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Excitation gratings in cross-beam filament wake channels in a dense argon gas:
Formation, control, and Rabi sideband manifestation
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When two intense laser beams cross at a small angle, the interference in the crossing area results in a finite
intensity grating. We consider femtosecond laser filamentation in such a grating, in a situation when the process
is largely confined to the grating maxima and leads to formation of a structured filament wake channel. In a
dense gas, electron impact processes during the laser pulse cause a copious excitation of neutral atoms, resulting
in formation of a finite grating of the density of excited atoms. Numerically solving the equations of laser-driven
kinetics, we obtain the properties of this grating, as depending on the characteristics of the interfering beams
and especially on the interbeam phase delay. The excitation gratings thus formed give rise to a hallmark effect
of Rabi sideband emission when probed by a picosecond 800 nm laser pulse, which couples with transitions
in the excited states manifold. Spectral and spatial interference of the emitted radiation forms four-dimensional
spatial-spectral fringe patterns accessible for observation on a remote screen. The patterns are indicative of
the excitation grating structure; their sensitivity to the phase delay between the crossing pump pulses warrants

experimental verification.
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I. INTRODUCTION

Filamentation of intense femtosecond laser pulses in gases
and its applications have been a center of growing attraction
over the past three decades. Potential applications include
guiding electric discharges, atmospheric monitoring through
LIDAR (light detection and ranging; the technique utilizes
white light continuum generation by a filament to achieve full
spectral coverage in a single shot), terahertz generation, etc.
[1-4]. The filamentation process is initiated when an intense
laser pulse self-focuses in a nonlinear medium, until it reaches
high enough intensity to ionize the gas in its path, thus leaving
behind a narrow column of plasma. This plasma formation
evolves in the pulse wake and is open to various pump-probe
experiments [5-8].

Depending on experimental settings, a multifilament sys-
tem may emerge [9], leading to a structured wake channel of
considerable complexity. One convenient way of eliciting a
controllable structured filamentation is to use two identical
laser beams crossing at a small angle and producing an in-
terference pattern. Similar arrangements with cw laser beams
have been utilized for various purposes since the 1970s [10].
With ultrashort pulses, transient polarization gratings at the
beam crossing were widely used as means for degenerate
four-wave mixing [11-13]. More recently, electron-density
gratings generated in this setting in the strong-field regime
have attracted considerable attention. There have been studies
of such gratings induced either by the ponderomotive force
[14,15] or by spatial variations of the ionization rate [16—19],
conducted with IR lasers and also with UV lasers [20]. The
dynamic electron-density gratings were shown to cause effec-
tive energy transfer between filamenting beams that slightly
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differ in carrier frequency [21-23]. Electron energy gratings
in quasineutral plasma generated by two counterpropagating
laser beams have been studied extensively, both theoretically
and experimentally, in relation to controlled fusion applica-
tions [24-27].

In contrast to these studies, we are interested in the density
grating of excited argon atoms, as the massive production of
exited atoms is a salient feature of filamentation in a dense
gas [8,28]. When the interatomic distances are comparable or
smaller than the amplitude of the free electron excursions in
the oscillating laser field, the electrons released by ionization
undergo multiple collisions with neighboring neutral atoms
during the laser pulse, and these collisions largely determine
the energy intake by the medium. In particular, the collisional
processes result in considerable buildup of the excited atoms’
concentration. We will consider this hallmark effect in the
case of a high-pressure argon gas interacting with an intense
femtosecond pulse of the standard 800 nm carrier wavelength.

The collisional effects, in which the free electrons are en-
gaged in this case, can be broken down to the energy gain
by the inverse bremsstrahlung caused by elastic scattering
on neutral atoms, and to the energy-loss effects of impact
ionization and collisional excitation. These two latter effects
compete during the laser pulse, and this competition allows
for pulse-shape control of the resulting excited-atom and ionic
densities [29]. The impact ionization rate is a steeper function
of energy, but it has a later onset, so there is an energy range in
which the collisional excitation dominates, and this range has
to be passed by the electrons as they climb up the energy scale.
This leads to considerable buildup of the density of excited
atoms throughout the laser pulse. By the end of the laser pulse,
a grating structure of excited-atom density emerges in the
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crossing area of the two beams. The enhanced laser intensity
in the interference maxima allows for both the strong-field
ionization and the collisional processes to be confined within
the intensity grating lines in the crossing region, thus making
for an excitation grating of finite length and width, whose
properties are controlled by the crossing angle and the phase
difference between the two pulses.

In the pulse wake, this transient excited-atom grating can
manifest itself in various linear and nonlinear optical effects.
One hallmark nonlinear optical effect is the generation of
giant Rabi sidebands, when an excited gas is probed by a
moderately intense picosecond laser pulse [30,31]. When a
suitable pair of excited states is coupled with the laser field,
Rabi cycling occurs. The associated induced electric dipole
oscillations produce sideband radiation at frequencies both
redshifted and blueshifted about the carrier frequency of the
driving laser pulse. An obvious condition for the sideband
emission is the presence of occupied states with transition
frequencies close to the laser frequency. The excited states’
manifold of argon meets this condition, as related to the stan-
dard 800 nm carrier wavelength (another well-studied case
is atomic oxygen), and indeed, Rabi sideband radiation from
filament wake channels in argon and oxygen gases has been
observed [30,31]. The emitted coherent broadband radiation
is engaged in spectral interference, resulting in characteris-
tic spatial-spectral fringe patterns controlled by the envelope
shape of the probe pulse [32,33]. It may well be expected
that when a probe pulse interacts with excited argon atoms
in a finite grating formation, a sophisticated spatial-spectral
interference pattern will result that will carry information of
both the state of excitation and the spatial characteristics of
the grating.

In this paper, we analyze theoretically the transient grating
patterns of excited-atom density that forms during filamen-
tation in a beam-crossing area in a dense argon gas and
can be controlled by the crossing angle and the phase dif-
ference between the two pulses. Further, we study the Rabi
sideband emission from the excitation gratings, which makes
for characteristic spatial-spectral interference patterns when
observed on a distant screen. We determine the dependence

J

of the interference spot positions on the characteristics of the
excitation grating and ultimately on the characteristics of the
crossing-beam pump pulses. To emphasize the control effects,
we concentrate on the finite gratings that have a small number
of grating lines within the laser beam diameter.

The text is organized as follows. In Sec. I, we explore the
interference patterns in the two-beam crossing area, which
depend on the crossing angle and the relative phase delay
of the two pulses, and which form finite transient intensity
gratings modulated by the beam profiles. In Sec. III, we an-
alyze the buildup of atomic excitation in the high-intensity
regions, which leads to a gratinglike distribution of excited
atoms in the pulse wake. In Sec. IV, we investigate the Rabi
sideband emission associated with the excited argon atoms
in the grating and the resulting spatial-spectral interference
patterns, and discuss the possible use of these patterns for
determining the grating characteristics. Finally, in Sec. V, we
put forward our conclusions.

II. TRANSIENT INTENSITY GRATING

We consider two laser beams crossing at a small angle 26.
The beams are linearly polarized with the polarization vector &
being orthogonal to the crossing plane. The electric field in the
two pulses is E(r,1) = &E;(r, 1) exp(ikkr — iw.t—ip/2)
and E,(r, 1) = 8E,(r, t) x exp(ikkor — iw.t + i@/2), where
w, is the carrier frequency and k. = w.n,/c is the wave-
vector magnitude, n, = n,(w.) being the refractive index. The
amplitudes £} (r, t) and E,(r, t) are slowly varying envelope
functions, and ¢ is the phase delay between the pulses. The
cycle-averaged intensity in the intersection region is I(r, t) =
(W/2DUE + |Ba|” + 2B, By coslk (ki — ko)r + ]}, where
= cn,&p and g is the vacuum permittivity. We assume that
the two laser pulses have identical Gaussian radial shapes with
the beam radius R, and identical Gaussian temporal envelope
shapes with the pulse duration t; we assign the Cartesian
coordinate axes so that the beam-crossing plane is the xz plane
and the z axis is the bisectrix of the beam crossing angle 26.
Then, l':nr =sinf x + cosf z and Rzr = —sinf x + cosb z,
so that

E1s(x,y, 2, 1) = Egexp(—[(x cos 8 F zsin0)* + y*]/R*) exp(—{=£ sin Ox + cos 0z — vglt F 0/ QRw)}*/(tv)?), (1)

where vy = vo(w.) & c/n, is the group velocity. This spatial and temporal dependence of the envelope functions makes, after

some algebra, for the transient intensity grating in the form

2 2 5.5 2.2 2 2 ) ] . 2
I(r,t) = pEjexp | ——(z°sin“0 4 x“cos“6 + y~) | exp -—— (Wt — ke cos0z)” + —(2k. sinOx + @)
R? (weT) 4

2 2
X <cosh [ﬁ(a)ct — k. cos07)(2k. sinOx + ¢) + 2 sin (29)xzi| + cos (2k. sin 6x + (p)). 2)
T

As seen in Eq. (2), the transient intensity grating emerges
as a rather complicated function of x, z, and ¢, while keeping
a simple Gaussian shape in the direction orthogonal to the
crossing plane (the y axis). The extent of the grating area is
determined by the exponential in the first line of Eq. (1): the
size of the finite grating along the x axis is about R/ cos 6 and
along the z axis, about R/sin6. There is also an additional

(

length scale determined by the exponential in the second line
of Eq. (1): w.t/(k.cosf) = ct/(n,.cosf) along the z axis
and .t /(k. sin @) = ¢t /(n, sin 0) along the x axis. The kine-
matics of the intensity grating pattern is determined by the
relative magnitude of the two z-axis scales. If ¢t /(n, cos0) >
R/sin 6, that is, ct tan 6 > n,R, the intensity rises and falls in
the grating area as a whole. If ct/(n, cos6) < R/sin 6, that
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is, cttan @ < n,.R, the transient intensity grating emerges at
one end of the crossing region, then moves as a formation of
the ct/(n, cos0) length along the z axis, and then disappears
at the other end of the crossing region. For a typical pulse
duration of 50 fs, ¢t /n, ~ 15 wm, which for small values of
the crossing angle 6 is smaller than R/ tan 6, so that the second
scenario is realized.

The grating modulation of the transient intensity pattern is
mainly delivered by the last term in the third line of Eq. (2),
cos(2k, sin 6 x + @), which determines the grating fringe sep-
aration of m /(k.sin6). However, the preceding exponential
factors in the first and the second lines of Eq. (1) lead to
slight modification of this period and a little shift of the
grating pattern on the order of (k.R tan 6). Unlike these minor
modifications, the interpulse phase delay ¢ plays a crucial role
in controlling the intensity pattern and its resulting action on
the medium. The intensity values at the maxima of the fringe
pattern near the center of the crossing area are about four times
greater than those in each of the beams; only a very finite
number of the grating maxima that are close to this center will
result in lasting effects on the medium, because of extreme
nonlinearity of the laser-medium interaction. A change in
the value of ¢ causes the grating modulation pattern to shift
along the x axis and thus can change the number of high-
intensity grating lines. To illustrate this effect, we consider
the intensity pattern determined by Eq. (2) at t = 0 and with
z =y = 0. Modification of this pattern in response to changes

J
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FIG. 1. Variation of the transient intensity grating in the crossing
area of two identical laser beams caused by variation in the interbeam
phase delay. Both laser pulses have a beam radius of R = 10 um and
a duration of 50 fs; the crossing angle & = 0.057rad. The shown
grating corresponds to ¢ = 0 and z = 0 in Eq. (2).

in the interbeam phase delay is presented in Fig. 1. Here, both
laser pulses have a beam radius of R = 10 pm and a duration
of 50 fs, while the crossing angle is 8 = 0.057 rad, which
corresponds to the intensity grating separation of d = 7 um
(the value of d comparable to R is chosen to emphasize the
finite grating effects). The positions of the maxima x,, of this
function /(x) are found as the roots of the equation,

1
(k.Rtan 9)* + (wcr)z]' ©)

In a typical case, the right-hand side in this equation brings about small corrections responsible for the slight deviations
mentioned in the previous paragraph. For a given maximum x;,, the shift of interbeam phase delay by Ag causes the shift

Ag

Axyy = ————
d 2k, sin 6

(1 — {(kL.R tan 0)% +
where Q = (k.Rtan0)*/(w.7)* = (n,Rtan0)*/(ct)>.

As the strong-field effects on the gas are extremely nonlin-
ear, this difference in intensity easily leads to a situation when
the ionization and atomic excitation in the gas medium in
the pulse wake are confined to the crossing area and virtually
absent outside that region. We use this spatiotemporal form of
the localized transient intensity grating of Eq. (2) as the input
in the equations that describe the kinetics of the electronic
degrees of freedom during the pulse, with the emphasis on
the production of excited atoms as a hallmark of the dense gas
situation.

III. FORMATION OF AN EXCITATION GRATING DURING
THE LASER PULSE

As mentioned in the Introduction, in a relatively dense gas
collisional processes lead to a heavy presence of excited atoms
in the immediate wake of the laser pulse. These excited atoms
are produced by collisional excitation performed by energetic
free electrons driven by the oscillating electric field. In turn,
the dominant part of these free electrons results from impact

(k.Rtan @

-1
7 [9Q + 2k, sin Oxp (1 + Q)* + 2(1 + Q)} ) )

(

ionization of argon atoms by the field-driven electrons as well.
Moreover, in the dense-gas situation, the possible shift of the
free electrons away from the intensity maxima by the action
of ponderomotive force can be neglected, because this force
becomes effectively screened and does not lead to a noticeable
charge separation and deviations from electrical neutrality of
the emerging plasma.

During the laser pulse, the emerging free electrons become
immediately engaged in three field-driven impact processes:
(i) energy gain via inverse bremsstrahlung on neutral neigh-
bors; (ii) collisional excitation of neutral atoms, which is
associated with energy loss by the free electrons; and (iii)
impact ionization, which is associated with both the energy
loss by free electrons and the generation of new free electrons.
The two later processes compete between themselves for the
energy that the electronic system receives from the laser field
in the first process.

Strictly speaking, there are several accessible excited
atomic states, each corresponding to a separate density func-
tion and separate excitation rate. However, we will restrict our
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model with one representative excited state, which has the
excitation energy of g.x = 11.8 eV and the evolving density
of excited atoms n,,(r,t). We follow the model outlined in
Refs. [28,34] and describe the laser-driven kinetics of free
electrons in terms of the local density of free-electron occu-
pied energy states, n(r, ¢, t). Then, the evolution of ng(r, t) is
expressed in terms of n(r, €, ¢) and the excitation rate v, (¢).
Using the semiempirical formula of Ref. [35] for the cumu-
lative excitation cross section, the effective excitation rate is
expressed as Vex (&) = Vexofex (€/€ex). Here, the dimensional
factor is vexg = 1.35n0na§(Ry/an)2«/286X/m, where ny is the
density of neutral atoms (we will neglect the depletion of
the neutral-atom population), ap is the Bohr’s radius, Ry is the
Rydberg energy, and m is the electron mass; the dimensionless
function is fu, (z) = (1/2)*?(1—1/2)*®@(z—1). The evolution
of &€ = g during the pulse is expressed as

dhex
dt

In turn, the electrons that perform the collisional excitation
emerge in two ways: a minor part of them is created by
the strong-field ionization of argon atoms with the atomic
ionization rate, W (r, t). The exact form of W(r, t) is of lit-
tle importance, as these primary electrons merely serve as
a seed for the impact ionization. Thus, it suffices to use
a convenient approximation for W(r,t). For the laser in-
tensities of ~10'*W/cm? at the maxima of the intensity
grating fringes, the value of the Keldysh parameter y for
argon atoms is about 1.15. It was shown [36,37] that the
ADK formula [38] still gives a reasonably good approxi-
mation for W(r,t) for the borderline values of y slightly
greater than unity, and so we use it here. The second, major
source of free electrons is the impact ionization process, the
energy-dependent rate of which, vjo,(€), is obtained using
the semiempirical Lotz formula for the total ionization cross
section [39]. For Ar and the electron energies in question,
Vion(€) = 3o63VexO(Sex/gion)3/2ﬁon(8/8ion)a where  fion(z) =
J1/z2{1-0.62 exp[—0.40(z—1)]} In(z)®(z—1). Overall, the
total number of free electrons grows with the rate
(dn;/dt) = ngW (r,1) + [y devion(e)n(r, &, 1). Finally, the
function n(r, ¢, 1) is also determined by the ionization and
excitation processes, as well as by the energy intake and
redistribution via inverse bremsstrahlung:

on on on on

A Ot O |y OF

= Vex0 [Do defex(e/€en(r, €, 1). )
0

(6)

ex ion B

The collisional excitation in Eq. (5) is performed by the
free electrons at the expense of the kinetic energy loss. As a
result, the free electrons are reshuffled along the energy axis

via finite energy shifts, so that

on
ot

= /00 de'[=8(e' — &)+ 8(s' — & — g4)]
0

ex

X Vex (Nn(r, &', 1). @)

The impact ionization affects n(r, €,¢) in a similar way;
besides, it constantly supplies new electrons, contributing
to (dn;/dt) along with the strong-field ionization. These
new electrons emerge with low kinetic energy, but upon
the first cycle of laser-field acceleration and elastic scatter-

ing, which is beyond our model framework, they acquire
some initial energy distribution, which is accounted for by
an auxiliary function g(e). The specific form of this seed
function is of no particular importance; we choose g(¢) =
Cknek{l— tanh[n(e — Up)]}, where k and » are adjustable pa-
rameters, U, is the ponderomotive energy, and Cy, is the
normalization constant. Thus, the second term on the right-
hand side of Eq. (6), which expresses the effects of impact
ionization, reads

on
ot

= fwdS/[—8(8/ —&)+ 8(8/ — & — &ion)]

ion 0
dl’li
X Vion(n(r, &', 1) + O 8)

The last term on the right-hand side of Eq. (6) rep-
resents the transformation of n(r, e,t) due to the inverse
bremsstrahlung on neutral atoms. Assuming the laser carrier
frequency to be greater than the scattering rate of an electron
on neutral atoms, which in turn is greater than the inverse of
the pulse duration, this term is obtained [28] as

2
= \/Znoazr(e)l(r, t)i[ﬁ<ea—" - ln>:|

5 3umw?V m de de 2

©))
where I(r, t) is the transient intensity grating described in the
preceding section, and o;,(¢) is the cross section for elastic
scattering. This Fokker-Planck-type term describes the effec-
tive diffusion of the electron density along the energy axis,
with the time-dependent diffusion coefficient [40].

The outcomes of the competition between the impact
ionization and collisional excitation are determined by the
energy-dependent rates of these processes, Vion(¢) and ve (€).
(The elastic-scattering cross section can be considered virtu-
ally constant in the relevant energy range 5-20 eV: o;,(¢) =
oo = 107!% cm?, as this range lies well away from the Ram-
sauer minimum [41].) Since ve (€) has its inception point at a
smaller value of energy than that for v;,,(¢), there is an energy
interval in which veg(€) > vion(g). When the electrons climb
up the energy axis, they inevitably enter this region, and thus
impact ionization is necessarily accompanied by collisional
excitation. The relative outcome of these two processes is
determined by the details of the field-driven electron dynamics
during the pulse, and may be modified by changes in the
temporal shape of the pulse envelope [29]. When driven by the
transient intesity grating in the beam-crossing area, the dis-
cussed processes duly produce gratinglike spatial distributions
of the free electrons n(r, t), the ions n;(r, t), and the excited
atoms ne (1, ). We are particularly concerned with the grating
of nex(r, ¢) as it is a hallmark of a dense-gas situation.

We have solved numerically Eq. (6) for n(r,e,t) and
obtained the buildup evolution of the excited-atom density
nex(r,t) as caused by the transient intensity grating in the
beam-crossing area discussed in the previous section. The
argon gas is at 60 atm pressure, which is the same as reported
in the experiment of Ref. [8]. This corresponds to the gas
density of 1.8 x 102! cm~3.The parameters of the laser pulses
in the two crossing beams are the same as those presented
in Fig. 1. The pulses have the same carrier wavelength of
800 nm, the identical Gaussian transverse spatial shape with

on
ot
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FIG. 2. Spatial distributions of the excited-atom concentration at the end of the laser pulse in the beam-crossing area for the crossing angle
0 = 0.057 rad and different values of the interpulse phase delay: (a) ¢ = 0; (b) ¢ = 7/4; (c) ¢ =7 /2; (d) ¢ =37 /4; (e) ¢ = . (Note the

vastly different scales along the z axis and the x axis).

the beam radius R = 10 um, the Gaussian temporal envelope
shape with the pulse duration of 7 = 50 fs, and the intensity of
2.8 x 10" W/cm?. Assuming the transient intensity gratings
as expressed by Eq. (2), we have found the distributions of
excited atoms and ions at the end of the laser pulse. The
characteristics of the obtained excitation grating patterns are
determined both by the underlying laser intensity grating
and the interplaying ionization-excitation processes during the
pulse. Several representative examples of the obtained exci-
tation gratings are shown in Fig. 2. These five characteristic
grating patterns correspond to the beam-crossing angle of 6 =
0.057rad and a few different values of the interpulse phase
delay ¢. The chosen value of the crossing angle corresponds to
the intensity grating separation, d = 7 um. As seen in Fig. 2,
in all five cases the concentration of excited atoms reaches
maximum at the positions on the grating lines that are closest
to the center of the pattern (the point with coordinates x = 0,
z = 0). Away from the center, the concentration decreases in
both directions, although this decline is much faster in the
x direction as compared to the z direction. The interbeam

phase delay has a prominent effect on the structure of the
excitation grating, The zero phase delay, ¢ = 0, corresponds
to the concentration grating pattern having a maximum right
on the z axis [Fig. 2(a)]. This central maximum is accompa-
nied by two weaker secondary maxima. The phase delay of
¢ = 1 corresponds to the pattern having a minimum on the
z axis [Fig. 2(e)]. In this case, the pattern has two equally
pronounced global maxima. (Actually, in this latter case, due
to corrections to the positions of intensity grating lines de-
termined by Eq. (2) and discussed in the previous section,
the grating having a minimum on the z axis corresponds to
a slightly different value of ¢ = 1.0057; we refer to it as
¢ = m for the sake of simplicity.) In both these limiting cases,
at ¢ =0 and ¢ = 7, the obtained grating patterns possess
mirror symmetry along both the x axis and the z axis. For the
intermediate values of the phase delay, ¢ = 7 /4, ¢ = /2,
and ¢ = 37 /4, the mirror symmetry along the x axis is lifted.
When the value of ¢ if increased from ¢ = 0 to ¢ = 7 /4, the
grating shifts in the (—x) direction and also starts showing
an increase in the concentration at the secondary maximum
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lying in the (4+x) direction and a decrease in the concentration
at the secondary maximum in the (—x) direction [Fig. 2(b)].
Further increase in ¢ to ¢ = /2 leads to further increase in
the (+x) maximum, while the (—x) maximum virtually dis-
appears [Fig. 2(c)]. When the interbeam phase delay further
increases to ¢ = 31 /4, the remaining (4x) secondary maxi-
mum gains even more concentration and becomes comparable
with the main maximum [Fig. 2(d)]. Eventually, at ¢ = 7, the
values of the two maxima become indistinguishable, which
restores the mirror symmetry along the x axis [Fig. 2(e)]. The
absolute values of the excited-atom concentration at these two
maxima are plotted as functions of ¢ in Fig. 2(f). As seen
in this panel, the excited-atom concentration at the initially
central maximum decreases with the increase in the phase
delay. On the other hand, the concentration at a secondary
maximum [(—x) fringe] grows steadily with the phase delay.
Eventually, at ¢ = 7, the two concentrations become equal.
The ionization gratings are similar in shape and behavior
to the excitation gratings, albeit the values of ion concen-

J

tration at the maxima of the fringes is smaller than those
of the excited-atom concentrations; the ratio of the excited-
atom concentration to the ion concentration can be further
controlled by the envelope shape of the laser pulses [29].

IV. RABI SIDEBAND GENERATION FROM THE
EXCITATION GRATING

The excited states of Ar that are populated during the laser
pulse as described in the preceding section relate to several
noticeable fluorescence lines that lie conveniently close to
the typical laser carrier wavelength of 800 nm: 811.5311,
810.3693, 801.4786, 800.6157, and 794.8176 nm [42]. Each
of these transitions can couple to the 800 nm laser radiation as
an effective two-state system. When such a system is driven
by the oscillating electric field of a moderately intense probe
laser pulse, E,(t) = éE,,(t) exp(—iw,t), the Rabi oscillations
occur, with the time-dependent induced dipole [43],

10 | P (v R Lare/(r 10
u(t)—uabﬂ,—(t)<008(wct)—§{[ +Q/(t)}008[wcf—/0 t (f)]_[ _Q/(z)}cos[w‘ﬂr/o : (t)“>' (1o

Here, w4 is the transition dipole matrix element, Q(¢) =
UapEp(t)/h is the instantaneous Rabi frequency, Q'(¢) =

VA2 + Q%(t) is the instantaneous generalized Rabi fre-
quency, and A = wp, — w, is the detuning from the reso-
nance. The two terms in the second line of Eq. (10) give rise
to the redshifted and blueshifted Rabi sidebands, respectively,
in the dipole-emitted radiation, as they correspond to instanta-
neous frequencies, wy (t) = w. = Q'(¢). As the value of Q'(¢)
varies during the laser pulse, first increasing to some maxi-
mum value and then decreasing back to zero, broad sidebands
in the emission spectrum result.

Moreover, during the laser pulse, each available value
of Q" occurs twice: at the leading ramp of the pulse and
at the trailing ramp. The pairs of emitted same-frequency
waves interfere, depending on the phase accumulation be-
tween their emission times. This spectral interference results
in the characteristic fringe patterns of the sideband spectra,
which are determined by the envelope shape or the probe pulse
[33,44]. Formally, these spectral fringe patterns are obtained
via Fourier transform of the induced dipole oscillations in
Eq. (10).

When contributed by a large number of excited atoms in
a filament wake channel, the sideband radiation bears an im-
print of the spatial distribution of these coherent emitters and
depends also on the transverse intensity profile of the probe
beam. The interference of the waves emitted by the induced
dipoles at different locations combines with the spectral inter-
ference and leads eventually to a characteristic spatial-spectral
pattern, in which the fringes depend both on the frequency
(or wavelength) and on the position on the observation screen
[32]. In addition to this, in argon the spatial-spectral interfer-
ence patterns to be observed will be contributed by the Rabi
sidebands associated with all of the five above-mentioned
transitions.

(

We simulated the spatial-spectral interference patterns of
Rabi sidebands that can be observed when the excitation grat-
ing in Ar obtained in the preceding section is probed by a
moderately intense picosecond 800 nm laser pulse. The probe
beam is incident normally on the xz grating plane, with the
beam axis (y) going through the center of the grating [the (0,0)
point in the xz plane; see Sec. III]. The sideband emission
from the grating lines forms characteristic spatial-spectral
patterns at a distant observation screen, which is parallel to the
grating plane and is placed 20 cm away from the grating, to al-
low the interference fringes to gain the spatial scale in the cm
range. Overall, the intensity of the observed signal depends
on three variables: the frequency (wavelength) and the two
coordinates on the observation screen; one running along the
grating lines and the other orthogonal to the lines, thus making
for a four-dimensional pattern. This pattern can be rendered
in slices along the two coordinates, which physically can be
achieved by recording the sideband radiation signal along the
respective observation slits.

We consider a Gaussian probe pulse, which has a du-
ration 7, ~ 1ps, an electric field amplitude E,, and a
Gaussian transverse profile with the beam radius r,, which
is greater than the pump beam radius, r, > R. Accord-
ingly, the instantaneous Rabi frequency associated with one
of the mentioned Ar transitions (labeled j) varies in time
and along the grating lines (the z coordinate) as Q;(z,t) =
Qo exp[—(z*/ rz +12/ rpz)], with the maximum value of
Qo; = (Mab) jEpo/h. Thus, for each available sideband fre-
quency value ; < o; the emission occurs at the elliptic
line zz/r[% + tz/rg = In(20;/£2;) in the (zt) coordinates. The
spectra of the blueshifted (4) and redshifted (—) sidebands
of an emitter occupying the position z along the nth line of
the excitation grating and associated with the jth transition
(the (z, x,) emitter of the jth kind) are then obtained by the
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Fourier transform as

A __(,bbab)j *© (1) A
(@, 2, X,) = ) /_oodtsz',(t,z)[ﬂ’j(hz)il

X exp |:i(wc — o)t :I:i/ dr'Y;(t', Z)i|
0
(11)

To obtain the spectral amplitude at a point on the observa-
tion screen positioned at a large distance y, from the grating,
we use the Fourier optics technique [45]. To indicate the
observation point, we consider the Cartesian coordinate axes ¥

J

i, z,

and 7 in the plane of the observation screen to be parallel to the
respective x and z axes in the grating plane, with the reference
point at the axis of the probe beam (for the sake of simplicity,
we assume yy > 7, z, X, and X > x,,), The phase increment
between an effective point emitter with coordinates (z, x,,) and
the point (Z, ¥) on the observation screen for the spectral com-

ponent w is expressed as (a)/c)\/yg +GE—2+@GF—x)%
Then, the amplitude of this @ component at the point (Z, X)
is obtained as a sum of the contributions from all of the
distributed emitters. This makes for the power spectrum of
the Rabi sidebands as observed at the point (Z,X) of the
observation screen:

2

Xu) EXP [i%\/y(z) +E—2+ @G- xn)z]

c()4 [ee)
l(w,%,7) = ———— A, d
(@, %,2) 327128003 an: /_ ¢

oo

where the expression for u ;(w, z, x,,) is given by Eq. (11) and
the coefficients A,, stand for the excited-atom concentration in
the nth grating line.

Spatial-spectral interference patterns generated numer-
ically on the basis of Eq. (12) with the excited-atom
concentrations A, determined by the calculations of Sec. III
are presented in Fig. 3, where the five panels correspond to
the five excitation gratings presented in Fig. 2. The probe
800 nm pulse is of 3 x 10°W/cm? intensity and 7, = 1ps
duration, with the probe beam radius r, = 50 um. The dis-
tance between the grating and the observation screen is yp =
20 cm; the observation slit runs along the ¥ axis (orthogonal
to the grating lines) at a distance Z = 2.8 cm from the center.
The vertical axis in the panels is the wavelength (in nm),
and the horizontal axis is the X coordinate on the screen (in
cm). The observed complex spotty patterns are due to the
discussed spectral and spatial interference of the sideband
radiation emitted from the grating. The isolated bright spots
result from the constructive spatial interference between the
Rabi sideband radiation emitted by different grating lines.
The grouping of these spots in parallel curved rows is due
to the spectral interference and the contribution from the side-
bands related to the five Ar transitions engaged. The curved
shape of these rows is determined by the spatial profile of
the probe beam. The overall spatial-spectral pattern comprises
multiple-order bright spots at the wavelengths shifted about
the carrier wavelength of the probe pulse.

A comparison of the patterns presented in the five panels
of Fig. 3 reveals their sensitivity to the phase delay ¢ be-
tween the grating-generating pump pulses. At ¢ = 0, when
the excitation grating contains one central maximum with two
equally pronounced weaker secondary maxima [Fig. 2(a)],
the Rabi sideband radiation from these secondary maxima is
too feeble to interfere considerably with the radiation from
the central maximum. Consequently, the observed signal is
almost entirely contributed by the central maximum only.
Hence, the spatial-spectral pattern consists of parallel curved
continuous strips, as would be the case for a single plasma

; (12)
G-+ G —n)

(

channel [see Fig. 3(a)]. When the value of interbeam phase
delay is increased to ¢ = 7 /4, the excited-atom concentra-
tion in one of the secondary maxima increases, while that in
the other decreases. Now, the Rabi sideband radiation from
this enhanced secondary maximum is able to interfere more
assertively with the radiation from the central maximum. As
a result, bright spots (which indicate the spatial interference)
emerge on the background of the curved parallel strips in
Fig. 3(b). Further increase in the interbeam phase delay to ¢ =
7 /2 leads to further enhancement of one secondary maximum
at the expense of the virtual disappearance of the other. Due to
considerable spatial interference between the waves emitted
by the main and the secondary maxima, the spatial-spectral
pattern now contains distinct bright spots studded on vague
curved lines, Fig. 3(c). When interbeam phase delay becomes
¢ = 31 /4, the excited-atom concentration in the secondary
maximum becomes nearly equal to that in the central max-
imum, which yields distinct bright spots with a diminishing
curved line structure, Fig. 3(d). Eventually, at the interbeam
phase delay of ¢ = m, the concentrations in the two maxima
become equal, producing isolated bright spots as indicative
of the dominant spatial interference, Fig. 3(e). The observed
trend is quantified as the variation of the spot contrast, which
is defined as Contrast % = 100% X (Ispor — Hine)/Ispor» Where
Ispor 1s the signal intensity at the central bright spot and fjipe
is the intensity midway between this spot and the next one in
the row. The dependence of the contrast on the phase delay
between the two pump pulses is presented in Fig. 3(f). When
¢ = 0, the contrast is very low. As ¢ increases, the contrast
between the spots and the line also increases. At ¢ = m, the
contrast eventually becomes 100%, which indicates complete
disappearance of the connecting line due to strong destructive
spatial interference.

This evolution of the spatial-spectral pattern showcases
the control that the interbeam phase delay of the grating-
generating pump pulses exerts on the eventual structure of the
Rabi sideband emission from the spatially modulated filament
wake channel.
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FIG. 3. Rabi sidebands at fixed distance yo = 20 cm to the observation screen. The pump-beam crossing angle 8 = 0.057 rad; the phase
delay between the pump pulses is (a) ¢ = 0; (b) ¢ =7 /4; (¢c) ¢ = 7/2; (d) ¢ =37 /4; (e) ¢ = 7. (These are the same parameters as those
of the gratings in the respective panels of Fig. 2.) Panel (f) shows the change of the bright-spot contrast with the increase in the phase delay

between the pump pulses.

V. CONCLUSIONS

We have considered femtosecond laser filamentation
caused by a transient intensity grating in a crossing area of
two laser beams in a dense argon gas and have shown that the
electron-collisional processes during the laser pulse lead to
formation of a controllable finite grating of excited-atom den-
sity that is left in the pulse wake. The positions and magnitude
of the maximum-density lines in this finite grating are effec-
tively controlled by the phase delay between the femtosecond
pulses in the crossing beams. The control effect is manifested
in modifications of the spatial-spectral interference patterns of
the Rabi sidebands emitted from the grating.

The Rabi sideband emission serves as a hallmark of the
massive presence and distribution of excited Ar atoms in the
wake channel. The excited state of Ar that forms the exci-
tation grating can participate in five optical transitions with
the wavelengths conveniently close to the standard 800 nm

of a Ti:sapphire laser. These transitions in the excited states
manifold couple effectively with a picosecond probe laser
pulse, resulting in emission of Rabi sidebands at frequencies
redshifted and blueshifted about the laser carrier frequency
and having characteristic fringe patterns determined by the
spectral interference.

We calculated the distribution of the sideband spectral in-
tensity over a remote observation screen, when the picosecond
probe pulse impinges normally on the excitation grating and
generates a multicomponent Rabi sideband radiation of con-
siderable spectral complexity. The amplitude of the generated
field depends on the excited-atom density distribution in the
grating, while the extent of the Rabi frequency’s spatial varia-
tion is determined by the transverse profile of the probe beam.
Then, the emitted radiation is involved in spatial and spectral
interference and produces complicated interference patterns
available for remote detection. The detected signal intensity
depends on the wavelength and on two spatial coordinates

065202-8



EXCITATION GRATINGS IN CROSS-BEAM FILAMENT ...

PHYSICAL REVIEW E 107, 065202 (2023)

(along the grating lines and perpendicular to them), thus
making for a four-dimensional spatial-spectral interference
pattern. We considered a three-dimensional cut of this pattern
obtained with an observation slit perpendicular to the grating
lines, and we traced the variations of the recorded pattern in
response to changes in the phase delay between the crossing
pump pulses that generate the transient excitation grating.
The predicted generation of finite excitation gratings in
dense gases at the crossing of two laser beams allows for
producing these gratings at desired positions in the gas and
with desired controllable characteristics, including the grating
separation, the length of the grating lines, and the variations of
excited-atom density along the grating lines and from line to
line. These characteristics can be observable in experiment,
as imprinted in the spatial-spectral interference patterns of
the Rabi sideband emission from the grating. Further, the
contrast variations across these patterns can be indicative of
the concurrent free-electron-density gratings that affect the

decoherence processes [43]. Thus, the proposed approach can
serve both for production of transversely structured filament
wake channels and for independent, spatially resolved diag-
nostics of these channels. In a more distant prospect, the
generation of the broad Rabi sidebands and spatially resolved
control of their spectral structure open possibilities for cre-
ating sources of coherent radiation that can be controlled
toward spatially selective quasi-frequency-comb structures
[33]. The results obtained on the control of transient optical
nonlinearities in filament wake channels warrant experimental
verification.
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