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Abstract: Refractive-index gradients induced in the atmo-
spheric air by properly tailored laser and microwave fields are
shown to enable a remote steering of laser beams. Heating-
assisted modulation of the refractive index of the air by mi-
crowave radiation is shown to support small-angle laser-beam
bending with bending angles on the order of 10~2. Tonization
of the atmospheric air by dyads of femto- and nanosecond laser
pulses, on the other hand, can provide beam deflection angles
in excess of 7/5, offering an attractive strategy for radiation
transfer, free-space communications, and laser-based standoff
detection.
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1. Introduction

Methods enabling a remote control of laser beams are in
great demand for a broad class of laser technologies, rang-
ing from long-distance free-space laser-based communi-
cations to optical standoff detection [1]. While on the lab-
oratory scale, laser beams can be controlled and steered
with a variety of efficient and compact tools [2], includ-
ing electro-optic devices, liquid-crystal modulators, adap-
tive optics, and microphotonic components, the long-range
transmission mode leaves much less freedom for the con-
trol over laser beams, limiting the utility of lasers for ap-

plications requiring a long-range transmission of signals
and energy in situations where precise beam positioning
or beam-trajectory bending is needed.

Recent studies have revealed attractive solutions for
the remote control of radar beams using ionization in-
duced in the atmosphere by ultrashort laser pulses [3-9].
Self-consistent plasma dynamics analysis shows [10] that
a near- or mid-infrared laser pulse can tailor plasma decay
in the wake of a filament, efficiently suppressing, through
electron temperature increase, the attachment of electrons
to neutral species and dissociative recombination; thus
substantially increasing the plasma-guide lifetime and fa-
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Figure 1 (online color at www.lphys.org) Trajectory of a laser
beam against refractive-index gradient n(z)

cilitating long-distance transmission of microwaves. Here,
we show that a combination of advanced laser systems,
capable of supporting the filamentation mode of radiation
transmission, with modern radar technologies or near- and
mid-infrared laser sources offers much promise for the re-
mote steering of laser beams and laser-induced filaments.
In what follows, an eikonal analysis of beam trajectory will
be combined with a detailed model of plasma dynamics in
the atmosphere to examine the beam-steering abilities of
laser- and radar-field-induced refractive-index gradients in
the atmosphere.

2. Eikonal analysis

We consider the trajectory of a laser beam in a region with
an arbitrary one-dimensional gradient of refractive index
n(x). The laser beam is assumed to enter this region at an
angle ¢, with respect to the z-axis, which is chosen to be
perpendicular to the refractive-index gradient (Fig. 1). The
eikonal equation for the laser-beam trajectory [11] then
yields the equation for the beam trajectory [12]:

r dx
z(z) = 1/)0/\/712(96)71/}27 (D

where

d
¥ = n(z) cos O(z) = n(z) =
ds
is the ray invariant, 6(z) is the angle between the beam
and the z-axis for a current value of z, and s is the distance

measured along the beam trajectory.

The turning point of the beam trajectory is defined by
the equation

n(xy) =1 )

For a generic refractive-index profile

2 \?
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where .« is the boundary of the reflective index gradi-
ent, ¢ =2 corresponds to a parabolic profile and ¢ — oo re-
covers a step-index profile, the solution to Eq. (2) is given

by

5 a\d ,
lft_xo(no lb) = zo(sinfy) * . )

ng
The turning point exists only if
Tt S Tmax - (5)

The macroscopic approach used above is valid when
the radiation wavelength is much longer than the dis-
tance between atoms. The scalar approximation is accurate
enough as long as the refractive index varies on a spatial
scale much larger than the radiation wavelength, failing for
nanowaveguide-type structures [13—15].

3. Radar-induced refractive-index gradients

We first consider a refractive-index gradient induced in the
atmosphere by a pair of overlapping radar beams in a stan-
dard atmosphere-probing geometry. Refraction gradient is
then caused by a nonuniform heating of the atmospheric
air with the maximum temperature and, hence, minimum
molecular density achieved at the maximum of the inter-
ference pattern. The profile of the molecular density N ()
will thus translate into the gradient of the refractive index:

nofa) = 1+ ) ©)
0
~1+ 04]2\{5(037) =ng, — An,(z),
ma=1+ 920, @)
€0
An,(z) = « W , ®)

where « is the polarizability, € is the vacuum permittivity,
and Ny is the molecular density in the nonheated region.
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Figure 2 (online color at www.lphys.org) The on-axis electron
density (dash-dotted curve) and the electron (solid line), vibra-
tional (dashed line), and gas (dotted line) temperatures in the
wake of a laser-induced filament in the presence of a laser pulse
with a wavelength of 10.6 m and intensity of 6.5x 10° W/cm?
as functions of the delay time with respect to filament generation
by the femtosecond pulse

At a constant pressure, Eq. (6)—Eq. (8) yield

Ann(@) = (na — 1) (% - 1) , ©

where T'[K] is the gas temperature in Kelvin degrees.
Setting the maximum value of the refractive index
change equal to the high-temperature limit of An,.,
Any(2max) ==AnNmax =1 — ng, we find for a parabolic
refractive-index profile (Eq. (3) with ¢=2) that

Tmax = L0V 2Anmax . (10)

We now use Eq. (4), Eq. (5), and Eq. (10), to arrive
at the following inequality limiting the maximum value of
the Ay angle:

sin 0y < sinfmax = V2ANmax - (11)

With Anpax ~3x107%, as in the case of at-
mospheric air, we find sinfgax ~ Opax < 1.7x1072,
A beam-deflection angle 0;3=20,.« ~3.4x10~2 would
correspond to beam bending over an obstacle as
high as h~1.7 m within a beam propagation path
I=2h(tan Opay ) ~! =200 m.

4. Laser-induced refraction gradients

We now examine refractive-index gradients generated by
femtosecond laser pulses in the wake of laser-induced
filaments and tailored, as described in [10,16], by low-
energy near- or mid-infrared laser pulses with longer,
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Figure 3 (online color at www.Iphys.org) A two-dimensional
map of electron density in a filament induced in the atmospheric
air by a two-color laser field consisting of a 800-nm, 0.6-mJ, 25-
fs pulse and a 400-nm, 0.09-mJ, 25-fs second harmonic focused
with a 25-cm-focal-length lens)

nanosecond-scale pulse widths. In this analysis, we em-
ploy a model of plasma dynamics based on a self-
consistent integration of plasma-kinetic, Navier-Stokes,
electron heat conduction, and electron-vibration energy
transfer equations (see [10,17] for the details of this
model). The model includes kinetic equations for the main
species dominating atmospheric-air plasma chemistry in
the wake of a laser-induced filament, such as oxygen, ni-
trogen, and ozone molecules (O, N2, and O3), molecular
ions Ng‘, O;, 05, NZ, OI, NOT™, oxygen and nitrogen
atoms O and N, as well as atomic ions N*, Ot, and O~.
Initial conditions for plasma parameters in the wake of a
laser-induced filament are defined by solving the general-
ized nonlinear Schrodinger equation for an ultrashort laser
pulse propagating through the atmosphere [18,19]. A typ-
ical two-dimensional map of the electron density induced
by an ultrafast field waveform in the atmosphere is shown
in Fig. 2. The key tendencies in the evolution of the plasma
created in the wake of a laser filament and heated by a laser
field with a central wavelength of 10.6 ym and intensity of
6.5x10% W/cm? is illustrated in Fig. 3 and Fig. 4. The mid-
infrared field is seen to increase the electron, vibrational,
and gas temperatures, as well as the electron density in the
ionized gas (Fig. 3), giving rise to steeper gradients of the
refractive index (Fig. 4).

Approximating the refractive index profile correspond-
ing to a delay time 74 =06 ns (relative to filament genera-
tion by the femtosecond pulse (Fig. 5a)) with a parabolic
profile (Eq. (3) with ¢ =2), as shown by the dashed line in
Fig. 5a, and using Eq. (10), we find that Eq. (11) holds true
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Figure 4 (online color at www.lphys.org) The refractive index
(1) and plasma loss (2) of the atmospheric air in the presence
of a laser pulse with a wavelength of 10.6 um and intensity of
6.5x10° W/ecm? in the wake of a laser-induced filament as a
function of the delay time with respect to filament generation by
the femtosecond pulse (instantaneous on this time scale)

for Omax, With An.x now understood as the maximum
change in the refractive index induced by ionization on the
axis of the plasma column. For the chosen delay time of
6 ns, Anmax ~0.05, and the maximum beam-deflection
angle is 04 =20,,,. ~38°. With such a beam-deflection
technique, M =35 reflections from properly arranged ion-
ized gas layers would be sufficient for the reversal of the
beam propagation direction. Reflection will typically take
place within an area with a transverse size of 0.1 mm and
a longitudinal size of 1 mm.

Plasma-induced attenuation of laser intensity over the
entire beam path inside the ionized region is calculated as

with the time-dependent plasma loss profile

where
B wf)(x,t)
e(x,t) =1— iRl

e is the electron charge, n.(x,t) is the time-dependent
electron density, w is the radiation frequency,

dme?ne(x,t)

wp(z,t) = -
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Figure 5 (online color at www.Iphys.org) Refractive-index (a)
and plasma loss (b) gradients induced in the atmospheric air in
the presence of a laser pulse with a wavelength of 10.6 pm and
intensity of 6.5x10° W/cm? for different delay times (0, 4, and
6 ns, as indicated next to the curves) relative to filament genera-
tion by the femtosecond pulse. The dashed line shows a parabolic
fit of the refractive-index profile using Eq. (7) with ¢=2

is the plasma frequency, m is the electron mass, and v/(t)
is the effective collision frequency, defined as the imagi-
nary part of the complex plasma refractive index. Kinetics
of the plasma loss x induced in the atmospheric air by a
heating laser pulse with a wavelength of 10.6 ;m and in-
tensity of 6.5x10° W/cm? in the wake of a laser-induced
filament calculated as a function of the delay time with re-
spect to filament generation by the femtosecond pulse is
shown by line 2 in Fig. 4. Computation of the integral for
1 with the plasma loss profile x(z, t) found with the use of
our plasma-dynamics model (shown in Fig. 5b for differ-
ent delay time 74) yields an attenuation factor p~ 1.8 for
A=10.6 um and 74 =6 ns. The loss due to the scattering of
a laser beam by fluctuations of the refractive index of the
ionized air under these conditions did not exceed 1%. We
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note the connection between the present work and the re-
cent experiment [20] in a coherently driven ultradispersive
medium showing a strong “prisming”, or deflection of a
light beam. There, a deflection on the order of 0.1 rad was
attainable, in essential agreement with the present paper.
Other pertinent work includes remotely pumped lasing in
the atmosphere [21,22] and applications of backward las-
ing in the atmosphere for standoff detection using coherent
Raman scattering [23].

5. Conclusion

We have shown here that refractive-index gradients in-
duced in the atmospheric air by properly tailored laser and
microwave fields are shown to enable a remote steering
of laser beams. Heating-assisted modulation of the refrac-
tive index of the air by microwave radiation is shown to
support small-angle laser-beam bending with bending an-
gles on the order of 10~2. Tonization of the atmospheric
air by dyads of femto- and nanosecond laser pulses, on the
other hand, can provide beam deflection angles in excess
of 7/5, offering an attractive strategy for radiation trans-
fer, free-space communications, and laser-based standoff
detection.
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