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Effect of Lorentz local field correction on propagation

of ultrashort laser pulse in one-dimensional

para-nitroaniline (PNA) molecules*
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This paper investigates the effect of Lorentz local field correction (LFC) on the propagation of ultrashort laser

pulses in a para-nitroaniline molecular medium under resonant and nonresonant conditions by solving numerically the

full-wave Maxwell-Bloch equations beyond slowly-varying envelope approximation and rotating-wave approximation.

The effect of the LFC is considerably obvious when pulses with large areas propagate in the dense molecular medium.

In the case of resonance, the group velocity of the sub-pulses split from the incident pulse along propagation is severely

decreased by the LFC, especially for the latest sub-pulse. However, in the case of nonresonance, the influence of the

LFC on the temporal evolution of the pulse is less obvious and lacks homogeneity with an increase in incident pulse

area, propagation distance and molecular density.
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1. Introduction

The technological advances in ultraintense and
ultrafast optics make it possible to generate femto-
and atto-second laser pulses.!~? The propagation
of an ultrashort laser pulse in a nonlinear molecu-
lar medium can produce many novel nonlinear phe-
nomena. Recent studies of the interaction between
intense fields and nonlinear materials have mainly fo-
cused on exploring the propagating features of ultra-
fast lasers,!5=19 and new mechanisms for generating
shorter pulses have been demonstrated.['6=18] Usu-
ally, investigations of the interaction of laser fields
with matter employ the semiclassical theory, i.e., the
laser field is described by Maxwell equations, while
the atomic or molecular medium is described by
Bloch equations. For long pulses, the conventional
slowly-varying envelope approximation (SVEA)[!]
and rotating-wave approximation (RWA)P2% can be
applied to the Maxwell-Bloch equations. However,
for ultrashort pulses, the SVEA and RWA are proved

to be invalid.[6—17]

The propagation behaviours of few-
cycle laser pulses in dilute two-level atomic or molecu-

lar mediums have been extensively studied by solving

DOI: 10.1088/1674-1056/20,/4/044205

the full-wave Maxwell-Bloch equations without SVEA
and RWA.[21-24]

In a dilute medium, the intermolecular distance
is quite large, and the local field caused by the polar-
ization of the nearby molecules is negligible. There-
fore, the total electromagnetic field felt by an indi-
vidual molecule in a dilute medium equals the inci-
dent external field. In contrast, the near dipole-dipole
(NDD) interaction, which leads to LFC of the field im-
posed on the molecules,?*~27) must be considered in
a dense medium. The NDD effects manifested in the
form of LFC have been widely investigated by em-
ploying SVEA and/or RWA.[?%29 Recently, the lo-
cal field effects on the propagation of few-cycle laser
pulses by solving the full-wave Maxwell-Bloch equa-
tions without employing SVEA and RWA have been
studied.[30:31]

In this paper, we study the evolution of the ul-
trashort laser pulses with the influence of the LFC
in a dense polar molecular medium (para-nitroaniline
(PNA)) by solving numerically the full-wave Maxwell-
Bloch equations with the iterative predictor-corrector
finite-difference time domain method.[8! The resonant
and nonresonant interactions of the pulses with the
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dense medium will be discussed.

2. Formulation of the theory

The structure of the PNA molecule is schemati-
cally shown in Fig. 1. The PNA is a one-dimensional
asymmetrical molecule with strong charge-transfer
(CT) properties.
molecule are calculated by use of the Gaussian pack-

The electronic properties of the

age with density functional theory.? It shows that
this molecule has only one CT state, which determines
completely the nonlinear properties of the molecule
in the optical region. Therefore, the two-level model
made up of the ground state and the CT state is used
to model the electronic structure of the molecule. The
excitation energy of the CT state is Fy = hwy =
3.85 eV. The transition dipole moment between the
two states is g = 1.621 x 1072 C-m, and the per-
manent dipole moments of the two states are p;; =
4.373 x 1072 C-m and pge = 2.655 x 1072 C-m,
respectively.
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Fig. 1. Para-nitroaniline (PNA) molecule.

The evolution of the two-level system in an ex-
ternal electric field F, is determined by the following
Bloch equations, ]
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where u and v are the two real Bloch vectors related
to the off-diagonal density matrix element of the two-
level molecule by p12 = (u+1iv)/2, d = pag — p11 is the
population difference between the upper state pso and
the ground state p;1. The molecules are assumed to
stay in the ground state at the initial time when there
is no interaction between the field and the medium,
namely p{; = 1, pJ, = 0 and Ad(t = 0) = —1. The
Ap = pos — pq1 is the difference between the perma-
nent dipole moments. The 722 and 712 (721) are the
relaxation constants of the population of the upper
state and the dipolar coherence, respectively. Usually,
the decay rates can be chosen as ys2 = 1.0 x 10° /s,
Y12 = 1.0 x 103 /s.34

Assume that the incident electromagnetic field
is polarized along the z axis and propagates along
the z axis. Hence, Maxwell’s equations in the one-

dimensional case are written as

OE,  0H,
0z _MOW’ )
O0Hy, _ _0F __0E.
0z ot Vo

where pp and €( are the permeability and permittivity
of free space respectively. The P, is the macroscopic
polarization of the medium, which couples the Bloch
and Maxwell’s equations. In the two-level system,

P, = N(,unpn + po2p22 + ,Uu)v (3)

where N is the molecular density.

In a dense medium, the microscopic local elec-
tric field Ey, is related to the microscopic field E,, and
the nonlinear volume polarization P, according to the
Lorentz—Lorentz relation

EL:EI—‘FPm/?)Eo. (4)

That is to say that, in the dense medium, the total
local field Er, must be used to take the place of the
external field F, in the Maxwell-Bloch equations (1)
and (2).

The initial pulse entering into the medium at
z = 0 has a hyperbolicsecant shape, F,(z,t = 0) =
F'sech[1.76(z/c+2o/c)/Tp] cos[wp (2+20) /c+ @], where
F'is the peak amplitude of the input electric field, ¢ is
the initial phase and 7, is the full width at half max-
imum of the pulse intensity envelope. Here, ¢ and 7,
are taken to be 0 and 2 fs, respectively. Two different
carrier frequencies wy, of the incident pulses are used
in our study, one is the resonant frequency wy and the
other is wp/2 in the nonresonant case. The choice of zy
ensures that the pulse penetrates little distance into
the medium at ¢ = 0. For the hyperbolicsecant pulse,
the area of the pulse is defined by

_ K oo Ny PETT
0(z) = h/_OOEO(z,t)dt =Tren

The time and space increments At and Az are chosen
to ensure cAt < Az.

3. Results and discussion

3.1. One-photon resonant propagation of
ultrashort pulse

Figure 2 shows the time evolutions of the elec-
tric field E for the 67 laser pulse at the distances
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of z = 79.2 um under the one-photon condition at
different concentrations. It shows that the propaga-
tion evolutions are quite different, even though the
Lorentz local field correction (LFC) is not consid-
ered when the medium density increases. We can see
clearly that, in the dilute medium, the light-matter
interaction with the LFC makes little difference to
the case without LFC. When the molecular density
increases to 7 x 1026 /m?3, there is an obvious differ-
ence in the two cases with and without LFC. There-
fore, the large medium density has a great influence
on the interaction between the laser pulses and the
molecule medium. The pulses with LFC propagate
faster than those without LFC, and the time interval
between the sub-pulses with LFC is shorter than that
without LFC. In other words, the NDD interaction
makes the increase in group velocity of laser pulse.

E/1019 V.m™!
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Fig. 2. The time evolutions of the 67 pulse at the distance

of 2 =79.2 pm for N = 7 x 1024/m3, N = 7 x 1025 /m3

and N = 7 x 1026 /m3, the solid line for the case without

LFC and the dashed line for that with LFC. The other

figures take the same illustration.

From Fig. 3, one can see clearly that the differ-
ence between the two cases with and without LFC
is more remarkable as the pulse area increases in the
dense media. With the increase in the initial pulse
area, the sub-pulses with LFC transfer faster than that
without LFC, and the time interval between the sub-
pulses with LFC is shorter than that without LFC.
This shows that the NDD interaction has an obvious
effect on the reciprocity of the medium and the laser
pulses especially when the initial pulses are strong,
e.g. the 87 pulses. The cause is that in the case
with a large area pulse, the strength of the electronic
field is stronger, so the correction between the medium

and the laser pulses becomes evident. Thus the result
shows that the effect of LFC is strengthened in the
case of a large area pulse.

E/101° V.m~!

t/fs
Fig. 3. The time evolutions of the 47, 67,87 pulses at a
distance of z = 79.2 um for N = 7 x 1026 /m3.

Figure 4 depicts the difference in the time evo-
lutions of the electric field E for the 67 laser pulses
at distances of z = 26.4 um, z = 79.2 um and z =
132.0 pm when the molecular density is 7 x 1026 /m?3.
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Fig. 4. The time evolutions of the 67 pulses at distances
of z = 264 um, z = 79.2 uym and z = 132.0 um for
N =7 x 1026 /m3.
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One can see clearly that the pulses with LFC trans-
fer faster than those without LFC pulses when the
evolution distance becomes longer. The result dis-
cussed above shows that for the 67 pulse, the LFC
has a critical effect in a dense medium. Considering
the propagation distance, we find that the evolution
of the pulses manifests difference in the two cases with
and without LFC. As discussed above, the NDD inter-
action makes the increase in group velocity of the laser
pulse. So the little transfer difference between the two
cases at the short distance z = 26.4 pm gets larger
as the pulses propagate farther. Therefore, when the
laser pulse transfers over a long distance in a dense
medium, the LFC cannot be ignored.

3.2. One-photon nonresonant propaga-
tion of ultrashort pulse

Figure 5 shows the time evolutions of the elec-
tric field E for the 67 laser pulses at a distance of
z = 79.2 um on the one-photon nonresonant con-
dition. Due to one-photon nonresonant absorption,
the pulse splits into fewer sub-pulses than the case of
one-photon resonant absorption whether the LFC is
considered or not. Being similar to the case on the
one-photon resonant condition as depicted in Fig. 2,
we find that the light-matter interaction in a dilute
medium with the LFC shows little difference compared
with the case without LFC. When the molecular den-
sity increases to 7 x 1025 /m?3, there is an obvious dif-
ference between the cases with and without LFC. So
the NDD interaction makes the increase in group ve-
locity of the laser pulse under the one-photon nonreso-
nant condition. Consequently, whether the condition
is one-photon resonant absorption or not, the NDD
interaction will enhance the interaction between the
pulses and the medium, and speed up the propaga-
tion velocity of the sub-pulses.

Figure 6 shows the time evolutions of the
47, 6m,81 pulses at a distance of z = 79.2 um on
the one-photon nonresonant condition. As the initial
pulse becomes stronger, the evolution of the pulse con-
sidering the LFC spreads faster than the case without
the LFC. But unlike the one-photon resonant propaga-
tion, the time interval between cases with and with-
out LFC does not increase as the initial pulse area
rises. This indicates that the LFC has a different im-
pact on the interaction between the laser pulse and the
medium when the initial pulse area is different. The
time evolutions of the electric field E for the 67 laser
pulses at distances of z = 26.4 um, z = 79.2 um and

z = 132.0 um on the one-photon nonresonant condi-
tion, respectively, are shown in Fig. 7. One can see
that the time interval between cases with and without
LFC does not increase as the transporting distance
increases.
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Fig. 5. The time evolutions of the 67 pulse at a distance
of 2 =792 um for N = 7 x 10?4/m3, N = 7 x 102% /m?
and N =7 x 1026 /m3.
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Fig. 6. The time evolutions of the 47, 67, 87 pulses at the
distance of z = 79.2 um for N = 7 x 1026 /m3.
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Fig. 7. The time evolutions of the 67 pulses at the dis-

tance of z = 26.4 um, z = 79.2 pm and z = 132.0 um for
N =7 x 10%6 /m3.

4. Conclusion

By solving the full Maxwell-Bloch equations,
we have numerically investigated the propagation
behaviours of ultrashort laser pulses in a dipolar
molecule medium. In the dilute medium (N = 7 x
10%*/m?), the effect of the Lorentz LFC is remarkably
small. Under the one-photon resonant condition, the
pulses with LFC transfer faster than those without
LFC, and the time interval between the sub-pulses in
the case with LFC is shorter than that without LFC.
The phenomenon is not obvious under the one-photon
nonresonant condition. When the initial pulse area is
increased or the transporting distance becomes longer,
the NDD interaction makes some pulses transfer faster
than those without LFC for the one-photon nonreso-
nant condition.
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