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Nonadiabatic approach for resonant molecular multiphoton

absorption processes in intense infrared laser fields

Tak-San Ho and Shih-l Chu®

Department of Chemistry, University of Kansas, Lawrence, Kansas 66045
{Received 14 July 1983; accepted 9 August 1983)

A nonperturbative approach for efficient and accurate treatment of the molecular muitiphoton absorption
(MPA) quantum dynamics in intense infrared {IR) laser fields is presented. The approach is based on the
adiabatic separation of the fast vibrational motion from the slow rotational motion, incorporating the fact that
the IR laser frequency is close to the frequencies of adjacent vibrational transitions. One thus first solves the
quasivibrational energy (QVE) states (or, equivalently, the dressed vibrational states) with molecular

orientation fixed. This reduces the computationally often formidable (vibrational-rotational) Floquet matrix
analysis to a manageable scale, and, in addition, provides useful physical insights for understanding the
nonlinear MPA dynamics. The QVE levels are found to be grouped into distinct energy bands, characterized
by the IR frequency, with each band providing an effective potential for molecular rotation. Whereas the
interband couplings are totally negligible, the intraband nonadiabatic angular couplings are the main driving
mechanisms for inducing resonant vibrational-rotational multiphoton transitions. The utility of the method is
illustrated by a detailed study of the sequential MPA spectra for '2C '*O molecule, including state-to-state
multiquantum transitions and transitions from initially thermally distributed states as a whole. Results are
presented for the case of IR laser intensity 50 GW/cm® and frequencies ranging from 2115 to 2165 cm™".
Excellent agreement of the MPA spectra obtained by the nonadiabatic approach and the exact Floquet matrix

method was observed in all fine details.

I. INTRODUCTION

There is currently much interest in the study of the
collisionless multiphoton excitation (MPE) and disso-
ciation (MPD) of polyatomic molecules in the presence
of intense, pulsed, infrared (IR) lasers.! Although the
qualitative features of the MPE/MPD processes appear
to be established, quantitative analysis of the under-
lying quantum dynamics remains to be a major chai-
lenge. The main obstacle stems from the extreme
complexity of the molecular level structure. In particu-
lar, the combined motion of vibration and rotation leads
to a great wealth of possible multiphoton transition
pathways, rendering the problem to be a formidable
one.

From the theoretical point of view, the semiclassical
Floquet theory®® has provided a powerful ab initio tech-
nique for nonperturbative treatment of MPE*'® and MPD®
of some simple systems. In practice, the Floquet ma-
trix is truncated to N by N in dimension with N=NyNyN,,
where Np is the number of Floquet photon blocks, Ny
the number of vibrational levels included in one Floquet
block, and N, the number of rotational states included
in one vibrational level. As N increases rapidly with
the size of the molecule, and as the computational ex-
pense grows as N3, the full Floquet analysis can be-
come prohibitively costly even for simple diatomic
molecules., We are thus led to seek new approximate
techniques capable of providing accurate results yet
involving much smaller Floquet matrix manipulations.
The situation here is analogous to the field of molecular
collision theory: Where a variety of angular momentum
decoupling methods” have been developed in the last
decade to alleviate the problem of a large number of
coupled equations.
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In the process of IR multiphoton absorption (MPA),
the laser frequency is of the same order of magnitude
as the molecular vibrational frequency and consider-
ably exceeds the rotational frequency. More explicitly,
since the Hamiltonian contains fast (vibrational motion
and electric dipole interaction) and slow (rotational mo-
tion) parts, one anticipates the wave function will have
the adiabatic form of the product of a rapidly oscillating
function times a function slowly varying in time. One
can determine the rapidly oscillating part by considering
the Schrédinger equation without the rotational Hamilto-
nian. This gives rise to an effective quasivibrational
enevgy (QVE) which depends parametrically on the
ovientation of the molecule. The slowly varying parts
of the wave function can then be solved by using the
effective QVE as the potential energy for the rotational
motion, This adiabatic picture has been used pre-
viously® to obtain approximate analytic solutions for the
rotational spectra of diatomic molecules in some spe-
cial cases. It provides an adequate zeroth order de-
scription and a convenient basis for our development
of an economical and accurate approach for MPA studies.
As will be shown later, however, the adiabatic approxi-
mation tends to break down nearby resonant transition
regions and nondiabatic angular couplings between
nearly degenerate adiabatic QVE states are required
for a proper MPA analysis.

Preliminary discussion of this idea has been given in
a previous communication. ® In this paper, we provide
a more detailed account of the theory, the numerical
method aswell as the analysis of nonlinear MPA quantum.
dynamics. After a brief introduction to the conventional
Floquet Hamiltonian method in Sec. II A, we discuss the
theoretical formulation of the nondiabatic approach for
the case of diatomic molecules in Sec. IIB. Extension
to polyatomics is straightforward. In Sec. III, we pro-
vide a detailed numerical analysis of the resonant MPA

© 1983 American Institute of Physics
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process in ¥C'80. This is followed by a conclusion in . n=2 n=1 n=0n=-1n=-2
Sec. 1V, A+20l]l B 0 0 0 n=2
I. THEORY B |A+wl] B ° ° =1
. G . . [He] = 0 A B o [n=0
Consider the vibrational-rotational motion of a het-
eronuclear diatomic molecule in the presence of a co- ° 0 B [|A-wl] B |n"=-1
herent monochromatic field E =E; cos w? of an IR laser, 0 o 0 B [A-2wifn =-2
The Schrddinger equation for the system in the electric -
dipole approximation (in a.u,) is Where - v=_0 _ v=1 .
b 4 ] o [+ 1
is¥ (r, t)/ot=H (r, ) ¥(r, ), (1) F % ;f,' . ! \ . ! e
where E® ! o __f___o__.,:
I?!(r t)=i}(0)(y)+f1m (#)=-u@ Ejcosfcoswt. (2) A= = 7
!
Here H'® (7) is the diatom vibrational Hamiltonian [with * B9 o !,
eigenfunctions ¢, (¥) and eigenvalues E’] and H gz (7) " g ! vi=1
is the rigid rotator Hamiltonian [with spherical har- L l— e A
monics eigenfunctions Y,,n (¥ =6¢) and eigenvalues and -0 v =1
B,j{j+1), where j and m; are respectively, the rota- .
tional angular momentum and its projection quantum ° Booor 01 0 boo.11 0 X
number and B, is the rotational constant]. The vibra- © Do | Do 0 bol | o g
tional-rotational interaction has been ignored for sim- | o 1] o Bypy oo 1
plicity but can be incorporated if necessary. u(7) is 8 = r---- - '
the molecular electric dipole moment and 6 is the angle 0 bigsy 0 '
between the direction of the field (E,| | z) and the axis of 0 braszt | oo 2 4
the molecule., As the interaction energy in Eq. (2) is PR
independent of the azimuthal angle ¢, myisaconstant | = [77====-=="" R
of motion,
FIG. 1. Structure of the exact Floguet Hamiltonian Hg in the

A. An outline of Floquet theory and quasienergy method

Since the total Hamiltonian H(r, t) [Eq. (2)] is periodic
in time, H(r, )=H(r, ¢+ T), T=2n/w, the Floquet
theorem?*1® admits the solution of Eq. (1) in the fol-
lowing form:

L., (r, £) =exp(—iegh) Yo (r, 1), (3)
where ¥, s is called the quasienergy state (QES) corre-
sponding to the quasienergy ¢z and i, 6 is a periodic
function of time, viz.

ey (v, t+ T) =4 (r, ), T=21/w . (4)

The wave functions {zpe (r, t)} form a complete ortho-
normal basis in the Hllbert space and are solutions of
the following eigenvalue equation:

[H(x, ) -i8/otley (x, £) =eghey(r, ) . (5)

Following the Floquet Hamiltonian method, >° one can

reduce the dynamic problem [Eq. (5)] into an equivalent
static problem by expanding zllq3 into a Fourier series
(indexed by 7),

Yoy (r, 1) = Z explinwt) 25 D (vl 7] €ty (7) im, (6, 9) .
v -ml
(6)

The expansion coefficients {vj, nleg) in Eq. (6) can be
determined from the solution of the following Floquet
matrix eigenvalue equation®

Z; ; ‘n/_: (vi, n| Be |V, W X0'7, # | €s) =€s0i, n|ew) ,
)

where

Floquet state basis { lvy,n)} The Hamiltonian is composed of
the diagonal Floquet blocks of type A, and the off-diagonal
blocks of type B. E ) are the unperturbed vibrational-rota-
tional energies, and b,,, w4 are electronic dipole coupling ma-
trix elements.

(vj, n| Be| V"7, 7 = (0| B (2)| V') + 708y 8550 Epme

(8)
AP (=1 [Tdfexp(ikwt)fl(r, £, (9)

and
N ® +1 - "
(vi| H® (r)l i =f drf dcos 8[¢,(7)P, ! (cos 6)]

k) (r)[gv' (7)Pj'j (cos 9)] ’

where P, (cos 6) is the orthonormalized Legendre
polynomial. The Floquet Hamiltonian If,,, in the
Floquet state basis {| j, #)}, can be represented by a
block-tridiagonal infinite Hermitian matrix (Fig. 1) with
rows and columns denoted by the trio of indices v, j, n
In practice, the Floquet matrix is truncated to N by N
in dimension with N=NyN,N,, where N is the number
of Floquet photon (Fourier) blocks, Ny the number of
vibrational levels included in one Floquet block, and

N; the number of rotational states included in one
vibrational level. Figure 1 shows that ﬁ, has a peri-
odic structure with only the number of w’s in the diag-
onal elements varying from block to block. The struc-
ture endows the quasienergy eigenvalues and eigenvec-
tors of HF with periodic properties. The time evolution
unitary operator U(f; 4), obeying the initial condition

(10)
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U(ly; %) =1, in the matrix representation [in terms of
the molecular basis | vj) =&, () Yim, (6, )] is merely

W7 Ul )| of) =W T | Wey(x, D) (e (r, )| 0,
8

(11)

where

oo

(W | e, (r, ) =exp (- ieal) D exp(inwt)vj, nleg) . (12)

fis=

B. Nonadiabatic approach to muitiphoton excitation
quantum dynamics

In the infrared multiphoton absorption (IR MPA) pro-
cesses, the laser frequency w is close to the charac-
teristic frequency of the molecular vibration and con-
siderably exceeds the rotational frequency. Analogous
to the Born-Oppenheimer approximation, one can first
solve the fast vibrational motion in the field with the
rotational motion frozen. The resulting Schrddinger
equation (with 6 fixed) is

8% (7, t; 6)/8t=[H, " (¥) - u (¥)E, cos 6 cos wi]&(, £; ) ,
(13)

vielding a quasivibrational enevgy (QVE) which depends
parametrically on the orientation of the molecule. The
slow rotational motion can then be solved by using the
QVE as the effective potential energy. Based on this
procedure, a computationally efficient yet reliable
method can be formulated,

Since the vibrational-field Hamiltonian, H®(»)
— p(7)Eycos fcos wit, is a periodic function of time ¢
with the period 7'=21/w, Floquet theorem®%° again
assures the existence of the solutions &, of Eq. (13)
of the form (« =vibrational index, %=photon index)

o (7, t; 0) =exp (= 1 D) fur (7, £, 6) (14)
and
fak (7’ t+ T; 9) :fak(’r, t; 9) ’ (15)

where A, (6) is called the quasivibrational energy (QVE)
and the functions { f,,} form a complete orthonormal set
and are eigenfunctions of the following eigenvalue equa-
tion:

(A7) - 1 (7)E, cos 8 cos wt — 18/ 8t] £, (7, 15 6)
=X (0) far (7, t; 6) . (16)
Analogous to Eq. (5), Eq. (16) can be transformed

into a static problem by expanding f,, into a Fourier
series

Funlr 150 = 3 exp(inot) 3 (0, e bo () . (1)

Nz=® v
The expansion coefficients (v, 7n1X,,)s in Eq. (17) can
be determined from the solution of the Floquet matrix
eigenvalue equation
220, n| B0 7 hawdo = Nan( )07 | A
v n’
(18)
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~.n=2 n=1 n=0n=-1n=-2
A+2wl] B 0 0 0 n =2
B A+wl B 0 0 n =1
[Hien=| o B A B o |n'=0
0 0 B A-wl B n =-1
0 0 o B |A-2wl|n =-2
Where v=0 v=1 v=2
E(g} 0 0 vi=1
[Al= 0 EY 0 vi=2
0 0 E(r v'=3
and v=0 v=1 v=2__-.
aglh) a,;(8) ) v'=1
(B) = a,(6) ap(d) |v=2
anl@) |v=3

FIG. 2. Structure of the orientation (#)-dependent vibrational-
field Floquet Hamiltonian A%(8) in the Floquet state basis
{1v,m)}. E{ are the unperturbed vibrational energies, and
a,{6) are electric dipole coupling matrix elements. For fur-
ther explanation see the caption of Fig. 1.

where
<'U, nl I};U)(e) I 'U,n'> = <Ulﬁu(F"-"' )(7’, G)l v+ nWByyr Opne
(19)
. T
AP o, =1 [ atE® o)
0

— 1 (7) Ey cos 6 cos wt] - exp(inwt) , (20)
and
W AP o, 0l0) - [ et BP0 ). @

The resulting Floquet Hamiltonian A5 (6), in the
Floquet (or vibrational-field) state basis {|v, m)}, can

be represented by a block-tridiagonal infinite Hermitian
matrix as depicted in Fig. 2. In practice, the Floquet
matrix is truncated by N by N in dimension with N=NgN,,
where Ny is the number of Floquet photon (Fourier) blocks
and N, the number of vibrational levels included in one
Floquetblock. Similar to the exact Floquet Ham}ltonian
ﬁF (Fig. 1), the vibrational Floquet Hamiltonian HE (0)
also possesses a periodic structure with only the num-
ber of w’s in the diagonal elements varying from block
to block. This endows the QVE’s and their eigenfunc-
tions with periodic properties.

With the assumption that the infrared laser frequency
w is close to the energy difference of adjacent vibra-
tional states of interest, one finds that the QVE spec-
trum {2, (6)} possesses a well-defined band structure
characterized by the frequency w, By rewriting the
subscripts (ak) as (a, — a + P), with P an arbitrary
integer, the bands are then indexed by P and the sub-
levels within a given P band are ordered according to
a(a=0,1,2...). Each intraband sublevel is assigned a

J. Chem. Phys., Vol, 79, No. 10, 15 November 1983
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QVE X,,.q.p (8) and a wave function f,, _,.p (7, & 6),
which have the following periodic properties:

Aa,-aoP(8)=ha.-a (0)+szka,0(9)+(P_a)w (Zza)

and

fa,-aoP('r, t; 6) :fa,-a (7’9 L 6) - exp (iPwi) . (22b)

Equations (22) suggest that all the P bands possess the
same QVE structure since

‘I’a,-aoPl (7’ 4 9):q>a,-a+P2 (’V, L 6), PP,

a=0,1,2,.

The QVE’s within each P band, consisting of the subset
{Aa,-aep}, 2re congregations of the QVE levels which
are nearly degenerate and strongly coupled via slow
rotational motion in the sequential IR MPA process

[v=0, N+ P55 v=1, N4 P=1)%|p=2, N+ P-2)<>ect.,

where N is a very large integer characteristic of the
number of photons present in the physical absorption
process, and P indexes the QVE band. It is thus ap-
parent that all QVE P bands portray the same physical
process, viz. the sequential photoabsorption. The in-
traband width is determined by the number of vibra-
tional states (N,) of interest, and is in general much
smaller than the interband separation w. As a result,
the couplings between the inlerband QVE levels due to
the slow rotation of the molecule are much weaker than
that between the infraband ones. The relationship of
each QVE P band to the molecular rotation is analogous
to that of a molecular electronic state to the molecular
nuclear motion in the framework of Born—Oppenheimer
approximation. Thus to an excellent approximation,
the IR MPA processes of interest can be properly
studied within any P band to be described below.

In the spirit of the Born—-Oppenheimer approximation,
the total quasi-vibrational-rotational states (indexed by
B) are described by wave functions of the form

¥y (r, £)=exp (= ieg?) (21)1% exp (im;)

XD XS (0) fayearn (7, 8 ), (23)

where « runs over all QVE’s in the P band, and x{’ is
the wave function describing the rotational motion of the
diatom under the potential provided by the quasivibra-
tional energies within the P band, calculated as if the
rotation of the molecule were frozen. For an arbitrary
quasi-vibrational-rotational state of a fixed total quasi-
energy €5, the exact total quasienergy state wave func-
tion may be expanded as

U, (r, 1) = Z\p“”(r, 5 . (24)
Again, we have assumed that the system embodies a
well-defined quantum number m;. Substituting Eq. (24)
into Eq. (1), and projecting onto any other f,.,_q:, p:(7, £;6)
state (i.e., integration over a period of the field oscil-
lation is carried out along with the 7 integration) lead to
the equation for the rotational motion of the molecule

4711

Heor(0)Xaa(6) + (UL, - €5 xba’ (6)

v 2 VAR ENO)+ D0 D VERE nE(0),  (25)
a’?a PP o’

where

A= - B, (sin 6)™ (8/96) (sin 6 8/30) , (26)

Uofﬁ; Agy-aup(8) + Benth (sin 62+ y5F (6) , (27)

a‘;e')—yf,i’f' )(9) - ZBO Z Z <2)n‘ )La'_a,p>g

v n
3 9
X(E (vn| Aa'.-a'oP'>0 ;0-) . (28)
and
y:(x};"")(e) =ZZ <’Uﬂ‘ >tm.--auP>9 Ifm(vnl xa',-a'oP' >6 . (29)
v n

Due to the large separation between the QVE bands and
the slow variation of the quantity (vnl,,_,,p)s With 6,

the interband rotational couplings V2P (P# P’) are or-
ders of magnitude smaller than those of intraband
(P=P"). Thus the second summation (7 p.sp) in the
right-hand side of Eq. (25) may be safely ignored, yield-
ing the equation for the rotational motion in the P band

)(9)_ E (PP) (P)(g)
(30)

rot(g)x(P) (6) +(U(P) - 55)

Since all the P bands possess the same QVE structure
to within a phase factor, only one P band needs to be
considered. For convenience we shall choose the P=0
band below and the index P will be dropped.

The nonadiabatic [in the sense that we still keep the
intraband off-diagonal coupling terms V,,.(a#a’)]
coupled equations in Eq. (30) can be solved most ex-
pediently by expanding the wave function yg,(6) in terms
of orthonormalized associated Legendre polynomials
P/ (cos 8),

Xaal6) = Z bs,ws Py (oS 6) . (31)

=ﬂl,

Substituting Eq. (31) into Eq. (30), we obtain the fol-
lowing eigenvalue equation:

i1 _
legaa‘ g, o050 =€plg,0y
S 5

where

(32)

1
gl =6, f dcos 8 P, (cos 8) A(6) P, (cos )
-1

+Zv:>’: f-:dcos 0[P, (cos 6) Fun o (8)]

X Hgg (8, ®) [ Fon, o+ (8) P} (cOs 6)] . (33)

Here we have adopted new notations: A, (8) for A,,_,(9)
and E, (6) for {vniA,, _.%. The structure of the total
quasienergy “G” Hamiltonian,'! namely {g/.}, is de-
picted in the lower portion of Fig. 3. The upper portion
in Fig. 3 is what Eq. (32) would have been, had we em-
ployed Eq. (25).

With the help of Egs. (17), (23), and (31), the set of
the total quasi-vibrational-rotational state wave func-

J. Chem. Phys., Vol. 79, No. 10, 16 November 1983
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(.. P=2 P=1 P=0 P=-1 P=-2 )
G+20!
G+uwl
(Hel= G
G-wl
G-20l
L - )
Where v=0 v=1 v=2
(Goo) (Gor) (Ge2) |[V'=0
[G]= Gu)-wl| (Gy) |v'=1
(Gp)-2wl| v'=2
and j=0 j=1 j=2
Qo gw gw |i'=0
Gw) Qo gw |i'=1
g |i'=2

FIG. 3. The approximate band structure (indexed by P) of the
quasivibrational energy (QVE) spectrum is shown in the top-
most diagram. Only the P=0 band (i.e., the central G block)
needs to be considered in the total quasienergy calculatijons.
Shown here is also the structure of the G matrix in the QVE
and rotational basis.

tions obtained from the nonadiabatic method become
T, (r, £) = exp (- iegt) - (2n)V/2 exp (imy9)
m
xQ 2 ZEI: exp (#1w2)by, 43 Fom, o (6) * £,(1) Py * (cOs ) .
n [+ v
(34)
By combining Eqs. (11) and (34), and after some manip-

ulations, the time evolution operator U(f; ) can be
written, in the matrix form, explicitly as

WP U )lep=> > {7, n|ep
n 65

X exp [ - deg (£~ #)] *(es| vd, O) - exp (imwt)} , (35)
where'?
+l
(vj, n[eL,)EZZ bs,a,,.f dcos 6
a’ §’ -1
X Py (cos 6)* Fyp or (6)* Py, (cOS 6) . (36)

Transition probability going from the initial vibrational-
rotational state | vjm,) (with m; staying constant in time)
to the final state | v'j'm,) is given as
(m;) y .

Pyydey (8, 1) =<0 7| UH; )| |? . (37)
Of the most experimental interests, averaging Eq. (37)
over the initial time Z,, while keeping the elapsed time
(¢ - 1y) fixed, yields

Polwp (t=t) =3 37, nles
n EB

X exp [ - te5(t - )] -(eBI vj, 0)[2 .
(38)

Finally, further averaging Eq. (38) over (f—{,) results
in the long-time average transition probability

—(m )

Poyp =32 |07, n|e (es| vi, 0|2 . (39)
n EB

lil. RESULTS AND DISCUSSIONS

The nonadiabatic approach outlined in Sec. II B has
been used to study the quantum dynamics of the multi-
photon excitation of the 120180 molecule in the presence
of the strong infrared laser fields. We have assumed
that the CO molecule can be represented by a rotating
Morse oscillator with the Morse Hamiltonian given by

A (1) == (2M)a%/a? + D, {1 - exp[- a(r- 7)) .
(40)

The molecular electric dipole moment adopted in the
calculation has the linear form p(7)=pg+ (7=~ 7,)
which is adequate for MPE of the low-lying vibrational
states. Throughout the calculation, the field strength
of the IR laser is assumed to be 50 GW/cm?, and the
MPA analysis is made for the vibrational states up to
v =3 covering field frequencies ranging from 2115 to
2165 cm™. The choice of the frequency range will
become evident in the results. The molecular param-
eters. '® used for CO are tabulated in Table I.

A. QVE spectrum and wave functions

In calculating the QVE spectrum {M.mp (6)} and the
corresponding wave functions {f,, .. (7, t; 6)}, we have
solved the eigenvalue Eq. (18). The vibrational Floquet
Hamiltonian matrix (Fig. 2) was truncated to contain
only five vibrational levels (i.e., »=0,1,2,3,4) and
nine photon blocks (i.e., n=0, +1, +2, +3, and +4),
but enough to achieve convergences of the one- , two-,
and three-photon transitions which are of our current
concern. Figures 4(a) and 4(b) depict the representative
results of the QVE spectrum {), (8)} and various com-
ponents of the corresponding eigenvector F,,,, (6) of the
P=0 band at the field frequency w =2131.7 cm™ nearby
the resonance (i.e., v=0«<v=2) region. The appealing
symmetry of A, (0) and F,,,, () about the plane perpen-
dicular (i.e., 6=90°) to the direction of the field can be
attributed to the existence of a unitary transformation
matrix'* linking the two block tridiagonal matrices
H" (6) and HY (7 - 0):

TABLE I. '2C'0 molecular parame-

ters.*
D, = 10.982eV
a = 1.2302a3
Ve = 2.132ay
M =  6.856182283 amu
B, = 1.931cm™
we = 2169,81 em™
Xowy = 13,288 cm™
By = 0.112D
¥y = 1.598 D/ag

*Reference 13.
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FIG. 4. (a) Orientation-dependent quasivibrational energies
Aal8) (@=0,1,2,3) and (b) their corresponding representative
dominant eigenfunction components (with n=—v) of F, (8}
{denoted by ve in the figure) for 2C %0 at 50 GW/em? and
w=2131.70 cm™,

H? (r-0)=¢'HY'(0) @, (41)

where

(42)

with I being the indentity matrix of the dimension the
same as any Floquet photon block in Fig. 2, One can
easily find that the matrix @ is not only unitary but also
Hermitian. The symmetry properties of both X, (6) and
Fyun,« (8) can be best represented by relations

Ao (1= 6) =24 (6) (43)
and
Fvn,a (1]’._6):(-— l)n'“Fvn.a(e) ’ (44)

which reveal the nature of the interaction of the field

with the diatomic molecule, i.e., the cos 8 dependence,
and, therefore, preserve the correct dipole selection
rules on the multiphoton vibrational-rotational transi-
tions of the molecule in the presence of the laser field.,
Furthermore, we noticed that the quantities 2, (6) and
Fyn,o (8) are both slowly varying functions of the polar
angle 6, suggesting that only a few (typically 8~10)
molecular orientations are required for accurate de-
scription of the QVE’s.

B. Effective adiabatic vibrational potentials and nonadiabatic
coupling terms

The relatively slow rotation of the molecule is
governed by Eq. (30), assuming that the rotational tran-
sition is confined within one specific QVE (say P=0)
band. This is fully justified in the case of CO. Figures
5(a)~5(d) show typical examples of the orientation (9)
dependent effective adiabatic vibrational potentials
Usm, (6) [defined in Eq. (27)] for m;=0, 1,2, and 3,
respectively, corresponding to w =2131.70 em™. The
adiabatic potential curves exhibit a strong dependence
on the quantum number m; because of the factor B,7%/
sin? @ in Eq. (27). For m, =0, the molecule is allowed
to swing through all angles. However, for the case of
m;#0, the potential becomes very steep nearby the field

directions (namely #=0° and 180°) and the rotational
motion is confined to a more limited space in the 6 con-~
figuration. The larger the quantum number my, the
more restriction the rotational motion will be. The
features embedded in these adiabatic potentials are
exhibited in the MPA spectrum to be discussed later.

The nonadiabatic coupling terms V... (Eq. 30) are
the main driving mechanisms for inducing intraband
vibrational-rotational transitions in MPA processes.
These coupling terms become crucially important near-
by resonant transition regions where the quasivibrational
energies are nearly degenerate. As an example, Figs.
6(a) to 6(c) depict the primary coupling terms y,,. ()
[Egs. (28) and (29)] as a function of 6 for the three
strongly coupled and nearly degenerate quasivibrational
levels (@, o’=0,1, 2) for the case of w=2131,70 cm™,
Notice that the magnitude of ¥,,. (¢ # ¢’) are comparable
with or even larger than the quasivibrational level spac-
ings, indicating the importance of these intraband cou-
pling terms in determining the proper vibrational-rota-
tional transitions. Also shown here are the diagonal
terms y,,, which are responsibie for the slowly wiggly
structure of the adiabatic potential curves in Figs.
5(a)-5(d).

C. Comparison with the exact Floquet calculation

Figures 7(a) and 7(b) show, respectively, the final
converged results, obtained by the nonadiabatic approxi-
mation method, for the total quasi-vibrational-rota-
tional energies ey ™ (to within 0.001 cm™*) and the
time average transition probabilities Pyy.,; [Eq. (39)]
as functions of the laser frequency w for the MPA pro-
cess CO(v=j=m;=0)+nw-~ CO(v'f, m;=0). The
vibrational Floguet Hamiltonian matrix HS" (6) is tran-
cated to contain nine Floquet photon blocks (i.e., #=0,
£1, 2, +3, +4 in Fig. 2), and five vibrational levels
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(v=0,1,2,3,4). The nonadiabatic G-matrix analysis
(Fig. 3) was carried out with N, =5 and N, =8(i.e.,
7=0,1,2,...7). Notice that the matrix elements g7,

of the G matrix satisfy the important symmetry relation
(45)

gl =0, if (a+a +j+f)=0dd integer.

This implicitly ensures that the electric dipole selec-
tion rules are appropriately installed in the nonadiabatic
approach. The correlation between the quasienergy
level (avoided) crossings and nonlinear MPA line shape
features (such as power broadening, hole burning,
Autler-Townes multiplet splitting, S hump, etec.) has
been studied in great detail previously.s Shown in Fig.
7(c) is the corresponding data from the exact Floquet
analysis (Fig. 1) with Ny =9, Ny =5, and N; =8,

The excellent agreement of the MPA spectra in all the
fine details demonstrate the reliability of this newly
introduced nonadiabatic approach. In the current
example, the nonadiabatic calculation is about an order
of magnitude faster computationally than the exact
Floquet analysis. Clearly the former method becomes

even more advantageous as the dimensionality of the
Floquet matrix N(=NzN,N;) grows. (This is the case
when multiphoton processes of much higher order are
involved and/or heavier or larger molecules, i.e.,
NyN; much larger, are under investigation.) Another
major advantage {and computational saving) of the non-
adiabatic approach is that the orientation-dependent
QVE calculations are independent of m;. In contrast,
the exact Floquet approach requires the repetition of
the entire effort for each change in m,.

D. Multiphoton absorption spectrum

In the previous subsection we have presented the long-
time average transition probabilities of the molecule
CO, initially at the state |v=j=m;=0), to various ex-
cited states {up to »=3) of this approach along with the
exact Floquet analysis. In reality, the molecules are
thermally distributed over different quantum states.
Under most of the experimental environments, i.e., at
or below room temperature, molecules are populated
only among the rotational states of the ground vibra-
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tional state (i.e., v=0), and studies of the dynamics

of the transitions evolved from various v=0 and j states
are essential to many spectroscopic information. In
this section, we shall discuss long time average transi-
tion probabilities for (i) the molecules initially prepared
at a gpecific |v=0, j, m,) state, i.e., Eq. (39), (ii) the
molecules initially at a state only with v(=0) and j
specified, i.e.,

I —my
Z POJ‘U'J' )

ﬁo:-w': <
.7+1 m,--!

(46)

and finally (iii) the molecules initially thermally distrib-
uted over various j states of the =0 level at a certain
temperature 7, i.e.,

Poeu (D)=3 2 By (D Posevs (47
where B, is the rotational distribution function
By (T)=(2j+1)Q; exp[- B,j (j+1) he/kT] , (48)

with @, the associated rotational partition function, %
the Planck constant, ¢ the velocity of light, and % the

4715

Boltzmann constant. Furthermore, we have chosen to
present results of Eq. (47) for temperature 7'=10 and
50 K for the reason that only a limited number of the
rotational states, i.e., the first five states (=0, 1, 2,
3, 4) of the former case and ten states (j =0~ 9) of the
latter case, are significantly populated initially.

Note that in the nonadiabatic approach, the orienta-
tion-dependent QVE calculations, being independent of
j and m;, need to be carried out only once for each
laser frequency w. The G-matrix analysis, Eq. (32),
however, depends upon the magnetic quantum number
my. In solving Eq. (32), we have expanded the rota-
tional wave function g, (8), Eq. (31), in terms of
(14 — | my|) associated Legendre polynomials (the
highest order of polynomials is fixed at j =14 for dif-
ferent | m,;|=<9), In other words, the G matrix (Fig. 3)
is a truncated matrix of five vibrational blocks and
(14 - I m;|) rotational states in each vibrational block,
i.e., a[5x(14 - |my|)]x[5%(14 ~1 m,l|)] matrix. [In
actual computation, the G matrix can be further reduced
to two sub-G matrices with smaller dimensions if use
is made of the symmetry relation Eq. (45).]
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FIG. 7. (a) Frequency-dependent total quasienergies €5 (de-
noted by B=vj in the figure). (b) and (¢) are time-averaged
MPA transition probabilities Pyy.,, for 2C %0 at 50 GW/em?,
Figures 7(a) and 7(b) are the results obtained by the nonadia-
batic approximation, whereas Fig. 7(c) is that of exact Floquet
calculation. The triangles on the top of Fig. 7(b) indicate the
zero-field transition energies.
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The general features of state-to-state MPA spectra
are illustrated in Figs. 8(a)-8(d) for molecules initially
prepared in the states |v=0, j=3, m, with m,=0, 1, 2
and 3, respectively, Included within the frequency range
of our interest are optically allowed direct absorption
dominant channels

(3, 6)
P 5
vj /<1,4) \(s, 4)
(0,3) \<z, e (49)

\(1, 2)/ \(3, 2)
\(2, 1)/

3,0

and two other higher order (stimulated emission and
ahsorption occur simultaneously) dominant channels

(0,3)—(1,2)—=(2,1)

// // (508.)
(09 1)-—.(1) 0) s
and
(0, 3)—=(1,4)—(2, 5—(3,6)—(4,7)
e 7 i g (50b)

(0, 5°—(1, 8)2—~(2, N7~ (3, 8)".

Besides the well-known nonlinear features,® we found,
in Figs., 8(a)-8(d), a strong m; dependence of the MPA
line shapes. In general, the power broadening effect is

less prominent and the spectrum becomes less sophisti-
cated as the quantum number 7, is increased from 0
toward j (here 7=3). This is most evident when one
compares Fig. 8(a) (m; =0) with Fig. 8(d) (m;=3). One
can readily show that fewer channels exist for larger
m; since the conservation of m; implies that only states
with j= | m;| can participate in MPA process. The
physics behind all these observations can be made clear
by studying the adiabatic vibrational potentials such as
those shown in Fig. 5. For a given j, molecules with
larger m; tend to have more localized rotational wave
functions and stay away from the laser field direction.
This results in a reduction in the effective interaction
between the molecule and the field and therefore the
power broadening effect, etc. One notices that, in the
clagsical limit, all MPA processes in the case of m;=j
[Fig. 8(d)] will be totally quenched. Since the molecule
will be then strictly confined in the plane perpendicular
to the field direction, yielding vanishing molecule-field
interaction. The m;-averaged transition probabilities
Pyg-pesr, Ed. (46), is displayed in Fig. 9. The spectral
difference in Fig. N(b) (Pyp-yryr) and Fig. 9 (Ppgapeys) re-
flects the change in the initial rotational state j as well
as the (27 +1)-degeneracy effect.

Finally, we show in Figs. 10(a) and 10(b) the calcu-
lated full MPA spectra [Eq. (47)] of ensembles of CO
molecules at temperatures T=10 and 50 K, respectively.
In each figure, three distinct spectral profiles rep-
resent one- , two-, and three-vibrational quantum ex-
citation, respectively. As can be seen, the single-
quantum spectra P(»=0~ v=1) are strongly power
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broadened to smear out the rotational structures. The
double-quantum spectra P(v=0~ v=2) are also sub-
stantially power broadened but still show some resolv-
able rotational structures. The triple-quantum spectra
DB(v=0- v=3) consist of mainly sharper and well-
resolved spikes. As the temperature is increased, the
initial rotational state distribution becomes more
widely spread. This results in less defined and broader
absgorption profiles as can be seen in Fig. 10(b).

IV. CONCLUSIONS

We have shown in this paper that the nonadiabatic ap-
proximation method provides a conceptually appealing
and computationally powerful new approach for nonper-
turbative treatment of resonant MPA processes in in-
tense fields. The utility of the method lieg in its cap-
ability of generating economically accurate state-to-
state MPA spectra which are essential for quantitative
understanding of nonlinear MPE and MPD quantum dy-
namies. Further simplification of the nonadiabatic
theory (and therefore more computational saving) are
possible in several directions. For example, for heavy
or large polyatomic molecules, the nonadiabatic coupling
terms are expected to be much smaller than those of
diatomic molecules and the adiabatic approximation may
provide already an adequate description for MPA., Also
in the case of weak to medium laser field strengths, the
full vibrational-Floquet Hamiltonian analysis (Fig. 2)
for QVE spectra may be unnecessary and can be re-
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FIG. 10. Full MPA spectra of ensembles of '?C **0 molecules
at temperatures (a) T=10 K and (b) T =50 K, respectively.
Curve notations same as Fig. 8.
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placed by simpler rotating wave approximation calcula-
tions. Extension of these ideas to the investigation of
several polyatomic molecules (SO;, O;, SFg) are under-

way. '
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