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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. Solving numerically 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 inter-beam 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 appeals for experimental

verification.



l. Introduction

Filamentation of intense femtosecond laser pulses in gases and its applications have been
a center of growing attraction over the three recent 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* 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.>®

Depending on experimental settings, a multi-filament system may emerge,® 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 interference pattern. Similar arrangements with CW laser beams have been
utilized for various purposes since 1970ies. ° With ultrashort pulses, transient polarization gratings
at the beam crossing were widely used as means for degenerate four-wave mixing.!® 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**® or by spatial variations of the ionization rate,'®*® conducted with IR lasers
and also with UV lasers.?® The dynamic electron-density gratings were shown to cause effective
energy transfer between filamenting beams that slightly differ in carrier frequency.?*?® Electron
energy gratings in quasi-neutral plasma generated by two counter-propagating laser beams have
been studied extensively, both theoretically and experimentally, in relation to controlled fusion

applications.?+2



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
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 build-up of 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 engaged 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.?® 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 build-up 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 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 33
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 red-
and blue-shifted 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
standard 800 nm carrier wavelength (another well-studied case is atomic oxygen), and indeed,
Rabi sidebands radiation from filament wake channels in argon and oxygen gases have been
observed.®3! The emitted coherent broadband radiation is engaged in spectral interference,
resulting in characteristic spatial-spectral fringe patterns controlled by the envelope shape of the
probe pulse.>3 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 communication, we analyze theoretically the transient grating patterns of excited-
atom density that forms during filamentation in a beam-crossing area in a dense argon gas and can
be controlled by the crossing angle and the phase difference 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 at a distant screen. We determine the
dependence 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 Section 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
Section 111, we analyze the build-up of atomic excitation in the high-intensity regions, which leads
to a grating-like distribution of excited atoms in the pulse wake. In Section 1V, we investigate the
Rabi sideband emission associated with the excited argon atoms in the grating and the resulting
spatial-spectral interference patterns, and discuss possible use of these patterns for determining the

grating characteristics. Finally, in Section V, we put forward our conclusions.

Il. Transient intensity grating
We consider two laser beams crossing at a small angle 2¢9. The beams are linearly polarized

with the polarization vector & being orthogonal to the crossing plane. The electric field in the two

pulses s El(r,t)=éél(r,t)exp(iklzlr—iwct—i¢/2) and B, (r,t)=6E,(r,t)x

exp(ikRZr—ia)Ct+igo/2) , where @, is the carrier frequency and K, = @, n, /C is the wave-vector

magnitude, N, =1, (COC) being the refractive index. The amplitudes El(r,t) and Ez(r,t) are slow-

varying envelope functions, and ¢ is the phase delay between the pulses. The cycle-averaged
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intensity in the intersection region is | (r,t):(u/Z)(‘El‘ +‘E2‘ +2EE, Cos(kc<kl—k2)r+go))

, Where 1 =cCn,&, and &, is the vacuum permittivity. We assume that the two laser pulses have

identical Gaussian radial shape with the beam radius R and identical Gaussian temporal envelope

shape with the pulse duration z , and 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 2¢. Then,

A

k,r =sin@x+cosdz and k,r =—sin&x+cosé z, so that

E,, (X Y,2,t)=E, exp( (xcose¢zsin9)2+y2)/R2)x

exp( (J_rsm6?x+cosez v, (t7 ¢/ (20, )))2/(7\/9)2)’ €3]

where v, =v, (a.)~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:

I(r,t):,quzexp(—%(zzsinz6’+x200529+y2)jx
2 2 1 . 2 (2)
exp| ————| (ot —k cos0z)" +=(2k.sindx+¢)" | |x
(@7) 4

[cosh {%(a)ct —k, cos&z)(2k,sin 6?x+(p)+%sin (219)xz}+cos(2kc sin 0x+¢)}
a.T

As seen in Eq. (2), the transient intensity grating emerges as a rather complicated function
of X, Z,and t, 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@ and along the z-axis,
about R/sin@, There is also an additional length scale determined by the exponential in the
second line of Eq. (1): «@r/(k.cosd)=cc/(n cosg) along the z-axis and
a.t/(k.sin@)=cz/(n, sin@) along the x-axis. The kinematics of the intensity grating pattern is
determined by the relative magnitude of the two z-axis scales. If cz/(n, cos@)>R/sin@, that is,
crtand>nR, the intensity rises and falls in the grating area as a whole. If

czr/(n, cos@) <R/sin@, thatis, cztand < n,R, the transient intensity grating emerges at one end



of the crossing region, then moves as a formation of the CT/(Hr COS 9) length along the z-axis, and

then disappears at the other end of the crossing region. For a typical pulse duration of 50 fs, cz/n,

~ 15 um, which for small values of the crossing angle ¢ is smaller than R/tan @, 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(ZkCSiHQX-I-(D), which determines the grating fringe

separation of 71/ (kc sin 9). 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.Rtan@). Unlike these minor modifications, the inter-pulse 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 y 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 in the inter-beam phase delay is presented in

Figure 1. Here, both laser pulses have the beam radius of R = 10 um and the duration of 50 fs,

while the crossing angle is @ = 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 Xy, of this function 1(x) are found as the roots of the equation,
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Figure 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 the beam radius of R = 10 um and the duration of 50 fs; the crossing

angle @ =0.057 rad. The shown grating corresponds to = 0 and z=0 in Eq. (2).
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In a typical case, the right-hand side in this equation brings about but small corrections responsible
for the slight deviations mentioned in the previous paragraph. For a given maximum X,, , the

shift of inter-beam phase delay by A¢ causes the shift

_ A(p _ 2 ; . 2 N
o = 2kcsin6[1 ((k°Rtan9) +(chtan6’)2 (pQ+ 2 sindx (1+Q) +2(1+Q)J } @

where Q=(k.Rtan 6)2 / (a)cr)2 =(n,Rtan 0)2 / (CT)2 :



As the strong-field effects on the gas are extremely nonlinear, 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 spatio-
temporal 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.

I11. Formation of an excitation grating during the laser pulse

As mentioned in the Introduction, in a relatively dense gas collisional processes lead to
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 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 neighbors;
(i) 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 function and separate excitation rate. However, we will restrict our model with

one representative excited state, which has the excitation energy of &,, =11.8 eV and the evolving
density of excited atoms Mg, (r,t). We follow the model outlined in Refs. 283* and describe the
laser-driven kinetics of free electrons in terms of the local density of free-electron occupied energy

states, N(I,&,t). Then, the evolution of Ny (I\t) is expressed in terms of N(r,&t) and the
excitation rate Vi (8) . Using the semi-empirical formula of Ref. % for the cumulative excitation
cross-section, the effective excitation rate is expressed as Vi (8)=Vex0 fex(g/é‘ex). Here, the

dimensional factor is Ve =1.35n,783 (Ry/geX )2 «/286X/m, where N, is the density of neutral

atoms (we will neglect the depletion of neutral-atom population), @g is the Bohr’s radius, RY is

the Rydberg energy, and m is the electron mass; the dimensionless function is
fu (2)=(Y2)" (1-1Y2)° ©(2-1). The evolution of & = &, during the pulse is expressed as,

dn,,
dt

Vo [ 8 T (520 )N(r,00) (5)

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 little 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 intensities of ~10** W/cm?at the maxima of the intensity grating fringes, the

value of the Keldysh parameter ;- for argon atoms is about 1.15. It was shown®-' that the ADK



formula® still gives a reasonably good approximation for w (r,t) for the borderline values of ,
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, Vig, (8) , Is obtained using the semi-

empirical Lotz formula for the total ionization cross-section.®® For Ar and the electron energies in
: 32
question, Vion (€) =3.63Vey0 (€ex/€ion ) Tion (€/€ion ), where fion (2) =1/ 2 X

(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)=nW (r,t)+'|'0°°dgvion (¢)n(r,&,t). Finally, the function n(r,g,t) is also

determined by the ionization and excitation processes, as well as by the energy intake and

redistribution via inverse Bremsstrahlung:
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The collisional excitation in Eg. (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

o0

= Idg' (—5(5'—5)+5(5'—5—gex))vex (g')n(r,&'t) (7)

ex 0
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The impact ionization affects n(l’,g,t) in a similar way; besides, it constantly supplies new

electrons, contributing to (dni/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
scattering, which is beyond our model framework, they acquire some initial energy distribution,

which is accounted for by and auxiliary function g (). The specific form of this seed function is



of no particular importance, we choose g(g)zck,]g" (l—tanh(n(g—up))), where k and 5 are

adjustable parameters, U, is the ponderomotive energy, and C,, is the normalization constant.

Thus, the second term in the right-hand side of Eq. (6), which expresses the effects of impact

ionization, reads

o0

B = E[dg’ (-6(e'—)+5(&' &= ) )Vin (e')(r, 6", )+ (5)% (8)

an
at

The last term in the right-hand side of Eq. (6) represents the transformation of n(r,&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®® as

e’ 2 0 on 1
B = 3ma? \/%noau (e)1 (r’t)E{J;(g%_E nﬂ 9)

where | (r,t) is the transient intensity grating described in the preceding section, and o, (¢) is

on
at

the cross-section for elastic scattering. This Fokker-Planck-type term describes the effective
diffusion of the electron density along the energy axis, with the time-dependent diffusion
coefficient.*

The outcomes of the competition between the impact ionization and collisional excitation

are determined by the energy-dependent rates of these processes, Vim (8) and Vi (8) . (The elastic-

scattering cross-section can be considered virtually constant in the relevant energy range 5-20 eV:

-15 . . .. .
Oy (8) ~0,=10"" ¢cm?, as this range lies well away from the Ramsauer minimum.*!) Since Vi (8)

has its inception point at a smaller value of energy than that for Vi, (8) , there is an energy interval



in which Vi (8) >Vin (6) . 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.?® When driven by the transient intesity grating in the beam-crossing area, the discussed

processes duly produce grating-like spatial distributions of the free electrons n(r,t), the ions
ni(f,t), and the excited atoms nex(l’,t). We are particularly concerned with the grating of
Mgy (r,t) as it is a hallmark of a dense-gas situation.

We have solved numerically Eq. (6) for n(r,E,t) and obtained the build-up evolution of

the excited-atom density Ny (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 1.8x10*cm=.The
parameters of the laser pulses in the two crossing beams are the same as those presented in Figure
1. The pulses have the same carrier wavelength of 800 nm, the identical Gaussian transverse spatial
shape with the beam radius R = 10 um, the Gaussian temporal envelope shape with the pulse
duration of 7 = 50 fs, and the intensity of 2.8x10'® W/cm?. Assuming the transient intensity
gratings as expressed by Eg. (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 excitation gratings are shown in

Figure 2. These five characteristic grating patterns correspond to the beam-crossing angle of ¢ =
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Figure 2: Spatial distributions of the excited-atom concentration at the end of
the laser pulse in the beam-crossing area for the crossing angle 6=0.057 rad

and different values of the inter-pulse phase delay: (@) ¢ =0; (b) o = 7 /4 ;

© ¢ =x/2;()p =37/4;() o = . (Note the vastly different scales

along the z -axis and the x -axis.)
0.057 rads and a few different values of the inter-pulse phase delay ¢. The chosen value of the
crossing angle corresponds to the intensity grating separation, d = 7 um. As seen in Figure 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 inter-beam 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 maximum right on the Z -axis (Fig. 2(a)). This central

maximum is accompanied by two weaker secondary maxima. The phase delay of ¢=7r
corresponds to the pattern having 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 determined by Eq. (2) and discussed in the previous section, the
grating having minimum on the Z -axis corresponds to slightly different value of ¢ =1.005 z ; we
refer to itas o= for the sake of simplicity.) In both these limiting cases, at @ =0and ¢ =,
the obtained grating patterns possess mirror symmetry along both x axis and z axis. For the

intermediate values of the phase delay, ¢ = 7z/4, @ =7/2, and ¢ =3x/4, the mirror

symmetry along the x axis is lifted. When the value of ¢ if increased from ¢=0to ¢ = /4, the

grating shifts in the (-x) direction and also starts showing an increase in the concentration at the

secondary maximum lying in (+x) direction and decrease in the concentration at the secondary
maximum in the (-x) direction (Fig. 2(b)). Further increase in ¢ to @ = 7z/2, leads to further
increase in the (+x) maximum, while the (-x) maximum virtually disappears (Fig. 2(c)). When the
inter-beam phase delay further increases to @ =37/4, the remaining (+x) secondary maximum

gains even more concentration and becomes comparable with the main maximum (Fig. 2(d)).

Eventually, at ¢ =, 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 ¢ =37/4, the two concentrations become equal.
The ionization gratings are similar in shape and behavior to the excitation gratings, albeit
the values of ion concentration 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.?®

IV. Rabi sidebands 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 nm, 810.3693 nm, 801.4786 nm,
800.6157 nm, and 794.8176 nm.*> 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)=8E, (t)exp(-iwt), the Rabi oscillations

occur, with the time-dependent induced dipole,*

Q(t)

1(t) = ptap Q'—(t)(cos(aJCt)_

% Ml N Qit)}cos(%t —_:[dt’Q'(t')J —[1—%0)}03(@4 + idt’Q'(t')m

Here, i, is the transition dipole matrix element, Q(t):/,zabEp (t)/h Is the instantaneous Rabi

(10)

frequency, Q’(t)z A+ (t) is the instantaneous generalized Rabi frequency, and A=, -0,

is the detuning from the resonance. The two terms in the second line of Eq. (10) give rise to the

red-shifted and blue-shifted Rabi sidebands, respectively, in the dipole-emitted radiation, as they



correspond to instantaneous frequencies, w, (t)=a, =¥ (t). As the value of ¢y'(t) varies during

the laser pulse, first increasing to some maximum value and then decreasing back to zero, broad
sidebands in the emission spectrum result.

Moreover, during the laser pulse, each available value of ¢’ 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 between 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.®*# 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 imprint 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 interference 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.®? In addition to this, in
argon the spatial-spectral interference 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 grating 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 xz-
plane, see Section I11). 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 allow 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 the duration z,~ 1 ps, the electric field

amplitude E_,, and a Gaussian transverse profile with the beam radius I, which is greater than

po’

the pump beam radius, r, >> R . Accordingly, the instantaneous Rabi frequency associated with

one of the mentioned Ar transitions (labeled ;) varies in time and along the grating lines (the Z -

coordinate) as Q;(z,t)=Q, exp(—(zz/rp2 +tz/rp2)), with the maximum value of
Qy; =(,uab)j Epo/h. Thus, for each available sideband frequency value Q; <Q,; the emission

occurs at the elliptic line Zz/rp2 +t2/rp2 = In(QOj/QJ-) in the (zt)-coordinates. The spectra of the
blue-shifted (+) and red-shifted (-) sidebands of an emitter occupying the position z along the n-th

line of the excitation grating and associated with the j-th transition and (the (Z, Xn) -emitter of j-th

kind) are then obtained by the Fourier transform as,

(44 ), Tdt Q(t) ( A,

2 Q] (t.2) Q] (t.z

His (a),z,xn):—

)ilJexp(i(a)c—a))tii;[dt’Q'j(t',Z)J. (11)

To obtain the spectral amplitude at a point on the observation screen positioned at a large

distance y, from the grating, we use the Fourier optics technique.”> To indicate the observation

point, we consider the Cartesian coordinate axes X and z 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 y, >> 7, z,X, and X >> X,), The

phase increment between an effective point emitter with coordinates (Z, Xn) and the point (Z, >~()

on the observation screen for the spectral component @ is expressed as

(a)/c)\/yg +(Z- z)2 +(>~<—xn)2 . Then, the amplitude of this @ component at the point (Z, >~() 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, >~() of the observation screen:

W . (@,2,%,) exp[ \/yo —xn)zj
|(a),x,z)=WzAjdz T

n,j —o0

where the expression for #; (0), Z, Xn) is given by Eqg. (11) and the coefficients A, stand for the

excited-atom concentration in the n-th grating line.
Spatial-spectral interference patterns generated numerically on the basis of Eq. (12) with

the excited-atom concentrations A, determined by the calculations of Section Il are presented in
Figure 3, where the five panels correspond to the five excitation gratings presented in Figure 2.
The probe 800 nm pulse is of 3x10° W/cm? intensity and 7, = 1 ps duration, with the probe beam

radius r, =50 um. The distance between the grating and the observation screen is y, = 20 cm; the

observation slit runs along the z-axis (orthogonal to the grating lines) at the distance 7= 2.8 cm
from the center. The vertical axis in the panels is the wavelength (in nm), and the horizontal axis
is the % 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
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Figure 3: Rabi sidebands at fixed distance ), = 20 cm to the observation screen.
The pump-beam crossing angle # =0.057 rad; the phase delay between the pump
pulsesis (@) ¢=0; (b) p=7/4;(c) ¢p=7/2;(d) p=37/4;(€) p=r . (These
are the same parameters that 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.

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 sidebands 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 is comprised of multiple-order bright spots at the
wavelengths shifted about the carrier wavelength of the probe pulse.
The comparison of the patterns presented in the five panels of Figure 3 reveals their

sensitivity to the phase delay ¢ between 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 it would be the case for a single plasma

channel (see Fig. 3(a)). When the value of inter-beam phase delay is increased to ¢ =r7/4, the

excited-atom concentration in one of the secondary maxima increases, while 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 inter-beam phase delay to @ =7/2 leads to further enhancement of one secondary
maximum at the expense of 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 inter-

beam phase delay becomes ¢ =37/4, the excited-atom concentration in the secondary maximum
becomes nearly equal to that in the central maximum, which yields distinct bright spots with
diminishing curved lines structure, Fig. 3(d). Eventually, at the inter-beam phase delay of o=,
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 defined as Contrast % =100%- (1, —1,,,. )/ 1, - Where 1., is the signal intensity

spot

at the central bright spot and |, is the intensity midway between this spot and the next one in the

line
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 o=, 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 inter-beam
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.
V. Conclusions

We have considered femtosecond laser filamentation caused by the 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 density that is left in the pulse wake. The positions and magnitude of the maximum-
density lines in this finite grating are effectively 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 serve as a hallmark of massive presence and distribution of
excited Ar atoms in the wake channel. The excited state of Ar that forms the excitation grating can
participate in five optical transitions with the wavelengths conveniently close to the standard
800 nm of 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 red-



and blue-shifted about the laser carrier frequency and having characteristic fringe patterns
determined by the spectral interference.

We calculated the distribution of the sideband spectral intensity over a remote observation
screen, when the picosecond probe pulse impinges normally on the excitation grating and
generates a multi-component Rabi sideband radiation of considerable 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 variation 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 (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. These characteristics
can be observable in experiment, as imprinted in the spatial-spectral interference patterns of the
Rabi sidebands 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.*® Thus, the proposed approach can serve both for production of transversely structured



filament wake channels and for independent, spatially resolved diagnostics 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 creating sources of coherent radiation that can be
controlled toward spatially-selective quasi-frequency-comb structures.®® The results obtained on
the control of transient optical nonlinearities in filament wake channels appeal for experimental

verification.
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