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Laser-induced alignment dynamics of HCN: Roles of the permanent dipole moment
and the polarizability
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The alignment dynamics of HCN, in a linear configuration, interacting with linearly polarized infrared laser
pulses are studied numerically by exact~nonperturbative! solutions of the time-dependent Schro¨dinger equa-
tion. The alignment, with respect to the laser field polarization vector, is measured from the angular distribution
of the molecule using a defined half angleu1/2. It is shown that, at intensitiesI51013 W/cm2, alignment can
be achieved on a subpicosecond time scale with a single laser frequency, in the presence of simultaneous
dipole- and polarizability-field interactions. The results are compared to those of a laser-driven rigid-rotor
analytical model that is thoroughly developed. The importance of the permanent and field-induced dipole
moments on the alignment process is investigated, as well as the role of vibrational excitation of the two
molecular bonds.@S1050-2947~99!03302-8#

PACS number~s!: 42.50.Hz, 33.80.2b
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I. INTRODUCTION

The study of the interaction of molecules with inten
laser fields is receiving increasing interest@1#. This has led to
the discovery of nonlinear, nonperturbative effects such
above-threshold dissociation and laser-induced avoi
crossings in high-intensity resonant electronic excitati
The previously observed anisotropy in the angular distri
tion of fragments in photodissociation experiments@2# has
led to the study of laser-induced molecular alignment, w
possible laser manipulations of molecules as a goal.

Alignment and orientation of molecules with respect
the laser electric field polarization vector can lead to an
hancement of detection signals in experiments and is us
in permitting reduced-dimension models in theoretical cal
lations @3#. It has been suggested as a tool to control las
induced isomerization@4# and collisional cross sections i
the study of chemical reactivity@5# or in femtochemistry
experiments@6#, to obtain separation of isotopes@7# or pho-
tofragments@8,9#, to trap molecules@10,11#, and to control
laser-focused molecular beams@11,12# to achieve nanoscal
design.

We propose to study the time-resolved alignment dyna
ics of polyatomic molecules from exact solutions of the tim
dependent Schro¨dinger equation~TDSE! in intense infrared
laser pulses. This work offers a complementary approac
previous studies that have concentrated essentially on ph
dissociation fragments@13# or time-averaged pendular stat
@10,14,15#. We shall examine the effect of polarizability, i
addition to the permanent molecular dipole moment, on
alignment of molecules in a complete dynamical treatm
that will include resonant and nonresonant internal exc
tions of a molecule such as HCN.

The first part of this paper is devoted to the theoreti
quantum approach used in this study, as applied to the H
molecule. This is complemented by an analytical las
driven rigid-rotor model that puts the emphasis on the po
izability of the molecule and offers a simple interpretati
when vibrational modes are not significantly active. It is fo
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lowed by a presentation of the numerical results obtain
from the TDSE and the analysis of some of the obser
alignment features. Finally, the conclusion gives some s
gestions for further research and issues to be addressed i
nonperturbative regime of the laser-molecule interact
made available by current laser technology.

II. THEORY

A. Model

We will consider a linear HCN molecule, the intramo
lecular bending angle being kept fixed, as shown in Fig
The complete molecule-plus-field Hamiltonian for th
model is

Ĥ5ĤR1Ĥr1Ĥ rot1V~R,r !1ĤL , ~1!

with

ĤR52
\2

2mHCN

1

R2

]

]RS R2
]

]RD ~2!

for the H to center of mass of CN coordinate and

FIG. 1. Model used for HCN.R is the distance between H an
the center of mass of CN;r is the CN bond length;u and w are,
respectively, the polar and azimuthal angles of the molecular
with respect to the laser field polarization vector.
1382 ©1999 The American Physical Society
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Ĥr52
\2

2mCN

1

r 2

]

]r S r 2
]

]r D ~3!

for the CwN bond distance,mHCN and mCN being the re-
duced masses

mHCN5
mH~mC1mN!

mH1mC1mN
, mCN5

mCmN

mC1mN
,

Ĥ rot5
\2Ĵ2

2I ~R,r !

5
\2

2I ~R,r !F2
1

sinu

]

]uS sinu
]

]u D2
1

sin2u

]2

]w2G , ~4!

with I (R,r ) the principal moment of inertia of the molecul
which defines the rotational constantB5 \/4pcI ~the equi-
librium value isB051.478 cm21 for HCN @16#!. The laser-
molecule interaction is given by

ĤL52mW ~R,r !•EW~ t !, ~5!

mW (R,r ) being the molecular dipole moment andEW(t) the
electric field vector of the linearly polarized laser. In th
presence of an electric field, the dipole moment can be
pressed as@17#

mW 5mW 01
1

2
aEW1

1

6
bEW21

1

24
gEW31•••, ~6!

where m0(R,r ) is the permanent dipole moment,a is the
polarizability tensor, andb and g are the first and secon
hyperpolarizability tensors. From this series, we will reta
only m0(R,r ) and the components of the polarization tens
a parallel a i(R,r ) and perpendiculara'(R,r ) to the mo-
lecular axis.~Their values for the HCN molecule are take
from Refs.@4#, @18#, and@19#; see Table I.! We can therefore
write

ĤL52m0~R,r !E~ t !cosu

2
E 2~ t !

2
@a i~R,r !cos2u1a'~R,r !sin2u#. ~7!

The molecular potentialV(R,r ) used in the present stud
was obtained from Bowmanet al. @20#.

The projectionMJ of the total angular momentumJ on
the laser polarization axis a good quantum number since
molecule-laser interaction is independent ofw. Furthermore,
the use of a linearly polarized laser implies the selection r

TABLE I. Equilibrium values and derivatives of the dipole mo
ment and the polarizability for the HCN molecule@4,18,19#, in
atomic units.

Equilibrium value R derivative r derivative

m051.137 ]m0 /]R50.171 ]m0 /]r 520.175
a i521.71 ]a i /]R56.51 ]a i /]r 511.97
a'513.28 ]a' /]R50.62 ]a' /]r 52.07
x-

r

he

le

DMJ50, soMJ will remain constant. The initial wave func
tion is taken as the ground vibrationalv50 and rotational
J5MJ50 state. The propagation of the wave functio
c(R,r ,u,w;t), the solution of the TDSE with the Hamil
tonian ~1!, is carried out using a split-operator techniq
@21,22# in conjunction with the scheme developed by Dat
and Metiu@23,13# for the angle variables.

B. Alignment measurement

The alignment dynamics is observed through the tim
dependent angular distribution given as a density of pr
ability integrated overR and r:

P~u;t !5E
r min

r maxE
Rmin

Rmax
uc~R,r ,u;t !u2 R2dR r2dr. ~8!

To have a quantitative measure of the alignment of the m
ecule, we use the half angleu1/2, defined by@24#

E
0

u1/2
P~u;t !du5

1

2E0

p/2

P~u;t !du. ~9!

Figure 2 shows the correspondence between an ang
distributionP(u;t) and the half angleu1/2 calculated from

FIG. 2. ~a! 3D plot of an angular distributionP(u), ~b! field
envelopef (t), given by Eq.~11!, and~c! half angleu1/2 as a func-
tion of time. The anglesu and u1/2 are expressed in radians.~An
initial J50 state in a v51075.0 cm21 laser field at I
51013 W/cm2 is used as an example.!
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Eq. ~9! for the example of an initialJ50 state in a CO2 laser
field at 1013 W/cm2. At t50 ps, we have an isotropic distr
bution inu, giving a half-angle value ofp/4. As we start to
see alignment towardsu50, from t50.5 ps to 1.5 ps, the
u1/2 value goes down to belowp/8. Conversely, the angula
distribution centered onp/2 observed at the end is translat
into a high value for the half angle.~The steps observed i
the half-angle curve are due to the discretization of the
gular variableu.! Note that this method of measuring th
alignment is biased towardsu50 andp/2. A peak centered
on p/4 would result in a value ofu1/2 of p/4, the same as
was noted above for an isotropic distribution. Also, all pro
ability distributions in this paper are symmetric aboutp/2,
eliminating the need of doing the same exercise fromu
5p/2 to p. As indicated previously, initially the molecule i
in rotational stateJ5MJ50, corresponding to the isotropi
case for whichu1/25p/4.

C. Description of the laser pulses

The laser pulses used in our calculations are defined

E~ t !5 f ~ t !E0cos~vt !, ~10!

where the field envelope is given by

f ~ t !55
sin2F t

t t

p

2 G if 0 ,t,t t

1 if t t<t,tp2t t

sin2F t2tp

t t

p

2 G if tp2t t<t,tp

0 elsewhere,

~11!

with tp51.7 ps the total pulse duration andt t50.35 ps the
turn-on/off time; see Fig. 2~b!. Such a slow rise and fall o
the laser pulse is adiabatic with respect to vibrational but
rotational levels. The maximum field amplitudeE0 corre-
sponds to a peak intensity ofI51013 W/cm2. From the tun-
neling model of ionization, which is valid at low frequencie
e.g., IR, the intensity threshold for ionization is@25,26#

It~W/cm2!543109@Vion~eV!#4Z22, ~12!

whereVion is the ionization potential andZ is the total re-
sidual charge. For the first ionization threshold (Z51) of
HCN with Vion513.60 eV @27# ~similar to that of H!, we
readily obtain

It51.431014 W/cm2. ~13!

Thus, for HCN, laser intensities below 1014 W/cm2 can be
used for nonlinear optical effects without any laser dam
through ionization in the IR region. These intensities con
tute a lower threshold for the nonlinear effects with resp
to vibrations. Actually, an estimate for the Rabi frequenc
corresponding either to the permanent-dipole-moment in
action

vR
~m0!

5\21E0^x1um0ux0& ~14!

or to the polarizability interaction
n-

-

t

e
i-
t

s
r-

vR
~a!5\21E 0

2^x1uaux0& ~15!

leads to a result not exceeding 100 cm21, less than the vi-
brational energy separations. However, these Rabi frequ
cies are much larger than the rotational energy separation
least up toJ530.

The laser frequencies, taken in the infrared spectrum,
either the v51075.0 cm21 line of a CO2 laser (l
59.3mm) or directly in resonance with the first and seco
vibrational excitations of HCN, 2095.4 cm21 and
3352.8 cm21, basically corresponding to CwN and C—H
bond excitations, respectively. In the cases where we
leave only one bond free to vibrate, the excitation frequ
cies become 3211.3 cm21 for C—H and 2323.7 cm21 for
CwN due to the neglect of the interbond interaction. Su
IR frequencies at intensitiesI<1013 W/cm2 are currently
available with modern laser technology@28#.

D. Laser-driven rigid-rotor approximation

A first simplification of this three-degree-of-freedo
model, which is still relevant for a dynamical approach of t
alignment, is to freeze the stretching degree of freedom
consider a laser-driven rigid rotor. In order to have an int
tive insight for the interpretation of our results, we proce
now to the derivation of the classical equation of motion o
rigid rotor interacting with an electromagnetic field throug
the combined effect of a dipole moment and a polarizabil
We follow closely the derivation given by Landau and Li
shitz @29#. The Lagrangian is written as

L5
I

2
@ u̇21sin2uẇ2#1m0E0cosu cosvt

1
1

2
E 0

2@a icos2u1a'sin2u#cos2vt. ~16!

Lagrange equations involvingu and w can be recast into a
unique equation of motion foru:

I ü5
M2

I

cosu

sin3u
2

aE 0
2

4
sin 2u2m0E0sinu cosvt

2
aE 0

2

4
sin 2u cos 2vt, ~17!

where

a5a i2a' ~18!

andM is a constant of motion given by

M5I sin2uẇ. ~19!

As usual, the dots and double dots indicate first- and seco
order derivatives with respect to time. If HCN is to be d
scribed as a rigid rotor, the most common situation would
the one that is termedrotationally off resonancein the sense
that

v@
du

dt
, ~20!
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as the laser frequencyv ~see Sec. II C! is expected to be
much larger than the rotational frequency. Within the fra
of this high-frequency assumption, the right-hand side of
~17! gives rise to two classes of terms: time-independent
rapidly oscillating time-dependent ones. It is worthwhile n
ing that the radiative interaction is already present in
time-independent term, but only through the polarizabilitya.
u(t) follows a smoothly varying trajectory, perturbed b
small-amplitude oscillationsj(t) of frequencyv, which are
approximately solutions of the time-dependent part of E
~17!:

I j̈52m0E0sinu cosvt2
aE 0

2

4
sin 2u cos 2vt. ~21!

From Eq.~21! one can calculate the average kinetic ene
of the oscillatory motion by integrating once and squarin

I

2
j̇25

m0
2E 2

4Iv2
sin2u1

a2E 4

256Iv2
sin22u ~22!

~the bar overj̇2 meaning an average over one optical cycl!.
An equation of motion foru is then obtained in terms of a
effective force field derived from the sum of a tim
independent potentialV(u) and the time-averaged kineti
energy

I ü52
dVeff

du
, ~23!

where

Veff5V~u!1
I

2
j̇2 , ~24!

with

2
dV

du
5

M2

I

cosu

sin3u
2

aE 0
2

4
sin 2u. ~25!

One finally gets

ü5
M2

I 2

cosu

sin3u
2F m0

2E 0
2

4I 2v2
1

aE 0
2

4I Gsin 2u2
a2E 0

4

128I 2v2
sin 4u.

~26!

A further simplification consists in neglecting the highe
order correction term proportional toE 0

4/v2, taking M50
@which means thatw is time independent; see Eq.~19!#, and
making the substitutionQ52u, to end up with

Q̈1V2sinQ50, ~27!

where the frequencyV is

V5
1

AI
S 1

2

m0
2E 0

2

Iv2
1

1

2
aE 0

2D 1/2

. ~28!

Equation~27! can be solved either exactly or approximate
for Q.0 by merely assuming that sinQ.Q, which leads to
e
.
d

-
e

.

y

a harmonic oscillation forQ. A dynamical alignment time
for Q ~i.e., for u) can then be defined by referring to th
oscillation periodt proportional toV21 @30#. We also define
the concept of a dynamical alignment rate proportional to
inverse of the alignment time, i.e., proportional toV. A
closer inspection of the above derivation leads to the follo
ing considerations in the high-frequency off-resonance
gime.

~i! The permanent dipole moment part of the radiat
interactionm0E0cosvt oscillates very rapidly with the field
and its mean value averages to zero over the optical cy
However, the second-order field-induced dipole mom
m0

2E 0
2cos2vt and the polarizabilityaE 2cos2vt average to

m0
2E 0

2/2 ~with a renormalization factorIv2, resulting from
virtual excitations of energyIv2 in a quantum picture! and
aE 0

2/2, respectively, over the optical cycle and thus contr
ute on an equal footing to theu motion and to its frequency
V.

~ii ! The ratio of the second-order dipole moment to t
polarizability contribution inV is independent of the field
amplitude and, for the parameters of the model under c
sideration, is~see Table I for values!

S m0
2E 0

2

2Iv2D S aE 0
2

2 D 21

'2.131026@v~a.u.!#22. ~29!

Polarizability is thus the leading contribution when the fie
frequency exceeds 1.431023 a.u. ~315 cm21!, whatever the
intensity.

~iii ! The ratio of the neglected term in Eq.~26! to the
leading polarizability contribution is

S a2E 0
4

128Iv2D S aE 0
2

4 D 21

'3.531026FE0~a.u.!

v~a.u.! G
2

, ~30!

which is several orders of magnitude smaller than 1 for
field frequencies (v>1075 cm2154.931023 a.u.) and in-
tensities (I51013W/cm2, corresponding to E051.7
31022 a.u.) considered in this work.

Completely different dynamics would result in the low
frequency resonant regime@i.e., for v; du/dt, or equiva-
lently, u(t).vt]. The equation of motion in the frame o
the rotating-wave approximation@obtained by neglecting
terms inu1vt and 2u, rapidly oscillating as compared t
u2vt, in Eq. ~17!# is, takingM50,

ü52
m0E0

2I
sin~u2vt !2

aE 0
2

8I
sin 2~u2vt !, ~31!

which, by an appropriate change of variableQ5u2vt, can
be recast into

Q̈1
m0E0

2I
sinQ1

aE 0
2

8I
sin 2Q50, ~32!

which, for small values ofQ ~i.e., with sin 2Q;2 sinQ), is
the resonant counterpart of Eq.~27!:

Q̈1Ṽ2sinQ50, ~33!
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where the corresponding frequency is now

Ṽ5S m0E0

2I
1

aE 0
2

4I D 1/2

. ~34!

The ratio of the contribution of the permanent dipole m

ment to that of the polarizability inṼ is field-amplitude de-
pendent with

S m0E0

2I D S aE 0
2

4I D 21

'2.731021@E0~a.u.!#21. ~35!

m0 remains the leading term at least for intensities not
ceeding 2.631015W/cm2 ~note thatE051a.u. corresponds to
an intensityI53.531016 W/cm2) in the rotationally reso-
nant case.

In summary, from Eq.~29!, we expect that for IR frequen
cies well above the rotational frequency, as with a CO2 laser,
one expects the main molecule-field interaction to be me
ated by the polarizability of the molecule if internal vibr
tional excitations can be neglected.

III. RESULTS

Alignment dynamics is studied by referring to two o
servables: the behavior of the half angleu1/2 as a function of
time and the rovibrational distributions of the excited spec
at the end of the laser pulse. The results are presented
three different laser frequencies by comparing in each c
models of increasing complexity with respect to the num
of degrees of freedom: from the oversimplified rigid rot
involving a unique angular variableu positioning the linear
HCN molecule ~without any internal degree of freedom!
with respect to the field polarization vector, which we c
the one-dimensional~1D! model, to HCN with an additiona
internal stretching motion~either C—H or CwN!, which we
call the 2D model, and finally to HCN still considered line
but described by its two internal stretching motions, the
model. This is, to the best of our knowledge, the first
tempt, in the intense-field alignment context, of a wav
packet propagation under a relatively long picosecond p
on a three-dimensional grid~two radial and one angular var
ables! to study the influence of internal dynamics on t
alignment process.

A. Half-angle dynamics: Characteristic features

The results of the half-angle dynamics are presented
the three models under consideration, i.e., the 1D rigid ro
the two versions of 2D models~C—H or CwN bond free to
vibrate!, and the full 3D model for HCN. The displayed da
allow for a separate analysis of the role played in alignm
by the permanent dipolem0 or the polarizabilitya when
taken alone and when they are combined. To facilitate
lecture of the graphs, we emphasize some salient feature
the high-frequency regime@as defined by Eq.~20!# that are
characteristic of all the results to be discussed~see Fig. 4, for
example!.

(i) During the pulse(t<1.7 ps). A more or less shar
decrease of the half angleu1/2 follows the switching on of
the pulse@Fig. 2~b!# after a time delay corresponding rough
-

-

i-

s
for
se
r

l

-
-
se

or
r,

t

e
of

to 0.2 ps. The slope ofu1/2 itself is indicative of a dynamica
alignment rate and is correlated to the alignment time
defined in the rigid-rotor model. More precisely, as se
from Eq. ~28!, when a is considered alone, an increasin
intensity E 0

2 (I) results in a shorter alignment timet in-
versely proportional to the square root of the laser intensitI
(t}1/E0). On the other hand,m0 taken alone leads to a
alignment time proportional tov/E0 ~or v/I 1/2). Figure 3
compares, within the rigid-rotor model, the dynamical alig
ment rates~28! with the relative slope ofu1/2(t) for short
times. This comparison is done both fora taken alone@for
different intensities, Fig. 3~a!# and for m0 taken alone@for
different ratiosE0 /v, Fig. 3~b!#. Fairly good agreement is
obtained, opening up the possibility of a quantitative me
sure of the dynamical alignment rate in terms of the slope
the half angle at short times, in all cases to be compa
From the overall behavior, marked differences are obser
for m0 anda taken separately,a leading to strong alignmen
within 0.6 ps (u1/2 decreasing to such values asp/32) fol-
lowed by oscillations, whereasm0 affects the alignment dy-
namics by regularly decreasingu1/2 during the whole pulse
duration but to a lesser extent. The combined action ofm0
and a follows rather closely the dynamics induced bya
alone, showing the leading role of the polarizability in agre
ment with Eq.~29!. At the end of the pulse (t51.7 ps) the
molecule shows an alignment with the field to an extent
u1/2'p/16.

(ii) Postpulse dynamics(t.1.7 ps). Different excitation
regimes and models lead to more marked deviations wit
wide range of oscillation amplitudes inu1/2(t). Large ampli-
tudes are the signatures of the propensity of the molecul

FIG. 3. Relative alignment rate for the rigid rotor calculat
numerically (3) and expected from Eq.~28! ~solid line! for ~a! a
alone at frequencyv51075.0 cm21 ~intensityI51013 W/cm2 used
as a reference point! and~b! m0 alone~intensityI51013 W/cm2 and
frequencyv51075.0 cm21, giving E0 /v53.446 a.u., used as
reference point!.
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lose its alignment characteristics due to dephasing
rephasing of the coherently excited rotational levels. So
interpretative schemes can be derived by considering
rovibrational populations at the end of the pulse. This inf
mation is, in principle, enough to obtain the postpulse f
tures of the dynamics by avoiding prohibitively time
consuming wave-packet propagations. Such a compariso
a 2D model, between a full wave-packet propagation an
simplified calculation based on a spherical harmonics exp
sion of the wave packet at the end of the pulse, propag
~in the absence of the laser! using the appropriate phase
leads to excellent agreement in the half-angle dynamics.
observed beats can be interpreted in terms of coherent su
positions of rotational states from the initialJ50 state con-
sidered here. For example, in the 2D CH model@Fig. 4~b!#
J50 ~30%!, J52 ~48%!, and J56 ~19%! are the most
populated rotational states at the end of the pulse@see Fig.
5~b!#. Their energy separationsDEJ,J8 , equal to DE6,2

536B0 and DE6,0542B0 , result in oscillations periods o
0.63 ps and 0.54 ps, respectively, which is roughly the m
oscillation observed in the figure. [DE2,056B0 gives an os-
cillation period of 3.8 ps, which is too long to appear in F
4~b!.#

We proceed next to a detailed comparison between
different excitation regimes. The laser frequencies are cho
either off or on resonance with respect to vibrational f

FIG. 4. Half-angle valuesu1/2 for a laser frequency ofv
51075.0 cm21 and intensity ofI51013 W/cm2 for ~a! the rigid
rotor, ~b! the 2D model with the C—H bond free to vibrate, and~c!
the 2D model with the CwN bond free to vibrate, using in the
laser-molecule interaction only the permanent dipole momentm0

~dashed line!, only the polarizabilitya ~dotted line!, or both~solid
line!, as a function of time.
d
e
e

-
-

in
a
n-
ed

he
er-

in

.

e
en
-

quencies, but in all cases remaining rotationally nonreson
@as given by Eq.~20!#.

B. Off-resonance excitation„v51075 cm21
…

Figures 4 and 5 summarize the results for the 1D ri
rotor and for the two versions of the 2D model, i.e., eith
the CH or CN bond is free to vibrate with the other froze
The time-dependent behavior of the half angleu1/2 when the
pulse is on@see Fig. 2~b!# seems rather similar for all models
in particular whena or m0 is treated separately. This is no
surprising since HCN restricted to collinear geometry a
excited in an off-resonance way avoiding vibrational ene
deposit in the CH or CN bonds is actually expected to
have as a rigid rotor. The dynamical alignment rates, as
rived from the slopes ofu1/2(t) for short times, are very close
to each other. Finally, the 3D model, for the dipol
interaction case, was found to give rise to comparable ali
ment dynamics and therefore is not shown. We can see
a predominates, as expected from Eqs.~28! and ~29!,
the ratio m0

2/aIv2 being equal to 8.831022 at I
51013 W/cm2 andv51075.0 cm21.

The rotational distribution at the end of the pulse~Fig. 5!,
responsible for the subsequent field-free evolution, sho
three features that deserve interest.

~i! There is a parity conservation law for the rotation
excitation~starting fromJ50, only even-J levels are popu-
lated!. Each photon absorption-emission process being
companied by a change of but one quantum numberJ, the
even parity is the signature of the absence of direct rotatio
transitions. The populations of higherJ levels are reached, in
the case of off-resonance laser excitation, via virtual pho
absorption-emission processes. As is clear from the rig
rotor model@Eq. ~26!#, second-order radiative couplings a
responsible for the transitions, leading thus toDJ50,62
selection rules.

~ii ! In both models, at least half of the population is tran
ferred from the initialJ50 to J52 ~69% for the rigid rotor
and 48% and 67% for the 2D models with CH and CN

FIG. 5. Rovibrational population at the end of the pulse fo
laser frequency of v51075.0 cm21 and intensity of I
51013 W/cm2 for ~a! the rigid rotor, ~b! the 2D model with the
C—H bond free to vibrate, and~c! the 2D model with the CwN
bond free to vibrate, using in the laser-molecule interaction both
permanent dipole momentm0 and the polarizabilitya. ~Only levels
with a population greater than 1% are given.!
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spectively!. The rigid-rotor model gives a rotational distribu
tion closer to that of the 2D model with the frozen CH bon

~iii ! The differences in phase between the populateJ
levels are responsible for the beats observed inu1/2 in the
field-free region, as explained in Sec. III A. The molecule
periodically realigned, but some oscillation amplitudes
u1/2 are larger in the 2D model with the frozen CN bond.

C. Resonant excitation

The results are displayed in Figs. 6 and 7 for the vib
tionally resonant excitation of the CH bond and in Figs
and 9 for CN, with the other bond frozen~2D model!. Fig-
ures 10 and 11 illustrate results for calculations of the TD

FIG. 6. Half-angle valuesu1/2 for a laser frequency ofv
53211.3 cm21 ~on resonance with the C—H bond! and intensity of
I51013 W/cm2 for ~a! the rigid rotor and~b! the 2D model with the
CH bond free to vibrate, using onlym0 ~dashed line!, only a ~dotted
line!, or both~solid line!.

FIG. 7. Rovibrational population at the end of the pulse fo
laser frequency ofv53211.3 cm21 ~on resonance with the C—H
bond! and intensity ofI51013 W/cm2 for the 2D model with the
C—H bond free to vibrate, using in the laser-molecule interact
~a! only the permanent dipole momentm0 and~b! both m0 and the
polarizabilitya. ~Only levels with a population greater than 1% a
given.!
.

-

E

with the full dynamics included, i.e., both bonds are free~3D
model!. The analysis is conducted along the same lines
previously.

During the pulse, the alignment dynamics of the rig
rotor @Figs. 6~a! and 8~a!# under the action of the dipole
momentm0 is markedly different from the other models~2D
and 3D! @Figs. 6~b!, 8~b!, and 10#. The role ofm0 in the rigid
rotor is nearly washed out due to the high frequency@Eq.
~26!#, especially in the case ofv53211.3 cm21 correspond-
ing to the CH resonant excitation. On the contrary, this r
is enhanced in the 2D models asm0 is responsible for the
stretching-mode motions that are resonantly excited. T
coupling responsible forDv51 transitions from vibrational
statex0 to x1 is

n

FIG. 8. Half-angle valuesu1/2 for a laser frequency ofv
52323.7 cm21 ~on resonance with the CwN bond! and intensity of
I51013 W/cm2 for ~a! the rigid rotor and~b! the 2D model with the
CN bond free to vibrate, using onlym0 ~dashed line!, only a ~dotted
line!, or both~solid line!.

FIG. 9. Rovibrational population at the end of the pulse fo
laser frequency ofv52323.7 cm21 ~on resonance with the CwN
bond! and intensity ofI51013 W/cm2 for the 2D model with the
CwN bond free to vibrate, using in the laser-molecule interact
~a! only the permanent dipole momentm0 and~b! both m0 and the
polarizabilitya. ~Only levels with a population greater than 1% a
given.!



e
rv

io

re

x
e
-

a-

iz

ant

-
ence
ser

ion
gh

is a

c-
n
i-

ar-

try,

(
l

will

l

ak-
fre-

ion
d-

ds

ese
he
en-
ous

a

alf
s

ur-

the
1
of

r a

-

PRA 59 1389LASER-INDUCED ALIGNMENT DYNAMICS OF HCN: . . .
^x1~R!um0~R!ux0~R!&52.5331022 a.u. ~36!

for the CH bond and

^x1~r !um0~r !ux0~r !&521.1431022 a.u. ~37!

for the CN bond, in the 2D models. The factor of 2 betwe
these couplings can explain the difference of slopes obse
for u1/2 in CH @Fig. 6~b!# and CN @Fig. 8~b!# when m0 is
considered alone.

At the end of the pulse, in the case of the CH excitat
~Fig. 7!, the population that ends up in thev51 excited
vibrational state ('35%) is composed of odd-J rotational
levels, while thev50 level shows only evenJ’s up to 10.
The role of the dipole moment interaction, when conside
alone, is examined in Fig. 7~a!. The leading (v50,J52)
population is probably due to the biphotonicm0

2E 2 interac-
tion. The polarizability acts by increasing the rotational e
citation. Figure 7~b! shows the population resulting from th
combined effect ofm0 anda. In the case of the CN excita
tion ~Fig. 9! significant population is seen up to thev54
level ('10%) together with higher rotational level popul
tions reaching 4% inJ510 ~in the v54 state! and 2% in
J511 ~in the v55 state! when bothm0 anda are present.
This is the result of higher harmonicity and larger polar

FIG. 10. Half-angle valuesu1/2 for a laser frequency ofv
52095.4 cm21 ~on resonance with the CwN bond! and intensity of
I51013 W/cm2 for the 3D model, using onlym0 ~dashed line! or
both m0 anda ~solid line!.

FIG. 11. Rovibrational population at the end of the pulse fo
laser frequency ofv52095.4 cm21 ~on resonance with the CwN
bond! and intensity ofI51013 W/cm2 for the 3D model, using in
the laser-molecule interaction~a! only the permanent dipole mo
mentm0 and~b! bothm0 and the polarizabilitya. ~Only levels with
a population greater than 1% are given.!
n
ed

n

d

-

-

ability of the CN bond. HighJ’s are more efficiently popu-
lated by pumping the molecule through vibrational reson
excitation as in the case of CN~population of higherJ’s is a
necessary condition for obtaining greater alignment!.

The different parity rules forJ that are observed, as com
pared to the off-resonance case, are related to the occurr
of a vibrational excitation. The resonant character of the la
allows a direct transition withDv51 andDJ51 by absorb-
ing a single photon through the first-order dipole interact
m0E0 . More than one photon can be absorbed throu
second-order radiative interactions inaE 0

2 or m0
2E 0

2 leading
to Dv50 andDJ50,2.

We note that a general state created by the laser field
superposition, in the resonant case, of differentv ’s andJ’s,
i.e.,

c~R,r ,u;t !5(
v,J

cv,J~ t !xv~R,r !YJ~u!. ~38!

However, due to the orthogonality of the vibrational fun
tions xv(R,r ), the time-dependent angular distributio
P(u;t) @Eq. ~8!#, after integrating out the vibrational coord
natesR and r ,

P~u;t !5(
v

(
J,J8

cv,J* ~ t !cv,J8~ t !YJ* ~u!YJ8~u!, ~39!

shows no interference between different parity angular p
tial waves sinceJ andJ8 have the same parity for a givenv.
Such angular distributions therefore show no asymme
i.e., no symmetry breaking with respect top/2, hence no
orientation. Low-frequency rotational quantum beatst
'0.6 ps; see Figs. 4, 6, and 8! remain between rotationa
states of same-parity quantum statesJ and J8 in the same
vibrational levelv.

The present result shows that single laser excitations
produce alignment only [P(u)5P(p2u)#, but no orienta-
tion [P(u)ÞP(p2u)#, even though different-parity optica
processes, even fora and odd form0 , are occurring simul-
taneously. As emphasized earlier, parity or symmetry bre
ing and hence orientation requires two lasers, one of
quencyv and the other of frequency 2v. This has been
shown previously to lead to separation of photodissociat
products@8,9#. In the case of bound-state excitation as stu
ied here for HCN, resonant excitation of CH or CN bon
via the dipole term at frequenciesv5vCH or vCN must be
accompanied by a second laser of frequency1

2 (vCH or vCN)
in order to produce concomitant resonant excitation of th
bonds via the polarizability interaction. In summary, in t
present single-laser excitation, only alignment but no ori
tation can be achieved in the presence of simultane
dipole- and polarizability-field interactions.

The full dynamics, in the 3D model, is studied under
laser excitation of frequencyv52095.4 cm21, which is
resonant with the CN local stretch. The behavior of the h
angle~Fig. 10! remains within the general trend of previou
calculations showing a nice alignment of the molecule d
ing the laser pulse. The oscillations betweenp/32 andp/8
seem even of smaller amplitude than those observed in
2D models. The population distributions given in Fig. 1
show, in contrast to the case of the resonantly excited CN
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the 2D calculation~Fig. 9!, only weak vibrational excitation
~less than 10%, whether onlym0 or bothm0 anda are intro-
duced!. This corroborates the fact that no infrared absorpt
is observed experimentally when exciting the symmetric n
mal stretch mode atv52096.7 cm21 @31#. A simple analysis
of the vibrational dipole matrix element provides an interp
tation. A first-order expansion leads to

^x1um0~R,r !ux0&.
]m0

]R
^x1uR2R0ux0&

1
]m0

]r
^x1ur 2r 0ux0&. ~40!

The matrix elements ofR2R0 and r 2r 0 are both negative
whereas the derivatives ofm0 are of opposite sign and near
identical in absolute value, as can be seen from Table I. T
is at the origin of a near cancellation of the right-hand side
Eq. ~40! resulting in a suppression of vibrational excitatio
Actually, we have also proceeded to a numerical test of
interpretation by freezing theR dependence of the dipol
moment, i.e., taking]m0 /]R50. The aforementioned can
cellation can no longer occur in Eq.~40! and, as expected,
richer vibrational spectrum extending beyondv51 is ob-
tained.

IV. CONCLUSION

Laser-induced alignment of a prototypical polyatom
molecule, HCN, was studied by numerical solution of t
corresponding TDSE, which included internal excitatio
and dynamics. Both permanent dipole moments and pola
abilities were included in the full quantum dynamical calc
lation, which excluded only the bending of the molecule
vibrational mode of lower frequency ('700 cm21 @20#! than
the laser frequency used in the present calculations. Ben
excitation would probably affect the alignment dynamics a
this is to be examined in future work. A classical analy
model of the rigid rotor with the dipole- and polarizability
field interactions was used to interpret the alignment prop
ties of HCN for laser frequencies nonresonant and reso
with the bond vibrations, CH and CN.

The calculated half angleu1/2 @Eq. ~9!# was used as a
measure of alignment. It was found that for the three f
quencies used,vCO2

51075.0 cm21, vCH53211.3 cm21,

andvCN52323.7 cm21, at an intensityI51013 W/cm2 ~well
below the ionization threshold!, initial alignment occurred
within 0.6 ps and this alignment is completely mediated
the polarizabilitya. Since the effective radiative interactio
in this case is1

2 aE 0
2cos2vt, this gives rise to resonant vibra

tional transitions at twice the frequencyv only, whereas the
dipole interactionmE0cosvt leads to resonant vibrationa
n
r-

-

is
f

.
is

s
z-
-

ng
d

r-
nt

-

y

transitions at frequencyv. For the three frequencies chose
2v-frequency resonant transitions viaa are therefore negli-
gible. The predominance of the polarizabilitya as the major
factor for the early alignment of HCN is nonresonant a
creates evenJ’s. Dipole transitions occur in the resona
case, for both CH and CN bonds, thus adding odd rotatio
J states to the even-J states from the polarizabilitya to the
total coherent state prepared by the laser excitation from
initial J50 ground-state molecule. In the nonresonant ca
only evenJ’s are excited. Thus, in the resonant case, co
plicated temporal quantum beats occur during and after
pulse due to a more complex coherent state when comp
to the off-resonance case.

The resonant excitation case produces interesting cohe
rotational states that contain both even-J partial waves from
the nonresonant polarizabilitya and odd-J states from the
resonant dipole termm0 . One would expect such states du
to a mixture of different parities to break symmetry, hen
producing anisotropies in the angular distribution of the m
ecule and leading perhaps to orientation as distinct fr
alignment. As shown in Sec. III C, in spite of the mixture
even and oddJ’s, no orientation can be obtained in singl
laser-frequency experiments due to the orthogonality of
internal vibrational states. A combination of two lasers, o
at frequencyv ~for resonant dipole transitions! and the other
at frequencyv/2 ~for resonant polarizability transitions!, is
proposed to create such an orientation@8,9,32#.

Finally, the usefulness of single-laser-frequency alig
ment is limited by the considerable temporal dephasing o
initially aligned molecule due to the coherent superposit
of rotational states of different energies. A possible reso
tion of this limitation might be to use chirped pulses that w
allow for more efficient rovibrational excitation@33# and per-
haps could suppress quantum beats with an appropriate t
dependent phasef(t). Another scenario being examine
currently for the orientation case is to use the relative ph
f between the two lasers of frequenciesv and 2v as a
control parameter@34# to reduce the ‘‘noise,’’ i.e., fluctua-
tions in the orientation angle, which is determined by t
relative laser intensities and transition moments, both dip
and polarizability in the total Hamiltonian~1!.
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