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Laser-induced molecn&ar predissociation without absorption or emission of laser photons~
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Quantum theory and selection rules of laser-induced predissociation of diatomic molecules without actual
absorption or emission of laser photons are given. The rate of induced predissociation is a function of the
externally controllable laser-field parameters: intensity, frequency, and polarization. Both perturbative and
nonperturbative theories are used in the analysis, providing treatment for both low and high laser intensities.
The region of validity of perturbative results is determined by comparison with the exact results and is given

by a simple criterion. An approximate expression is given for the convenient calculation of the induced
predissociation rate. Laser-induced predissociation without absorption or emission of laser photons also occurs
in polyatomic molecules, and the analysis is similar.

INTRODUCTION

A stable electronic state of a molecule may be
crossed or closely approached by an unstable or
less-stable electronic state (see Fig. 1). Various
interactions between the two electronic states may
cause transition from the stable state to the less-
stable state leading to dissociation of the molecule
without reaching the dissociation limit of the
stable state. Such a phenomenon, called predis-
sociation, is well known. in molecular physics. "
Some known interactions leading to predissocia-
tion are nonadiabatic interaction (spontaneous pre-
dissociation' ), hyperfine interaction (hyperfine
predissociation4), dc magnetic or dc electric in-
teraction. '

Recently, Lau and Rhodes have predicted and
analyzed a new mechanism of predissociation due
to applied laser fields." In this so-called nonres-
onant laser-induced predissociation, the coherent
electromagnetic field interaction introduces a
direct (e.g. , electric dipole) coupling between the
two electronic states' or an effective (via other

' electronic states) coupling between the two states. '
Thus molecules in the stable electronic state have a
certain probability of transition to the less-stable
state, leading to predissociation if the energy of
the molecule in the stable state exc'eeds the dis-,
sociative asymptote of the latter state. This
transition probability depends on the externally
controlled laser intensity, frequency, and polariz-
ation.

As distinguished from resonant processes,
which require actual single or multiphoton absorp-
tion or emission of laser photons, the nonreso-
nant laser-induced predissociation does not require
actual absorption or emission of photons. " The
same laser-induced nonresonant effect producing
the predissociation can manifest itself in the con-
text of other molecular processes such as atomic

and molecular collisions, dissociation, and as-
sociation. "These nonresonant effects have the
advantage of not requiring resonant frequency
match, which can be rather stringent for a given
transition of interest. From energy consideration, ,

the nonresonant effects of the laserareinteresting
because physical or chemical changes can be in-
duced without requiring the expense of photon
energy. ' From the viewpoint of chemistry, the
laser photons can also be viewed as acting like
catalyststo effect these changes. "

The purpose of this paper is to give a fully
quantum theory of and general results for the
rates of nonresonant laser-induced predissocia-
tion for any configurations of the molecular poten-
tial curves (see Fig. 1), although the physical idea
and a simple formula applicable to some limited
configurations were given in Ref. 7. In addition,
the treatment given here differs from Ref. 7 in
the following aspects: First, the quantum rota-
tional motion is explicitly treated and evaluated
here whereas in Ref. 7 it was neglected except by
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FIG. 1. Schematic illustration of different configura-
tions of potential curves as function of the internuclear
distance, leading to various subcases of predissociations
from the stable to the less-stable state. The notations
are the same as Mulliken's. The theory presented here
is applicable to the laser-induced predissociation in
all these subcases.
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including the rotational contributions to the elec-
tronic potential curves. Second, selection rules
for allowed nonresonant induced transition are
given here. Third, in this paper both perturba-
tive and nonperturbative results (each with their
own usefulness depending on the laser intensity)
are presented and compared to determine the
validity of the former. In the following paragraphs,
the significance of these points are discussed and
the outline of the paper is given.

Herzberg' and Mulliken' have discussed various
subcases of field-free molecular predissociation
via crossing or close-lying electronic potentials.
The division of various subcases is based on
whether the dissociation asymptote of the unstable
state lies (a) approximately at, (b) above, or (c)
below the energy. at which the potentials cross or
approach each other closely. This distinction is
significant because as seen in Fig. 1 the different
subcases lead to different observable predissocia-
tion limits, etc." The three subcases are further
distinguished depending on whether the internuclear
distance 8, of the crossing is smaller than (de-
noted by superscript "-"), about equal to (denoted
by superscript i), or larger than (denoted by
superscript "+")the equilibrium distance of the
more stable state. A fourth variation in each sub-
case is that the unstable potential curve comes
into close approach with the stable electronic po-
tential without crossing lt (denoted by superscript
0). The distinction of these variations is signifi-
cant because the Franck™Co'ndon factors in these
variations are quite differ ent." The theory pre-
sented in Sec. I can be used to analyze all these
subcases.

For a given laser intensity (which can be weak
or strong), there is a time domain b, t («y ') such
that the rate y (per unit time) of laser-induced
predissociation can be derived by tipsy-dePenden~
perturbation theory. Two such formulas are given
in Sec. I, one valid up to moderate field intensity
and the other being necessary for strong-field
intensity. These formulas give a prescription of
accurate (possibly numerical) evaluation of the
laser-induced predissociation rate from any ro-
tation-vibrational state of the molecule. In this
section, we also give some selection rules for
predicting nonresonant field-induced avoided cros-
sing and the associated field-induced transitions.

For the solution of the interaction of the molecule
with the laser radiation, we use theories developed
from first principles. "'" For weak and moderate
laser intensities, we can use well-known stationary
perturbative solutions; and for strong intensity,
highly accurate analytic solutions or exact numeri-
cal solutions are necessary. ' " The latter solu-
tions of course include the perturbative solutions

I. GENERAL THEORY AND RESULTS

A. Weak to moderate field intensity-perturbative regime

Let the molecular eigenstate P'„~„z„be written
in the Born-Oppenheimer approximation as pro-
ducts of the electronic state cp„~, the vibrational
state g„~„z, and the rotational state l(tz~„'.

|(",~„~„=-(1/N) [q,~( r Pft) X„w gR)g~~„(«)

where 8, f, Q are the Euler angles shown in Fig.
2 relating the body-fixed coordinate system xyz
to the space-fixed coordinate system x'y'z'; 8 is
the internuclear distance and r denotes the collec-
tion of electronic coordinates in the body-fixed

X'
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FIG. 2. Definition of the Euler angles relating the
rotating body-fixed xyz axes to the space-fixed x'y'z'
axes. The internuclear axis of the diatom is usually
chosen along the z axis. If the laser polarization 8 is
linear, the z' axis may be chosen along it.

for the weaker field, but the calculation is less
familiar than the perturbative calculations. Since
a sma/I radiative interaction can induce a signifi-
cant predissociative probability after many vibra-
tions during the lifetime of the bound molecular
state, stationary perturbative results can be valid
where this effect is physically significant.

In Sec. II, the perturbative results are compared
with those of exact results and a criterion for the
accuracy of the perturbative results is given. An
approximate semiclassical result for the rate of
nonresonant laser-induced predissociation is also
given. The laser intensity necessary for experi-
ments can be estimated by Eq. (2.19). A summary
and discussion, and an appendix on the evaluation
of the rotational factors occuring in the transition
matrix elements are provided at the end of the
paper.
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dV d y~& r 8 2=1.
0

(1.3)

The vibrational state X„~zz(R) for a given effective
potential U~~z(R) is labeled by the vibrational
quantum number v and is normalized according to

4&~' X.a~J ~ '=&.
0

(1.4)

The rotational wave function gz~„(8() of a sym-
metric top" is labeled by the square of total
angular momentum J(J'+l)I' and its component
MS along the space-fixed z' axis. It can be written

']z~E(8$) =8~J E(8)e'"",

system. The coordinate of the first electron is
chosen to be (x„y, =O, E,). The electronic state
p, & can be given more explicitly':

q „(re)=f,~(rR)e'"/(2E)",
(1.2)

( O'R)=f (( -y;), R) ' '/(2 ) ',

where SA is the magnitude of the component of the
electronic angular momentum along the internu-
clear axis 2; and k denotes the rest of the electron-
ic state labels. For A =0, the nondegenerate
states «p» and y» correspond to the Z' and Z

states, respectively. ' The normalization of the
el.ectronic state at each A is

It is sufficient here that the radiative interaction
is solved by standard stationary perturbative the-
ory because we are considering weak to moderate
laser intensity. To lowest nonvanishing order, the
result for H' is"

H' = 6.8626 x 10 "X'I
r

(1.7)
where we have used greek subscripts to stand for
the electronic state quantum labels kA, k —A, etc.,
and where the frequency factor"

&E„(R)=- (wE w„)/-[1 —(wE-w„)'/H] (1.8)

is given in terms of the electronic potential ener-
gies SieE(R) and the laser photon energy I'&u, and
the electric dipole moments p, (in a.u. ) are defined

(1.9)

where C is the laser polarization. In expression
(1.7), A. in micrometers is the laser wavelength
and I in W/cm' is the laser intensity.

The rate of predissociation (including both the
laser-induced and field-free components) from the
initial state p„'„„z„to the final state (,,~E+.E, is
given by

r„& =2' g l(el ~E& ~IH'+&lp;~. gE) I', (1 10)

with normal. ization

J
2I r

d(LI d8 sin8lg „(8$)l' = 1.
0 0

(1.5) .

provided. that the time interval ht, for which the
above rate formula is valid, satisfies

r.J~&t ~~|~

I.et the initial bound state of the molecule be
P,'~„z„and the final state be P, ,~.«,„., where s and
s' stand for the "+"or "-"sign. The continuum
wave function of the vibrational part of the final
state is normalized such that"

(1.6)

We shall call the nonadiabatic Hamiltonian leading
to field-free predissociation AT and the radiative
interaction Hamiltonian' O'. Since the transition
does not require actual photon absorption or emis-
sion between the states P„'„„zEand f,'~,E~,„,, the
first-order matrix element of h' between states
of equal photon numbers is zero. The predissocia-
tive transition from the bound state to the continu-
um state is induced by an effective interaction be-
tween the two states via radiative coupling (or
virtual transitions) to other states. We find the
effective radiative interaction Hamiltonian H'(R)
at each internuclear separation R.
H'(R) is valid if the initial molecular states are
far off resonant from any intermediate molecular
states connected by significant dipole moments.

The continuum energy E is equal to the initial
vibrational energy E„,&J. If the initial. -state popu-
lation is given by the distribution g„J~ such that

gv J'hf
vJ

then the total rate of predissociation is

(1.12)

= (1/h)v(ko jAM, k'EJA'M)5z, +EE (1.14)

of his expressions. The matrix element is non-
zero only if

(1.15)

called the homogeneous predissociation, or if

(1.16)

(1.13)
vJN

Kronig [see Eqs. (18) and (19) in Ref. 3] has
evaluated the matrix element for field-free predis-
sociation due to nonadiabatic terms. The quantity"

S s
(Nk'4'E J'3P IT I 4Av/E)



18 LASER-INDUCED MOLECULAR PRKDISSOCIATION WITHOUT. . .

called the inhomogeneous predissociation. Fur-
thermore transitions occur between states of the
same parity ("+"or "-"under spatial inversion
of rg „„)only:

and where the angular factors are

s in 85+0

M~-~(e) =
cos 85g»g +

(1.22)

+~+
y

~ y' +~ ~ (1.17)

For homonuclear diatoms, transitions are allowed
between symmetric (under exchange of the two
nuclei) states or between antisymmetric states only,

s s, a a, s~a.
With the space-fixed, z' axis chosen along the

linear polarization of the laser, we can evaluate
the matrix elements il,'s occuring in Eq. (1.7) as
follows:

PN (~e) =(A-u I -gV&& l9'l~&

We note that if we use the following relation valid
for A 680 (i.e. , Z ):

f~-]~[8& x«l), &) =f~]~[((& -xlxl), &), (1.23)

Xk» Qtt k g —Xkll +»

~k»- A", k - h,
— ~W'a", kA. ~

~k" - A",k - h. —~k"4", kA ~

(1.24)

then the following relations enabling simplification
in calculation hold:

= M, „(z)M, ,(e), (1.19)

where the transition electric dipole moments
But for -A" =-1 and A =Z, the following relations
hold instead:

[ 2~4"4"E*Q) + 2 Yl)"A"l)A(~ )]5A"l).+l 6

Ml]„(R) = [k IX' l1„)6„(ft)+3 Y]6„„„]6~(ft))6l,„l8 l,
Za-~-a~(ft )5~- A

(1.20)
with

&a-~ ),l). (&) = (f);l -( r, &) I
-+if & if w(r &)&

k»- l, ko k»l, ko ~

+k»- l, kO ~k" l, ko

since

(by ~),&)=-f,;((~ -x~),&).

(1.25)

(1.26)

Yk'A "l)~ (&) = (fl)"a-(r, &)I—g I;X;If«(r, &)& (1.21)

Z, ,„„,(a)=-(f„„„.,(r, ft)l-gq ~ If„(r,ft)&,

Now the matrix element (g„.~,sz,„,~H'[g~~„z„& re-
sponsible for nonresonant laser-induced transi-
tions can be evaluated with the aid of Eq. (1.7) in
the fo1.lowing simplified form:

Case (i): A'680, A o0.

(6xxxx[H'[6;, x„)=68686x10 "16-',[)+(—1) 'x'*" ]I(66,«, 8c,x(18)66xxx*„8„xi)
kl »

M"0
~A'L~A1 Mk'lJ' k'l k" 1 ~ ~J'1 J Ikf XvklJ

k»

(1.27)

where the factor

~l l l ~(&) = Ml Ale h-(ft )Ml-4-l A(&)&i; A-yi, (&), (I 28)

is R dependent whereas the factor
+»

~J'A' J'AN

=- g, .,„(ey)~M, ,, (e)M„,(e)Iy„„(ey)&5„,„
(1.29)

is independent of any coordinates. We have used
the properties under spatial inversion of various
quantities (see Sec. IB) to obtain the above simpli-
fied result. Note further that it is much easier to
perform the sum over k "A" before the 8 integra-

tion. In the expression (1.27) and others given
below, if the Sum as a function of 8 is nearly con-
stant over the region around A where the vibration-
al wave functions have significant overlap, then it
is possible to simplify the calculation further by
taking the sum outside the integral over R. For
example, the first term in the curly brackets in
Eq. (1,27) becomes, under this approximation,

(
M»iV' —

x lV'
Xsl)']).'z'IX))l)l)z& ~ lM)8 x ]6l (&P4'l'zl s 6

kite»

where ~(Xsl,,„,z. [X„l,~~&~' is the Franck-Condon fac-
tor of the initial. and final states.

The other expressions in case (i) are
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x (expressionj, (1.30)

(g», Ixst ]I lH'lplx»„& = 6.8626 x 10 "
x ](.'I-,'[I —(-1}I'I' '

]

where the expression inside the curly brackets is
identical to the one inside the curly brackets in Eq.
(1.27}.

Case (ii): A'=0, A 880. The results are

and

(8, x.x, [H'lg'x„,„)=6 8626 x 10 "1'I((/&2)[1+(-1) ' '
] ( Xx,.„.g M", 2,"x(H)M".x „X„.x) (1 81)

ylt+II

((t', x „[H'[(Ix„M. ,) =6 8626 x 10"1'I-,'[1 —(-1) ' '
] ( xx . . g II&(H)Mx .x„x, ). ..

yttgtt

Case (iii): A'=0, A =0. The results are

x )=68626x10 "1'1[1+(-1) '
]IM; ,„„(X.;... gII;:.'.:(H) X...,)I lt

7I M a-0++ 2'" ' ~ Xx' Z M x "(H) 2".x)I'/II

(1.32)

(1.33)

and from consideration of symmetry of electronic
wave functions under reflection of a plane through
the internuclear axis, one has

&0'» ~ I Il IH'lk»~III& = o (1.34)

M' = M, llf + 1, M+ 2 . (1.35)

In the Appendix, we show that the selection rule
for J' is

J' =J;J+ 1, J+ 2. (1.36)

Using this selection rule for the nonresonant laser-
induced transition and that expressed in Eq. (1.14)
for the field-free transition, the rate y„J~ in Eq.
(1.10) can be written

r.l»( = 2«l(4» I st]I lH'I 4»». I]I&

+ &CI stol T lk»». HII]& I

J+
+2« lg»~s;slH'ly»~. ,~&l'. I, 37)J'= J-2

Since (tg ]xsHl'l (]]»'&„I„& as seen from Eq. (1.20)
and (p)2, ]xzt]Il T $»~„I„&as seen from Eqs. (18) and
(19) of Ref. 3 are complex numbers in general,
therefore the O' =J transition contains an inter-
ference term between the field-induced and the
field-free predissociation, whereas other J' WJ

for any J', J, etc. .
The results of evaluating the factors MJI~. «„

occuring in (1.27)- (1.33)are given in the Appendix.
In Eq. (1.29), the selection rule M' =M occurs be-
cause we have selected the space-fixed 2' axis
along the lineax laser polarization. If there is
linear polarization of another laser field or com-
ponent of circular polarizations along the x' or the
g' axis, the general selection rule is

transitions. do not contain such interference effect.
The J' 4J transitions represent new rotational
states allowed by laser-induced transition that are
not allowed for field-free transition.

+~+ ~ ~~ +~~ ~ (1.38)

To prove this statement, one shows H' in Eq. (1.7)
is invariant under spatial inversion by noting first
that each term in its sum contains a product of two
matrix elements of -Qq;r] e, and states ly ),
etc. , occur as a product of bra and ket l9]M&(q)Ml;

and secondly that for A 40, each of the summations
over (]., P, and r includes the k —A term as well
gs the AA term. The "+"parity of the molecular
states g'»~„l„ in Eq. (1.1) is given by the factor
+(-I) ' because under spatial inversion'

g»]x»]2(- +(-I) g»», I„ (1.39)

One should not confuse the notations "+"denoting
even-odd parity under spatial inversion with the
superscript "+" in P„„II[.

(iv) For homonuclear diatom, nonresonant laser-
induced transitions are allowed between molecular
states l(]»»z„t„ that are both symmetric or both anti-
symmetric under the symmetry operation of inter-
changing the two nuclei, but not otherwise,

s s, a—a, s~a. (1.40)

To prove this, one can show easily that H' is in-

B. Selection rules

In Sec. IA the selection rules (i) M'-M=O, +I, +2
and (ii) J'-Z=O, +I, +2 have been given. Additional
selection rules are given in this section.

(iii) Nonresonant laser-induced transitions are
allowed between states ll]»„»„of the same parity
under spatial inversion; and not otherwise,
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variant under the interchange of the two identical
nuclei by using the invariance of g-q~r, ~ 0 under
the operation and the nature of the summations
and the occurence of products of bra and ket of
the same electronic state, as noted in connection
with the proof of statement (1.38) above. The sym-
metry (antisymmetry) of the molecular states
g', ~„z„ is given according the positive (negative)
value of the factor +(-I)"~because under exchange
of the two nuclei3

kaAvzu +( 1) 4llvt)c~ (1.41)

where g is 0 for a gerade electronic state and g
is 1 for an ungerade el.ectronic state. '

(v) For diatoms of equal nuclear charges (in-
cluding homonuciear diatoms), nonresonant laser-
induced transition between electronic states char-
acterized by gerade (ungerade) symmetries is
allowed if the quantity M ~~, ~«(R) defined in Eq.
(1.28) does not vanish for some k"A". It is easily
seen that gerade-gerade and ungerade-ungerade
transitions are allowed, whereas gerade-ungerade
transitions are forbidden:

g g, u u, g~u (1.42)

Z' Z', Z Z, Z'~ Z (1.44)

The last forbidden transition Z'~ Z can be proved
as stated in connection with result (1.34); but this
result is peculiar to the approximation inH'(R).

(vii) If electronic spin had been included in our
molecular wave functions, then in Hund's cases
(a) and (b), the resultant electron spin S of the in-

(vi) Similarly the selection rules on the elec-
tronic quantum number A for allowed nonresonant
laser-induced transition are given by nonvanishing
value of M~.~.~J,(R) in Eq. (1.28) for some k"A".
Thus the allowed transitions are

A'- A = 0, ~1,+2, (1.43)

which we may call the laser-induced homogeneous
Predissociation (A -A =0), the laser-induced in-
homogeneous predissociation (A'-A =+I) and the
laser induced new-c-hannel predissociation(A' —A
=+2), respectively. The last possibility is more
intriguing because it is not allowed for field-free
nonadiabatic transition [see Eqs. (1.15) and (1.16)].
Thus the laser-induced transition is easier to de-
tect because it is free of any field-free competing
transition to the same electronic channel. ' This
is different from the fact that new rotational states
J' 4J are accessed by laser-induced transitions
noted previously. This latter phenomenon holds
for all cases in Eq. (1.43).

It is also seen that nonresonant laser-induced
transitions are allowed for Z'-Z' or Z -Z transi-
tion and not Z'-Z

itial and final molecular states obey

8'-S =0, (1.45)

since the effective Hamiltonian II' contains no
operator on the spin wave functions. In addition,

g'-g =0 for Hund's case (a);
(1.46)

K' -K = 0, +1, +2 for Hund's case (b) .

(viii) Selection rules (1.43)-(1.46) presume that
spin-orbit interaction in the molecule is negligible
and are valid for molecular states described by
Hund's cases (a) and (b). When spin-orbit inter-
action is large [Hund's case (c)], the states are
characterized by the quantum number 0 instead of
A. Therefore selection rules (1.43)-(1.46) are re-
placed by

O'-0=0, +1,+2 for Hund's case (c). (1.4&)

Selection rules (1.42)-(1.47) are useful in choos-
ing a molecular candidate to observe the nonreso-
nant laser-induced transitions. As seen from Eqs.
(1.2V)-(1.34), besides satisfying these selection
rules so that there is nonvanishing induced transi-
tions, it is desirable to have large electric dipole
moments M~,~,~.J,,(R) and M~:~-„J,(R) for some k "A"
at the region where the initial and final vibrational
wave functions have significant overlap. Selection
rules (1.42)-(1.47) are also useful for deciding on
the existence of avoided crossings in the electron
field adiabatic potentials induced by nonresonant
laser radiation' (see below). Significant avoided
crossing is induced between electronic states with
allowed virtual transitions to some common inter-
mediate state(s).

C. Strong laser intensity-nonperturbative regime

When the laser intensity is sufficiently high such
that stationary perturbative solution of the charge-
radiation interaction becomes inaccurate, the non-
perturbative solution given before' "is necessary.
In the theory of the radiative-dressed molecules, "'
the initial. dressed molecular states are given by

+o 0 tu =+i 0 ( r O'R e&)Xoe iaaf(R 8&4'u(P) i (1 48)

for a laser field linearly polarized along z' axis.
The nonperturbative solution of charge-field inter-
action gives the dressed adiabatic state 4'„ labeled
by the photon number p apd electronic state quan-
tum numbers a'=—kA. It is a function of the el.ec-
tronic coordinates rQ at fixed internuclear dis-
tance 8, at fixed angle 8 between the nuclear axis
from the polarization C, and for given laser param-
eters g such as intensity, frequency, and polariza-
tion. Its energy eigenvalue E„(R8() is the new
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E
V

A

H =Eg H =E H = E (b)
O& U

FIG. 3. Example of laser-induced predissociation of a
molecular state with vibrational energy E„ in the stable
w~ to the fess-stable potential svT. Upon laser irradia-
tion the electron-field adiabatic potential surfaces are
E„and EI connected by solid lines. An avoided-crossing
energy gap 4 is induced by the radiation. The elec-
tron-field diabatic potential surfaces are Ho& and Ho&,
connected by dashed lines. The molecular energy E„ is
shifted to E„and is also broadened due to the induced
predis sociation. (a) Molecular-potential curves with
laser off. (b) Dressed-molecular potential curves with
laser on.

electron-field adiabatic potential surface. The
eigenstate of the nuclear motion on this potential
surface E„( R$8) is y„,z„(R8$), which has been
shown to be independent of p [see Eq. (2.15) in
Ref. 11]. It is labeled by the quantum numbers
va'JM of the field-free states that it approaches, "

(1.49)

and

4 (rgR8$)X„, „(R8()$„(g)

@o~ ( r &R 8 &)Xs' z ~ (R 8&)kz (4)

(1.53)

respectively. The rate of nonresonant laser-in-
duced predissociation from the initial dressed
diabatic state to all accessible final states is
given by

laser field is turned on adiabatically. The formula
(1.52) is appropriate for any vibrational states in
the molecular configurations a', b, and c and for
vibrational states whose energies are below the
potential curve crossing in all the other subcases
shown in Fig. 1.

When the vibrational energy is above the field-
free true crossing between the potential curves
co, and w, such as the example shown in Fig. 3(a),
we need to describe the induced transition, in terms
of dressed diabatic states and diabatic electron-
field potential surfaces. The reason is that as the
strong laser field is turned on, an avoided crossing
is induced at the field-free true crossing" so that
new branches of adiabatic electron-field potential
surfaces [such as E„and E, shown by solid lines
in Fig. 3(b)] are formed and they obviously support
very different rovibrational states. " The orignal
vibrational and rotational state X„,~e~» becomes a
dressed rovibrational stateX„,~„(R8))with shifted
energy E„, supported by the diabatic electron-
field potential surface [such as 80,(R 8)) connected
by dashed line in Fig. 3(b)J. The dressed diabatic
surface H„(R8$) and its eigenfunction 4„are re-
lated to the dressed adiabatic surfaces and eigen-
states by a unitary transformation. "For the
present problem, the initial and final dressed
diabatic molecu1. ar states are

M is a good quantum number for the above geo-
metry. Similarly the final dressed molecular
state is given by

@P5s'J'bP @P1'XB"tZ'N PN' s (1.51) .

where z=k'A'. The rate of nonresonant laser-in-
duced predissociation from the initial dressed
adiabatic state to all accessibl. e final states is
given by

'Y ~~= 2 &@Q I (Xs'g g'~ @oil1"l4'os kusgu) I 4'x & (1.52)

where we let p =0 because y, becomes 40, as the

as the laser intensity goes to zero adiabatically.
Finally the rotational wave function P„(g) is given
by

(1.50)

+T I@~X,g~) I 5s.g (1.54)

where the Hamiltonian H is given in terms of the
adiabatic potential surfaces through a unitary
transformation [see Eq. (2.20) of Ref. 6]. Both
Eqs. (1.52) and (1.54) are valid over a time domain
bt such that y„~„~t&&1.

II. COMPARISON OF STATIONARY PERTURBATIVE
RESULTS WITH EXACT NUMERICAL RESULTS

The goal of this section is to compare the lowest-
order nonvanishing results of stationary perturba-
tive solutions with numerical exact results and to
come up with a simple criterion of validity for the
perturbative results. For this purpose, it is suf-
ficient to use a simple semiclassical result called
the modified Landau-Zener formula given in Eq.
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(2.12) of Ref. 7. There are several additional
advantages of using this result. Firstly, since it
is expressed in terms of several physically inter-
esting quantities, namely, the energy gap ~ of
the laser-induced avoided crossing [see Fig.
3 (b)], and the ratio x of the temporal slope of the
dressed diastatic crossing to that of the field-free
crossing, thus the comparison also gives the
accuracy of the perturbative expressions for these
quantities. Secondly, at high laser intensity, the
transition probabil. ity per vibrational. period of the
crossing can be significant compared to unity so
that the standard rate formulas like Eqs. (1.10),
(1.52), and (1.54) are not valid. However the
modified Landau-Zener formula can still provide
a means of quantitative comparison at high tran-
sition probability, provided of course the assump-
tions of the formula are valid (see below).

For convenient reference in this work, we re-
state the formula here. The asymptotic transi-
tion- probability T per hal. f oscillation from the
stable state to the less stable state is given as'

T =1 —exp(-2m@/jo. .l ),
where

q =(-,'~'. + I C,,I') x-'.

(2.1a)

(2.1b)

In this formula, n, is the relative temporal slope
of the field-free molecular crossing, namely,

lo., l
= " —„(zo, -w. ),

mr
(2.2)

x = l~/~. l,
where

(2.3a)

(2.3b)

with &E being the difference between the shifted
vibrational energy E and the energy E at the
dressed diabatic level crossing [see Fig. 3 (b)].
The quantity & is the minimum value of the ener-
gy difference & =E„—E&, as illustrated in Fig.
3 (b). Finally the quantity C,", is the residual cou-
pling. The origin of ~ is purely radiative so
that as the laser intensity I vanishes, & becomes
zero. On the other hand, C,", contains the fiel, d-
free interactions which are now modified by the
field. As the laser field vanishes, it approaches
the field-free value so that the formula (2.1) has
the correct field-free limit. '

where &E„ is the energy difference of the vibra-
tional energy E„and the fiel(f-free crossing energy
E„and m„ is the reduced mass of the vibrational
motion. The quantity y is the magnitude of the
ratio of the temporal relative slope n of the
dressed diabatic molecular crossing to a,:

A. Stationary perturbative results

The field induc-ed energy gaP" & at the min-
imum of the energy separation is equal to twice
the effective coupling between the states y, and

q, .' The perturbative result & expressed as a
dimensionless ratio to the laser frequency v is

—=1.3725 x 10-"x'f """", (2.4
p,

CO CO
PAe, 7

where Eq. (1.7) has been used.
In Eq. (2.4), we may use values of the transi-

tion moments p. 's and the energy difference
(wn —w, ) at the crossing point R, where w, =w, .
Strictly speaking, however, one should use their
values atR where the minimum of the energy
gap E„—E& occurs. ' The position for g can be
determined at where the following equation is
satisfied:

= -6.8626 && 10 "A,'I

(An —An )+no

/Pc, v

(2.5)

Therefore at the laser intensity where these per-
turbation results are valid (see below),
[m, (8) —u, (R)]/&u is usually much less than and
at most about equal to 0.001. The region A -R,
can therefore be sufficiently narrow so that the
variations of the transition moments and potential-
energy differences are negligible. Also note that
in these equations, so&-so, could very well be
replaced by wn-w, or wn- n(se, +w, ) at the same
R even if 8 & R, . The difference resulting from
such choice belongs to higher-order corrections,
as can be shown by use of Eq. (2.5).

The ratio X of the field-dressed temporal. slope
n to the field-free temporal slope e, can be easily.
evaluated by Eqs. (2,3) and (2.2) if an analytic
expression for e is given. By keeping the lowest-
order nonvanishing terms, such an expression is

(2 6)

The formula (2.1) becomes a better approxima-
tion as the following approximations are more
closely satisfied: (a) the momentum (2m„bE)'~'
at the crossing» I/a, so that the semiclassical
description, of the vibrational motion and the as-
sumption of constant velocity are valid [see Fig.
3 (a)]; and (b) thevariationsof thequantities o.,
C,",, and H» [see Eqs. (2.9)-(2.11) of Ref. 7] as
a function of the nuclear separation coordinate 8
are negligible in the narrow region of significant
overlap between the bound and the free vibrational
wave functions.
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where s is the change in the relative spatial. slope
'due to optical Stark shifts of the two crossing
levels:

s = 6.8626 x10-"X'I

We have assumed that over the range of laser
intensity that Eq. (2.6) is valid (see below), the
energy difference &E„ is sufficiently large that
its change, &E„-&E„,due to laser radiation is
negligible.

Equation (2.6) is applicable to a quite general
level crossing, subject only to the conditions of
Landau-Zener model and of perturbation theory.
An even simpler expression for X is obtained if
we assume additionally that, around the crossing,
the dependence on R of the mean energy a(w, +w, ),
of the transition moments LU. , and of the potential
energies wz (p=o, v) for those states ys contrib
uting significantly to the sums in Eq. (2.7), are
negligible compared to the A dependence of the
energy difference W= zo, -m, . Under these ap-
proximations, the resulting expression is

X = f —3.4313 x10 "A,2I

4p, I + p ply +g g?g 2.8
gkty, T

1.5 2.0 5.5 10

0.01
0.05
0.1
0.3
0.5
1.0
1.5
2.0

0.001
0.024
0.092
0 ~ 598
1.394

3 (-4)
0.007
0.028
0.229
0.757

2(-5)
5(-4}
0.002
0.019
0,050
0.175
0.336

6(-6)
2(-4)
6(-4)
0.005
0.015
0.057
0.120
0.197

a function of two dimensionless ratios: (i) ws/&u,

which measures the energy of the state yz from
the level crossing point, in units of laser fre-
quency &u; and (ii) G /u&, which measures the
radiative interaction G in terms of the laser fre-
quency cu. The latter quantity is related to l.aser
intensity I in W/cm', wavelength A. in atm, and
the transition moment p, &

in a.u. by

TABLE I. Relative error ~/~- 1 of the perturhative
result A ( Eq. (2.4)] to the ezactnumerical results A

where ~ is the minimum energy gap of the field-
induced avoided crossing. This is given as a function
of the radiative interaction G~ =&~ [ see Eq. (2.9)] and
of the position of the nonresonant level wg measured
from the crossing. The laser frequency is ~. The
notationA (n) means Axl0". The entries marked by

~ ~" indicate no comparison being made because no
exact numerical values are available.

where

1';, = [1+(w, —w, )'/&u'] /[1 —(w, —w,.)'/~'j'.
G/+=5. 5877x 1 O'Ap&I'&, o. .=o', 7. (2.9)

8; Comparison with exact numerical results

In this section, we determine the accuracy of
the perturbative results for & and X by comparing
them with the corresponding exact numerical re-
sults & and )f.a'7 Although the results. Eqs. (2.4)
and (2.8) allow for the case p, „»0, we note that
only Eq. (2.8) contains the contribution due to
IL(„40. This latter contribution by itself has been
compared with the corresponding. exact numerical
results in Sec. V of Ref. 6. The accuracy of this
term has been given there.

In Ref. 7, we have calculated exact numerical
results for the case p.„=0, p,,z 4 0, and p,z 4 0
for one state ys (called y„ there). Thus we
compare the corresponding results of Eqs. (2.4)
and (2.8) with them and the relative errors are
given in Tables I and II. Since all the other yz
states in Eqs. (2.4) and (2.8) make additive con-
tributions, the accuracy of one (typical) summand
is indicative of that of the entire sum.

In the tables, the relative errors are given as

1.5 2.0 5.5 10

0.01
0.05
0.1
0.3
0.5
1.0
1.5
2.0

0.0
—7(—4)
-0.009
-0.290
c.b.

0.0
-5(-5)
-7(—4)
-0.037
-0.092

0.0
0.0
0.0

-1(-5)
-4{—5)

0.004
0.079

0.0
0.0
0.0
5(-5)
4(—5)
0.007
0.039
0.227

TABLE II. Relative error j /g -1 of the perturbative
result j™[ Eq. (2.8)] to the exact numerical result X,
where g is the change in the relative slope of the cross-
ing energy curves due to laser-induced optical Stark
shifts. Since the variation of g is not strongly dependent
on the energy difference between the two crossing
levels, namely, w~ -w~, the comparison is carried out
for values of y at (w~ -w~) j&=0.1. The entries "0.0"
mean that the relative error is less than 10" 5. The
entry" c.b." stands for complete breakdown of the
perturbative result g™because its value is negative.
Other notations are explained in Table I
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2'/( n, ( «1, (2.12)

the transition .probability T is proportional to q:

& =»q/I u, l ~ (2.13)

The relative error of the perturbative result for
q, namely,

q = &'./4X (2.14)

is given in Table III. For small q («1), this

TABLE III. Relative error q/q-1 of the perturbative
result q [ Eq. {2.14)] to the exact numerical result q,
where q is the factor that characterizes the main effect
of the laser field on the-energy-curve crossing [ see Eq.
(2 1b) with + f 2 0] . For q «1, the relative error given
here can also be that of the transition probability [ see
Eqs. (2.12) and (2.13)]. The notations used in this table
are explained in Tables I and II.

1.5 2.0 10

0,01
0.05
0.1
0.3
0.5
1.0
1.5
2.0

0.002
0.050
0.202
2,594
c.b.

6 (-4)
0.0 14
0.058
0.570
2.401

4(—5)
0.001
0.004
0.038
0.103
0.375
0.653

1(-5)
3(—4)
0.001
0.011
0.030
0.110
0.208
0.168

For convenience of tabulation, we have chosen
to present the special case p,,z= p, ,z. Of course,
this is just as good as the general case p.,z& p,z
for the purpose of determining the accuracy of
perturbative r esu its.

Examination of the relative errors given in
Table I lead to the conclusion that when the dom-
inant terms in Eq. (2.4) satisfy the condition

1.3725 x 10 "X'Ip, ,a it~, (to~/~)
1 —(w~/&0)'

the relative error in & is less than 1%. This
region is marked by G, /&u& 0.05 for tea/(o =1.5,
G, /&u& 0.1 for. toq/&u =2.0, G, /v& 0.3 for to~/e =5.5,
and G, /&v& 0.5 for tea/&u =10. However in the same
region, y is much more accurate according to
Table II and the actua, l value of X differs from
unity by about 0.1% only, according to Table VI
of Ref. 7. Therefore when Eq. (2.10) is satisfied,
we may simply use

(2.11)

We emphasize that it is the error in the tran-
sition probability, rather than in & and in X,
that really matters. When the exponent in Eq.
(2.1a) is small,

TABLE IV. Ratio exp(—2xt7/I n 01}/exp(-2'/Iu 0 I }
of the perturbative elastic probability to the exact num-
erical value given as a function of the radiative inter-
action G~ and the field-free parameter [uo( [given in

Eq. (2.15) in terms of the excess vibrational energy
and the force difference of the field-free crossing] . It
is seen that when 4~ or q is in error by(1-10)%, the
error in the transition probability could be off by a fac-
tor of 2, , to many orders of magnitude. Thus application
of the stationary perturbative result should be limited
to a parameter region with error less than- 1%.

0.01 0.05 0,1 0.3

1O-'
1O-5

10 4

10 3

10 2

10-~

1
10.
102

10

0.999
i..ooo
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000

2(-5)
0.338
0.897
0.989
0.999
1.000
1.000
1.000
1.000
1.000

0.0
3(-28)
0.002
0.530
0.938
0.994
0.999
1.OOO

1.000
1.000

0.0
0.0
0,0
0,0
1(-15)
0.032
0.709
0.966
0.997
1.000

relative error is about twice that of 4 .
On the other hand, when the transition probabil-

ity is large so that Eq. (2.la) in the exponential
form must be used, a convenient quantity for com-
parison is the ratio of the perturbative value of
the elastic probability 1-T to its exact value.
This ratio is given by

exp(-2nq/) u, [)/exp(-2'/I n, I) ~ (2.15)

and is listed in Table IV as a function of
~ n, ~

/to'.
The latter dimensionless ratio is related to the
excess energy &E„ in eV above the curve crossing
and the force difference E in eV/ao of the field-
free crossing by

~ uo)/aP = 0.11199k.'E(&E„/m, )'~, (2.16)

where m„ in units of proton mass is the reduced
mass of the vibrating particles. Here the laser
wavelength ~ in micrometers is present due to
the introduction of co in the left-hand side of the
equation. The possible range of values of ~u, t/aP
of experimental interest is 10 '-10'. For a
typical set of values of A. =l p, m, E= 0.1 eV/a„
and &E„=0.1 eV, m„= 10proton masses, (n, [/&u'

has a value of -10 '. It is seen from Table IV
that the approximate value for the elastic prob-
ability can be a factor of 2 to many orders of
magnitude too small, whereas the corresponding
error in b is only I%%uo to 10%%uo. This is because
of the magnification of any error in q by the
factor 2w/~uo~ in the exponent. For this reason
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as wel. l as the fact that once perturbative results
begin to be inaccurate, it breaks down rapidly
(see Tables I and II), we should not apply the
perturbative results Eqs. (2.4) and (2.8) with
error greater than 1/0 [i.e., when condition (2.10)
is not satisfied].

C,'2 =—C,, (2.17)

Since a fast-oscillating field does not preferen-
tially orient the molecules with respect to the
laser polarization &, therefore the molecules
remain randomly oriented. The angle-averaged
rate of nonresonant laser-induced predissociation
from the vibrational level E„ is given by

2& I'1
y„= "+ dgJ dcos8

p 1

(2.18)

where Eqs. (2.12)-(2.14), (2.11), and (2.17) have
been used. For explicit states, the angular inte-
grations are very simple to carry out analytically.
The dimensionless ratios &„/~ and ct, /&u' are
given by Eqs. (2.4) and (2.16), respectively.
Aside from the expected difference arising from
classical and quantum-mechanical "angle averag-
ing,

" the result (2.18) can also be obtained from
Eq. (1.10) by using semiclassical vibrational
wave functions. Equation (2.18) is subject to the
validity of conditions discussed in the paragraph
preceding Sec. IIA, and the condition (2.10).
If valid, it can have semiquantitative accuracy.

To provide a rough estimate of the probability
rate (per sec) induced by the laser only, the fol-
lowing relation is given,

y „-10 26@„(AIp.,~lJ~,n~, /(u)'F '(.aE„/m„) ",
(2.19)

where v„ is the vibrational frequency per second
of the vth vibrational level. For electric-dipole
allowed virtual transitions, JU.,~ and p.z, are about
0.5 a. .u. For v„-10"sec ', 4~,/~-1, E-0.5
eV/a„&E„- 0.1 eV, m„- 10 proton masses,
y„- 10 "A'I'. Therefore a CO, laser (A. = 10 y, m)

C. Approximate formula for the rate

Finally, we want to address the remaining quan-
tity C,'2 in Eq. (2.1b) that is modified by the laser
field. We have shown in Eq. (2.6) of Ref. 7 that
C,", reduces, in the l.imit of vanishing intensity,
to the field-free nonadiabatic coupling C,',. It can
be shown that under the same assumptions leading
to the approximation X—= 1, it is also a good ap-
proximation to let

of intensity I - 108 W/cm2 would induce a predis-
sociation rate of 10' sec ' in such a molecule.

SUMMARY AND DISCUSSION

In conclusion, nonresonant laser-induced pre-
dissociation is analyzed with all molecular mo-
tions treated quantum mechanically. Formulas
for calculating the rate of predissociations are
given, one for weak to moderate field intensity
[Eqs. (1.13) and (1.37)J and one for strong laser
intensity [Eq. (1.52) or (1.54)]. Selection rules for
allowed transitions without actual absorption or
emission of the laser photons are given in Eqs.
(1.35), (1.36), and (1.38)-(1.47) A simple criteri-
on [Eq. (2.10)] for the error of the stationary per-
turbative result to be smaller than 1/0 is given.
In addition, an approximate semiclassical formula
for convenient estimate of the rate of nonresonant
laser-induced predissoeiation is given in Eq.
(2.18).

Note that the effective HamiltonianIf' in Eq. (1.7)
is written perturbatively for the situations far
off resonance from any significant intermediate
molecular states. It differs from the standard
result of a straightforward application of stationary
perturbative theory in that it does not contain any
intermediate rovibrational wave functions. " The
advantage is the simplicity in calculations espe-
cially since intermediate electronic states are
involved. The resulting selection rules as proved
in the paper are consistent with results based on
two-step transitions via virtual intermediate ro-
vibronic states.

Field-free predissociation is a relatively rare
process in molecules. ' The facts that the laser-
induced predissociation rate can be increased by
increasing the laser intensity, etc., and that new
rotational and new electronic states accessible
in laser-induced transitions offer greater prob-
ability and richer phenomena for this process.

Although the physical situation dealt with in this
paper is predissociation, the theory and the se-
lection rules can similarly be applied to nonreso-
nant laser-iriduced transitions in other physical
contexts such as bound-bound transitions in
diatoms, free-to-bound transitions such as inverse
predissociation or two-body recombination, and
free-free transitions during atomic collision.

Regardless of the specific physical context to
which it is applied, the nonresonant laser-induced
transitions addressed in this paper are different
from Raman rovibronic transitions in (i) that only
one laser field (frequency) is required here and
no actual absorption of the laser photon is neces-
sary and (ii) that transitions in the molecules
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occur between states of. equal energies. For
induced predissociation, an additional interesting
aspect is that the final states are dissociative
continuum states.

Finally, the nonresonant laser-induced tran-
sitions in general and predissociation in particular
are also expected to occur in polyatomic molecules
irradiated by lasers. The above theory can be
applied with only appropriate notational changes in
the description of the molecule. "'"

It has been stated in an earlier paper' that I, and

Br, excited in the BO'u('ll) state can be induced
to predissociate via the lu('ll) state by the non-
resonant effect described here. %bile this is true,
observation to identify this effect may be very
difficult in these molecular systems because of
other more-dominant competing channels. The
detailed reasons will be given in a forthcoming
paper.

APPENDIX

The results of evaluating the factors MJ.&.«&
defined in Eq. (1.29) are given in this appendix.
The explicit integration over the angular variable
can be done but is quite tedious. Insteadagroup-
theoretical method is used, and the results are
expressed compactly in terms of known Clebsch-
Qordan coefficients. "'"

(a) For A' =A, the case of laser-induced homo-
geneous transitions, only the following factors
are needed:

Mz ~@~~=.(6 ~u (8')leos'8I6~z(84)),

1 2J+1 2JJ' 2JJ' pJJ' pJJ'
i (2COÃJlf ~ CohA + COAfAf'CpAA') i

(Al)

Mt zgzst =gz'xu'(84) I sin 814'~(8P))

1 2J+1 pJJ' pJJ' 2JJ' 2JJ'
pNN ' ~h. pNN' gh. h.

(A2)

(b) For A'=A+1, the case of laser-induced in-
homogeneous transition, the angular factors
needed are

M~",„„z„„-(gz.~„„,(8$) l sin 8 cos 8lg~~„(~)),

1 ( 2(2cl+ 1) ',~~, 2~~a(, )
C„„.C, „„,(A4)

where A" =A+1 for the upper signs and A" =A —1
for the lower signs.

The notation C„~„2„,for the Clebsch-Gordan
coefficients is that f, and J, add to give J', and
M„M„and M' are, respectively, their compo-
nents. It is clear from the triangle nile assoc-
iated with the Clebsch-Gordan coefficients ap-
pearing in Eqs. (A1)-(A4) that the selection rules

and

(A5)

J'- J=O, +1,+2 (A6)

follow. The selection rule (A5) is a consequence
of our choice of the linear laser polarization 8
along the z' axis. If circul. ar polarizations are
used or if there is additional linear polarization
components along x' or y' axes, then the matrix
elements will be functions of g as well as 8. The
Cl.ebsch-Qordan coefficients would then be C',~~„.,
where q =0, +1,+2. Therefore the general selec-
tion rule is

(A7)

1
i

2(2J+1) 2u
2v ~P(2JI + 1) 0Nbf' kiAAsl ~

(A3)
where A" may equal A or A + 1. In the above
statement, the upper (lower) signs must be used
consistently throughout.

(c) For A'=A+2, the case of laser-induced
new-channel transition,

MJ'A. aaJ'AN (4Z'4+2M'(8g)l »n'8lg~~~(8g)),
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