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Abstract: Laser-induced nonadiabatic alignment in nitrogen and mixtures of nitrogen with Ar gas was investigated
using the ultrafast optical Kerr effect in the collinear pump—probe setup. We find that dissipative media produce desired
alignment characteristics in distinct manners to decoherence and to population relaxation. The results show that the

intense laser alignment can be used as a control tool of molecular dynamics in dissipative environments.
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1. Introduction

In nonadiabatic alignment in which the laser pulse duration is less than the characteristic molecular rotational
period, the short laser pulse creates a rotational wave packet, i.e. a coherent superposition of the rotational
states in each molecule after the laser pulse has left [1]. Studies on nonadiabatic molecular alignment (see
[2,3]) provide a variety of applications, such as chemical reaction control [4], selectively controlled alignment of
isotopes [5], molecular structure imaging [6], pulse compression [7], and quantum information processing [8].

Femtosecond laser systems with advanced technology enable one to align molecules and observe the
molecular dynamics by using a pump-probe technique [9]. Here an initial pump pulse induces the formation of
a dynamically anisotropic medium that will dephase and rephase in time, and after that simultaneous variations
in the interaction between such a medium and a probe pulse can be detected through different processes such
as ionization [1,10-12], fragmentation [13,14], and high harmonic generation [6,15-18] or by spatial and spectral
modulation of the probe pulse [19-23].

The pump—probe photoionization approach is one of the variety of detection methods for studying spec-
troscopy of the rotational states offered by rotational coherence spectroscopy [24], which is based on rotational
quantum beats that result from the coherent excitation of rotational levels. Earlier transient birefringence
caused by the time evolution of a coherent superposition of rotational states induced by a laser field was used
for their observation [25]. Since the significant studies on the theory [26,27] and the first experimental results
of nonadiabatic molecular alignment [28], this fascinating phenomenon continues attracting considerable inter-
est from researchers. The degree of alignment was measured by a weak field polarization technique based on
Raman scattering [29]. To monitor rotational dynamics, the depolarization of the probe pulse due to transient

birefringence resulting from nonadiabatic alignment was also studied [30]. In another study, the coherences of
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the molecular rotational dynamics caused by the dynamic Stark effect and stimulated Raman scattering were
examined in detail by refractive index modulation [31].

In the very high sensitivity of the collinear pump—probe setup, the collinearly propagating pump and
probe beams provide much better sensitivity under our experimental conditions and so we investigate laser-
induced nonadiabatic alignment in nitrogen and mixtures of nitrogen with Ar gas using ultrafast optical Kerr
effects to control decays and decoherences of the alignment to some degree.

2. Experimental setup

The standard version of the setup in Refs. [22,32], in which the pump and probe beams propagate collinearly and
are discriminated spectrally rather than spatially, was used successfully for measurements at room temperature.
Aside from easier adjustment, the setup has the additional advantage of providing a large interaction volume
even for lenses with relatively short focal length. It can thus combine high intensity with high sensitivity. As
shown in Figure 1, our experiments were carried out with a Ti:sapphire amplified laser system (pulse duration
of ~50 fs, central wavelength of 800 nm, and an output energy of 1 mJ per pulse (split between pump and
probe beams) at a 1 kHz repetition rate). The time delay between the linearly polarized pump and probe
pulses was precisely adjusted (0.66 fs) using a translational stage controlled by a stepping motor (GTS150,
ESP300, Newport). The recombined pump and probe beams were then focused into a gas cell of 85 cm that
was filled with pure nitrogen gas with the pressure up to 4 bars by using a lens with a focal length of f =
60 cm. For the nitrogen—argon gas mixture where a constant partial pressure of nitrogen of 1 bar was diluted
by a partial pressure of argon of 2 bars, we performed measurements of alignment decay at room temperature.
Experimentally, the nature of the signal of aligned molecules depends on the time delay between the pump and
probe laser pulses, and so at the exit of the gas cell the white-light signals were measured simultaneously after
the cell as seen in Figure 1.

Filter

TS

Laser

Figure 1. The schematic of the experimental setup. BS: beam-splitters, TS: translational stage, WP: wave plate, P:

polarizer, M: flat mirrors, FL: focusing lens, and PM: power meter.
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3. Theory

Far away from any resonance the potential that a linear molecule experiences in a rapidly alternating field is
described as [3] Hini(t) = —1/2(Aacos? 6 + a )(E?(t)). Here E(t) is the amplitude of the electric field, 6 is
the angle between the molecular axis and the polarization direction of the field; Aa and «) are anisotropic
polarizability of the molecule and polarizability perpendicular to the molecular axis, respectively. The rotational
alignment of a linear diatomic molecule is described by the time dependent Schrodinger equation (TDSE),
rewritten in dimensionless form for generality: ihg|®) = H(t)|®). In the case of nonresonant molecule
and field interaction, the Hamiltonian H(¢) is the sum of the Hamiltonian of the free molecule H, and the
potential induced by the electric field H;n:(t) as H(t) = Ho + H;nt(t). In this expression, Hy = BJ? with
Ho|JM >= BJ(J +1)|JM >, where B is the rotational constant, .J is the angular momentum operator, and
|JM > is the rotational eigenstate with the angular momentum quantum number J and its projection M onto

the laser polarization direction [33].
The Hamiltonian takes the form H(t) = B[(J? — w, (t)) — Aw(t) cos? 0] for linearly polarized light with
dimensionless interaction parameters wj|(t) = oy E%(t) /2B, w, (t) = oy E2(t) /2B, and Aw(t) = w)|—w, [34,35].
By considering an initial state |®j, s, (%)), the rotational wave function can be written as the superpo-

sition of rotational wave packets [2,36], |® o1, (1)) = 3o d795 (t) exp (—i£2L) | M), where a0l (t) are the
JM

expansion coefficients determined by solving differential equations for linearly polarized light [35] as

igdiy () = df OIM|(J? —wL(0)]JM)

. (1)
— 3 A () (M| Aw(t) cos® 0 M) exp (L EAL).
J' M’

The constant term in the Hamiltonian can be dropped for convenience due to not providing any torque; then
taking account of the only term left that is angular dependent, the solution is written as the superposition of
the rotational states |JM) by the selection rules AJ = 0,42 with the same parity, even or odd, and AM =0
[35]. For the linearly polarized light, the expression is given by [35,37,38]

iBdi Mot = —d P, () Aw(t)(J, Mo| cos® 0|.J — 2, My) exp(—i(E s — E;)t/h)
—d0 (t) Aw () (J Mo| cos? 0].T Mo) + d755° () (J(J + 1) — w (£)) (2)

—dﬂngo () Aw(t)(J, My| cos? |.J 4 2, My) exp(—i(E 1o — Es)t/h).

Here are the matrix elements [39,40]

) 1 (=12 = MR)(J? — MP)
(, Mo| cos™01.] = 2, Mo) - = 2J—1\/ CED RS
1 2 [J(J+1) - 3M2
(JMo|cos? 0| T My) = §+§ [(2]-1)(2J+3)] )
2 1 (T2 MA((J +2)2 - M)
(J, Mo|cos™0|J + 2, My) = 2J+3\/ (2J+3)(2J+5) =
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For a linear molecule with the initial state |JoMy) and the eigenvalue E; = BJ(J + 1), (cos? ) can be written
as

<cos2 9>JOMO (t) = <<I>J0Mo ()] cos® 0]@ s, 1, (t)>

Z d N5 (8N (8) (T, Mo| cos® 0] — 2, Mo) exp(—iB(4] — 2)t/h)

+Z |55 () 2(T Mo cos? 0].T Mo) (4)
+ Z 00 (88N (8)(, Mo| cos® 6] + 2, Mo) exp(—iB(4J + 6)t/h)

By shifting J — J 4 2 in the first term, the equation can be reorganized in a symmetric form,

Jmax

(cos® 0) joar, () = ZdJ 2o, (VAU (4)(J, My| cos® 6].] — 2, Mo) exp(—iB(4.J + 6)t/h)
+Z|dJ°M° 2(J M| cos® 0].J My) (5)

Jmax

+ Z dJ+2 o (A0 (£)( ], Mo| cos® 0].J + 2, My) exp(—iB(4J + 6)t /1)

where Jyax stands for the maximum number of excited states.

Before the interaction of the field with the molecule, the gas ensemble is assumed to be in thermal
equilibrium with Boltzmann distribution at temperature T. In the quantum-mechanical approach, the ensemble
is a statistical mixture of states |JoMy) with different angular momenta, where Jy = 0, 1, 2, ... and

=—Jo, —(Jo— 1), ..., 0, ...( Jo— 1), Jo. The probabilities of |JoMy) states follow Boltzmann distribution
Py, ~ (2Jy + 1) exp(—E, /kT), where Ej, is the rotational energy of |JyMp)state and k is the Boltzmann
constant. The (2Jy 4+ 1) term accounts for the degeneracy within a given Jy state. For a complete description,
the influence of nuclear spin of atoms constituting the molecule must be taken into account. Consequently,
an additional factor gj, originating from the nuclear spin statistics appears in the Boltzmann distribution:
Py, ~ g5,(2Jo + 1) exp(—FEy, /kT). Finally, the degree of alignment of an ensemble at temperature T can be

written by averaging the different states over the Boltzmann distribution including nuclear spin statistics

Jmax

Jo

S < cos?8 >y, (1), exp(—BJo(Jo + 1) /kT)

Jo Mo=—Jo 6)
Tmax o ' (

> > grnexp(—BJo(Jo +1)/kT)
To Mo=—Jo

< cos?h > (1) =

For the nitrogen molecule, g, = 6 for even J’s and gj, = 3 for odd J’s [41,42]. The ratio of even to odd states
is therefore 2:1 for nitrogen gas.

In our case, considering a random ensemble of diatomic molecules, molecular axis orientation with respect
to an external axis in any angle has equal probability; hence the average of the squared orientation cosine takes
the value < cos?f > = 1/3 [33]. Using density matrix formalism, which has two parts with diagonal and off-

diagonal elements standing for populations and coherences, respectively, the expectation value of the molecular
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alignment can be written as < cos? 8 >=< cos? 0 >p + < cos? 6 >cwhere, < cos? >p and < cos?6 >¢

are calculated from Eq. (6) using

< cos’ 0 >p= Z|d§‘}%" 2(J My| cos? 8].J M) (7)

and

Jmax
<cos?0>c= Y d750 1 (D) dIRH (4)(J, M| cos? 0|7 — 2, My) exp(—iB(4J + 6)t/h)
J=2

Jmax

+ Z dﬂgoMo £)d 550 (£)(J, Mo| cos® 0|7 + 2, Mo) exp(—iB(4.J + 6)t/h), (8)

respectively. Figure 2 illustrates the total nonadiabatic molecular alignment and its decomposition into
< cos?f >p and < cos? >, where < cos? >p probes the population and < cos?§ > measures the
coherences.
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Figure 2. Calculations of the molecular alignment of N2 at 300 K, induced by a Gaussian laser pulse with 50 fs
FWHM and power of 1.3 x 10'* W/cm?. (a) Alignment parameter decomposed into < cos?(6)> p and < cos?(0)>c¢
(b) total < cos®(0) > .

The refractive index of a gas at moderate densities can be approximated using the Lorentz—Lorenz
equation [43] as n & 14+ 27N < a > (t), where N is the number density of molecules per unit volume and
« is the polarizability. Here < a > (t) =< é- a.é > (t) =< e;a;e; > (t), where € is the electric field
polarization and « is the molecular polarizability tensor. For a linear molecule, where we choose the body-fixed
axis z along the molecular axis, the only nonvanishing components of the molecular polarizability tensor « are
gy = Qyy = a1 and «a,, = aj. We take the molecular symmetry along the z-axis and so the electric field of
the laser can be considered as E = F, + ZE, for a particular molecular orientation. In the space-fixed field,
for an ensemble of molecular orientations

n=1+2rN[<e2 > (t)ag+ < 2> (t)a,,]

(9)

=1+27N[ay <sin®60 > +a) < cos®§ >] .
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It becomes
n(t) =14 27N[Aa < cos? 0 > (t) + o], (10)

where Ao = o) —a and e, = é-Z = cos 0 is the cosine of the angle between the electric field and the molecular
axis (2).
The molecular ensemble before the pump pulse arrived is averaged over the solid angle and given by the

expression < cos?6 > (t = —oc) = 1/3. Thus, the linear refractive index is
1
n(t = —o00) =ng = 1+27TN(§A()(+04L). (11)

The degree of alignment of the ensemble at a rotational temperature 7' in thermal equilibrium < cos? 6 > (t)
is written by averaging the degree of alignment of a single rotational state (Eq. (6)) over the Boltzmann
distribution as < cos? § > (). Therefore, the nonadiabatic molecular alignment leads to a periodic modulation
with the change in the refractive index of a gas along the polarization direction of the aligning pulse and it is

given by [7]

2r N 1
Any(r,t) =n(t) —ng = ZO Aa <<< cos® 0> (r,t) — 3> (12)
with < cos? § > (r,t) the thermally averaged alignment expectation value.

On the other hand, the change in the refractive index considering the direction perpendicular to the field
polarization is described by An () = —5An(t) [44-46]:

1 N 1
An, (r,t) = _iAnll(t) = —%Aa (<< cos® 0> (r,t) — 3) ) (13)

assuming that the plasma has inclination neither parallel nor perpendicular to the field polarization of the laser

[47,48]. Then the resulted birefringence, the nonlinear refractive indices difference, An(r,t) expressed as [49-51]

Angrign(r,t) = Any(r,t) — Any(r,t) 14
= %Aa(((cosQ 0))(r,t) — 1),

i.e. the change in the refractive index is proportional to the deviation of the alignment degree from the isotropic
one, which equals 1/3.

Then, considering the polarization of the pump pulse is in the x direction and the propagation is in the
z direction, for each polarization of the probe pulse, the refractive index modulation due to the electronic Kerr
effect is given by the expression [52-54] Angerrs(t) = 2n0l,ump(t) and Angepr () = %AnKemz(t). The

2
plasma contribution to the refractive index is given by [55] Anpigsma(t) = _2me Ne(t) , where wy , Ne(t), e,

Mew?
and m. are the central angular frequency of the laser, electron density, and charge and mass of an electron,
respectively. The pump had intensities too low to produce a filament and so the electronic Kerr effect and the
plasma can be negligible. Therefore, we only considered the refractive index changes caused by the molecular
alignment. On the other hand, the alignment produces a noticeable change in filament formation and white-
light generation, when the amplitude of the change in the refractive index due to alignment An, = An(r,t)

produced by the pump beam becomes comparable to the refractive index change owing to the optical Kerr
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effect, Angerr = nol, induced by the probe beam with intensity 7. With ny(Ny) = 2.3 x 107 ¥em?/W
and I = 5 x 10"®W/cm? we obtain An = 4.4 x 1075 for typical gas pressure 4 bars. A similar value of
the magnitude of the refractive index variations due to alignment An, follow from simulations for the pump
pulse with intensity I = 1013W/em? and duration 7 ~ 250fs, which fits well the experimental parameters.
The additional contribution to the alignment caused by the alignment changes the self-focusing length: it is
decreasing for the alignment and increasing for the antialignment, and thus the dynamics of the rotational wave
packet change the filament formation and modulate the white-light generation.

4. Results and discussion

Experimentally, there is a correlation between the pressure of the environment and the index of refraction of the
medium. High pressure leads to an increase in the index of refraction and supports the filamentation formation
at much lower intensities. We can analyze the pressure dependence of the process recalling the alignment
parameter of a gas < cos?(f) > in terms of its components as < cos?(#) >, and < cos?(#) >. depending on
the collisional dynamics of the system [56]. Before the pump pulse arrived, the rotational levels are in thermal
equilibrium and so < cos?(f) >,=1/3 and < cos?(f) >. = 0. After the laser interacts with the molecule,
laser excitation creates a rotational wave packet, i.e. coherent superposition of the rotational states with a sharp
rise of < cos?(f) >, from its isotropic value of 1/3 to a value depending on the laser intensity applied and a
nonzero < cos?(6) >. due to coherences created by the interaction. In the case of the molecule being isolated,
after the pulse turn-off < cos?(#) >, stays constant while < cos?(f) >. oscillates with a constant amplitude
at the rotational period. On the other hand, in a dissipative medium < cos?(f) >, falls to its initial value of

1/3 and < cos?(#) >, goes to zero due to decoherence [56].

It is noted that the value of < cos?(f) >, related to the population decay rate, in a medium at the
equilibrium 1/3 can be accepted as the baseline value of alignment depending on the gas pressure. Although
the alignment period observed was the same for different pressures, population decay rate was increased with
higher pressure by considering the baseline of the revival structure as seen in Figure 3a. The relative difference
for the 4-bar and 1-bar pressures is 6%. Similarly, < cos?(#) ., the coherence between the revival events, is
increased with higher pressure as seen in Figure 3b.

To better examine the collisional dynamics of the system, we also measured the white-light signal around
half revival times of molecular N5 and Ng in Ar versus time as seen in Figure 4. Since we use white-light signal
X Angpign for alignment monitoring, the refractive index change value from the time-dependent alignment
can now be expressed as Anggn=Ank, gn—I—Ang”gn. The blue curve with superimposed triangles and the
black curve with superimposed full squares for nitrogen and nitrogen in argon, respectively, of Figure 4 show
the experimentally measurable signal for Amngign, which is proportional to < cos?(f) >. The revivals of

the molecular alignment will be weaker with time and then disappear because of relaxation of the population

P

align» Which are shown as a

and decoherence. The baselines of the signals are the population contribution An
green and red dotted-dashed curves for nitrogen and nitrogen in argon, respectively, and they increase suddenly
from 1/3 for < cos?(f) >, once the laser pulse populates the rotational wave packet and then decays to its

equilibrium value in the time scale of population relaxation under field-free condition [56].

C

The oscillatory curves with superimposed triangles and circles present the coherence contribution Ang; .,

for nitrogen and nitrogen with argon, which can be extracted from the signal using A”align*A”anm The
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Figure 3. The nonadiabatic alignment pressure dependence: (a) The measured white-light signals and (b) the coherence

contributions to the white-light signals for the different pressures from 1 bar to 4 bars.
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Figure 4. The measured white-light signal around half revival times of N2 and N in Ar versus time. To monitor

field-free alignment, the white-light signal is used as an experimentally measurable signal for the refractive index change
+ Ang The blue

curve with superimposed triangles and the black curve with superimposed full squares represent the measured white-light

Angiign , which is proportional to < cos? > and consists of two elements as Angrign = An? align -

align
signals for nitrogen and nitrogen in argon, respectively. The green curve with superimposed triangles and the red curve
with superimposed full circles show the coherence contributions of the measured white-light signals and the green and
red dotted-dashed curves show the population contribution as the baselines of the white-light signals for nitrogen and
nitrogen in argon, respectively.
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oscillations of laser-induced molecular alignment result from dephasing and rephrasing of coherences of molecular

rotational dynamics in a dissipative environment.

5. Conclusion

By measuring laser-induced nonadiabatic alignment in nitrogen and mixtures of nitrogen with argon gas, we find

that dissipative media produce desired alignment characteristics that can be used as a control tool of molecular

dynamics in dissipative environments.
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