initial and intermediate states.

p I& I'»~,';+ .y,';- (2.44) (b) If y,
' &) y; =—&;

the square of the Rabi flopping frequency, is modi-
fied by the factor P„. This factor can be rewritten
as

P;=
1 2
4yI. I& I

2 1 r25„+4y,
' (2.52)

P„-= —,(2+R +R '),
where

R =yj ~yp or yp ~yj

(2.45)

(2.46)

(c) If y;)py,'—=~, ',

P;= (2.53)

1

4R for R)) 1,
4R ' for R «1.

(2.47)

(2.48)

A plot of P„. as a function of R is given in Fig. 4.
Before coherent saturation, i.e., when

p I& I'«~'+ .y'- (2.49)

Eq. (2.38) for P; in the long-time case becomes

P;=
—.yI. I

&
I

'
6„.+ —,y„.

l 1—+—
I

yp yl
(2.50)

It has a minimum value p„=I at R =1 (i.e.,
y; =y„'). For any R+I, P„)1, which means that
by having y;Qy„', coherent saturation occurs at
lower laser intensity than that would be expected
by just examining the Rabi flopping frequency 7„.
This enhancement is larger when this ratio R (or
R ') becomes larger, since

so that in each case, it is a product of a probability
rate, the quantity in parenthesis, and a lifetime. In
each of the cases (b) and (c), the lifetime involved
is the longer of the two lifetimes. This seems
reasonable if, in case (b), P; is considered as the
probability rate of a second-order process multiply-
ing the effective lifetime of the initial state;
whereas in case (c), since the initial population de-

cays away rapidly, the final probability P; of going
into the continuum

I f ) consists of the probability,
/(6„.+ —,y;), of the molecule being in the

state
I
r ), multiplied by the probability of stimu-

lated transition at a rate yy„ from
I
r ) to

I f ) act-
ing over the effective lifetime ~, .

It is seen from Eq. (2.50) [and also Eqs. (2.52)
and (2.53)] that without coherent saturation, a
choice of y,

' or y; being very small would enhance
the yield of this effect.

However, when the condition (2.44) is satisfied,
Eq. (2.38) for P; in the long-time case gives

which has several interesting limits: yf ~(y+y ) rf + (2.54)
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which becomes:
1

(a) for y,'=y;=w ', P;= —,y~„~,
—1(b) for y; «y, =~, , P;=yy T, ,

and

(2.55)

(2.56)

(c) for y, «y;=~;, P;=yg„w; . (2.57)

D. Enhancement of yield by resonance

It has been shown that the probability rate for
the photon-as-catalyst effect can be increased by
orders of magnitude due to resonance. The same

holds true for the probability P; and hence the

yield. For nonresonant situations, i.e.,

&„';» p„ I
x„;

I

'+ —,y'„, (2.58)

the probability P;N is given by a typical term as

y/„ Ir„; I'r;
P.iN (2.59)

whereas for resonance,

6'„«p„
I x„ I

'+ —,y'„,

it is given by Eq. (2.38),

(2.60)

p. I
&. I'+-, y'

(2.61)

The enhancement ratio for the same laser intensity
in both cases is given by

2

1+—
~iw p„. Ix„; I

'+ —,y'„y, (2.62)

which is the square of the ratio of the detuning 6„;

These results state that after coherent saturation of
the Ii )~

I
r) transition, the probability P; is re-

duced simply to the probability rate y~„of stimu-

lated transition from the intermediate state
I

r ) to
the final continuum

I f ) times the effective life-

time. In each of the cases (b) and (c), the effective
lifetime is the shorter of the two. This can be un-

derstood since after coherent saturation, the rapid
Rabi cycling of population among the two bound

states makes the faster decay of the short-lived

state as the dominant loss of total population.
From Eq. (2.54) [and also Eqs. (2.56) and (2.57)], it
is seen that after coherent saturation, both y; and
y„' have to be small in order to have an enhance-

ment of yield. Since y,
'

includes yy„ the probabili-

ty P; & 1, as it should.

to the power-broadened half width at half max-

imum, (p„ I I„ I
+ —,y„)', and is modified by

the factor (1+y;/y,'). This ratio becomes: (a) be-
2 2

fore coherent saturation (i.e., —,y„))p„ I
X«.

I
),

P~g 4h„.

yri yr

and (b) after coherent saturation (i.e.,
P I

x„'))—,y„;),

(2.63)

Pw
24a„.y;

I
I.

I
'(y;+ y,')

(2.64)

It is seen from Eq. (2.62) that coherent saturation

(i.e., power broadening) reduces the resonance
enhancement from what it could be without power
broadening. The factor P„, while enhancing
coherent saturation to achieve a probability of a
first-order process, reduces the resonance enhance-

ment. These points may be illustrated with the PC
predissociation of molecular iodine by scheme (a)

proposed in Ref. 9. The initial, intermediate, and

final states are
I
i ) =

I
BO~+vJM ), I

r )
=

I

EOz+v'J'M) and
I f ) =

I

luE/J"M ), respec-
tively. For the

I
i )~

I

r ) transition, we may take
typical values of the Franck-Condon factors to be
0.001, of the rotational factor for large J values to

1

be —, for most M states (see Appendix B), and the

electronic transition moment to be about 2.7 D.
The Rabi flopping frequency 7„ in cm ' is
2)& 10 I', where the laser intensity I is in
W/cm . The typical natural decay rate of

I
i ) is

around 10 /sec (Ref. 28). The corresponding decay
rate for an E state was measured to be about
3.7 X 10 /sec (Ref. 26). For the

I
r )~

I f ) transi-
tion, we may take as typical values of the Franck-
Condon density to be 10 /cm ', of the sum of
the squares of the rotational factors for J"=J'+1,
J' to be —, for large J', and as a guess (based on a

similar transition ) of the square of the electronic
transition moment to be 0.1 D . Then

y~, ——0.16I/sec where I is in W/cm . For I =10
W/cm, y,'=y, +y~„-5.3)&10 sec '. It follows
that y„=0.18X10 2 cm ' and P„=13. Since X„.
at I=10 W/cm is 0.19 cm ', we see that p„;
enhances the power broadening. Since p„.

I
X„;

=0.5 cm is much larger than —,y„=8X10
cm, the power-broadened width, 2P,'; X„., be-
comes the dominant term in the denominator of
Eq. (2.62) and reduces the resonance enhancement.
The ratio P;„/P;N -5„./0. 5, where 5„; is in cm
In this example, 6„.can vary from 10 cm ' for
nonresonant situations to 2~10 cm ' for far off-
resonant situations, depending on the laser frequen-
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cy used. Therefore in spite of power broadening,
the general statement that resonance can enhance
the PCE signal, or equivalently reduce the required
laser powers, by orders of magnitude holds true
quite generally.

III. DISCUSSIONS

In the theory and results presented in Sec. II,
only the interactions among the principal states,
their natural decays, and laser-stimulated decay y~,
from the intermediate state

~

r ) to the final con-
tinuum

~ f ) are included. They have neglected

any laser-stimulated decays of these principal states
to other continua and optical Stark shifts due to
their interaction with other nonresonant molecular
states. The former could be important if there ex-

ist continua coupling in the initial or the inter-
mediate states. Such decays lead to competing
losses of molecular population and they broaden
the molecular levels further. The optical Stark
shifts could be important for near-resonant transi-

tions, such as the cases of their being shifted into
resonance. ' When these shifts and decays are im-

portant, they can be readily incorporated into the
theory and results of Sec. II. It is shown in Ap-
pendix A that, in all the results of Sec. II one
needs only to replace the quantities in the left
column by the corresponding quantities in the
right column:

co;+~;,

(3.1)

where the 5's are the optical Stark shifts and y,j
are the laser-stimulated transition rate from the
discrete state

~
j) to the continuum state

~
c).

For the quantitative calculation of PC decompo-
sition using the results in Sec. II, the transition
matrix elements Djk (consisting of electronic, vi-
brational, and rotational factors) and the summa-
tion over the initial states in Eq. (2.1) need to be
evaluated. Unlike the electronic transition mo-
ments and the Franck-Condon factors, which in al-
most all cases must be calculated numerically for
each individual molecule of interest, the rotational
transition strengths can be given in analytic forms
for symmetric-top molecules, which include the di-
atomic molecules as a subclass. These are given in

Appendix B here for linear-polarized laser radia-
tion, which is the most commonly encountered

case. Application of these results to specific states
in a molecule requires only simple substitution of
the appropriate rotational quantum numbers. The
analytic results for left- and right-circularly polar-
ized radiation have also been derived and will be
published elsewhere.

The theoretical results presented in this paper
enable us to calculate the fragment yield for (near)
resonant PC decomposition. For this purpose, the
key results are Eq. (2.25) for smooth time-varying
laser pulse, and Eqs. (2.30)—(2.32) and
(2.36)—(2.39) for laser pulses with constant intensi-

ty. An effective rate constant is given by Eq.
(2.42). These results are also useful to other for-
mally similar bound-free processes, e.g., two-
photon dissociation or ionization from the ground
or excited states.

From our discussions of various features (reso-
nance enhancement, coherent saturation, lifetime
dependence, etc.), a set of criteria for optimizing
the photon-catalyzed decomposition process be-
come clear. They are useful in selecting the most
favorable set of molecular states for calculation or
observation. These criteria are:

(1) The initial states are preferred to be long
lived for population storage and enhancement of
yield, as discussed in Sec. II C. For polyatomic
molecules, the states that are thermally populated
or in the ground states as illustrated in Fig. 2 are
most desirable. For a given laser frequency range,
it is preferred that single-photon dissociation from
such initial states are forbidden either by symmetry
or by energetics. For a large signal-to-noise ratio,
it is desirable not to have a natural transition from
the initial state to the same final state as the PC
transitions.

(2) For the choice of the intermediate discrete
states, the most important criterion is to be as
much resonant with the laser frequency as possible
(Sec. II D). This can be achieved either by having
a laser tunable over the molecular transitions or by
choosing the right combination of initial-
intermediate states if the laser frequency is fixed.
The next most important criterion for the inter-
mediate states is that its transition moment to the
final continuum states is as large as possible. It is
also desirable to have large transition moment be-
tween the initial and intermediate states for the
coherently unsaturated case. But once coherent sa-
turation is achieved for the given laser intensity, its
magnitude does not enhance the overall process
anymore. Whether the lifetime of the intermediate
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state enhances the yield or not depends on various
cases. For nonresonant situation [see Eq. (2.59)] or
if the laser-stimulated decay from it is larger than
its natural decay rate, then its natural lifetime is

unimportant at all. If both of the above cases are
not true, then for near-resonant situation, a longer
lifetime enhances the yield: (a) for the coherently
unsaturated case if the lifetime is longer than the
lifetime of the initial state; and (b) for the
coherently saturated case if the lifetime is shorter
than the lifetime of the initial state (see Sec. II C).

(3) For the choice of the final states, it has been
mentioned in item (1) above that it is desirable to
have a zero or very small intramolecular coupling
with the initial states. Another desirable feature is
for its decomposed fragments to be readily detect-
ed, such as excited fragments giving fluorescence,
or charged fragments such as those in PC autoioni-
zation.

Further works on photon-catalyzed predissocia-
tion and autoionization are in progress. These in-

clude both developments of theory and calculations
on specific systems. The results will be reported in

the future.

ACKNOWLEDGMENTS

I am pleased to acknowledge the stimulating dis-
cussions with S. N. Dixit, R. G. Bray, A. Z.
Genack, and R. B. Hall of Exxon; P. Lambro-
poulos of University of Southern California; and
A. Schenzle of Universitat of Essen, W. Germany.
Discussion and a helpful correspondence on au-
toionization with P. Ewart of Oxford University
are also greatly appreciated. I wish to thank J.
Weiner of University of Maryland for a
manuscript before its publication (Ref. 22).

l ~t
iNmn mn

& mn

dbrN' j r l, iI .t= ——brN' —
HrN'iN biN e

dt

(A. 1)

l ~.t
HrN'mn bmn (A2)

where the natural decay rates y; and y, of levels i
and r have been inserted as in Eqs. (2.12) and
(2.13). The summations in Eqs. (Al) and (A2) ex-
clude the

~

iN ) and
~

rN') states; and the states

~

m ) include both discrete and continuum states.
Similarly for bmn,

db „
dt

Xm l

2
mn mnm'n' m'n'

(A3)
where the y are needed only for formal
mathematical manipulation and will not appear in
the final results. Equation (A3) can be integrated
formally to give

m'n'mn

b „(r)= Hmnm'n bm'n'e'

fi(b, „. „+iy /2)
(A4)

where it has been assumed that Hmnm n and bm „
are slowly time varying, i.e.,

dH'n n b

dt
(&H'n n b „6 „„.(A5)

According to Eq. (2.7), the probability ampli-
tudes b;z and br~ for the principal states

~

iN )
and

~

rN') [where N'=N+1 for schemes (a) and
(b) respectively], and bm„of the other states

~

mn )
are coupled as follows:

db;N —y; —ih,„t
dt 2

b;N ——HN„N brN e

APPENDIX A: LASER-STIMULATED DECAYS
AND OPTICAL STARK SHIFTS

We show here that when laser-stimulated decays
or optical Stark shifts are important, the theory
and results in Sec. II can be generalized to include
these effects in a straightforward way prescribed
by Eq. (3.1). This is accomplished by starting with
the Schrodinger equations including the interac-
tions between the principal states and other states
in the molecule and then reducing these equations
to the same forms as Eqs. (2.12), (2.13), and (2.17)
but with the parameters changed according to Eq.
(3.1).

Substituting Eq. (A4), into Eq. (A1), one obtains
fol btN

dbiN Xi l
b;N — HtNrN brN'e

dt 2
Il, iNmn mnm'n'

bm'n e
mn m'n'~m'n'mn+l 2 Xm

(A6)

Now keeping only the terms with m'n'=iN and
neglecting all other terms which correspond to
higher-order interaction, one obtains

dbiN —ih„,-t

d 2 ' ''
fi

HN N'b N'e

(A7)
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where the identity

1 1
lim =P——in.5(g),
y o X+I,y

(A8)

and

db,'N

dt

I

Pr , l , , ih~t
HpN'jN bjN e

2
(A14)

has been used. The decay rate y,' includes the
laser-stimulated decay rates, y„, to all single-

photon resonant continuum states
~
c ),

where the new frequency detuning is

~n =Cur+~r i ~i+CO (A15)

(A9a)

where

4 2

y„= Ig' iD„ i p, (E;+fun), (A9b)

4v

g~; „(E; Eg) ——(%co)

+ Ig P JdEp,277

C C

P dE
E;—Ec

(A10)

where p, (E) is the density of states for the contin-
uum and g' refers to the summation over the

discrete quantum numbers of the particular contin-
uum c. Note that transitions to the final continu-
um f, if allowed, are included in the above as yf;.
In Eq. (A7), A5; is the optical Stark energy shift,

As referred to in Sec. III, this quantity 6,'; could
become zero whereas the original unperturbed de-

tuning 5„ is not. The initial-value conditions,
b N(0) =1 and b,'N (0)=0, are the same as Eq.
(2.16) for b; and b„. By comparison of Eqs. (A13)
and (A14) with Eqs. (2.12) and (2.13) with the aid
of Eq. (2.8), one obtains the substitution rules Eq.
(3.1).

Note also that by substituting the above defini-
tion of b,'N into Eq. (2.17), one obtains a similar
equation with a modified 5,'f =—co, +5,—cof+co in

place of h,f. With manipulations similar to those
leading up to Eq. (2.22) the energy conservation
condition is now given by cd

——co;+6;, instead of
cof —co ~ Therefore, the subsequent solutions of
Eqs. (A13), (A14), and the modified (2.17) are
identical to those in Sec. II, and we have proven
our assertion.

The above procedure of including the laser-

stimulated decays and optical Stark shifts can be
extended to include multiphoton transition rates
and higher-order optical Stark shifts, if they are
needed.

where d stands for discrete states, c stands for all
the continua, and P stands for the principal value
of the integration. Equation (A10) is valid if

I Dmj I'«( IEm —E) I

—~)'
c

(A 1 1)

(A12)

with y,
' and 5„defined similarly as in Eqs. (A9)

and (A10). In particular, y,
'

includes yf, as
described by Eq. (2.14).

—i5;t —i5 t
Letting b;N ——b;Ne

' and b„N
——b,'N e ', one

obtains from Eqs. (A7) and (A12) the following

equations describing the interaction between the
perturbed (broadened and shifted) states:

db N

dt 2
= ——bN ——HNNb'Ne " (A13)

holds. Similar equations are obtained for b,N by
starting from Eq. (A2),

dbrN' Pr jh„,.tH N'Nb Ne

APPENDIX B. ROTATIONAL TRANSITION
STRENGTHS FOR LINEAR POLARIZED LIGHT

~

+avJOM) =
~

avJO+-M) for K =0, (B1)

where s stands for either + or —sign, a is the
electronic state label, v stands for all labels for the
vibrational states, J is the quantum number of the
total angular momentum J, M is the quantum
number of its component along the space-fixed
quantization axis, and K is the quantum number of
component K of the angular momentum J along

In this Appendix, the rotational transition
strengths for the PC predissociation of symmetric-
top molecules with a linearly polarized laser are
given.

The wave functions of a symmetric top
molecule can be written as

~

savJKM),

~

+avJKM ) = —(
~

avJKM ) +
~

avJ, —K,M ) )
1

for K+0,
and
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the symmetric-top axis. By convention, K is al-

ways positive. In general, for symmetric-top po-

lyatoms, K may have contributions from rotation-
al, vibrational, and electronic angular momenta.
In diatoms, AK is the magnitude of the electronic
orbital angular momentum along the internuclear
axis and is usually denoted by AA. It is well

known that the states
~

savJKM) for different M
values are (2J+ 1)-fold degenerate. In addition,
for K@0, the states with K and Kva—lues are
doubly degenerate. The question, therefore, arises
whether the analytic formulas in Secs. II B—II D
are applicable, since in the analytic solution Eqs.
(2.30)—(2.32), it has been assumed that for each in-

itial state there is only one resonant intermediate
state.

Since the laser bandwidth is usually narrow
compared to the rotational energy separation be-
tween the P, Q,R transitions from a given initial

state, one can select a particular J' level as near
resonant. Then for a given initial state

~

savJKM)
and a given a'v'J' level, it can be shown that the
initial state is coupled to only one state out of the

2(2J'+1)-fold degenerate states
~

s'a'v'J'K'M') for
K'+0; or one out of the (2J'+ 1)-fold degenerate
state for K'=0. To see this, we note first that the
selection rule for electric-dipole transition induced
by linear-polarized light is M —M =0, if the
space-fixed quantization axis is chosen along the
polarization direction e. This means that for
K'=0, only one intermediate state M'=M is cou-

pled and that for K'+0, only two M'=M states

corresponding s'=s and s'= —s are coupled. For
the latter case, only one state has the opposite pari-

ty as the initial state and is therefore allowed by
electric-dipole selection rules; the other state has
the same parity and is forbidden. This can be seen

explicitly using the property under the spatial in-

version r'I —r I,

~savJKM)~( —1) '
( —1) + ~savJKM),

(B2)

one obtains with spatial inversion invariance for
the electric-dipole matrix element,

(s'a'v'J'K'M'
~
gq~rr ~savJKM) =( —1)" (s'a'v'J'K'M'

~
gqlrl ~

savJKM),
I I

(B3)

where 5, , equals 1 if s' and s are of the same sign and equals 0 if s' and s are opposite signs. It is, there-
fore, seen that for nonvanishing matrix elements, a given state

~

savJKM ), and given quantum numbers
a'v'J'K'M', only one value s' is possible.

From Eq. (2.1) with substitutions from Eqs. (2.38), (2.15), and (2.8), the probability P of the PC predisso-
ciation in the long-time case is given by

A' c; f Is,„+—,y„+(8vrIP„~ D„~ Ifi c)
(B4)

where i stands for savJKM, r =s'a'v'J'K'M, and f=s"a"v"J"K"M. The calculation becomes simpler when

the transition matrix elements D's are expressed in terms of
~

avJKM) only [i.e., free of the
~

avJ, K,M)—
component in Eq. (Bl) for K+0]. This is accomplished by using the relationship

~ I

(s'a'v'J'K'M
I Xqlr i Isa»KM&=Ix'&& +( )

** ]&a'v'J'K'M
I Xqir i la»KM &

I I

where

if (K'=0, K=1) or (K'=1, K=O),
1KE

in all other cases .

Each of the wave functions
~
avJKM) can be written as a product of an electronic and vibrational part

~

aKvJ ) and a rotational wave function
~

JKM ),

~avJKM&= IaKvJ& }JKM& .

Thus, the matrix elements (a'v'J'K'M
~ gqlr i ~

avJKM) e can be written as

(B6)
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(a v J'K M
I Pqir i I

avJKM l e=p "AJ'K'MJKM (87)

where p„; is the electronic-vibrational electric-dipole matrix element defined in Table I and A is a rotational
factor. These angular factors A are known and can be expressed as a product of three factors,

A J'K'MJKM NJ'J CJ'MJM~J'K'JK

where N, C, and B are given in Table II for convenience of reference. Substitution of Eqs. (85) and (87)
into Eq. (84), one has

I 2A2 A2
I 8f'r'I r'i'

I
J"K"JM'K'M J'K'MJKM

~gi~Pf ri ri K"K'K'K
2 i 5 2 2 2~n+ ~)n+(2 ~10aIK'K IIJ 'i'I JIJ K MJ'Kii'rf& c)

(88)

(89)

where i, r, and f now stand for avJKM, u'v'J'K'M, and a"v"EfJ"K"M, respectively; i ', r', and f' stands

for aEUJ, a'K'v'J', and a'VC"U "J",respectively; and J' may take either one of the values J—1, J, J+1
while the summation over J" include all three values J' —1, J', J'+1. Equation (B9) is the general result of
this section. It differs from Eq. (84) in that the sums over s, s', and s" have been performed, and it exhibits

the rotational transition factors A given by Eq. (88) and Table II.

In the following, we shall consider the expres-
sion P for the unsaturated regime and the
coherently saturated regime. Since the Rabi flop-
ping frequency X„; [or the third term in the
denominator in Eq. (B9)] differs for different pair
of Ii) and

I
r) states, the condition (2.49) for

nonsaturation and the condition (2.44) for coherent
saturation must be satisfied for all the significantly
populated states

I
i ). The following results in Eqs.

(812) and (815) for the two regimes are also fur-
ther simplified in that the summation over M in

g,. has been performed. In order to perform this

summation, two simplifying assumptions have been
made. The first one is that y„' [also 6„'; and y'; if
Eq. (3.1) is used] are weakly dependent on M so
that they can be treated as M independent. The

I

second one is that the initial population distribu-

tion is isotropic, i.e.,

1

gavJKM 2J 1
gavJK ~ (B10)

(811)

Under these assumptions, the result P for near-

resonant intermediate transition but before
coherent saturation is

for all M. Another approximation, but an excel-

lent one, is that the densities of final states pJ and
transition matrix elements pf, for adjacent rota-
tional states are equal, i.e.,

PJ'
I
IJJ'J'

I
PJ' & I IJ J &J'

I
—'P—J'+1

I
O'J'+iJ'

I

2= 2= 2

3
' 2

8m I 2 2
gi QP'a" K"v"J'Pr'i Tr'i IK K IK K

c ItKtt II

2
I
Pa"K "v"J',r'Pr'i'

I

K"J'K'JK
1'I + 4 rl

(812)

TABLE I. Definitions of the electronic-vibrational electric-dipole matrix element

p z„J z~ in Eq. (B7). The evaluation of these matrix elements involve integration over the
coordinates r I in the molecular body-fixed coordinate system.

Pa'K'v'J'aKvJ

K —1

(a', K + 1,u'J'
I

giqi(xi+i'yi)
I
aKuJ )

(a Ku J
I Ptq»i I

aKuJ )

(a', K —l, u'J'I gtqt(xi —iyt) I
aKuJ)
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TABLE II. Expressions of the factors NJ J, CJ M JM, and BJK JK in Eq. (Bs). The CJ MJM are valid only for linear po-

larization e chosen as the rotational quantization space-fixed axis z. Other than notational differences and factors of—
2

in the definition of the B's, these factors are the same as those in Ref. 34.

J'=J+1 J'=J —1

CJ'MJM

BJ'K+1 JK

BJ'K JK

BJ'K —1 JK

(J+1) '[(2J+1)(2J+3)]

[(J + 1)2 M2]t/2

——,[(J+K+1)(J+K+2}]'"

[(J + 1 )2 K2]1/2

—,[(J—K 11)(J—K+2)]'"

[J(J+1)]-'

—,[J(J+I)—K(K+1)]'"

—[J(J+1) K(K ——1))~/2

J—1(4J2 1 )
—]//2

[J'—M ]'/

—,[(J—K)(J —K —1)]' '

[J2 K2]I/2

——, [(J+K)(J+K—1)]'

where the rotational transition strength R is given

by

2 2
RK "J'K'JK J'+1,K"J'K' J'K'JK GJ'+1,J'J

~ 2+L J'K"J'K'L J'K'JK GJ'J'J

Under the same assumptions, the result P for
near resonance with intermediate states after
coherent saturation is

24~2
72I' I ggt g p -~- -,.& 't~-„

C 't tl ~lt IIaKv
2+ J' —1,K"J'K'~ J'K'JK J' —1 J'J ~

and the quantities G's are defined by

(B13)

where

X
~
hatt" K U I r ~

Ra J'rc', (B15)
2

2 2 JmN
GJ"J'J — ~ CJ"MJ'M CJ'MJM(2J+ ) M= —J

(B14)

2+&J'—1,K"J'K'GJ' —],J' ~

and GJ-J are defined by

(B16j

~2RK"J'K' ~J'+1,K"J'K'~J'+1, J'+~ J'K"J'K'GJ'J'

where J is the smallest of J",J', and J. These
G's are evaluated and the results are tabulated in

Table III.

hT2 Jmgy JttJt ~2GJll Jl ~J"MJ'M+1 M=—
(B17)

TABLE III. The GJ"J'J factors defined in Eq. (B14) and used in Eq. (B13) for the calculation of rotational transition
strengths of the PCE in the nonsaturated case.

J"=J'+1

J'=J+1

J'=J —1

2
15(J+1)(J+2)(2J +1)(2J+3)

15J(J+1)(2J+1)
4J +1

15J (2J —1)(2J+1)

J
15(J+1) (J+2)(2J+1)

3J(J+1)—1

15J'(J +1)'
J+1

15J'(J —1)(2J+ 1)

4(J +1)'+1
15(J + 1) (2J + 1) (2J +3)

J —1

15J'(J + 1)(2J+ 1)

2

15J(J—1)(4J —1)
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TABLE IV. The GJ"J' factors defined in Eq. (B17) and used in Eq. (B16) for the calcula-

tion of the rotational transition strengths of the PCE in the coherently saturated case.

J"=J'+1

J'=J+1

J'=J—1

J+4
3(J +2)'(2J +5)

1

3(J+1)(2J+1)
1

3J(2J +1)

J
3(J+1)(J+2)'

1

3J(J+1)
2J —1

3J (J —1)(2J+1)

1

3(2J +1)(J +1)
1

3J(2J +1)
1

3(J —1)(2J+ 1)

The results for GJ-J are tabulated in Table IV.
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