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The response of a diatomic or symmetric-top molecule in a nonlinear optical process through its third-order
susceptibility is investigated in terms of the internuclear axis orientation and the plane of molecular rotation.
The effect of the spatial arrangement of the molecular system in a Raman-type or two-photon absorption-type
intermediate resonance is studied for laser pulses having a time-duration short compared to a simple molecular
rotation. We observe strong steric effects on the internuclear axis angular distribution depending drastically on
the resonant rotational structure and on the incident polarizations.@S1050-2947~96!01009-8#

PACS number~s!: 33.80.Rv, 33.70.2w

I. INTRODUCTION

Due to the importance of resonance enhancement and an-
gular momentum conservation, the investigation of spectro-
scopic properties in nonlinear optical processes have yielded
a great amount of information on the molecular structure. In
a nonlinear optical process, incident photons can be de-
stroyed and a scattered photon created while the molecule
undergoes a transition from an initial state to a final state.
This process is coherent in the sense that these three events
are interdependent and thus cannot be resolved@1,2#. An
interesting feature derives from this fact since for nonlinear
optical processes the scattering time may be very fast com-
pared to the molecular rotational period. This allows one to
investigate the internuclear axis angular distribution of the
molecular susceptibility of a free-rotating molecule in a non-
linear process provided that the laser pulse time duration is
short compared to a simple molecular rotation.

Experimental conditions implying an interaction time
shorter than a simple molecular rotation may occur in vari-
ous situations@3,4#. For instance, nonresonant electronic pro-
cesses may reach characteristic response times of the order
of 10215 s whereas the rotational period of molecules is typi-
cally of the order of 10210–10211 s. Moreover, when the
incident frequency in a Raman resonance is above a disso-
ciation limit the reemission time may be limited only by the
time needed for the atoms to fly apart, under these circum-
stances the scattering time can be smaller than one picosec-
ond. Finally, it is worth noting that coherent anti-stokes
Raman-scattering~CARS! processes can be carried out
equally well with picosecond lasers and thus may be easily
used as a diagnostic tool for very fast relaxation processes.

There are extensive investigations on orientation and
alignment effects related to the angular momentum@5–7#.
Orientation for the internuclear axis in a selected rotational
level has been obtained with NO molecules by exploiting the
permanent electric dipole of this molecule in conjunction
with the Stark effect and using strong hexapole electric fields
@8#. More recently it has been shown that an intense laser
field forces all molecules to align along its polarization vec-
tor @9#. In this high-field limit pendular states are present
similar to those for permanent dipoles subject to static fields
@10#. To date, however, there is a lack of theoretical and
experimental results concerning the effect of orientation or

alignment of the internuclear axis during the excitation time
interval. It is worth pointing out that a well-prepared inter-
nuclear axis selected excited state is a crucial parameter for
the analysis and understanding of the dynamics of many pro-
cesses. In particular, the oriented molecules in a neutral ex-
cited state can subsequently react with an atomic, molecular,
or laser beam and furnish detailed information on the inter-
nuclear axis angular dependence of the reactivity, photodis-
sociation, or photoionization of this state. In such circum-
stances the spatial arrangement of the molecular system in
the excited state needs to be a controlled parameter and,
under this aspect, the sensitivity and the short duration of the
probing pulses in conjunction with the state selectivity due to
energy and angular momentum conservation make the non-
linear processes promising in the study of photofragments
and fast relaxation processes.

In this work we consider the internuclear axis steric effect
induced in a nonlinear optical process when a short excita-
tion time interval is involved. In what follows we assume
that a diatomic or symmetric-top molecule is found initially
in some electronic-vibrational state occupying one or more
rotational states which are well described by Hund’s case a
coupling. The frequent case of singlet transitions in diatomic
molecules is then deduced as a particular case.

For a short laser pulse the spectral bandwidth may be
quite large implying the simultaneous excitation of multiple
rotational lines. Therefore, as long as adjacent initial rota-
tional states are populated their relative occupation probabil-
ity should be taken into account. As a particular case the
laser induced steric effect is investigated for a thermal dis-
tribution of the initial rotational states. Due to the orientation
dependence of the excitation process an anisotropic selection
for the internuclear axis is expected to take place. The elu-
cidation of this point is the major focus of this work.

II. INTERNUCLEAR AXIS AND ANGULAR MOMENTUM
ORIENTATION DEPENDENCES

We consider the third-order molecular susceptibility with
an intermediate resonance with the second photon, the two-
photon resonance may be either Raman or a two-photon
absorption-type resonance. It can be seen that under these
circumstances any nonlinear process can be deduced from
the tensor@11#
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whereg stands for the initial state ande for the two-photon
resonant state. The sum extends over all degenerated mo-
lecular states andr gg

(0) andr ee
(0) are the unperturbed diagonal

density-matrix elements for stateg ande; respectively.N is
the number density of molecules. In the above expression the
tensoraeg
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wheremW is the electric dipole moment operator,eW p is the unit
polarization vector, and the summation extends over all in-
termediate molecular statesi .

The particular notation xp
18p28p2p1

(3)
(2v182v28v2v1)

5xp
28p18p2p1

(3)
(2v282v18v2v1), instead of the notation

xp1p2p3p4
(3) (2v4 ;v3v2v1), will be adopted throughout this

work in order to emphasize the fact that, for all processes, we
have an intermediate two-photon resonant state. The reso-
nance of the first two photons, which constitutes the ‘‘start-
ing step’’ of the process, is symbolized by unprimed quanti-
ties whereas the primed frequencies and polarizations will be
associated with the ‘‘ending step.’’ In particular, out of
intermediate single-photon resonances,

x2p12p2p2p1
~3! ~2v12v2v2v1!5x2p22p1p2p1
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describes the two-photon absorption process whereas
x2ps2pppspp
(3) (vs2vp2vsvp) stands for the stimulated

Raman-scattering~SRS! process showing that only the
square modulus of the first-order hyperpolarizability tensor is
involved. The tensorxpasp1p2p1

(3) (2vasv12v2v1) describes

the coherent anti-Stokes Raman scattering~CARS! process.

Since the molecular wave functions are expressed in terms of
molecule fixed frame~MFF! coordinates and not in terms of
laboratory fixed frame~LFF! coordinates one has to trans-
form the LFF electric dipole componentsmp5eW p•mW into the
MFF. In the MFF, where the rotational motion is absent, the
basis set wave functions are the wave functionsuaLLSS&
with a denoting the remaining quantum numbers necessary
to describe the molecular state under consideration. In the
LFF, however, the rotational motion is present and we have
the basis setuaLLSS&ur & with ur & being the rotational wave
function. As usual, the rotational motion is slow compared to

the electronic-vibrational motion and we may separate the
rotating and the nonrotating part in the molecular wave func-
tion @12#. We will also use the fact that for spin allowed
transitions the wave functionuaLLSS& splits into
uaLL&uSS& since the quantum numbersL, S, andS are all
good and the same orbital wave functionuaLL& is associated
with all 2S11 spin wave functionsuSS&. Therefore, in what
follows the complete basis set functions will be assumed as
products of a function containing only the variables of the
nonrotating molecule and a function containing only the ro-
tational variables@13#. Finally, since the MFF components of
mW do not involve the rotational variables, the corresponding
matrix elements are diagonal in the rotational quantum num-
ber J and thus we need only to consider matrix elements of
mW in the nonrotating-molecule basis set. This is to say that
the MFF-electric dipole matrix elements will be treated
throughout this work as molecular parameters.

In order to separate the orientation and rotational depen-
dence in the molecular susceptibility we consider, first, the
transition hyperpolarizability tensor. After inspection of the
hyperpolarizability tensor in Eq.~2! one remarks that, since
the angular frequencyv1 ~or v2! is far from any molecular
resonance, the rotational contribution in the energy denomi-
nator can be neglected. Then, the energy denominator be-
comes independent of rotational variables and this allows
one to perform the summation over all intermediate rota-
tional states, namely, we use the closure relationS r i

ur i&^r i
u51 and we obtain
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the MFF-transition hyperpolarizability for the transitional
pathq1q2 .

We have used the transformationmp5SqD pq
(1)* (abg)m̃q

and the associativity of the rotational matrices@14#. The tilde
indicates that the corresponding quantity is taken in the
MFF, whereas script style letters are used for the wave func-
tions containing only the nonrotating part. That is, in this
expression we have used the abbreviationug&5ug&ur g&,
u i &5ui &ur i& and ue&5ue&ur e&. Moreover, in order to simplify
the notation, the Euler anglesabg have been omitted from
the rotation matrix elements. Then one obtains an expression
connecting the LFF to the MFF-third-order susceptibility, we
find
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For simplicity we dropped the frequency dependence since it
is the same, both, inxp
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. The sum over

deg ~z! takes into account the rotational degeneracy exclu-
sively whereas the letterz stands for the abbreviation
JgMgVg ; JeMeVe . Q~z! is a partition function taking into
account the relative occupation probability of the unresolved
rotational states due to the broad spectral bandwidth of the
short laser pulse.
The MFF-susceptibility shown in Eq.~5! is written
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contains the rotational, polarization, and transitional path de-
pendences. These matrix elements involve integrations over
the Euler angles and thus average over all internuclear axis

orientations. However, when the laser pulse time duration is
short compared to a simple molecular rotation one has to
take into account the fact that the orientation of the internu-
clear axis cannot change significantly during the excitation
time interval. Also, due to inertial effects, we may assume
that this orientation cannot be modified from the laser-
molecule interaction and thus reorientation effects can be
neglected. On the other hand, for a laser pulse with a time
duration long compared to the rotational period one should
average over all internuclear axis orientations. Ifb is the
angle describing the orientation of the internuclear axis in the
laboratory, the two situations are related as follows:
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For singlet molecular states or for slow molecular rotation
where the rotational wave functions are well described by
Hund’s case a coupling we may take as rotational wave func-
tion the expression
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polarization vector and the internuclear axis and therefore
involve only phase factors. From Eq.~7! one obtains
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where f5P1Me2Mg2Q2Ve1Vg1m1m82n2n8 is a
phase factor. In Eq.~8! we have setP5p11p2 , P85p18
1p28 , Q5q11q2 and Q85q181q28 . The tensor

S
p
18p28p2p1

q18q28q2q1(z;b) stands for the rotational matrix element asso-

ciated to a short laser pulse since, under such circumstances,
the averaging over the angleb is absent.

In the gas phase all ground-state orientations are equally

probable, however, for a short laser pulse these orientations
do not induce the same occupation probability for the reso-
nant state since angular momentum conservation is imposed
and the excitation process is not isotropic. In fact, if the laser
pulse is short the anisotropic interaction of the electric field
vector of the radiation with the molecular polarizability is
enhanced. Therefore a selection through the symmetries of
the involved states and the polarized incident radiations is
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expected to take place and only one class of ground-state
orientations can be privileged. In Eq.~8! the last integral is
an average over all potential orientations for the internuclear
axis in the resonant state and is seen to be nonvanishing only
if l 85m85n850. Besides, for a diatomic or symmetric-top
molecule the azimuthal anglesa and g are redundant and
they have to be summed, this results to the conditionm5n
50. Then the following selection rules are derived:
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Q5Ve2Vg5DV52Q8,

From the above selection rules and the involved 32j sym-
bols it follows that only thej 85Je term is allowed to take
place. On the other hand, from the sum over all resonant
levels j one observes that these angular momenta have the
same projection asJe both in the LFF and MFF. Then one
obtains
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is the LFF part of the rotational line factor. Respecting this
symmetry, similar expressions are written for the MFF ten-

sors s̃DV
k8k(q18q28q2q1) and „Q̃DV
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DJ . For sim-

plicity we have set@ j #5A2 j11 andDJ5Je2Jg .

The termJe85Je of Eq. ~11! ~or DJ85Je82Jg5DJ! im-
plies that only rotational lines belonging to the rotational
branchDJ are involved. The remaining termsJe8ÞJe ~or
DJ8ÞDJ! give contributions from lines belonging to adja-
cent rotational branches which may overlap in energy.
Therefore, in general, also terms withJe8ÞJe may contribute
to the angular distribution if their spectral position overlaps
with the bandwidth of the laser pulse. However, it is worth
remarking that the levelsJe8ÞJe will contribute only if Me8
5Me andVe85Ve .

For short laser pulses only the degenerated rotational
states have to be taken into account whereas the averaging
over the internuclear axis orientation is absent. Therefore, the
internuclear axis angular distribution of the molecular sus-
ceptibility xp
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The polarization dependence of the angular distribution is

condensed in the LFF tensorsP
k8k and is seen to vanish if

p11p21p181p28Þ0, this ensures the conservation of the
photon angular momentum in the LFF. The MFF tensor

s̃DV
k8k , which possesses a similar form but contains the tran-

sitional path dependence, has been introduced in the tensor
x̃ k8k
(3) . In fact, since the allowed transitional paths

(q1q2q28q18) remain indistinguishable the MFF tensorx̃k8k
(3)

averages over all degenerated MFF transitional paths@15#
which satisfy the selection ruleq11q252q182q285DV.
The involved sum is performed by introducing the reduced
matrix element@12# of the MFF electric dipole components.
We obtain
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All information on the laser-molecule interaction concern-
ing the laser pulse time duration and the consequent resonant
rotational structure is contained in the molecular orientation

asymmetry~MOA! tensor (SPDV
k8k )L . We find
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The presence of the sums overDJ andDJ8 shows that, in
general, distinct rotational branches overlap in energy.

The presence of the fractional population of the rotational
state in the MOA tensor implies a normalization constant.
This normalization may be performed by considering the
case where the whole rotational structure of the lowest vibra-
tional level of the ground electronic state is excited with a
laser pulse having a time duration long compared to a simple
molecular rotation. Taking into account the thermal distribu-
tion of the ground rotational levels we may write

Q~z!5
1

Q0
exp@2~hc/kBT!F~Jg!#F~Jg!. ~21!

F(Jg) is the corresponding rotational term@12# andF(Jg) is
a function describing the intensity distribution in the laser
pulse@16#. The remaining letters have their usual meaning.
Averaging over all internuclear axis orientations and sum-
ming over the whole rotational structure we find the vibronic
molecular susceptibility to be given by
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The partition functionQ0 of the thermal distribution is found
to beQ05(Jg(2Jg11)exp@2(hc/kBT)F(Jg)#F(Jg)

Equation~16! is general and holds for any nonlinear pro-
cess provided that a Raman- or two-photon absorption-type
intermediate resonance is present. It is worth remarking that
the frequency dependence of the molecular susceptibility
factorizes into a global factor for all cases except the singular
caseP5DV5DJ50, however this singular case is without
interest for the steric effect since only alignment may be
present. This may be seen from Eq.~18!; far from one-
photon resonances the MFF polarizability is described by a
symmetric 333 matrix with six different real elements.
Therefore, the antisymmetric term of the tensorã DL

(k) ~v2v1!
vanishes and only thek50 and k52 values are allowed.
However, the isotropic termk50 is present only ifP5DV
5DJ50 and, excepting this singular case, only the tensor
componentx̃ 22

~3! has to be considered. Thus one obtains
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with xp
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22 )0x̃22

(3) , the molecular

susceptibility for long laser pulses and, (SP,DV
22 )L/0

5(SP,DV
22 )L/(SP,DV

22 )0 , the molecular orientation asymmetry
parameter~MOAP!. Therefore, the tensorx̃ 22

~3! may be seen
as the vibronic susceptibility obtained from unpolarized in-
cident radiations and long laser pulses.

Particular attention has to be taken however for the sum-
mation over deg~z! since the involved degenerated rotational
states depend on the specificities of the molecular system,
the laser pulse spectral resolution and the temperature of the
gas medium.

III. THERMAL DISTRIBUTION OF THE INITIAL STATES
AND PARTICULAR CASES

Fourier analysis shows that a wave packet of sizeDL
contains a spread of wave numbers;1/DL. Consider a laser
pulse with a time durationtLP and spectral resolutionvLP .
The intrinsic uncertainty in the behavior of the photons of
the laser pulse is built into the wavelike character of propa-
gation; if we wish to be sure that the photon is confined to a
regionDL then we must suppose its associated de Broglie
wave is squashed into this region. Such a packet cannot,
however, be built out of waves of just one wavelength and
thustLP andvLP are interrelated by the Heisenberg’s uncer-
tainty. If tLP is measured in picoseconds and the spectral
resolutionvLP in cm

21, close to the Fourier limit, the uncer-
tainty principle gives

vLP@cm21#;
100

3

1

tLP@ps#
. ~24!

For a thermal distribution of the initial rotational levels
and a short laser pulse multiple rotational levels are expected
to participate, however, the major contribution will come
predominantly from levels found in the neighborhood of the
rotational levelJg

max5Jg(Nmax) with the maximum popula-
tion. Under these circumstances, for a specific molecular sys-
tem the anisotropic interaction depends not only on the char-
acteristics of the laser pulse but equally well on the
temperature of the molecular gas. A steric effect for the in-
ternuclear axis is expected to take place as long as
v̄ rot/vLP<1 with v̄ rot the rotational frequency of the level
Jg
max.
It is interesting to introduce a coefficient indicating the

potential degree of the steric effect contained in the laser
pulse. Without significant loss of generality we may assume
a rigid rotator. The frequency of molecular rotation for a
rigid rotator occupying the rotational levelJg is given by
v rot@cm

21#52BeAJg(Jg11) with Be the rotational constant
measured in cm21. Then the above mentioned laser pulse
condition may be introduced by using the ratio
V(T)5v̄ rot/vLP . In fact, for a specific molecular system the
rotational levelJg

max depends exclusively on the temperature
@17# T and we haveJg

max5AkBT/2Behc21/2. The above ra-
tio then leads into

V~T!5S T2T0
T12T0

D 1/2, ~25!
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with

T05
1

2

hc

kB
Be , T15T0S 11S vLP

Be
D 2D . ~26!

The temperatureT0, for which V~T0!50, is a limiting
situation where for anyT,T0 the lowest rotational level is
predominantly populated. Therefore, complex values of this
ratio indicate that the rigid rotator does not rotate. For in-
stance, for the CO molecule we findT0.1.38 K and, at this
temperature, already 95% of the molecules occupy theJg50
level. This specific temperature is defined from the rotational
constant exclusively.

For temperaturesT.T1 the laser pulse condition exceeds
unity and the observed steric effect is expected to be negli-
gible. For this specific temperature the laser pulse time du-
ration and the time of a simple molecular rotation have equal
importance. It is seen that this temperature depends both on
the specificity of the molecular system as well as on the
spectral resolution of the laser pulse, i.e., for the CO mol-
ecule and a picosecond laser pulse having a spectral resolu-
tion of ;30 cm21 we findT1.335 K.

Since strong steric effects are expected whenV(T) is
small compared to unity we define the steric degree of the
laser pulse by

sLP~T!512V~T!. ~27!

sLP(T) describes the potential degree of the laser pulse to
induce a steric effect in the resonant state. By this we mean
that if sLP(T) is small compared to unity the anisotropy of
the interaction ‘‘laser molecule’’ is hidden by the isotropy of
the initial state, i.e., this is the case for temperaturesT;T1
where the interacting photon angular momentum is no longer
important compared toJg

max.
For a thermal distribution of the ground rotational levels

in absence of external fields the magnetic levels are always
degenerated. The MOA tensor given in Eq.~19! becomes

~SP,DV
k8k !L5

1

Q0
(
Jg

(
DJ

(
DJ8

@L#@Jg#@Je8#exp@2~hc/kBT!

3F~Jg!#F~Jg!„MP
k8k~Jg ;Je8!…L

DJ

3„Q̃DV
k8k~JgVg ;Je8Ve!…L

DJ , ~28!

with

„MP
k8k~Jg ;Je8!…L

DJ5~2k11!~2Je11!S kP 0
0

k
2PD

3S kP L
0

k8
2PD H k8Jg

Je

L
Je8
Je

k
k
0
J .

~29!

The angular distribution is then determined from the general
expression given in Eq.~16!.

A. Resonance with an isolated rotational branch

The importance of the different terms in the summation
over deg~z! is relevant if one considers the internuclear axis
angular distribution for a rotational branch which is well
separated in energy. For instance, in theS branch
(DJ5DJ852) of the CO A1P←X1S1 two-photon elec-
tronic transition@18,19# the first 15 rotational lines occupy a
spectral region of about 30 cm21. Therefore two-photon
resonance with this branch may be achieved with a laser
pulse having a time duration of abouttLP.1 ps, close to the
Fourier limit. If TCO is the period of molecular rotation we
find for the ratioTCO/tLP the value of;10/AJg(Jg11). Al-
though this ratio remains smaller than unity only for the very
first rotational levels the contribution of higher levels be-
comes rapidly negligible with decreasing temperature. For
instance, at 50 K we may see that levels withJg.5 give a
minor contribution since the corresponding population is
small. Therefore, even for this temperature the steric effect
may be significant; the corresponding steric degree of the
laser pulse is found to besLP.0.62. ForT510 K only the
levelsJg50,1,2 contribute andsLP.0.84 whereas forT,T0
all molecules occupy theJg50 level and thussLP51. Under
the above circumstances the sum over deg~z! is reduced into
a restricted number of ground rotational levels depending
upon the temperature and the spectral resolution of the laser
pulse. Since for the above transitionDLÞ0 the angular dis-
tribution is obtained from Eq.~23! and the MOA tensor is
obtained from Eq. ~28! by considering only the term
DJ5DJ85Je2Jg .

In Figs. 1~a!–1~d! we considered a nonlinear process in
the CO molecule involving a two-photon resonance with the
Sbranch of theA 1P←X 1S1 electronic transition. However,
the obtained results will hold equally well for the
N2[a

1Pg←X 1S g
1] two-photon resonance since theS

branch is also well separated in energy@19# and the involved
rotational constant is roughly the same as that of the CO
molecule. In Fig. 1~a! we have drawn@20# the internuclear
axis angular distribution forT510 K and for polarized laser
beams havingP5p11p25DV. We may see in this figure
that the contributions from the populated rotational levels are
always constructive and as a result the angular distribution of
theS branch is enhanced. However, with increasing tempera-
ture the angular momentum of the participating rotational
levels becomes important and the steric effect decreases. The
above distribution shows that the excitation probability is
particularly enhanced if the internuclear axis is collinear to
the laboratory quantization axis. In fact, classically, this is
the only orientation in space for the internuclear axis where,
both, the LFF and MFF components of the photon angular
momentumk are found to be equal~P5DV!.

For lower temperatures theJg50 level is more and more
populated and we reach a limiting situation where the angu-
lar distribution becomes insensitive in temperature. This
takes place forT,T0 and, ifP5DV, the class of molecules
whose internuclear axis is anticollinear to the quantization
axis during the short excitation time interval cannot be ex-
cited at all. The above probability is enhanced for two privi-
leged orientations, namely, forb050 andb15105° ~or for
b050 andb1852105°! in the plane defined from the two
crossed laser beams. In fact, for obtainingP5DV51, the
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first laser beam must be right circularly polarized whose di-
rection defines the laboratory quantization axis, then the sec-
ond laser beam is linearly polarized with the polarization
vector found along the same quantization axis. Since the lin-

early polarized radiation may be seen as a superposition of
two circularly polarized right and left radiations and the an-
gular momentum of the excited molecule is exclusively the
absorbed photon angular momentum this momentum may be

FIG. 1. The steric effect induced in the molecular susceptibility~arbitrary units! from the presence of a two-photon intermediate
resonance and a short laser pulse. The intermediate resonance~here1P←1S! may be two-photon absorption- or Raman-type resonance. The
broad spectral bandwidth of the short laser pulse excites all the rotational levels of theS branch and the angular distribution~drawn versus
the angleb which defines the internuclear axis orientation in the laboratory frame! is shown bys–s–s–s. In all cases we havep185

2p1 and p2852p2. ~a! The conditionP5DVÞ0 implies strong steric effects for the internuclear axis orientation. Here we assumed a
thermal distribution for the initial rotational levels and we observe that the steric effect is enhanced for low temperatures since the
contributions from the excited rotational levels are constructive. With the choice of the polarizationsp1 andp2 we may excite selectively the
class of molecules whose internuclear axis is collinear (P5p11p25DV) or anticollinear~P52DV! to the laboratory quantization axis.
Then the excited molecules will rotate in phase and find repeatedly the same orientation in space.~b! If PÞDV ~with PÞ0! only the plane
of molecular rotation contains a net helicity. HereP52 and the excited molecules are constrained to rotate about the laser beam direction.
This helicity occurs from contributions of the very first rotational levels and thus cease to be visible with increasing temperature. From~a!
and~b! we may extract information on the polarization intensity ratiox21001

~3! ~b!/x212111
~3! ~b!. ForT510 K we find, 8.73, 1, 1/8.73, and 0.35

for b50, p/6, p/3, andp/2, respectively.~c! With P50 ~herep15p250!, both, the internuclear axis steric effect and the helicity of the
plane of rotation are absent. However, we may have a distinct alignment for each participating rotational level. If this is the case the overall
alignment will possess a strong dependence on the gas temperature~if P50 with p152p251 the above scale must be divided by 4!. From
~a!, ~b!, and ~c! we may verify that forb5b*5p/6 we havex0000

~3! ~b* !5x02110
~3! ~b* !5x21111

~3! ~b* !, this specific angle varies slowly with
temperature.~d! The alignment~herep15p25p285p1850! induced in an excited state may depend drastically on temperature. Since the
angular distribution obtained from the spherically symmetric ground rotational state1S~Jg50! differs from that obtained from a1S~JgÞ0!
state, their relative contribution in the angular distribution implies a radical change in the alignment when the temperature increases fromT0
to T1 ~see text for the definition ofT0 andT1!. For p152p25p2852p1851 the above scale must be divided by 4, whereas forp15p250
andp1852p2851 it is divided by 2.

4232 54CONSTANTIN MAINOS



lying either betweenb0 andb1 or betweenb0 andb18 . The
orientation probability forb0 being predominantly enhanced,
roughly, only molecules collinear to the quantization axis are
excited. Then, following excitation, the excited molecules
will be constrained to rotate in phase about the absorbed
photon angular momentum by finding repeatedly the orien-
tation of the laboratory of the quantization axis. It is worth
remarking that the alignment or orientation communicated to
the molecular excited state cannot be lost by simple molecu-
lar rotation.

If PÞDV the steric effect decreases drastically. This is
shown in Fig. 1~b! where the angular distribution is drawn
for P52. At T510 K, the different contributions due to the
Jg50,1, and 2 rotational levels are shown and we observe
that the steric effect decreases withJg since in this case the
photon angular momentum becomes less and less important.
Therefore at ambient temperatures only a weak alignment is
expected to take place.

If P50 only alignment may take place, however, this
alignment may depend dramatically on the temperature. We
observe in Fig. 1~c! that the angular distribution of theJg50
level differs radically from the angular distribution of the
remaining rotational levels. In fact only the ground rotational
level is spherically symmetric and this difference implies a
drastic dependence on the temperature. The temperature de-
pendence in the angular distribution of theS branch has been
drawn in Fig. 1~d!; for temperatures lower than;T0 the
angular distribution becomes insensitive to the temperature
since only the contribution of the ground rotational level is
important. This is also the case forT.T1 where the contri-
bution of the ground rotational level is now without effect,
however, the alignment is quite different.

B. A prepared initial rotational state
and the involvedM channels

If the initial state is well prepared in some vibrational
level vgÞ0 where only one rotational level is populated we
obtain

xp
18p28p2p1

~3!
~Jg ;b!5~2Je11! (

MgMe

xp
18p28p2p1

~3!

3~JgMg ;JeMe!„dMe Ve

~Je!
~b!…2, ~30!

with

xp
18p28p2p1

~3!
~JgMg ;JeMe!

5(
k8k

sP
k8k~p18p28p2p1!QP

k8k~JgMg ;JeMe!Q̃DV
k8k

3~JgVg ;JeVe!x̃k8k
~3! . ~31!

The angular distribution of the rotational lineJg→Je is
formed from contributions due to the 2Mg11 independent
channels. However eachM channel possesses a distinct oc-
cupation probability since the symmetry of the electronic
states in conjunction with the polarization of the incident
photons have the effect of selecting those molecular orienta-
tions where the transfer of the angular momentum is easiest.

For short laser pulses this asymmetry leads to the steric ef-
fect; i.e., the occupation probability of the channel
Mg5Ve2P is particularly enhanced forb50 whereas, for
this orientation, the occupation probability of any other chan-
nel vanishes. In fact, for this specific channel we have
Me5Ve and the reduced rotation matrix element
dMe Ve

(Je) (b), as expected, is enhanced forb50. Classically,

this is the only orientation in space where the total angular
momentum of the molecule presents a common projection
both in the LFF and MFF quantization axes. This has been
drawn in Fig. 2~a! for the CO[A 1P(ve ,Je54)
←X 1S1(vgÞ0,Jg52)] electronic resonance@21#; we ob-
serve that the steric effect in theS branch of the1P← 1S
electronic resonance finds its origin to the enhancement of
the occupation probability of theMg50 (Me5Ve) channel.
For this channel the steric effect is singular, moreover, it
becomes sharper and sharper with increasingJg . In practice,
however, with increasingJg the steric effect is limited since
for increasing molecular rotation the steric degree of the la-
ser pulse becomes less and less important. For instance, ex-
citation of theS(Jg51) line with a picosecond laser in-
volves a steric degreesLP(Jg51);0.83 whereas for the
Jg54 level we havesLP(Jg54);0.46. Therefore for high
rotational levels shorter and shorter laser pulses are required.
However, the corresponding spectral bandwidth increases
and rotational lines belonging to adjacent rotational branches
may also contribute. Finally it should be noted that in the
case where the initial state is the lowest rotational level the
steric degree of the laser pulse equals always to unity.

In particular, the internuclear axis angular distribution in
the resonant electronic state is found to be singularly simple
if the molecule is found initially in a1S~Jg50!-state. We
find

xp
18p28p2p1

~3!
~0;b!

5dJe,2 dMe ,P
sP
22~p18p28p2p1!~dP DV

~Je!
~b!!2x̃22

~3! . ~32!

This holds equally well for the ground vibrational level pro-
vided that the temperature is lower than the temperatureT0.
The above distribution is a limiting situation for the angular
distribution since the degree of orientation or alignment can-
not be improved. We observe that the polarization
P5p11p2 populates exclusively the rotational state
uJeVeMe&5u2DVP&. Furthermore, each state possesses a
distinct angular distribution and we observe a sharper steric
effect forP5DV ~orMe5Ve! where the internuclear axis is
collinear to the polarization vector. This is explained by the
fact that the angular momentum of the excited rotational
state is exclusively the photon angular momentum state
u2DVP&, therefore we may have a common projection in the
LFF and MFF quantization axes only if the internuclear axis
is collinear to the laboratory quantization axis. On the other
hand, ifP52Ve the internuclear axis must be anticollinear.

More specifically, in Fig. 2~b! we have drawn the angular
distribution of theuJeVeMe&5u22Me& states involved in the
electronic transition1Dg2

1Sg which is two photon allowed.
This may be the case of O2[a

1Dg←b 1S g
1] or
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H2[J
1Dg←X 1S g

1]. For these particular cases only one ro-
tational line is present sinceJg50 andVe52, moreover, due
to angular momentum conservation, only oneM channel
may be occupied if the photons polarization is specified.

IV. CONCLUDING REMARKS

In this work we have determined the internuclear axis
steric effect induced in a diatomic or symmetric-top mol-
ecule when a short laser pulse is involved. Steric selection
rules have been derived and the influence of the gas tempera-
ture on the spatial arrangement of the excited molecules has
been investigated. In particular, we have shown that when-
more than one rotational state is excited simultaneously con-
tributions from these states may be constructive and result in
the enhancement of the steric effect. For a physical insight of
the steric effect it may be instructive to attempt an intuitive
description for the interacting system.

During the short interaction time of the laser pulse with
the molecular system the projection of the photon angular
momentumkW on the LFF and MFF quantization axes is
given, respectively, byP andDV. The conditionP5DV is
expected to take place only if these axes present a common
orientation in space; if this is the case, however, for any
ground rotational levelJg we must haveMg5Vg , i.e., in
Fig. 2~a! we see that for theA 1P←X 1S1 resonance the
Mg50 channel is singularly enhanced forb50 if P5DV.
Since for any rotational line the quantityP5Me2Mg
remains a common parameter the above arguments suggest
that if the condition P5DV is present we must have
separatelyMg5Vg and Me5Ve . Furthermore, the two
orientationsDVW and2DVW along the laboratory quantization
axis contain distinct excitation probabilities if a circularly
polarized photon is involved. This distinction leads to a
steric selection rule for the orientation of the internuclear
axis since for the conservation of energy and angular mo-
mentum any orientation in space cannot have equal impor-
tance.

In fact, for a diatomic molecule the angular momentum is
associated with electronic motion and can be treated as part
of the electronic energy which has been separated off. Iff̃ is
the azimuthal angle for the position of the electron andl̃ z
the projection of its orbital angular momentum along the
molecular axis the rate of change of the expectation value of
l̃ z may be approximated byd^ l̃ z&/dt.2^]V /]f̃&; conser-
vation of the orbital angular momentum then implies that the
potential energyV of the moving electron must remain in-
dependent off̃. Consider a right circularly polarized photon
for which the angular momentum is well defined in the laser
beam direction; the rotating polarization vector of the inci-
dent photon will let the potential energy of the electron in-
dependent off̃ only if the molecular axis is aligned with the
polarization vector: moreover, the two opposed orientations
are associated with different energies for the interacting sys-
tem since a rotation ofp for the molecule is equivalent in
changing the sense of rotation of the electron with respect to
the rotating polarization vector. For a given rotational branch
and polarization only one of the two orientations is allowed.
This also explains the opposed angular distribution observed
for P and 2P when a rotational branch is found in reso-
nance.

FIG. 2. From the angular distribution information on the
b-dependent polarization intensity ratio may extracted. Further-
more, from a prepared initial rotational state the relative occupation
probability of the involvedM channels and their angular distribu-
tion may be probed.~a! The steric effect in a rotational line is due
to the enhancement of the occupation probability of theMe5Ve ~or
Me52Ve! channel since this is the only channel for which the
occupation probability in theb50 ~or b5p! direction is nonvan-
ishing. This enhancement takes place, however, only if the condi-
tion P5DV ~or P52DV! is present. It is the relation between the
parametersP andDV that modifies the relative occupation prob-
ability of the M channels.~b! In the limiting situation where the
prepared initial state is the state1S~Jg50! only theMe5P channel
is occupied sinceMg5Vg50. The angular momentum in the reso-
nant rotational state is exclusively the photon angular momentum
state and this allows one to select internuclear axis orientations by
exciting the appropriateM channel. The shape of the angular dis-
tribution, as well as the amplitude, depend on the particular value of
P and thus, for a short laser pulse, the polarization intensity ratio
depends onb. However, for polarizations withP50 the above ratio
becomes independent ofb; we find x211211

~3! /x0000
~3! 51/4 and

x00211
~3! /x0000

~3! 5x21100
~3! /x0000

~3! 51/2, and this, independently of the time
duration of the laser pulse.
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If the internuclear axis is well aligned with the polariza-
tion vector the transfer of energy and angular momentum
may take place without destroying the axial symmetry of the
molecular system@22#. Instead, any deviation from this spe-
cific configuration implies af̃-dependent potential and, in
this case, the orbital angular momentum cannot be conserved
during the interaction time. It is the broken symmetry that
induces a reorientation of the molecular system, since the
total angular momentum of the system ‘‘electron
1molecule’’ must be conserved; a strong dependence onf̃
contains strong inertial effects if a short laser pulse is in-
volved. Therefore symmetry aspects dictate interaction and,
in the underlying dynamics, inertial effects imply that dis-
-tinct orientations in space contain distinct excitation prob-
abilities; i.e., forP5DV only the b50 orientation is en-
hanced whereas forP52DV theb50 value is not allowed
to take place at all.

It has been shown that the angular dependence is globally

factorized from the frequency dependence of the nonlinear
process, and this, essentially for all cases where the adiabatic
approach may be applied. The angular dependence reflects
exclusively the symmetry of the involved molecular states
and the spatial arrangement of the incident polarizations and
covers all third-order nonlinear processes where a two-
photon intermediate resonance is present; i.e., the angular
dependence is insensitive to whether the two-photon reso-
nance is a two-photon absorption- or Raman-type resonance,
only the amplitude of the nonlinear process will be con-
cerned through the electronic-vibrational tensorx̃ 22

~3! .
Although the present work has been done for molecular

states which are well described by Hund’s case a coupling
this procedure is general and may be applied to any coupling
case sequence by introducing the appropriate wave func-
tions. Moreover, this treatment may be readily extended to
higher order molecular susceptibilities, if desired.
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