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Abstract

The process of dynamic alignment for diatomic and linear triatomic molecules is systematically investigated by solving numerically the
rotation equation for angke between molecular axis and laser polarization direction in the high-frequency non-resonant regime. A two-step
Coulomb explosion model of molecules in intense laser fields is used to determine the instant when molecular dynamic alignment is over. A
counting approach and a fourth-order Runge—Kutta algorithm are used to calculate the angular distribution of molecules at a particular instant
through solving numerically for a series of initial angle. Our computational results show that the majority of dynamic alignment for the light
molecules N, H, and CQ takes place before the molecule ionizes and begins to dissociate. However, for the heavy molgcigenBr
CS;, the dynamic alignment occurs mainly during the process of molecular dissociation. The extent of molecular alignment tightly correlates
not only with dynamic process of molecular Coulomb explosion, but also with molecular parameters and laser parameters. The effects of
these factors to molecular dynamic alignment are extensively calculated and discussed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction dipole moments within the molecule. Strong torques on the
molecular axis force the molecule to align along the laser po-
Recently, the interactions of molecules and high inten- larization direction prior to or during the ionization and dis-
sity optical fields are investigated by using the method of a sociation[5,6]. The other is geometric alignment. Molecules
time-of-flight mass spectrometry and a chirped pulse ampli- along the laser polarization direction are preferentially ion-
fier laser. Many experiments performed on diatomic and tri- ized and dissociated because of the dependence of ioniza-
atomic molecules have observed that the angular distributionstion rate on the angle between the molecular axis and the
of ionic fragments arising from field ionization and Coulomb direction of laser polarization vectfr,8]. Experimental in-
explosion of molecules are highly anisotropic: yields of ionic vestigation further indicated that alignment mechanism and
fragments are maximum along the laser polarization direc- alignment extent of molecules are strongly different for dif-
tion and minimum in the orthogonal directigh—4]. Two ferent pulse durations, laser intensity, especially for different
alignment mechanisms have been proposed to explain suchmolecules[3,4,8-13] The spatial alignment of molecules
anisotropic angular distributions of ionic fragments. One is has many practical applications, such as chemical reaction
so-called dynamic alignment. The intense laser field induces[14], trapping moleculefl 5], enhanced high-order harmonic
generatior{16,17] and especially control of photodissocia-
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jee et al. have studied the molecular reorientation using a
classical model and accounted for both enhanced ioniza-L =

tion and hyperpolarizability in the alignment of molecules
[12]. Dion et al. simulated numerically the alignment dy-
namics of HCN by non-perturbative solutions of the time-
dependent Schdinger equatiof20]. A two-dimensional
filed-ionization Coulomb explosion model has been used to
study the angular distribution of fragmental ions of diatomic
moleculeqd21]. A time-dependent perturbation theory based
on unitary transformations combined with averaging tech-
niques is established to investigate molecular reorientation
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wherer(t) is the molecular internuclear distance, which is
the function of time during the ionization and dissociation
of moleculesM is the reduced mass of molecule anthe
azimuthal angle.

When the laser frequency is much larger than the rota-
tional frequency of molecules, which is in the high-frequency

[22]. The dependences of the total ionization rates and yields non-resonant regime, the rotation equatiorsfaccording to
on the orientation of the molecule are presented using the| agrange equation can be deduced:

strong-fieldS-matrix approacti23].

Inthis paper, dynamic alignment of molecules No, Bra,
I2, CO, and CS is systematically investigated by solving nu-
merically the rotation equation ferbetween molecular axis
and laser polarization direction in the high-frequency non-

resonant regime. The effects of molecular parameters and

laser parameters on the extent of molecular dynamic align-
ment are mainly calculated and discussed.

2. Description of the model

In the dynamic alignment mechanism, the intense laser
filed induces dipole moments within the molecule, which,
in turn, interacts with the field. Consequently, this exerts a
torque that aligns the molecules along the direction of laser
polarization vector. The dipole moment of molecule in the
electric field can be expressed[&9,24]:

1
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wherejig is the permanent dipole momeatthe linear polar-
izability tensor angs andy the first and second hyperpolariz-
ability tensors. When the laser intensity exceed$ ¥@&/cn?,

the reorientation of a molecule due to the hyperpolarizability
will become comparable to that due to the linear polariz-
ability [12]. In previous experiments, the laser intensity of
about 18°W/cn? was used to study molecular alignment
[3,4,8-12] So, the interaction potential between the laser
electric field and molecules can be written as:
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in which, o)y andee ;. are the parallel and perpendicular com-
ponents of the linear polarizability tensor ahthe angle be-
tween the molecular axis and the laser polarization direction.
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whereaest =« — ar ) represents the anisotropy of the molec-
ular linear polarizability. The molecule—laser interaction is
independent of the azimuthal angte That meansy = 0.

Our calculations show that contributions of the second-order
field-induced dipole moment and the higher-order correction
termto molecular rotation acceleration compared to the linear
polarizability are negligible for 800 nm #®@Wi/cn? intensity.

Eq. (1) can be simplified to:

5_ _ el Eo0]? 20()
T aMr()? r(r)

The process of molecular dynamic alignment is tightly
correlated with that of molecular Coulomb explosion. The
two-step Coulomb explosion model presents clearly the pro-
cess of multielectronic dissociative ionization of molecules in
intense laser field®5]. The molecular Coulomb explosion
occurs in two steps according to this model. The first step
is that the neutral molecules are ionized and the resulting
molecular ions align along the laser polarization direction.
Once the molecule is ionized beyond the first stage, the two
nuclei mutually repel due to the Coulomb force. Then ad-
ditional electrons are lost rapidly when the internuclear dis-
tance elongates to the critical distafie= 4.071,, (in atomic
units), wherd, is the ionization potential of the molecule. In
our calculations, the damping term in Ef) begins to play a
role for the molecular alignment when the neutral molecule
is ionized. As the internuclear distance extends to the critical
distance, we think that the repulsion between the two nuclei
vanishes. That means that the dynamic rotation of molecules
is over at this moment.

The time evolution of the angle for a given initial angle
0o can be described by solving numerically Eb) by using
a fourth-order Runge—Kutta algorithm. So using a counting

sin(®) —

()

In order to make our calculations realistic, a Gaussian laserapproach, the angular distribution of molecules at a particu-

pulseE(t) = E exp (+2/272) cos (t) = Eo(t) cos (t) is used in
our calculations. The Lagrangian function is written as:

lar instant can also be obtained through solving numerically
for a series of initial anglegy. The extent of the molecular
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Fig. 1. Time evolution of the differentinitial angle forNor a laser intensity
of 10 W/cn? and a pulse length of 100 fs without considering molecular
ionization and dissociation in intense laser fields.

alignment can be estimated at the full width at half maxi-
mum (FWHM) of the angular distribution. In this paper, the

method of a Gaussian fit was used to calculate the FWHM of

the angular distribution.

3. Results and discussion

3.1. Molecular dynamic alignment without considering
molecular ionization and dissociation in intense laser
fields

157

the dipole moment within the molecule. The induced dipole
moments set up a torque on the molecular axis that can be
large enough to spatially reorientate the molecule. If we only
consider the effects of neutral molecule polarizability (with-
out considering molecular ionization and dissociation), the
damping term in Eq(2) is zero and the molecule continues
to rotate even after the laser field is switched Bi§. 1gives

the time evolution of the different initial angle in the above
case. The laser intensity of £on/cm? and the pulse width

of 100fs for N» are used in our calculation. It can be seen
that all the molecules firstly rotate to the direction of the laser
polarization vector at the rising edge of the laser pulse. Then,
they oscillate around the laser polarization vector with small
amplitude. The longer the pulse length is, the quicker the os-
cillation is. All the molecules in intense laser fields align to
the direction of the laser polarization vector. This result is
consistent with the experimental observations that the frag-
ment ions are predominantly ejected along the polarization
direction of incident laser puls¢$—4]. This also shows that
Eq. (2) can explain some experimental data even if we only
consider the effects of neutral molecule polarizability.

The molecular oscillations about the laser polarization
axis will cause the peak of the molecular angular distribu-
tion to be shifted away from the laser polarization direction
at some instants. As shown Fig. 2, the N> angular dis-
tribution varies significantly with several particular instants
(t=100, 200, 300 and 400fs). At the instant of 100fs, the
molecules are aligned mostly in the direction of the laser po-
larization vector. At the instant of 200 fs, the maximum value
of molecular counts is still in the laser polarization vector.
But there exist a second peak at other direction. As for the

When intense femtosecond laser pulses irradiate theinstantof300fs, the peak of molecular counts is shifted away

molecule, the electric field of the intense laser will induce
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from the laser polarization direction. Finally, when the laser
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Fig. 2. Angular distributions for Blat several particular instants{100, 200, 300 and 400 fs) for laser intensity oF2/cm? and a pulse length of 100fs.
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104 o pulse width of 100 fs are used in our calculations. At the in-
_WW—’. e stant of molecular ionization, there are no reorientations of
B ’_N_,_,-/—/J \“’\x_ molecular axis with the direction of laser polarization vector
w for Bry, 12 and CS. However, for N and CQ, the dynamic
€ { A alignment of molecules is apparent and important. In the case
g O.G_V,_// —6Br, \N of Hp, the peak of angular distribution is shifted away from
% I, zero, which occurs at the point where the polar angle between
5 04 —=—CS, the molecular axis and the direction of the laser polarization
3 Co, vector is£30°. At the instant that the molecular dissociation
0.2 —N, was over (that means molecular dynamic rotation ended), the
Pr—s angular distributions of Nland CQ have no apparent change
0.0 compared to that at the instant of molecular ionization. For
90 p 30 ; 35 60 a0 H», the peak of molecular counts is still at the point that

the angle is+30°. But some molecules have come back to
zero. There is a second maximum peak of angular distribu-
Fig. 3. Angular distributions for b Nz, Brz, I, CO; and C$ attheinstant  tion along the laser polarization direction. In the case of Br
when the molecules ionized for a laser intensity of’My/cn? and a pulse I> and C3, the extent of molecular reorientation caused by
length of 100fs. the dynamic alignment is not negligible. These show that the
_ dynamic alignment of the light moleculesH\2 and CQ
pulse is over {=400fs), the peak comes back to the laser occurs mainly before the molecule ionizes and begins to dis-
polarization direction again. Similar calculations have been sociate. However, for heavy moleculesBp and CS, most
carried out for H, Brp, Iz, CO; and CS. Similar results  dynamic alignment occurs during the process of molecular
are obtained. These indicate that the instants at which thedissociation.
molecule is ionized and especially molecular dissociation is Three major molecular parameters are responsib|e for
over are important factors in analyzing the extent of dynamic these. These are molecular reduced mass, molecular ioniza-

Spatial angle (degree)

alignment. tion potential and the ratio of the molecular linear polarizabil-
ity to the moment of inertialable 1presents the comparison

3.2. Dependences of the extent of molecular dynamic of these parameters foriBry, I2, COz and CS. Rrefers to

alignment on molecular parameters the ratio of the molecular linear polarizability to the moment

of inertia at the equilibrium internuclear distance of neutral
The molecular ionization and dissociation are closely re- molecule Re. The ionization potential of j§ N2 and CQ is

lated to molecular parameters including molecular reduced larger than that of By, I, and CS. That means the threshold
mass, ionization potential, the moment of inertia and linear intensities of H*, No™ and CQ™ ions are higher than that
polarizability. Figs. 3 and 4show the counts of } Bry, |5, of Bry*, 12" and C$* ions. When the molecule is exposed
CO, and C$ as a function of spatial angle at the instants at to the same laser field, the molecule with higher ionization
which the molecule ionized and molecular dissociation was potential requires longer time to align before the molecule
over, respectively. The laser intensity of-28Vv/cm? and the ionizes and begins to dissociate. For example, the times of

dynamic alignment for b, Bry, I, CO, and CS are 79.79,

78.18, 26.27, 13.8, 60.77, and 21.35fs, respectively, at laser
intensity of 13°W/cn? and pulse duration of 100 fs (the peak
instant of laser pulse is 200fs).
) On the other hand, for a larger rafiva larger torque is
E induced by the dipole moments. Fop Hhe ratioR is suf-
g
& "l-." Table 1
.2 gy Comparison of molecular parameters including the molecular reduced mass,
] the molecular ionization potential, and the ra@f molecular linear po-
o larizability to moment of inertia at the equilibrium internuclear distance of
neutral moleculeRg, for Ho, No, Bry, 12, CO, and CS
Molecules  Molecular reduced Molecular ionization R (AS/\) (kg)
" /Parameters mass (kg) energy (eV)
T T T T T T T T T T T 1 —
80 60 .30 5 a0 60 a0 H2 084x 102" 1543 7.64x 10°
. N3 1162x 10727 1558 5.71x 10°
Spatial angle (degree) Br, 6632x 1027 1052 1.35% 10°
) o ) P 10533x 10%7 9.40 9.99x 10*
Fig. 4. Angular distributions for b{ Ny, Br, 12, CO, and C$ at the instant co 13.77 % 1027 1377 3.80x 10°
when the molecular dissociation was over for alaser intensityjéf\z\ﬂk:rn2 CcS 26.56 % 1027 10.07 4.50% 10P

and a pulse length of 100fs.
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ficiently large that the molecular axis has already aligned
with the direction of laser electric vector before the molecule
ionizes. And the molecular axis oscillates about the laser po-
larization vector with small amplitude. This leads to the peaks
of molecular counts to divert from the laser polarization di-

rection at the instant when the molecule is ionized. In the case

of molecules B, 1> and C3, the low ionization energy and
the relatively small value oR cause virtually no reorienta-
tion of the molecular axis with the laser polarization direction

before the molecule ionizes and begins to dissociate. Once

the molecule is ionized, the molecular dissociation will begin
because of mutual repulsion of internuclear Coulomb force.
The damping force will play an important role for the align-
ment due to the elongation of the internuclear distance. At
this moment, the effects of the molecular reduced mass on
the degree of alignment come to be important. The molecule
with the low reduced mass will dissociate more rapidly and
end quickly to its rotation and dynamic alignment, while the
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Fig. 5. Angular distributions of plat pulse length of 100 fs when the laser
intensity varies from X 10'* to 5x 10 W/cn?.

one with the large reduced mass undergoes a long time t02000fs for b at a laser intensity of & 101 W/cm?, most

align before the two nuclei separate completely. For exam-
ple, the times of dynamic alignment for molecules, N,

Bro, I2 and C$S are 23.61, 3.69, 119.70, 181.60, 39.49 and
88.13fs during the process of dissociation, respectively. So
Br», I2 and CS will experience stronger alignment compared
to Hz, N2 and CQ after they are ionized. The extent of dy-
namic alignment for K, N2 and CQ is larger than that for
other molecules at the conditions of the same laser intensity
and pulse length.

3.3. Dependences of the extent of molecular dynamic
alignment on laser parameters

According to Eq(2), the angular acceleration of molecu-
lar rotation is proportional to the square of the electric field.

molecules will overshoot the laser polarization axis and os-
cillate about the laser polarization axis with small amplitude.
In these cases, the peak of angular distribution will be shifted
away from the laser polarization directioRigs. 7 and 8
present the dependence of FWHM of angular distribution
on pulse length at a laser intensity ok5L.0* W/cm? for N

and b, respectively. For B the FWHM of angular distri-
bution becomes small when the laser pulse varies from 40
to 140fs. But when the pulse length is increased further to
150fs, the angular distribution is slightly broadened. This is
because a little part of the molecules overshoots the laser po-
larization axis and cannot return to it before the dissociation
is over. For $, when the width of the laser pulse is smaller
than 300 fs, the torque makes the angular distribution narrow
because molecular alignment happens near the peak of the

As the laser intensity increases, the torque exerted on thelaser pulse. As the pulse length is longer than 300 fs, the time

molecule will become strong. However, the time of molec-
ular dynamic alignment becomes short with the increasing
of laser intensity before the molecule is ionized and begins
to dissociate. The effects of these two factors on molecular
alignment compete with each other during the process of the
molecular alignmentigs. 5 and present the angular distri-
butions of N and b, at different laser intensities. For,Nhe
FWHM of angular distribution increases from 4£0.2° with

laser intensity of 3 10 W/cm? to 73.0+ 0.9° with laser in-
tensity of 5x 10 W/cm?. As for I, the angular distribution
narrows with increasing of laser intensity. These suggested
that the times of dynamic alignment before the molecule is
ionized for N> play a main role for molecular alignment com-
pared to the increasing torque. Conversely, the effect of the
increasing torque is important for the alignment pflhen

the laser intensity increases.

At a given laser intensity, the molecule will have enough
time to align along the laser polarization direction and per-
haps overshoot the laser polarization axis if the laser pulse
duration is long enough. In our calculation, it has been found
that the pulse length is longer than about 160 fs feraxd

of dynamic alignment plays a main role for the molecular
alignment although the molecular alignment occurs far from
the peak of laser pulse. This leads to narrowing of angular

1.0

E 0.8+

‘T

3

a 0.6

e

3,

@

€ 044

2 —— 510" W/iem?®

b — 110" W/cm?
0.2 — 510" W/cm®

— 110" W/cm®
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-STO 0 36
Spatial angle (degree)
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Fig. 6. Angular distributions of;l at pulse length of 100 fs when the laser
intensity varies from 5 103 to 1 x 10 W/cn?.
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for laser intensity of 5< 101 W/cn? for N,.
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Fig. 8. Dependences of FWHM of angular distribution on the pulse length
for laser intensity of 5< 1014 W/cn? for I».

distributions. When the pulse length is increased further to
1950fs, the similar situation with Nappears. The angular
distribution begins to slowly broaden. Then the peak of an-
gular distribution is shifted away from zero for a pulse length
longer than 2000 fs.

4. Conclusions
The process of dynamic alignment for diatomic and linear

triatomic molecules is clearly presented in this paper. The
instants at which the molecule is ionized and molecular dis-

sociation is over are important factors in analyzing the extent
of dynamic alignment. The process of the dynamic alignment

for the light molecules M H» and CQ is significantly dif-
ferent from that for the heavy molecules,Bl, and CS. The
dynamic alignment of moleculesNH, and CQ with high
ionization potential, the low reduced mass and relatively, big
value ofRmainly occurs before the molecule ionizes and be-
gins to dissociate. Conversely, molecules,Bf and CS will

J. Chen, X. Li/ International Journal of Mass Spectrometry 243 (2005) 155-161

experience stronger alignment compared to molecujeld N
and CQ after they are ionized. The times of dynamic align-
ment before the molecule is ionized fop [dlay a main role
for molecular alignment compared to the increasing torque
when laser pulse length is constant. Conversely, the effect of
increasing torque is important for the alignment pfdhen
the laser intensity increases.

At a given laser intensity, dependences of dynamic align-
ment for b and b on pulse duration are very different. It
is worthy to note that we mainly investigate and discuss dy-
namic alignment mechanics of molecules in detail in our pa-
per. In fact, dynamic and geometric alignments all contribute
to the anisotropic angular distributions of ionic fragments
when femtosecond laser pulses interact with molecules. Itis
very necessary to reassess which alignment plays an impor-
tant role for the observed anisotropy of angular distributions
of ionic fragments for a given condition from the theoretical
view.
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