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Ultrafast ionization of a gas medium driven by ultrashort
midinfrared laser pulses provides a source of bright ultra-
broadband radiation whose spectrum spans across the entire
microwave band, reaching for the sub-gigahertz range. We
combine multiple, mutually complementary detection
techniques to provide an accurate polarization-resolved
characterization of this broadband output as a function of
the gas pressure. At low gas pressures, the lowest-frequency
part of this output is found to exhibit a drastic enhancement
as this field builds up its coherence, developing a well-
resolved emission cone, dominated by a radial radiation
energy flux. This behavior of the intensity, coherence, and
polarization of the microwave output is shown to be con-
sistent with Cherenkov-type radiation by ponderomotively
driven plasma currents. © 2021 Optical Society of America

https://doi.org/10.1364/0L.410030

Generation of terahertz (THz) radiation by laser-induced fil-
aments (LFs) stands out as one of the most interesting effects
in ulcrafast laser—plasma physics [1-3], which has been a focus
of intense research within the past years, aiming at under-
standing the complex physics behind THz generation [4-0]
and identifying laser—plasma interaction regimes whereby
the highest THz yields could be achieved [6-9]. An extension
of laser-filament-driven sources of low-frequency radiation
below the THz borderline would help avoid strong atmospheric
absorption bands, which limit long-distance transmission and
remote-sensing application of THz radiation, and would help
integrate cutting-edge tools of ultrafast optics and microwave
photonics [10].

As significant milestones in extending laser—plasma sources
to the sub-THz range, Tzortzakis ez a/. [11] have demonstrated
that the spectrum of radiation emitted by LFs in air can extend
down to ~ 100 GHz, D’Amico et 4l. [12] and Brelet ez al.
[13] have reported an RF antenna emission by LFs in air, while
Forestier et al. [14] have characterized RF conical emission
from air LFs. While the generation of sub-THz radiation
by LFs has been proven possible [11-18], the question as to
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whether this approach can enable an efficient generation of
electromagnetic fields at even lower frequencies, extending to
the millimeter-wave and microwave ranges, is still open. The
earlier experiments [16], performed with an 800 nm Ti:sapphire
laser driver, suggest that microwave radiation produced in an
LF can be noticeably enhanced by lowering the gas pressure.
The physics behind this effect are, however, far from trivial,
as the canonical, well-established models of single-color-
driven THz generation by longitudinal plasma currents (see,
e.g., Refs. [4,19,20]) predict a low-frequency cutoff of broad-
band radiation output at around the plasma frequency, which
for typical single-color laser-ionization experiments [4,16,20]
ranges from 0.3 to 10 THz. The spectrum of the low-frequency
output in some of these experiments, however, extends well
beyond this cutoff, reaching the frequencies as low as a few
gigahertz (GHz) [16].

Here, we show that ultrafast ionization of a gas medium
driven by ultrashort midinfrared (mid-IR) laser pulses can
provide a source of bright ultrabroadband radiation whose
spectrum spans across the entire microwave band, reach-
ing for the sub-GHz range. We combine multiple mutually
complementary detection techniques to provide an accu-
rate polarization-resolved characterization of this broadband
output as a function of the gas pressure p. At low p, the lowest-
frequency part of this output is shown to exhibit a drastic
enhancement, as this field builds up its coherence, developing
a well-resolved emission cone, dominated by a radial radiation
energy flux.

Central to our approach to the enhancement of microwave
generation is the idea of designing a suitable laser—plasma
interaction setting in which the mid-IR-laser-driven pon-
deromotive force would induce adequately long-lived plasma
currents, as needed for the extension of output spectra toward
lower frequencies. Providing a guide for this search are the
equations for the secondary radiation field outside the laser
plasma as derived by Sprangle ez 4/. [19], with a ponderomotive
source term 1/}], (r, b, 0) ~ (4 /D) (1 + z've/a))’lg(r, k, w),
where 7 is the radial coordinate,  is the radiation frequency,
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Ve is the collision rate, £ is the pertinent wave-vector compo-
nent, ¢ is the speed of light in vacuum, S(r, k, ) = fffooo
S(r, z, hexp(—kz + iwt)dzdt, S(r, z, t) ~ —e’(2 mawy) 2
p(r, 2z, )| EL(r, 2, £)|? /32, Er(r, 2, t) is the electric field
of the driver pulse, z is the coordinate in the direction of pulse
propagation, wy is the driver frequency, and p, e, and m are the
electron density, electron charge, and electron mass, respectively.
This model has been shown to explain many of the important
properties of THz radiation in single-color laser-filamentation
experiments [4,20,21].

The spectrum of the ponderomotive source term displays a
low-frequency cutoff at w & v.. To understand the behavior of
|V »(r, k, w)| asatunction of the gas pressure p around this cut-

off, we group the pressure-dependent factors in [/, (r, £, w)|
as R(p)=ply/(vetr), with Iy and 7, being typical values
of peak field intensity and pulse width in the laser driver. All
the factors in R(p) should be found through a self-consistent
solution of suitable coupled equations for the spatiotem-
poral evolution of the driver and dynamics of laser-induced
ionization. In our model, a standard (2 + 1)-dimensional non-
linear evolution equation for an ultrashort laser pulse [22,23]
is solved jointly with the equation for the electron density,
dp(t)/dt =w(t)[po — p(¢)], where w is the ionization rate,
and py is the density of neutral species undergoing ionization
by the laser driver. With atmospheric air at a variable pressure
2 chosen as a gas target, we calculate w(#) using the Keldysh-
model-based approach with the ionization potential Up set
equal to the Uy of molecular oxygen, Uy = 12.1 V. The colli-
sion rate is calculated as [24] v. = V.o + Ven + Vei, Where veo
and ven are the rates of electron collisions with, respectively,
O, and N, molecules in air, and v, is the rate of electron—ion
collisions. Numerical simulations were performed using shared
supercomputation facilities at M.V. Lomonosov Moscow State
University.

In Figs. 1(a) and 1(b), we present the results of numeri-
cal modeling performed for a laser pulse with a central
wavelength of Lo =3.9 um, pulse width of 1)~ 80 fs, and
pulse energy of Ey~7 m] focused in air using a mirror or
a lens with a focal length of f'=350cm. As one of the gen-
eral tendencies of this coupled driver-plasma dynamics, the
laser field gives rise to a rapid buildup of the electron den-
sity p(r, z,¢) [Fig. 1(b)], as its intensity increases toward
the beam waist [Fig. 1(a)], inducing a transverse profile of
the refractive index 6&n,(r, 2, 1) ~ —[w, (7, 2, n1*/w}),
with w,(r, 2, ¢) = ldme’p(r, 2, 1) /m]'/? being the plasma
frequency. Such a profile of 87, leads to a refraction of the
laser beam, modifying the beam-focusing geometry com-
pared to beam focusing in the absence of plasmas [shown by
the dashed line in Fig. 1(a)], arresting a further growth of the
field intensity | EL(r, 2, £)|* along z [Fig. 1(b)] and limiting,
via lower ionization rates, the electron density at a level of
p ~2.3-10" cm™? [Fig. 1(b)]. The collision rate is dominated
by electron—molecule collisions and is estimated in this regime
asv. ~ 3.5 THz.

While these tendencies are observed within a broad range
of gas pressures, plasma refraction and related field-intensity-
limiting effects are much weaker at lower p. Specifically, for
2 = 0.1 bar, ionization-induced beam refraction remains insig-
nificant until much later in beam dynamics, i.e., until much
higher field intensities are achieved in a focused beam at larger
z [the solid line in Fig. 1(a)]. The maximum field intensity in

Letter

Fluence (dB)
-30 -15
- E10" 4 (b)
....... (=} 16
£310
800 82 s
~fm] E"IO I
600 10" T
&l 100 1 b
—_ - —— 1 bar
T 400 2 (©) == 0.1 bar
(72} ~,
200 5§ 50 =\
e AN
0 0 T T T T
48 49 50 51 52 47 48 49 50 51
z (cm) z (cm)

Fig. 1. Numerical modeling for air plasma induced by a laser
pulse with Ag=3.9 um, 79~ 80fs, and £y~ 7 m] focused with
f =50 cm. (a) Laser field intensity integrated over the pulse F (r, z) =
f_oooc I(r, t, z)dzt as a function of 7 and z for p = 0.1 bar. Also shown is
the beam radius, 7; (z) = [j:o F(r, z)27‘rr3dr]/[f0oo F(r, z)2nrdr],
for p =0 (dashed line), 0.1 bar (solid line), and 1 bar (dotted line).
(b) The on-axis electron density and (c) field-intensity profiles along
the propagation coordinate z for p = 0.1 bar (solid lines) and 1 bar

(dashed lines).

this regime, Iy &~ 100 TW /cm?, is a factor of ~1.7 higher than
typical /y values attainable at p = 1 bar [cf. solid and dashed
red lines in Fig. 1(b)]. Because the driver intensity reaches much
higher values at lower p, a decrease in the electron density is not
as large as one would expect based only on lower py, decreasing
linearly with p. Indeed, while the pressure has dropped by a
factor of 10 relative to the case of p = 1 bar, a typical electron
density, p & 1.7 - 10" cm ™3, has only decreased by a factor of
~ 1.5 [solid and dashed lines in Fig. 1(b)]. With the collision
rate estimated at v, & 0.35 THz in this regime, an increase in
R(p) is more than an order of magnitude.

As an important factor enhancing microwave generation, the
collision rate v, in mid-IR-driven air plasmas is dominated by
electron-neutral collisions within a broad range of gas pressures,
extending to p as low as a few millibars, effectively decoupling
ve(p) from p(p) for enhanced microwave generation. Thus,
not only does longer A increase the ponderomotive source term
1}[, (r, k, ) viathe l/a)é factorin S(7, z, £), butitalso provides
a comfortable gap between the electron-neutral and electron—
ion collision rates, with v.o, ven 0¢ W2, vy oc W32, and
W. being the electron kinetic energy, increasing their ratio as,
I‘Oughly, VeO,eN/Vei X VVCZ X )»(4).

Driver pulses are delivered in our experiments (Fig. 2) by a
pulse-compressed output of a three-stage optical parametric
chirped-pulse amplifier (OPCPA) [25]. The OPCPA is set to
deliver mid-IR pulses with a central wavelength of 1o ~ 3.9 um
and a pulse width of 7y ~ 80 fs. While pulse energies up to
Ey~ 35 m] are available at the output of this OPCPA, pulses
with Ey below &~ 10 — 15 m] were found to be best suited
for the purpose of our studies, providing a broadband out-
put (Figs. 3 and 4) with a spectrum spanning across the entire
microwave range [Fig. 3(b)].

The mid-IR OPCPA output is focused into a gas cell with
a lens (Fig. 2) with a focal length of 50 cm. The gas pressure
2 inside the cell is varied from 0.1 mbar up to 1.0 bar. For
two-color laser—plasma experiments, a 0.5-mm-thick AgGa$S,
crystal (AGS in Fig. 2), placed right behind the CaF, gas-cell
entrance window, is used for second-harmonic (SH) generation.
The focused single-color (the 3.9 pm only OPCPA output) or
two-color (the 3.9 um field and its SH) field drives a gas target,
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Fig. 2. Microwave radiation generation in microplasmas driven by
ultrashort mid-IR pulses: WCA, waveguide-to-coaxial adapter; BHA,
broadband horn antenna; CP, Rogowski-coil-type current probe.

giving rise to broadband radiation, which exits the gas cell to be
subjected to a spectral and temporal analysis (Fig. 2).

Microwave radiation is detected in our experiments (Fig. 2)
using a waveguide-to-coaxial adapter (WCA), covering a detec-
tion range from 8 to 12 GHz, and a broadband horn antenna
(BHA), whose detection sensitivity is well-calibrated at least
within the range from 0.5 to 20 GHz and that provides a reason-
able, albeit less accurately calibrated, detection sensitivity all the
way down to 0.1 GHz. Microwave waveform characterization
is augmented by z-resolved microwave waveform measure-
ments, performed with the use of a copper-wire B-dot current
probe (CP) [3,17], placed on a z-scanned translation stage
(Fig. 2). The signals detected by the WCA, BHA, and CP are
analyzed and recorded with a 50 GHz Tektronix oscilloscope.
Polarization of microwave radiation is analyzed by rotating
the WCA about the normal to its aperture and detecting the
microwave output as a function of the angle 6, between the
WCA coaxial probe and the z axis (Fig. 2). Microwave radiation
patterns are studied by scanning the WCA detector in the angle
05 between the z axis and the line connecting the plasma source
and the WCA (Fig. 2).

In Fig. 3(a), we present a typical BHA trace of the microwave
field induced by a single-color laser driver with Ay~ 3.9 um,
Ey~ 10 m], and 7y 2 80 fs in a gas cell filled with atmospheric
air at p ~ 60 mbar. The BHA in this experiment is placed at
a distance of D; 0.8 — 1.5 m from the laser—plasma source
at an angle of 6; & 47° relative to the driver propagation axis
(Fig. 2). Spectral analysis of microwave traces from low-pressure
laser plasmas performed via wavelet transform with multilevel
soft thresholding reveals a reliably detectable spectral content
extending all the way down to the sub-GHz range (Fig. 4).

As one of the central results of our study, the microwave
output of laser-induced plasmas is found to be critically sen-
sitive to the gas pressure [Fig. 3(c)]. With the pulse energy of
a single-color 3.9 pum, 80 fs laser driver set at £y 2 10 mJ and
with the gas pressure kept below p &~ 20 mbar, the BHA readout
is seen to continue growing toward lower p. This behavior is
in striking contrast with the pressure dependence of the WCA
signal, which reaches its maximum at around p ~ 20 mbar,
falling off toward lower p. This result indicates the enhance-
ment of the lowest-w part of the output spectrum. Indeed, since
the WCA is blind to radiation with /27w < vwca ~ 8 GHz,
while the BHA detection range extends well beyond vwca,
enhancement of microwave radiation with w/2m <8 GHz
has to show up as a difference in the BHA and WCA readouts
at low gas pressures, exactly as observed in experiments. This
finding is fully consistent with the BHA measurements (Fig. 4),
which confirm a significant enhancement in the lowest-w part
of the output spectrum at low gas pressures. Indeed, as the gas
pressure is lowered in these experiments from 100 to 1 mbar, the
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driver with Ao 2 3.9 um, Eq~10m], and 7o~ 80fs in a gas cell
filled with atmospheric air at p &~ 60 mbar measured with D; &~ 1.5 m
and 6; ~ 47°. (b) Microwave signal as a function of the driver pulse
energy measured with the WCA at D, ~ 60 mm, 6, ~0°, and
05 ~ 47° with A~ 3.9 um and 75 ~ 80 fs at p ~ 3 mbar (open cir-
cles, red curve) and 1 bar (filled circles, black curve). (c) Microwave
signal as a function of p measured with the WCA at D, ~ 25 mm,
05~ 50° (open circles, red curve) and the BHA at D; ~ 87 cm and
0, ~ 47° (filled circles, blue curve) for Ao~ 3.9 um, Ey~ 10 m],
and 79~ 80 fs. (d) Microwave signal as a function of 65 with the
WCA at D; ~ 25 cm for p &3 mbar (open circles, red curve) and
1000 mbar (filled circles, black curve), Ay~ 3.9 um, Ey~ 10 m],
79~ 80 fs: (circles) experimental results, (dashed line) their best
d(65) fit. (e), (g) Polarization-resolved time traces and (f), (h) pres-
sure scans of the microwave output measured with the WCA at
05~ 47° and 6, ~0° (open circles, red lines) and 6, ~90° (filled
circles, green line): experiments with (e), (f) a Ao & 3.9 um, 7o ~ 80 fs
single-color driver with () Eo~3 m], D, ~7 mm, p~ 1 bar and
() Ep~10mJ, D, ~25mm and (g), (h) two-color driver con-
sisting of the 3.9 pm, 80 fs field and its 77 /2-phase-shifted SH with
Esy 0.1 m], sy ~ 70 fs.

intensity of the w/2mw < 8 GHz part of the microwave output
increases by more than an order of magnitude (Fig. 4), in strong
correlation with a pressure behavior of the low-frequency cutoff
in the spectrum of | 1;1, (r, kb, w)|.

The low-pressure enhancement of microwave radiation also
strongly correlates with the low-p pressure behavior of its radi-
ation pattern, which, in its turn, displays a profound change in
response to a decrease in the gas pressure. Shown in Fig. 3(d) is a
typical behavior of the microwave signal P, as a function of 03,
measured by scanning the WCA (Fig. 2) with the distance Dj
between the CWA and the plasma source fixed at D3 &~ 25 cm.
At high gas pressures [p =1atm in Fig. 3(d)], the angular
dependence of P, is seen to be very weak, if resolvable at all. At
low gas pressures, however, the behavior of P,,(63) is strikingly
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Fig. 4. BHA spectra of microwave radiation induced by a laser
driver with A & 3.9 um, £ ~ 10 mJ, and 7y & 80 fs in a gas cell filled
with atmospheric air at pressure p, as shown in the plots. The BHA
detector is placed at 6; & 47°, D; ~ 1.5 m from the plasma source.

different. At p & 3 mbar [red line in Fig. 3(d)], P (63) is seen to
display a well-resolved peak at 63 & 45°, indicating a buildup of
spatial coherence in the sub-THz microwave field.

In Fig. 3(d), this behavior of P,(f3) is compared
with a fringe structure of Cherenkov-type conical radi-
ation emitted by longitudinal plasma currents [5,20],
®(05) = sinBz5in’[ (o /c) Lsin2(63/2)] /sin® (05/2),  with
L being the plasma channel length. With @y ~ 10 GHz, as
dictated by the spectrum of this signal, the best fit for p =3
and 1000 mbar is achieved [cf. the circles and dashed lines in
Fig. 3(d)] with L &~ 1.6 and 3 cm, respectively. That the plasma
channel length L increases with growing p is seen from both
z-resolved CP plasma scans and simulations in Fig. 1. Moreover,
the best-fit L values in Fig. 3(d) agree well with the beam-waist
lengths found from modeling in Fig. 1. The first-lobe maximum
of ®(03) is achieved at 6, ~ 47° for p ~ 3 mbar [red curve in
Fig. 3(d)] and 6,,, &~ 70° for p & 1 bar [black curve in Fig. 3(d)],
in close agreement with angle-resolved measurements [red and
black circles in Fig. 3(d)].

In Figs. 3(e) and 3(f), we present polarization-resolved time
traces and pressure scans of the microwave output measured
with the WCA detector placed in the near field to probe the
evanescent field of the microwave output. The z-polarized com-
ponent of the microwave field, £,, detected at p ~ 1 bar with
the WCA oriented at 6, &~ 0° [red line in Figs. 3(e) and 3(f)] is
seen to be an order of magnitude stronger than its orthogonal
counterpart, E,, probed with the WCA oriented at 6, ~ 90°
[green line in Figs. 3(e) and 3(f); note a magnifying factor of
30 in Fig. 3(e)]. This polarization structure of the microwave
output is indicative of the dominant role of ponderomotively
driven longitudinal wakefields [4,6,19-21,26] as a source of
microwave radiation. That the £, component is not vanishing,
on the other hand, suggests that the ponderomotive wakefields
inside the plasma are not purely longitudinal. The £, compo-
nent, however, does not make it to the far field. When the WCA
is placed at D, > 40 cm, its readout is maximum at 6, = 0° and
vanishes at 6, = 90°, exactly as expected for radiation generated
by purely longitudinal wakefields [4,19,20].

Microwave radiation with drastically different polarization
properties is observed in experiments with a two-color driver
[Figs. 3(g) and 3(h)]. In these experiments, the 3.9 tm, 80 fs
OPCPA output is mixed with its 77 /2-phase-shifted SH to yield
a field with broken time symmetry [3]. Such a two-color field
induces transverse photoionization currents that do not cancel
within the field cycle, giving rise to a detectable £, mode in
THz-microwave radiation [3,18,27]. Transverse currents often
dominate the generation of THz radiation in LF experiments
[3,27]. Polarization- and pressure-resolved analysis performed
in our study suggests that, for lower w, i.e., for the microwave

Letter

component of plasma radiation [Figs. 3(g) and 3(h)], both the
transverse and longitudinal currents can play an important role,

with their relative significance changing with p [Fig. 3(h)].
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