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Molecules irradiated by intense laser fields become "dressed molecules" that possess significantly different
properties due to changes in the electronic energy structures and wave functions. These new branches of
distorted electron-field potential surfaces support different or new vibrational spectra. In this sense, a class of
molecules is created with diagonal and off-diagonal properties that can be controlled by varying the laser
intensity, frequency, and polarization. An ab initio theory that analyzes. the dressed molecule with the field
and their interaction treated as one dynamic system (rather than perturbatively) is formulated and
summarized. The theory is applied to the study of single/multiphoton dissociation of molecules by intense
lasers. Numerical results for the rate of LiH(X 'X+, v = 3)+4k'co(X = 1.0648 p,m, YAlG:Nd'+)~Li(2p)
+ H(ls) via the repulsive state, LiH(B'II) are given. Subsequent fluorescence from Li(2p) can be detected
experimentally.

I. INTRODUCTION

Molecules basked in intense laser radiation are
best analyzed as "radiative-dressed molecules. "
By this, it is meant that the molecular properties
modified by interaction with the strong field (or
fields) are significantly different, so that the mole-
cule, the field, and their interaction are best ana-
lyzed theoretically or experimentally as one dy-
namical system. The value of such an approach
can also be found in the study of the interaction of
strong'electromagnetic fields with atoms —the
"dressed atom, "' from which the name is bor-
rowed. However, it should be noted that the usual
"dressed atom" picture' is restricted to resonant
interaction so that the antiresonant terms are ne-
glected. In the sense that the new electronic-field
eigenenergies and wave functions are found includ-
ing all higher-order effects and sidebands, our
theory' of the dressed molecule is closer in spirit
to the Autler-Townes' study of a two-level atom
interacting with a strong electromagnetic field.

The essential part of the theory stated in Sec. II,
namely the exact solution of electronic-field poten-
tial surfaces and wave functions, has been given
before. ' " The solution involves a numerical
iteration scheme simplified by recurrence rela-
tions. It is applicable to a general bound-charge
system of n electronic (or if desired, electronic-
vibrationa1) states and ~ laser fields (or modes of
the electromagnetic field) as long as n and ~ are
finite. These exact numerical results are also
used to determine the validity domains of approxi-
mate analytic formulas. In the weak-field limit,
they agree with and include the perturbative re-
sults. In the theory, resonant single-photon and
multiphoton absorption and emission processes are.
treated on an equal basis from the start. Ãonxeso-

nant (i.e., without zeal emission or absorption of
photons) effects such as optical Stark shifts, field-
induced splitting of degenerate levels, and radia-
tive dressing of states (and hence modification of
coupling between states) are included. Inputs into the
theory are experimentally determined, theo-
retically calculated, or modeled f~«d f&ee elec--
tronic energies and dipole or higher multipole ma-
trix elements.

The development of the theory has been motivated
by the use of laser radiation to initiate and to con-
4'ot intermolecular and intramolecular, nonreac-
tive and reactive processes, and to direct energy-
flow pathways, including those that involve elec-
tronic transitions. The theory can be applied to
zeal atomic, diatomic, and polyatomic systems in
a collision-free or collisional environment. The
new physical processes that have been predicted
include pulse-parameter and pulse-shape depen-
dences of the excitation probability and nonadia-
batic population inversion by single- and multi-
photon absorption when atoms and molecules, rela-
tively free from collisions, are irradiated by laser
pulses. Hence, new laser actions to ground and in-
termediate states are possible. "When collisions
become important, the variation of electronic
energies with internuclear distances can induce
resonant single- and multiphoton absorption (or
emission) of photons that may be nonresonant in
the separated-atom limit." The intense field also
induces energy structural changes like lowering
of potential barrier, activation energies, etc.
The formation of quasibound and bound molecules
from the free colliding system due to absorption/
emission or due to potential surface change is
possible —a phenomenon useful in laser-induced
chemical synthesis. "Recently we applied the
theory to demonstrate laser control of atomic and
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II. AB INITIO FORMULATION

A. Dressed adiabatic states

The tota/ Hamiltonian of the entire charge sys-
tem (neutral or ionic diatom or polyatom) and the
laser field is given in the center-of-mass (c.m. )
frame of the charge system by

II, =T+a, (2.1)

where & is the kinetic energy of the relative nu-
clear motions and H is the sum" of the adiabatic
(Born-Oppenheimer) Hamiltonian h of the charge
system, the free-field Ham iltonian 0, and the
charge-field interaction Hamiltonian O'. With the
field interaction written in the Schrodinger repre-
sentation, the time-independent eigenvalue solu-
tion" at each fixed internuclear frame R,

H4 =z@, (2.2)

is known. ' " The eigensolutions Ep, and +p, are
denoted by their zero-field limit such that 4p, ap-
proaches the electronic state y, and photon-num-
ber state Q(N —p), N being the well-defined mean
photon number in the coherent field. Merely for
nqtational simplicity, the formulation is illustrated
with one field or mode, characterized by the set (
of parameters: intensity I, frequency ~, polariza-
tion e, and wave vector ~ [if a higher multipole
is used in (2.2)]. Reference 5 shows the similarity
for the case of many fields. With the set of elec-
tronic coordinates denoted by &, the total wave
function @ is expanded as

(2.3)

and is substituted into the Schrodinger equation

II,e =z,e. (2.4)

molecular collisions, dissociations, and predis-
sociations uithout absorption or emission of pho-
tons. Field-induced avoided crossing and new

transition or reaction channels are induced by the
incident field."

However, in these published works, "'no
rigorous quantum treatment is given to the bound
internuclear motion except the classical approxi-
mation. Since the class of situations treated in this
paper involves the bound-free transitions of the
dressed molecules, we give a precise quantum
formulation in Sec. II of how the vibrational motions
should be calculated. This theory has been applied
to treat single- and multiphoton dissociation of
molecules in an intense field as described in an un-
published report. ' This is given here in Sec. III
with numerical results for the four-photon disso-
ciation of LiH(&'~').

(2 5)

where the "best electronic-field potential surface"
Up, is given by

&p. (R, $)=Ep. (R, &)+ (+p. , T@p.). (2.6)

When (4'&„T4'~) is negligible, then the electronic-
field potential surface is simply F.p„which was
used in previous works. ' ' In Eqs. (2.5) and (2.6),
it is understood that T operates to the right on the
wave function(s) inside the inner-product paren-
theses.

In the derivation, use is made of the fact that the
terms

(4p„Vs+~) =0 (2.7)

because both the probability amplitudes a(P)' sand

the electronic wave functions cp& in

4, =g a~(P)y e'"'~'0(N —v) (2 6)

are real [see Eq. (2.4) of Ref. 7].
If the nonadiabatic couPLing terms on the right

hand side of Fq. (2.5) are negligibly small (e.g. ,
because of slow internuclear motions), we obtain
the Schrodinger equation

[7'+&,.(R, h)]x,.=&,x,. (2.9)

for the internuclear motions. Thus there are
quantitative criteria for the validity of Eq. (2.9).
In the next paragraph, we make some qualitative
physical remarks.

The above analysis is similar to Born's analysis
of the field-free molecules, an improvement over
the earlier Born-Oppenheimer analysis. " The
physical reason for the separation of the slower
motion of the nuclei from the fast electronic mo-
tion is well known. Considering the laser field as
part of the fast-motion subsystem in the solution
of Eq. (2.2) is physically useful whenever the field
does not "couple" the internuclear motion effec-
tively. This can be due to the high-frequency of
the field (&u

- electronic energy difference» vibra-
tional energy difference) or due to the symmetry
of the charge system (e.g. , zero permanent dipole
moment of the diatom with like-charge nuclei).
For collisional motion, the first condition corre-
sponds to the condition that the collision time is
long compared to the inverse of the photon fre-
quency. " If the field couples the vibrational mo-
tion effectively (i.e., there is resonant-photon

Multiplying from the left by +p, and integrating
over the electronic coordinates & and field "coordi-
nates" (not $), we obtain
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transition between vibrational states without elec-
tronic transition), one should treat the electronic-
vibrational motions and the field as the fast-motion
subsystem in Eq. (2.2}.

There are several simplifications of the above
equations. They are all based on the relations"

WEAK-FIELD PHOTODISSOCIATION

Eb

E~ ——Eo~ —pcs,

a", (p) = a'„'
p (p),

(2.10)

(2.11)

PV V
W2

IE,

(2.12)

for any p. Then use of this and Eq.' (2.10}in Eq.
(2.6) shows that

given below Eq. (3.2) in Ref. 5 and on the fact that
the cutoff value M is always measured from p
(i.e., a~ consists of a~~', „,. . . , a~~', . . . , a~~' „). It
is then straightforward to show that

(4, , T4 „)= (4„,T4„),

0-
U

Ey(i)—

C
~ ~

Eb

W2 -GPb

W2 -od

~ ~ ~ ~ i ~ ~ 0 ~

Up~
——Uo~ —p(u . (2.1 3) INTERNUCLEAR DISTANCE, R ~

This used in Eq. (2.9) implies that

[&+&,.(R, &)]x,.=(& +p~)x...
=E)Xp. , (2.14)

where the second equality follows if we adopt the
convention of measuring E, from some value of the
potential surface U~, (R, $), e.g. , at ~R~ =~. This

,. i,s illustrated with E, and E~ in Fig. 1 for p =1.
Then the comparison of Eqs. (2.9) and (2.14}shows
that

FIG. 1. Illustrations for three seParate cases of weak-
field dissociation with laser frequency u„MI)„or ~, .
Cases A and 8 are transitions from the vibrational level
E„{i)to the upper dissociative levels drawn. In case A,
the transition occurs predominantly at the classical
turning points. In case B, it is away from the classical
turning point. Case C is photodissociation from the
ground vibrational state E„{0).In all three cases, a
corresponding level ze~-~; is drawn because energies
are measured from the ground molecular state and
+@~, where+ is the initial well-defined mean photon
number in the coherent field, and because of the Franck-
Condon principle.

for any p . (2.15)

Thus we need only to calculate one vibrational
state X„ for a given 0 and a given E,. All other

g~ for p~0 are known due to the "periodic" nature
of the electronic-field potential surfaces indicated
by Eq. (2.13).

Use of Eqs. (2.10) and (2.11) also shows that the
nonadiabatic coupling terms have simplifying rela-
tions,

th

(4 „Tx,4,.) =(4„,Tx, 4' ~, )

, =(O'„,Tx„4 p ~,, ), (2.16)

with further use of Eq. (2.15). When these non-
adiabatic terms are evaluated explicitly by substi-
tution of Eq. (2.8) for k„and @„,, one obtains
two kinds of sums. One kind consists of terms
with the field-free nonadiabatic coupling term
multiplied by a factor of ao (P)a", (P'}orby aproduct
of a'„'(p) with a spatial derivative of a"„' (p'}. Thus
the field-free nonadiabatic couplings are modified
by the field. There is another kind of sum which
contains terms of the product of a'„'(P} and a spa-
tial derivative of a",' (P) only —without the field-
free nonadiabatic coupling terms. This latter kind
is nonadiabatic coupling through the field. The

a„(P)'s are functions of the internuclear coordi-
nates R (due to the R dependence of field-free po-
tential surfaces and matrix elements) and of the
field parameters $. Variation of these field pa-
rameters can induce nonadiabatic transitions be-
tween dressed states. ' Thus in general the sources
of nonadiabaticity in the dressed molecule (or
dressed quasimolecule) can be both the slow mo-
tion in the charge system and the variation of the
field parameters (. For Eq. (2.9}to be valid, non-
adiabaticity in both of these has to be small. The
adiabatic criterion for the former is well known. '
The criteria for the latter source have also been
given.

One advantage of the analysis using the dressed
molecule is that transitions of all sidebands in-
duced by the laser field are considered simul-
taneously. For example, when there is one-photon
absorption involving change in the electronic states
(see Fig. 1), calculation of the transition proba-
bility amplitude by perturbative theory (valid for
weak field) consists of taking the inner productof the
dipole interaction between the states X,qr, Q(A'-1)
and X,y, Q(&). The underlying perturbative as-
sumption is that there is very little state mixing:
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the probability amplitude a, (1) that the charge sys-
tem remains in its initial state cp, after the field
is turned on is close to unity. However, in in-
tense fields, the probability amplitudes a, (P) with

(v, P) & (0, 1) are significant. ' Thus the calculation
of transition Probability amPlitude for tlze same
process in the dhessed-molecular Picture in-
volves mat ix elements calculated by taking the inner
product of y»4', 2 and Xaz4'„betzceen nonadiabatic
OPeratoxs neglected in tlze adiabatic approxi-
mation of Eq. |'2.9) or another Hamiltonian hitherto
not yet considered. The point is that both +„=a"
and +o, =a"- consist of all sideband probability
amplitudes a'z(p) arid a'„'(p'), so that simultaneous
transitions between all Pairs of sidebands is com-
pactly described as transition between +» and +„.
This idea has been used in previous works. "'
The same can be said of the transition, say be-
tween +„and +0» without photon absorption or
emission. " For collisions in laser field, the
dressed quasimolecular states are the properly
defined initial and final states at large R, since
they are coupled only by collisional motion. ' '

Another advantage of the dressed molecular pic-
ture is the systematic analysis of the vibrational
motion. There are several situations of interest.
The first is the shifts in the vibrational spectrum
due to the fact that the electronic-field potential
surfaces are distorted in shape from the field-free
electronic potential energy. This effect is appli-
cable to the vibrational states with energies less
than E„(i) in Fig. 1 when a strong laser field of
high frequency ~, resonant at A between the two
electronic states of a homonuclear diatom is turned
on. These shifts among the vibrationa1 energies
of the same electronic potential may be called
intrasystem shifts. There are additional larger
relative shifts between vibrational energies of
different electronic surfaces due to optical Stark
shifts of the electronic potentials given by the solu-
tion of Eq. (2.2). These latter shifts may be called
intersystem shifts.

The field polar. izations also introduce new sym-
metries into the electronic-field potential surfaces
through optical Stark shifts. For example, the
electronic-field potential surfaces of a dressed
diatom is not spherically symmetric. ' The vibra-
tional modes can also change due to the new angu-
lar dependence, corresponding to the change in
collisional motion. '

Another situation is the new vibrational spectrum
supported by new branches of adiabatic electronic-
field potential surfaces. These new branches of
potential surfaces can be due to the formation of
resonant electronic-field avoided crossings, "'"
as illustrated by the upper surfaces E»E» in Fig.
2. Or it can be due tononxesonant field-induc d

DISSOCIATION OF DRESSED MOLECULE

(a)

'E12 = H n~"
V

Eu

—H11

EO1
E]2 H22

FIG. 2. When the laser field is strong, the adiabatic
electronic-field potential surfaces of the field-dressed
molecule show a significant avoided crossing around
the resonance point. This is illustrated in diagrams (a)
and (b), which correspond to regions A and B in Fig. 1.
The new dressed adiabatic potential surface E&2E()&
(solid lines) can support previously nonexistent vibra-
tional states (not shown). For the calculation of photo-
dissociation probability, the dressed molecular vibra-
tional states drawn in the diagrams are calculated using
the dressed diabatic potential surfaces H;; (dashed lines).

avoided crossing" as illustrated in Fig. 1(b) of
Ref. 8 for iodine molecule. The quantitative sig-
nificance of the few effects on the vibrational mo-
tion mentioned above will be given in another
paper.

B. Dressed diabatic states

For the calculation of vibrational spectral shifts
and new spectra described above, the adiabatic
electronic-field surfaces are convenient. But in
other situations where the transition probabilities
between states involving an electronic-field avoided
crossing are desired„ it is often convenient to use.he radiative-dressed dkabatic states, @, with en-
ergy H„. They are defined in Sec. IIB of Ref. 7
in terms of the known adiabatic dressed states
@z, and adiabatic energies Ez, (or U~, here). They
have the property that f see proof above Eq. (2.6)
in Ref. 8j as the field is turned off, the energies
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E~
Li(2p) + H(ls)

—Li(2s} + H(1s)

EZ

B

Rc

(a) WEAK-F IELD PICTUR E

(b) DRESSED MOLECULE IN STRONG FIELD

FIG. 3. Schematic drawings for the four-photon dis-
sociation of LiH by a YAlG:Nd~' laser (a) in the weak-
field picture and (b) in the dressed molecular picture
for strong field. A third singlet state A ~~' (not drawn
in this diagram) is also included in the calculation. In

(b), the new branches of dressed adiabatic potential sur-
faces are drawn in solid lines, whereas the dressed di-
abatic surfaces are drawn in dashed lines where they
differ from the adiabatic surfaces significantly. The
vibrational energy E„(i) calculated with the dressed di-
abatic potential surface is shifted from its zero-field
value E„(i}.

dressed vibrational state is given by" (for use in
Sec. III, it is adequate to have the "small-expo-
nent" limit of the Landau-Zener formula),

(2.18)f =4vp,

where

P =H,', /o. ,

o. =[2k.E(i)/m„]'i ~s V(H —H„)(,
where &E(i)=—E„(i)—E, is the energy difference
between the dressed-diabatic vibrational level
E„(i) and the energy E, at the crossing point of
H» and H» [Fig. 3(b)], m„ is the reduced mass,
and s is the unit vector for the relative motion on
the dressed potential surfaces at the diabatic
crossing point. This formula is valid away from
the classical turning points of I;, such as the
situations shown in case B of Fig. 2 and Fig. 3.

(2.19)

(2.20)

H, , and states @, approach smoothly (i.e., without
index-switching) the corresponding unperturbed
electronic-field energies and states. In other
words, they are more like these unperturbed quan-
tities, as seen by comparing Fig. 2 with the cor-
responding regions A and B in Fig. 1.

Therefore, the vibrational wave function X;(R, $)
calculated with the dressed diabati& potential sur-
face H, , (R, $) also approaches smoothly to the cor-
responding field-free vibrational wave function
x, (R) calculated with the field-free electronic sur-
face te,.(R). These x; andX; are illustrated for the
case of photodissociation in Figs. 1 and 2, respec-
tively. The "diabatic" vibrational wave function
X;(R, $) differs from the field-free wave function
x, (R) because H;;(R, F) differs from w, (R). Thus
in the d&abati& picture, the entire dressed wave
function is X( (R~ $)@;(rqR~ 5).

Then analysis using the @',.'s as basis states is
formally very similar io the corresponding field-
free analysis. For example, to study photo dis-
sociation or predissociation in the dressed-molec-
ular picture, the coupling matrix element between
states X,@, and I,@, is given by

(X„H, X2), (2.1 7)

where H» is calculated from the adiabatic dressed
energies E p~ and Ep through unitary transforma-
tion V [see Eq. (2.20) of Ref. 7]. For photodisso-
ciation, these E~, and E~, . have ~p —p'~ -1 depend-
ing on the number of photons absorbed (or emitted)
in the transition. For predissociation, p —p'=0
since no photon is absorbed. "

Generally speaking, many of the classical, semi-
classical, and quantum techniques'4 to calculate
X; and results in numerous theories" of field free-
(or weak-field) inter- and intramolecular processes
involving X; can be adapted for use by replacing the
corresponding field-free quantities with the ne'er

(field-dressed adiabatic or diabatic) quantities
discussed above. One such result given by Lan-
dau" and summarized by Zener" is useful to us in

the following section. The aspect of Landau's work
useful to us is his use of JWKB wave functions for
the vibrational motion to show that the transition
probability with change of electronic states is
simply given by the small-exponent limit of the
Landau-Zener formula. The JWKB technique is an
excellent approximation for the higher vibrational
states. Landau s derivation is valid if the elec-
tronic crossing occurs away from the classical
turning points. We can go through Landau's deri-
vation with JWKB approximation for X; in Eq.
(2.17) based on the field-dressed diabatic quanti-
ties, and we obtain the corresponding formula in
terms of the dressed quantities. That is, the
transition probability per oscillation from the



16ALBERT M.. F. LAU

For the case A
'

resort
lnFl . 2

to i lt h i

th ff
n eir overla f
oaxonisade u

e at
equately treated

th e ressed potent'

H;, ' '
o w atis done infield-fr

&, or
xe -free analyse s.'4 '"

10-7 —
I I

10-S—

I I I I I I I I I I I I I I I II
/

I I I I I I I I I
(

I I I I:

III. SIN. SINGLE/MULTIPHOTON

We have a 1

OTON DISSOCIATION

e have applied the above dre
e process, LiH(X'&' i =2

p

laser The s'
ng

The in ut uaT '
p into our calcuiat

1 o en ial ener '
ree

t t X'~ A. '~' g

e ements. All the
ruc potentia

ex-

e ab initio results
are

thsn . e eir electronic
he expe '

cm around th
ental values b

e four- ho
'on (= the equ 1 b '

p ton resonanc
y

fore
uz i rium se ar

e best available em — z e
o rawford afC

g 1++
e the potential curve for the e

and Jorgens en.

calculated b D
e excited state

a r
y ocken and

we adopted the'
of R with the RKR

t
its f

h f th B 'lle II state.
s well as

With Q defined as the an leng

f ld (F 4) have calculated f( ) given by

1 h tw

showing that the molecumolecular orienta ' 'ngtron favoring
n issociation is

1 f ll th
polariza

e transition m
1c

e expense of the oth ' ree others). Figure 5

j into plane of paper'

IR

CQ0
K
0

0 10-

O0
M
V)

0
0
Z
CL

10 '0 I-

10-1'I I I I IIIII Illlll I

0 05
IIIIIII IIIII

1 1.5 2 25
IIIIII /III I

3 35

ANGLE y IN RA DIAN

FIGG. 5. Probabilit of
of the ro

i ity of dissociation
= 3) + 4&cu (A. = 1 06

s via I.iH(B
d ig. 4. The inten

n o the angle

x yP gr/cm2
laser for

espo d to y ~'7r
ong peaks cor-

b tiob '
th d' iated ropro y

y i erent from that b-m at by single photon.

gives (Q) at an intens'ensity of 5 x10" %
na c electric field Eie E, oriented atE ' —4tt or

field strength r 0

e ectron

f (1 ) f'

ntxally oriented withferen
cules are not pre-

lg

ization E h f th
e with respect to th

ob bit 'b

o & is given by

d(cos P)f (P) .

FIG. 4. Definition of th

C

the int axernuclear ax k eaxis and the
e een

the laser field
e arization & of

y(i) =v, f, . (3.2)

where v, =E„ i„(i)j(2 wh) is the vibratioe vibrational frequenccy

The photodissociat' t
by

&on rate per second y
'

y i is given



16 RADIATIVE-DRESSED MOLEGULES: AB INITIO THEORY. . .

1O7

1O6—

5

1

E 105—
C

50
I-

O0 104—
(h

a 5—
0
0z

103—
0

102—

10—
5—

I I I I I I I li per second.
The results for the fourth vibrational state

[i =S,E„(s)=4642 cm 'J are presented in Fig. 6. It
shows that the rate can be experimentally detected.
The rate for the ground vibrational state is esti-
mated to be smaller by a factor of 2 to 3. Note
that for i &3, molecules undergoing any transition
to the A. '~' state by photoabsorption remain
bound. Therefore the detection' of fluorescence
from the decay of I i(2P) indicates dissociation via
the B'Il state.

Since our theory treats single- and multiphoton
transition formally the same, we could very well
have done calculations for the same molecular
dissociation by two- or single-photon absorption
using the second-harmonic and fourth-harmonic
YA1G photons, respectively. Then the dissociation
rate would be significant at lower intensity than
the case shown above. This can be readily done if
there is sufficient experimental interest.

10&o 2

I I I I I III I I I I I I II
4 6 8 1011 2 4 6 8 1012

INTENSITY OF LASER (W/cm2)

FIG. 6. Rate of production of Li(2P) by the process
LiH(X ~~+,v=3)+48~/, =1.0648@m) Li(2p)+H(1s) as a
function of intensity of the YAlG laser. The atomic
fluorescence from Li(2P) —Li(2s) +Sou' can be experi-
mentally detected. Solid line, rate for random orienta-
tion of the LiH molecule relative to the laser polariza-
tion. Dashed line, linear extrapolation (on the log-log
plot) from the more moderate intensities.
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