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Laser-induced coherence in ultrafast multiphoton excitation of individual molecules

C. Mainos
Laboratoire de Physique des Lasers, Universite´ Paris-Nord, Avenue Jean-Baptiste Cle´ment, 93430 Villetaneuse, France

~Received 1 December 1999; published 15 May 2000!

The transfer of the intrinsic coherence of short pulses to molecular systems is investigated and an explicit
derivation of the excitation probability of the ultrafast multiphoton process is presented. We show that for
ultrafast excitation the angular cross section splits into two distinct factors: the ‘‘frozen orientation weight,’’
which involves the space configuration and nonlinear dependence, and the ‘‘laser-induced coherence,’’ which
reflects the coherent superposition of the ground- and excited-state orientations. Quantum interferences give
rise to a ‘‘coherent polarizability’’ and provide evidence for a sharp confinement of the excited electron
motion. The confinement is inversely proportional to the number of coherently excited rotational states.

PACS number~s!: 42.50.Hz, 32.80.Wz, 42.65.2k
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I. INTRODUCTION

Over the last decade, important progress has been m
with the advent of Fourier-limited laser pulses (DvDt.1).
These pulses provided evidence for novel effects in phy
and chemistry@1–3# and are already used as a powerful to
in the study of the quantum behavior of atomic and mole
lar systems@4–6#. Their increased intrinsic coherence can
transferred to a molecular system by simultaneously exci
a large number of degenerate states, thus making the sy
undergo quantum interferences during a dephasing t
characteristic of the energy relaxation. A representative c
reflecting this quantum behavior is the case of a ‘‘rotatio
ally frozen individual molecule.’’ In the absence of signifi
cant molecular rotation, the rotational states cease to be s
trally observed and the deposited energy is associated w
high number of rotational states.

Here we report on the coupling scheme for multiphot
ultrafast laser-molecule interaction for symmetric-top, line
or diatomic molecules and optical polarized incident rad
tion assumed inn-photon resonance with an electronic tra
sition. With the ultrashort-pulse intense laser fields availa
nowadays, multiple photons may interact coherently with
molecule while the pulse duration does not allow signific
rotation of the molecule. Such coherent interaction with
oms and molecules is of increasing interest, both for ultra
dynamics and multiphoton spectroscopy. The key aspec
the ultrafast excitation of an individual molecule is the hig
coherence regime that is established in the excited electr
state through the degeneracy of the rotational structure.
description of the interaction is built, rather, in terms of t
numberN of coherently excited rotational states. The coh
ence is thus quantified with the number of excited rotatio
states, and induces in the molecule an interference reg
Here we intend to define the numberN that is intrinsically
related to the time duration of the coherent pulse. A furt
purpose of this work is to find the dependence of the ang
cross section on the numbern of interacting photons. In par
ticular, by exciting an individual molecule with optical fre
quencies, the intrinsic coherence of the laser pulse is exp
enced by the excited electron. Under these conditions,
spatial distribution of the excited electron reflects charac
istics of the laser pulse, the order of the nonlinear proc
1050-2947/2000/61~6!/063410~6!/$15.00 61 0634
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and the spectral extent of the induced coherence within
rotational structure. By establishing such a large molecu
coherence, the polarizability of the individual molecule e
hibits a dramatic dependence on its spatial configuration:
anisotropy of the ultrafast multiphoton excitation process
first limited by a broad envelope characteristic of the num
of interacting photons, which is spectrally observed in t
excited state of an isotropic molecular gas. For the rotati
ally frozen individual molecule, however, this anisotropy
singular, and for optical frequencies it shows a sharp sp
confinement for the excited-electron motion.

II. LASER-INDUCED ROTATIONAL COHERENCE

The theory of multiphoton excitation has been establish
for more than four decades@7# and, with the advent of the
laser, has become a powerful spectroscopic tool for the st
of atomic and molecular structure. Then-photon excitation
probability for the molecular transitionug&→ue& is Seg

(n)

5@1/(2Jg11)#SMeMg
uAeg

(n)u2: the amplitude probability

Aeg
~n!5 (

i 1 ...i n21

^eumpu i n21 ...^ i 1umpug&/@vg,i n21

2~n21!v#...@vg,i 1
2v#

is the n-photon transition amplitude andmp the laboratory-
fixed component (p50,61) of the induced electric-dipole
operator.v stands for the angular frequency and, in the a
sence of external fields, we sum incoherently over the Z
man levelsMg and Me . This quantum expression has be
used repeatedly in the past with matrix elements assum
orientation averaging for the freely rotating molecules. Ne
ertheless, the presence of orientation averaging during
interaction process washes out space-distribution prope
inherent in an excited electron moving in a space-fixed m
lecular frame and experiencing the electric field of a pol
ized coherent pulse.

If we use the Born-Oppenheimer approximation and ke
in mind that for short pulses there is no significant molecu
rotation @8#, we find
©2000 The American Physical Society10-1
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Seg
~n!5 1

4 E
0

pE
0

p

sinb8 db8sinb dbSP,DK
~n! ~Jeb8;Jgb!.

The angular dependence of the individual molecule is writ
as

SP,DK
~n! ~Jeb8;Jgb!5qvevg (

k85T0

n

(
k5T0

n

3QP,DK
k8k ~Jeb8;Jgb!M P,DK

k8* M P,DK
k .

~1!

This is the excitation probability for the coupling of th
ground-state orientationuJg ,b& and the excited state
uJe ,b8&;qvevg

is the Franck-Condon factor, and the tens

M P,DK
k contains the frequency and electronic-vibrational d

pendence~this tensor is considered in the Appendix!. P
5np(50 or6n) stands for the polarization state of then
identical photons, andDK is the electronic resonance. Sinc
P and DK are the projections of then-photon angular mo-
mentumk ~or k8), we haveT05uDKu or n whether the po-
larization is linear or circular, respectively. The anglesb and
b8 describe the orientation of the molecular axis in the la
ratory frame@9# for the ground- and excited-electronic sta
respectively, andJ is the total angular momentum of th

molecule. Finally, the tensorQP,DK
k8k (Jeb8;Jgb) is the indi-

vidual molecule rotational factor that has been presented
viously @10#. Here we need to determine the number of c
herently excited rotational states and, for purposes that
become clear in the following, we write

QP,DK
k8k ~Jeb8;Jgb!5 (

t5T0

N1T0821

(
l 850

N21

(
l 50

N21

3~2l 811!~2t11!~2l 11!

3S k8 l t

2P 0 PD S t l 8 k

2P 0 PD
3jDKS Je l 8 *

l t k8

* k Jg

D
3Pl 8~cosb8!Pl~cosb!. ~2!

The j tensor is a scalar product of five Racah coefficie
@10#, the asterisks indicating a summation over all adjac
rotational statesJ and J8 that interfere withJe through the
integer angular momental and l 8. This tensor possesses th
closure relation

jDKS * l *

l * k

* k Jg

D 51.

We observe thatl and l 8 couple the rotational structure wit
the molecular orientation through the Legendre polynomi
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The integerN involved in the summations is the number
excited rotational states and the 3j symbols show thatT08
5k8 if k8<k or T085k if k<k8. In particular, forN51 we
have an absence of interferences (l 5 l 850) and only onet
angular momentum is present in the laser-molecule inte
tion: observation of a single rotational state demandst5T0

5T085k5k8 while the rotational factor reduces to

QP,DK
k8k ~Jeb8;Jgb!N515S dk8k

2k11D ~2Je11!

3S Je k Jg

2Ke DK Kg
D 2

.

This is the incoherent rotational line factor that provides
allowed rotational branchesuDJu<k<n. We also obtain the
same results, if instead of settingN51, we average Eq.~2!
over all b andb8. In contrast, if we consider the case whe
multiple rotational states are excited coherently, the ro
tional branches lose their usual meaning; i.e.,uDJu<t<N
1n21. One has to sum coherently over all rotational sta
overlapped by the broad spectral bandwidth of the sh
pulse. It can be seen that, when summing Eq.~2! over all
interference-allowed rotational statesJe , the excitation pro-
cess becomes independent of the ground rotational state@10#:
the coupling of the ground- and excited-state molecular
entations is then described by

QP,DK
k8k ~b8;b!5 (

t5T0

N1T0821

~2t11!zP,DK
tk ~b8!zP,DK

k8t ~b!,

~3!

with

zP,DK
tk ~b8!5 (

l 850

N21

~2l 811!S t l 8 k

2P 0 PD
3S t l 8 k

2DK 0 DK D Pl 8~cosb8!.

Here we focus on the case of a rotationally frozen molec
@11# whereN is significant compared to the number of ph
tons. Under these conditions, thez tensor can be replaced b
the product of two reduced rotation matrix elements@12#,
and Eq.~3! simplifies to

QP,dK
k8k ~b8;b!N@15QP,DK

N ~b8;b! dP,DK
k ~b8! dP,DK

k8 ~b!.
~4!

The quantity QP,DK
N (b8;b)5St5T0

N1T021
(2t

11)dP,DK
t (b8)dP,DK

t (b) is the molecular orientation overla
factor ~MOOF!; the sum is truncated atT5N1T021(.N
1T0821) and involves the number of excited rotation
states. This means that the integerT must be determined by
the full width at half-maximum~FWHM! of the laser pulse
that overlapsN rotational states. It has been shown@10# that
the integerT is related to the peak power of the laser puls
Important values forN are then intrinsically related to th
0-2
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LASER-INDUCED COHERENCE IN ULTRAFAST . . . PHYSICAL REVIEW A 61 063410
short-pulse high-peak powers, and the large rotational co
ence in the excited electronic state demands the cond
\Dt!I B . I B is the moment of inertia of the molecule abo
an axis perpendicular to the molecular axis; i.e., this sta
for a rotationally frozen molecule where the induced ro
tional coherence becomes independent of the initial ro
tional state. The MOOF cannot exceed the va
QT0 ,T0

N (0;0)5N(N12T0) ~where the molecule and labora

tory quantization axes have a common orientation in spa!,
and it contains the intrinsic coherence of the short pulse;
only this factor depends on the number of excited rotatio
states. Nevertheless, the coherent nature of the excita
process does not allow us to regard the orientation of
molecular axis in the ground and excited state separately
rather requires consideration of these two orientations i
coherent superposition. Furthermore,b8 is not well defined
and we must take contributions from allb8 values. In such
circumstances, we must introduce two new variables:

b;5b82b, ~5a!

b* 5~b81b!/2. ~5b!

b; is the angular spread, which can be seen as the separ
of two coherent-state wave packets in phase space, andb* is
the coherence center, which is a mean orientation for
molecular axis during the interaction time interval.k or k8
cannot exceedn andN@1; the MOOF is a sharp distributio
~it is important only if b8 is close tob!, whereas the par
associated with the order of the nonlinear process~the sum-
mation is limited byn! is only a broadband distribution. W
have a slowly varying envelope where the amplitude a
phase do not vary significantly over the wavelength
the coherent wave packet. Summing Eq.~1! over all b8
contributions, the excitation probability splits into tw
distinct factors: the coherence factor,QP,DK

N (b;)
5 1

2 *0
p sinb8 db8 QP,DK

N (b8;b82b;), whose FWHM reflects
the uncertainty in the molecular orientation during exci
tion; and a molecular orientation weight factor,sP,DK

(n) (b* ).
We further observe thatQP,DK

N (b;) is a superposition ofN
convolution products taken over the sphere of the unit rad
since qP,DK

N (b;)5QP,DK
N (b;)/QP,DK

N (0) cannot exceed
unity, we write

SP,DK
~n! ~b* ;b;!.sP,DK

~n! ~b* !qP,DK
N ~b;! ~6!

with

qP,DK
N ~b;!5

1

N (
t5T0

N1T021

~2t11!dP,DK
t ~b;!* dP,DK

t ~2b;!,

~7a!

dP,DK
t ~b;!* dP,DK

t ~2b;!

5 1
2 E

0

p

sinb8 db8 dP,DK
t ~b8! dP,DK

t ~b82b;!.

~7b!
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The factorqP,DK
N (b;) is the laser-induced rotational co

herence~LIRC!. The dependence on the order of the nonl
ear process is found in sP,DK

(n) (b* )
5qvevg

uSkM P,DK
k dP,DK

k (b* )u2. This numerical coefficient
depends on the frozen orientationb* and the number of in-
teracting photonsn: due to the absence of intermediate res
nances with real states, the orbitals associated with thn
21 intermediate virtual states are diffuse and the shape
the nuclear frame can be disregarded in the determinatio
the tensorM P,DK

k ; i.e., for the ultrashort-pulse intense las
fields involved in multiphoton processes, the molecule
haves in many aspects as an atom@13#. We will consider the
tensorM P,DK

k with an excited electron moving in a centr
field; we will treat the excited electron as a Rydberg elect
and subsequently average over all allowed orbital sta
With the aid of the Appendix, we obtain

sP,DK
~n! ~b* !5 (

k5T0

n
2n11

2k11
uck

~n!~P!u2udP,DK
k ~b* !u2.

~8a!

For simplicity, the global factorqvevg
uM f g

c u2/(2n11) has

been dropped. The geometrical coefficientsP,DK
(n) (b* ) is the

frozen orientation weight~FROW!. In circular polarization,
we have

s6n,DK
~n! ~b* !5@n!/ ~2n21!!! #ud6n,DK

n ~b* !u2. ~8b!

For linear polarization and one-photon excitatio
s0,DK

(1) (b* )5ud0,DK
1 (b* )u2, whereas forn52 and n53 we

obtain, respectively, s0,DK
(2) (b* )5 5

9 d0,DK1 4
9 ud0,DK

2 (b* )u2

and s0,DK
(3) (b* )5 21

25 ud0,DK
1 (b* )u21 4

25 ud0,DK
3 (b* )u2. In gen-

eral, the FROW coefficient cannot exceed unity and conta
the propertiess0,0

(n)(0)51 and s6n,6n
(n) (0)5n!/(2n21)!!;

i.e., the amplitude of the angular cross section is maxim
~unity! for a molecule aligned along the linearly polarize
vector and an electronic resonanceDK50. We also observe
that the excitation probability of a molecule aligned with t
linearly polarized vector or a molecule oriented in the dire
tion of the laser beam for circularly polarized light@14# dif-
fers by the factorn!/(2n21)!!. This is the polarization in-
tensity ratio. Therefore the numerical value ofsP,DK

(n) (b* )
gives the polarizability amplitude with respect to the mo
favorable space configuration (P5DK50), while
qP,DK

N (b;) provides the uncertainty in the molecular orie
tation about the coherence centerb* . The coherent excitation
probability SP,DK

(n) (b* ;b;)5sP,DK
(n) (b* )qP,DK

N (b;) consti-
tutes the angular cross section of the ultrafast multipho
excitation of the rotationally frozen molecule. Furthermo
it is important to remark that after having separated the
gular dependence in the multiphoton process, the freque
dependent multiphoton electronic-vibrational constants
volved insP,DK

(n) (b* ) can be determined by a simple analyt
expression if we assume a spherically symmetric ion core
the excited electron.
0-3
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III. DISCUSSION AND CONCLUDING REMARKS

The key result of this work is the explicit derivation of th
angular cross section for ultrafast multiphoton excitation a
the separation of the coherence and the nonlinear de
dence: we can give direct evidence for the coherent beha
of qP,DK

N (b;) by considering linear polarization (P50) and
electronic states of the same symmetry (DK50); we obtain

q00
N ~b;!5

1

N (
t50

N21

cos~tb;!5ReF 1

N (
t50

N21

ei tb8e2 i tbG ,

which shows that the LIRC is a superposition over the h
monics of the angular spreadb;, and the coherent-stat
wave packets of the ground and excited electronic states
tially show a common phase: we find an additive accumu
tion of amplitudes whenutb;u remains smaller thanp/2 for
all t. This takes place, for instance, whenu2b;u,p/T and,
for T050, the FWHM obeysDb;5p/(T11)5p/N. Then
if one considersqP,DK

N (b;), one will find

Db;5p/AN~N12T0!. ~9!

Therefore the FWHM of the angular spread decrea
with an increasing number of coherently excited rotatio
states: it is easy to obtainN as a function of the pulse dura
tion. The LIRC is a wave packet formed by the cohere
superposition of thet -harmonic waves,CP,DK

t (b;)5(2t
11)dP,DK

t (b;)* dP,DK
t (2b;): we haveN harmonic waves

and the frequency~cm21! associated with thet-harmonic
wave is nt52BAt(t11).B(2t11), with B(cm21) the
rotational constant. Provided that the uncertainty in ene
DE is associated withN degenerate rotational states, we m
assume thatN5DE/^E&5Dn/^n& with Dn the spread in fre-
quency intrinsic to the short pulse. Then, for the avera
frequency we havên&5(1/N)St5T0

T nt5B(T1T011) and

obtain T5IntADn/B1T0
2. Thus for Fourier-limited pulses

the number of coherently excited rotational states is

N5~12T0!1IntA 1

gDt
1T0

2, ~10!

with g52pcB5\/2I B a typical rotational frequency andDt
the pulse duration. If eithergDt is close to or larger than
unity, we haveN51; the conditionDn<B indeed implies
orientation averaging. Furthermore, the normalization c
stant N(N12T0) of the MOOF equals the dimensionle
parameterDn/B5(2I B /\2)DE; i.e., DE is the uncertainty
in the energy of the laser pulse and thusN varies with the
square root ofDE.

For the ultrafast excitation we haveDn@B and may write
N.T.ADn/B.1/AgDt; the number of events increases
1/AgDt. This is characteristic of diffusion. For the CO o
NO molecule and a pulse duration longer thang21

.2.7 ps, we excite only one state. In contrast withDt

.2.7 fs, we excite 31 degenerate states while each state
sesses the energŷE&5DE/N5@ |M #\/NDt.10221J. For
Dt.1.7 fs, the number of coherently excited rotational sta
06341
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is N.40, whereas for a heavier molecule such as C6H6, we
obtainN.128. The number of excited states for lighter mo
ecules such as HCl or H2 and for the same pulse duration
found to beN.17 and 7, respectively. With the cohere
pulse we have created a quantum superposition of dist
motional statesCP,DK

t (b;), and the coherent motional sta
qP,DK

N (b;) induced in the excited molecule is found to b
expanded into the basis of the harmonics of the ang
spread. We see in Fig. 1~a! that mutual interferences betwee
the motional states become rapidly destructive with incre
ing b;, whereas forb;,p/2N it exhibits an additive accu-
mulation of amplitudes. For optical frequencies, the coher
superposition of the ground- and excited-state molecular

FIG. 1. ~a! With the ultrafast excitation the ground- and excite
state molecular orientationsb and b8 are found in a coherent su
perposition. The ground electronic stateKg is coupled coherently
with N rotational states of the excited electronic stateKe . We have
the simultaneous presence ofN waves~see text!, which interfere
around the coherence centerb* 5(b81b)/2. For optical frequen-
cies, the coherent superpositionqP,DK

N (b;) is experienced by the
excited electron and a ‘‘coherent transition dipole’’ is induced
the molecule. The angular confinementDb; of this dipole reflects
the number of excited rotational states.~b! The coherent polarizabil-
ity SP,DK

(n) (b* ;b;)N5sP,DK
(n) (b* )qP,DK

N (b;): the electron motion is
confined dramatically in space and can display either an oscilla
motion along the molecular axis or a transverse confinement wi
net helicity. The amplitude of the coherent polarizability~dimen-
sionless! depends on the frozen orientationb* and the number of
photons n. It is limited by the slowly varying envelope
sP,DK

(n) (b* ), which is unity~maximum! for the most favorable spac
configuration where the excited molecule is aligned with the el
tric field of linearly polarized light.
0-4
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LASER-INDUCED COHERENCE IN ULTRAFAST . . . PHYSICAL REVIEW A 61 063410
entations is experienced by the excited electron, and the
perposition of the motional states results in a spatial confi
ment providing evidence for a ‘‘coherent transition dipole
eacht wave ~motional state! is associated with a transitio
dipole since it couples the ground rotational state with so
degenerate rotational state of the excited electronic s
Nevertheless, each transition dipole is readily related to
molecule’s symmetry and to the symmetry of the electro
transition; i.e., from symmetry considerations, the dipole m
ment must lie along the molecular axis~parallel type! or in a
plane perpendicular to the molecular axis~perpendicular
type!. Furthermore, the motional stateCP,DK

t (b;) is the au-
tocorrelation function ofA2t11dP,DK

t (b;); this is the
probability amplitude for the orientation of the angular m
mentumt when the angular spread isb; and can be seen a
the angular part of a one-electron orbital. From the cohe
superposition of a large number of such states we have
deed an angular momentum aligned with the molecular a
and thus a transition-dipole moment of parallel or perp
dicular type depending on the light polarization@14#. In Fig.
1~b!, we see that the longitudinal component of the ‘‘coh
ent transition dipole’’ is oscillating along the molecular ax
if the polarization is linear, whereas for circular polarizati
the electron motion is confined in a plane transverse to
molecular axis with a net helicity. The angular confineme
is given byDb;5pAB/Dn5ADDt, the FWHM of the an-
gular spread of the molecular axis. The constantD5p2g
(rad2/sec) is the phase-diffusion coefficient. The damped
cillations of @q(b;)2^q&#P,DK

N drawn in Fig. 1~a! elucidate
how the coherent superposition of the motional sta
dephases with molecular rotation and the coherent pola
ability collapses with the increased relative phase rotation
the ground- and excited-coherent-state wave packets.
corresponding angular wavelength islcd52Db;5A4DDt
52pAgDt, and the enhancement remains important roug
within a singlelcd . This wavelength can thus be seen a
‘‘coherence-angular length,’’ and the integerT(52p/lcd)
can be characterized as the wave number of the LIRC.
number of complete cycles during an angular spread of 2p is
T. For the rotationally frozen individual molecule whereN
@1 andDb;.p/N, the number of coherently excited rota
tional states is then reflected directly on the spatial confi
ment of the excited electron motion. Finally, we can give
estimate for the time constanttcd of the energy relaxation if
we assume that the relaxation is characterized by the coll
of the coherent polarizability: provided thatg stands for a
typical rotational frequency and the coherence angular len
is lcd , we may writetcd /g215lcd/2p51/T. This leads,
for instance totcd.1/gN.ADt/g.A2I B /DE; for the C6H6
molecule andDt.1.7 fs, we findtcd.2310213s, whereas
for HCl we obtaintcd.3310214s. This time scale is char
acteristic of vibration. If the deposited energy of the sh
pulse is not absorbed by some vibrational mode, subseq
laser-induced reorientation takes place with the coherent
larizability and it may be as fast as a simple molecular
bration. Instead, forDt.g21 we find tcd.g21 as well and
thus energy relaxation is taking place with molecular rotat
while lcd.2p.
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In conclusion, the angular cross section for the ultraf
multiphoton excitation has been investigated. Coherence
fects are dominant in the interaction. The space distribut
of the excited electron in the frozen molecular frame can
deduced from the number of coherently excited rotatio
states and the number of interacting photons. This space
calization for the electron motion is found to be inherent in
‘‘laser-induced quantum superposition’’; due to the facto
ization of the coherence and the nonlinear dependence
rotationally frozen individual molecule can be used as
quantum device for inducing a quantum superposition of d
tinct motional states in the excited electron. This quant
superposition is characterized by the amplitudesP,DK

(n) (b* )
and the angular confinementDb;.
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APPENDIX

The high intrinsic uncertainty in energy and the absen
of intermediate resonances with real states allow one to
sume diffuse orbitals for then21 intermediate virtual states
For the ultrashort-pulse intense laser fields involved in m
tiphoton processes, the molecule behaves in many aspec
an atom and, in order to have at hand an analytic expres
for the tensorM P,DK

k , we will assume that the excited elec
tron is a Rydberg electron. The tensorM P,DK

k involved in Eq.
~1! is written as

M P,DK
k 5~21!DKbk~P! (

q1 ...qn

Bk,DK
~n! ~qn ...q1! (

h1 ...hn21

3^h f umqn

; uhn21&...^h1umq1

; uhg&/@vg,hn21

2~n21!v#...@vg,h1
2v#. ~A1!

The tensorsbk(P) andBk,DK
(n) (qn ...q1) have been defined

elsewhere@15#. Although the electron cannot be localized f
a stationary state, for the intermediate states that are not
tionary states but states dressed by the incident field,
moving electron can be roughly localized along the induc
electric-dipole vector. We then writemq

;.D0q
(1)(0qf)m for

each molecule-fixed dipole component. The anglesq andf
are assigned to the orientation of the electric-dipole vecto
the molecular frame andm is the modulus of the induced
electric dipole. For the wave functions of the orbital states
the excited electron and the ion core we writeuh&
5uh0 ; ll&. We neglect thel dependence in the energy d
nominator and we use the closure relation for all interme
ate states. We further contract the product of then-rotation
matrices and split the sum(q1 ...qn

into (Q(a(Q)(p(a) :

within the first summation only the termQ5q11¯qn
5DK is nonvanishing. The second summation is perform
over the transitional pathsa(DK) and the third one over al
distinguishable permutations of theq elements inside each
transitional path. We then obtain
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the
or

for
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M P,DK
k 5H(

m
bm~0!bk~P!S (

a~DK !
p~a!Bm,DK

~n! ~a!Bk,DK
~n! ~a! D

3^ l fl f uD0,DK
~m! u l glg&J M f g

c ~A2!

with

M f g
c 5 (

h1
c . . . hn21

c
^h f

cumuhn21
c &...^h1

cumuhg
c&/@vg,h

n21
c

2~n21!v#...@vg•h
1
c2v#.

The quantity between parentheses vanishes whenevem
Þk. Furthermore, it becomes independent ofDK if m5k.
The above arguments lead to

M P,DK
k 5~21!l f@ l f ,l g#S l f k lg

0 0 0D S l f k lg

2l f DK lg
D

3ck
~n!~P!M f g

c , ~A3!
e

Vo

tt

,

.

om

06341
with

ck
~n!~P!5bk~0!bk~P! (

a~DK !
p~a!uBk,DK

~n! ~a!u2.

For brevity, we have set@ l f ,l g#5A(2l f11)(2l g11). Fi-
nally, Eq. ~A3! allows one to obtain the closure relation

@ l g#22(
lg

(
l fl f

M P,DK
k8* M P,DK

k 5~dk8,kuck
~n!~P!u2/@k#2!uM f g

c u2.

~A4!

This closure relation provides an average value for
electronic-vibrational constants involved in the tens
sP,DK

(n) (b* )5qvevg
u(kM P,DK

k dP,DK
k (b* )u2 and leads to Eq.

~8a!. Numerical values forck
(n)(0) are already available@16#

and we are thus able to perform numerical simulations
Eqs.~6! and~8a!. Note that for circular polarization we find
ck

(n)(6n)5dk,nAn!/(2n21)!! and thetensorck
(n)(0) pos-

sesses the closure relations(k5n,n22,...(@n#2/@k#2)uck
(n)(0)u2

51 and(k5n,n22,...ck
(n)(0)51.
s in

-
t.
s

riza-
d
g

@1# A. H. Zewail, Femtochemistry: Ultrafast dynamics of th
Chemical Bond~World Scientific, Singapore, 1994!; Atomic
and Molecular Processes with Short Intense Laser Pulses,
171 of NATO Advanced Study Institute, Series B, edited by A.
Bandrauk~Plenum, New York, 1988!.

@2# P. B. Corkum, Phys. Rev. Lett.71, 1994~1993!.
@3# D. Normandet al., J. Phys. B25, L497 ~1992!.
@4# C. D. Huanget al., Opt. Lett.17, 1829~1992!; A. Stingl et al.,

ibid. 19, 204 ~1994!.
@5# M. Gruebele and A. H. Zewail, J. Chem. Phys.98, 883~1993!;

G. Raithel, W. D. Philips, and S. L. Rolston, Phys. Rev. Le
81, 3615~1998!.

@6# M. H. M. Janssen, J. W. G. Mastenbroek, and S. Stolte
Phys. Chem. A101, 7605 ~1997!; M. J. J. Vrakking and S.
Stolte, Chem. Phys. Lett.271, 209 ~1997!.

@7# W. Heitler,The Quantum Theory of Radiation, 3rd ed.~Oxford
University, London, 1954!; H. B. Bebb and A. Gold, Phys
Rev.143, 1 ~1966!.

@8# The rotational wave functions can be represented by any c
l.

.

J.

-

plete basis set since we will sum over all basis set number
the final analysis.

@9# For a symmetric top the Euler anglesa andg do not appear.
@10# C. Mainos, Phys. Rev. A58, 3080~1998!.
@11# By ‘‘rotationally frozen molecule,’’ we mean that for the in

teraction time interval the molecular rotation is unimportan
@12# A. R. Edmonds,Angular Momentum in Quantum Mechanic

~Princeton University, Princeton, NJ, 1960!.
@13# C. Guoet al., Phys. Rev. A58, R4721~1998!; G. N. Gibson,

R. R. Friedman, and T. J. McIlrath, Phys. Rev. Lett.67, 1230
~1991!; S. L. Chinet al., J. Phys. B25, L249 ~1992!; T. D. G.
Walsh, J. E. Decker, and S. L. Chin,ibid. 26, L85 ~1993!.

@14# We use the standard scheme for the geometry of the pola
tion: this means excitation by light either linearly polarize
along thez axis or circularly polarized and propagating alon
the z axis.

@15# C. Mainos, Y. Le Duff, and E. Boursey, Mol. Phys.56, 1165
~1985!; Phys. Rev. A48, 3242~1993!.

@16# C. Mainos, Phys. Rev. A50, 3216~1994!.
0-6


