
PHYSICAL REVIEW A 104, 043522 (2021)

Polarized coherent microwave supercontinua with a terawatt laser driver
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Ultrafast laser-plasma interactions driven by ultrashort terawatt laser pulses are shown to give rise to a bright
multioctave microwave radiation, whose polarization and spatial mode structure provides a sensitive probe for
laser-driven plasma electrodynamics, helping detect the symmetries of plasma currents and signatures of multiple
ionization. Polarization mode structure of this radiation is dominated, as polarization-resolved measurements
show, by a radially polarized mode, indicating the significance of ponderomotively driven plasma currents
as sources of microwave emission. Angle-resolved analysis of microwave supercontinua reveals regimes in
which the microwave emission is drastically enhanced, via coherence buildup, manifested in a well-resolved
Cherenkov-emission cone.
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I. INTRODUCTION

Generation of terahertz (THz) radiation by ultrashort high
peak-power laser pulses [1–3] is one of the central effects
in contemporary ultrafast laser-plasma physics. Lying on the
borderline between ultrafast nonlinear optics and strong-field
science, this effect helps understand complex laser-plasma dy-
namics [4–9] and brings the promise of bright THz sources for
medical imaging, safety screening, communication technolo-
gies, and material characterization [10]. If extended to even
higher-power laser settings and toward lower, sub-THz and
microwave (μWv) frequencies [11–19], laser-plasma sources
of low-frequency secondary radiation could help advance
fundamental laser research and cutting-edge photonic tech-
nologies by enabling creation of bright microwave sources
for astrophysical research and remote sensing, providing
means to explore new regimes of laser-matter interactions
[5–9,20], and opening new avenues in high-speed opto-
electronics [21–23], laser-plasma particle acceleration [24],
optical spintronics [25], and laser valleytronics [26,27].

Such an extension, however, faces serious difficulties re-
lated to multifilamentation instabilities of high-power laser
beams, field-intensity clamping due to plasma refraction, and
low-frequency cutoff of plasma dispersion. Overcoming or
working around these limitations is only possible through
a deeper understanding of the physics behind THz and mi-
crowave generation in laser plasmas. While THz radiation
by laser filaments and plasmas induced by a two-color laser
driver can usually be adequately understood in terms of trans-
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verse photoionization currents [3,8,18,28–30], the physics
behind THz generation in laser-plasma experiments with a
single-color laser driver is still open to debate. As a signifi-
cant milestone, Sprangle et al. [5] and Thiele et al. [6] have
developed a model of THz generation by longitudinal plasma
currents driven with laser-induced pondermotive forces inside
laser filaments, providing an adequate explanation for many of
the properties of THz radiation in single-color-laser-filament
experiments [4,7,31]. Defining the agenda for the present-day
research in this area are the questions as to whether or not
this THz generation scenario can be extended toward lower
output frequencies, enabling efficient microwave generation,
and whether or not this scenario can be scaled to higher driver
and THz output powers.

Here, we aim to address these questions via an accurate
polarization-, pressure-, and emission-angle-resolved analysis
of broadband microwave radiation emitted by gas plasmas
induced by ultrashort terawatt (TW) laser pulses. Setting
the scene for such a study are the results of the latest ex-
periments [16,19,32], revealing a nonmonotonic behavior of
the THz/sub-THz output of laser filaments and laser plas-
mas as a function of the gas pressure and the emission
angle, suggesting that a well-defined emission cone may
be showing up in laser–plasma interaction regimes where
THz/sub-THz generation is especially efficient. Experiments
presented below in this paper demonstrate that, with a suit-
able gas pressure adjustment, such laser-plasma schemes of
low-frequency radiation generation can be extended to higher,
terawatt-level laser powers and toward lower, microwave ra-
diation frequencies. As an expansion of the existing toolbox
for THz/sub-THz/μWv field characterization, we present
careful polarization-resolved studies cross-referenced against
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polarization analysis of microwave radiation generated in two-
color laser-plasma experiments.

In experiments with a single-color laser driver, the polar-
ization mode structure of microwave radiation is shown to
be dominated by a radially polarized mode, indicating the
dominant role of ponderomotively driven longitudinal plasma
currents as sources of microwave emission. This polarization
mode structure is in a stark contrast with linearly polarized
microwave radiation generated by transverse plasma currents,
playing the predominant role in low-frequency radiation emis-
sion in two-color laser-plasma experiments. In agreement
with earlier studies [16], our angle-resolved analysis of mi-
crowave supercontinua reveals a conical emission pattern of
microwave radiation. We extend this analysis by comparing
the experimental emission patterns to the Cherenkov-cone
patterns, as dictated by the canonical Frank-Tamm solution
[33,34] for the fields radiated by a longitudinal electric cur-
rent. This analysis shows that the Cherenkov emission cone
provides a close fit for the angular profiles of microwave radi-

ation in laser-plasma experiments, offering important insights
into the physics behind the coherent buildup of the microwave
output in laser plasma experiments and suggesting the ways
toward laser-plasma sources of bright microwave radiation.

II. THEORETICAL FRAMEWORK

A. The physical model

In search for a laser-plasma interaction setting that would
best suit the purpose of bright multiband, microwave-THz
radiation generation by TW and multi-TW laser pulses, we
resort to the equations for the radiation of photoionization
and ponderomotively driven plasma currents, as derived by
Sprangle et al. [5] and Thiele et al. [6], and explore the means
of enhancing the lowest-frequency output of plasma-current
emission within the experimentally accessible parameter land-
scape. As a part of this search, we numerically solve a
standard nonlinear evolution equation for an ultrashort laser
pulse in a fast-ionizing gas [35,36],
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where A(r, z, η) is the field envelope, A(r, z, ω) is its Fourier
transform, I (r, z, η) = |A(r, z, η)|2 is the field intensity, r is
the transverse coordinate, z is the coordinate along the propa-
gation axis, η is the retarded time, ω = 2πc/λ is the radiation
frequency, λ is the wavelength, c is the speed of light in vac-
uum, F and F−1 are, respectively, the forward and backward
Fourier transform operators, �⊥ is the transverse Laplace
operator, D = k(ω) − ω/υg, υg is the group velocity, n2e is
the electronic part of the nonlinear refractive index, k(ω) =
ωn(ω)/c, n(ω) is the refractive index, Ui = Ui

0 + Uosc, Ui
0

is the ith ionization potential, Uosc is the energy of field-
induced electron oscillations, wi is the rate of ith ionization,
σ (ω) = e2τe[mε0n0c(1 + ω2τe

2)]−1 is the impact-ionization
cross section, τe is the collision time, and e and m are the
electron charge and mass, respectively.

Ionization dynamics is included via a set of coupled equa-
tions for the electron density ρ and the densities ρi of multiply
charged ions:

dρ0(t )/dt = −w1(t )ρ0(t ),

dρi(t )/dt = wi(t )ρi−1(t ) − wi+1(t )ρi(t ) for i from 1 to 9,

dρ10(t )/dt = w10(t )ρ9(t ),

ρ =
10∑

i=1

iρi, (2)

where ρ0 is the density of neutral species and ρi is the density
of multiply charged ions with an ionization multiplicity i.

Simulations were performed using graphic-processor
unit laboratory clusters [37,38], as well as a shared

research facility of high-performance supercomputing
resources at M.V. Lomonosov Moscow State University.
In Figs. 1(a)–1(h), we present the results of numerical
modeling performed for a laser driver with a central
wavelength λ0 = 0.8 μm, pulse width τ0 = 35 fs, an input
beam diameter d0 = 6 cm, and a pulse energy E0 up to
100 mJ—a set of parameters typical of the short-pulse
output of a Ti: sapphire (TiS) laser used in experiments
presented below. This laser driver is focused into a gas cell
filled with molecular nitrogen, argon, or atmospheric air
at a variable gas pressure p. Dispersion of these gases is
included in the model through a suitable Sellmeier equation
[39,40]. The electronic nonlinearity is calculated via the
nonlinear refractive index n2e = n20(p/p0), with p0 = 1 bar,
n20 ≈ 1.5 × 10−19 cm2/W for Ar [35,41], leading to a critical
power of self-focusing, Pcr ≈ 6.3 GW at p = 1 atm. The
ionization rates wi(I ) are calculated by using the Keldysh
formalism [42]. The ith-ionization potentials for argon are
taken, in accordance with Ref. [43], as U1

0 = 15.8 eV,
U2

0 = 27.6 eV, U3
0 = 40.7 eV, U4

0 = 59.6 eV, U5
0 =

74.8 eV, U6
0 = 91.3 eV, U7

0 = 124 eV, U8
0 = 143 eV,

U9
0 = 422 eV, and U10

0 = 480 eV. The collision time τe is
set at τe = 200(p0/p) fs [41].

B. Field evolution and ultrafast ionization dynamics

Ultrafast ionization of the gas by the focused laser driver,
whose intensity increases toward the beam waist [Figs. 1(a),
1(c), 1(e), and 1(f)], gives rise to a rapid buildup of
the electron density ρ(r, z, η) [Figs. 1(b), 1(d), and 1(g)],
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FIG. 1. Nonlinear dynamics of a terawatt laser pulse with a central wavelength λ0 = 0.8 μm, a pulse width τ0 = 35 fs, and an input beam
diameter d0 = 7 cm focused, with a focal length f = 2.5 m, into a gas cell filled with argon at a variable gas pressure p: (a)–(e) rz maps of
the field intensity integrated over the pulse ∫∞

−∞ IL(r, z, η)dη (a), (c), (e) and the electron density in the wake of the laser pulse (b), (d), (f)
maximum field intensity maxr,η IL (r, z, η), (g) maximum electron density maxr,η ρ(r, z, η), and (h) beam-radius trajectory rL(z). The pulse
energies and gas pressures are as specified in the panels.

translating into a transverse profile of the refractive in-
dex δnp(r, z, η) ≈ –[ωp(r, z, η)]2/(2ω2

0 ), where ωp(r, z, η) =
[4πe2ρ(r, z, η)/m]1/2 is the plasma frequency, e and m are
the electron charge and electron mass, r and z are the radial
and longitudinal coordinates, and η is the retarded time, i.e.,
the time in the frame of reference that copropagates with the
driver pulse. At low p and E0 [p = 0.3 mbar and E0 = 10 mJ
in Figs. 1(a) and 1(b)], the Kerr and ionization nonlinearities

are weak. The space-time dynamics of the laser field remains
linear in this regime over the entire beam path [Fig. 1(a)]. The
respective map of the electron density is almost symmetric
[Fig. 1(b)] relative to the beam focus at z = 0.

At higher p and E0, the transverse profile of the re-
fractive index δnp(r, z, η) leads to a refraction of the
laser beam, which makes the geometry of beam focusing
deviate from linear, δnp = 0 beam caustic [Figs. 1(c),
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FIG. 2. Experimental setup: SM, spherical mirror; KDP, crystal for second-harmonic generation, WCA, waveguide-to-coaxial adapter.
Also shown are the radially polarized mode of THz/μWv radiation (green arrows), detection angle β, the angle θ between the x axis and
direction to the WCA in the xy plane (the OA line), the angle ϕ between the coaxial cable of the WCA (shown red) and the OA line.

1(e), and 1(f)]. To gain insights into this nonlinear
beam dynamics, we examine the z dependence of the
effective beam radius of the laser driver, defined as
rL(z) = [∫∞

0 F (r, z)2πr3dr]1/2/[∫∞
0 F (r, z)2πrdr]1/2, where

F (r, z) = ∫∞
−∞ IL(r, z, η)dt , where IL(r, z, η) is the laser in-

tensity. As a meaningful reference, the solid line in Fig. 1(h)
shows the rL(z) trajectory that represents a linear beam caus-
tic, i.e., the geometry of beam focusing with the same f , but
with p = 0, or, equivalently, δnp = 0. As long as the electron
density ρ(r, z, η) remains low, plasma refraction δnp(r, z, η)
continues to build up along z toward the beam focus at
z = zf , eventually arresting the growth of the driver intensity
[Fig. 1(f)] and limiting the electron density [Fig. 1(g)].

Analysis of the maps of space-time field evolution, pre-
sented in Fig. 1 side by side with the maps of the electron
density is in many ways instructive as it reveals clear signa-
tures of multiple ionization. As single ionization is depleted
by a high-intensity laser field; the buildup of δnp(r, z, τ0) is
no longer there to limit the growth of field intensity in a
laser beam, which thus continues self-focusing until multiple
ionization kicks in [44], to prevent the beam from collapsing
and keep the growth of IL(r, z, η) in check [Figs. 1(c)–1(g)].

With insights from the generic equation for the pondero-
motive source term behind secondary radiation by plasma
currents [5,6], the essential pressure-dependent factors in
laser-plasma emission are conveniently grouped into R(p) =
ρIL/(νeτ0), with the electron collision rate νe defining the ω ≈
νe low-frequency cutoff of plasma-current emission. Com-
bined with a monotonic increase of νe as a function of p,
a monotonically decreasing IL(p) [Fig. 1(f)] translates, via
R(p) and despite a slow growth of ρ(p) [Fig. 1(g)], into
a monotonic decrease of the microwave-THz yield with the
growth in p in a broad range of gas pressures. At low p and
low P0, however, the space-time dynamics of the laser field is
linear [Fig. 1(a)], leading the microwave-THz yield to deviate
from a uniformly monotonic behavior as a function of the
gas pressure, precisely as observed in experiments presented
below.

III. EXPERIMENT

Providing a high-P0 driver for μWv-THz generation in our
studies (Fig. 2) is an amplified output of a TiS laser [45,46],
delivering near-IR pulses with λ0 ≈ 0.8 μm, τ0 of ≈ 25–35 fs,
and a pulse energy up to ≈ 100 mJ, translating into peak
powers up to P0 ≈ 4 TW. The TiS-laser output is focused into

a gas cell with a large-aperture, 2.5-m focal-length spherical
mirror (Fig. 2). The gas pressure p inside the cell is varied
from 0.1 mbar to 1.0 bar. In experiments with a two-color
laser driver, an in-house grown <150-μm-thick potassium
dihydrogen phosphate (KDP) crystal (Fig. 2) is placed right
behind the gas-cell entrance window to generate the second
driver field, at the frequency of the second harmonic (SH),
2ω0 = πc/λ0, with a typical efficiency of about 5%.

When focused into the gas cell, a single-color (0.8-μm
only) or two-color (the 0.8-μm TiS-laser output and its SH)
driver gives rise to broadband, supercontinuum radiation,
whose spectrum covers most of the THz range and stretches
deep into the microwave region. The microwave part of this
supercontinuum is detected (Fig. 2) using three waveguide-
to-coaxial adapters (WCAs), providing detection ranges from
≈2 to 12 GHz (WCA1), ≈4 to 18 GHz (WCA2), and ≈12 to
32 GHz (WCA3). The WCA output is analyzed and recorded
with a 20-GHz oscilloscope (Fig. 2). The spatial mode prop-
erties of μWv radiation are studied by scanning the WCA
detector in the angle β between the z axis and the direction
to the WCA (Fig. 2). Polarization of microwave radiation is
analyzed by measuring the microwave output as a function of
the angle θ between the x axis and direction to the WCA in
the xy plane (the OA line in Fig. 2) and the angle ϕ between
the coaxial cable of the WCA (shown red in Fig. 2) and the
OA line (Fig. 2).

IV. RESULTS AND DISCUSSION

A. Time-resolved analysis

In Fig. 3(a), we present a typical temporal trace of μWv
radiation detected with WCA2 in an experiment with a single-
color driver with λ0 ≈ 0.8 μm, τ0 ≈ 35 fs, E0 ≈ 60 mJ, and
d0 ≈ 7 cm, focused into a gas cell filled with air at p ≈
0.5 mbar. The field intensity in such a laser beam is estimated
at ≈50 GW/cm2. The field intensity in a focused laser beam in
this experiment, as both measurements and simulations show
[Fig. 1(f)], may reach the level of 3 × 1017 W/cm2 on the axis
of the plasma channel. While this level of laser intensity is
high enough to induce M-electron ionization with large M,
only single ionization plays a noticeable role in microwave
generation in our experiments, as microwave radiation is con-
fined to the outer, off-axis plasma layers, where the laser field
intensity is much weaker, while low-ω radiation generated in
the central plasma regions, where the field intensity is high, is
screened by the plasma, never making it to the space outside
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FIG. 3. (a) Temporal trace of microwave radiation detected with
WCA2 in an experiment with a single-color driver with λ0 ≈
0.8 μm, τ0 ≈ 35 fs, and E0 ≈ 60 mJ focused into a gas cell filled
with air at p ≈ 0.5 mbar. (b) Pressure scans of the microwave output
of laser plasmas driven in air by laser pulses with λ0 ≈ 0.8 μm,
τ0 ≈ 35 fs, and E0 ≈ 10 mJ (blue filled circles) and 60 mJ (pink open
circles). (c), (d) Pressure scans of the microwave output of laser
plasmas driven by a single-color (c) and two-color (d) laser field
with λ0 ≈ 0.8 μm, τ0 ≈ 35 fs, and E0 ≈ 60 mJ in (c) N2 (open green
triangles), air (open pink circles), and argon (filled wine triangles)
and (d) atmospheric air. Measurements are performed using WCAs
with detection ranges of (c) 4 to 18 GHz and (d) 2 to 12 GHz (blue
line) and 12 to 32 GHz (pink line).

the plasma channel. The maximum peak power of laser pulses
in these experiments (P0 ≈ 1.7 TW for laser pulses with E0 ≈
60 mJ and τ0 ≈ 35 fs) is more than an order of magnitude
lower than the level of laser peak powers (Pr ≈ 30 TW for
ρ ≈ 1018 cm−3) where effects of relativistic self-focusing and
channeling [47,48] start to play a role.

With a typical 2–12-GHz microwave readout in our exper-
iments yielding a peak voltage above 4.0 V [Fig. 4(a)] across
a 50-� input resistance and with an emission pulse width of
≈200 ps, a WCA-to-oscilloscope signal conversion efficiency
of ≈10%, the total energy of microwave radiation emitted
within �βGHz ≈ 20◦ in our experimental setting is estimated
at 1.4 μJ, corresponding to a microwave peak power of about
7 kW.

B. Pressure scans

Spectral studies were performed within a broad range of
p and P0, with the low-frequency secondary radiation output
detected with a suitable variety of THz filters and μWv detec-
tors. Shown in Fig. 3(b) are two pressure scans of the μWv
output � of laser plasmas driven in air by 35-fs laser pulses
with pulse energies of ≈10 mJ and ≈60 mJ. In agreement
with expectations based on our modeling [Figs. 1(a)–1(c)], the
pressure scan for the μWv output driven by 10-mJ laser pulses
is strikingly different from the �(p) scan in experiments with
a 60-mJ laser driver.

FIG. 4. (a) The microwave output � of laser plasmas driven by a
two-color laser field in air at p ≈ 0.5 mbar vs the pulse energy E0 of
the laser driver with λ0 ≈ 0.8 μm, τ0 ≈ 35 fs, and the peak power P0

as shown in the upper axis. Measurements are within the WCA de-
tection range of 2 to 12 GHz (blue) and 12 to 32 GHz (pink). (b) The
microwave output measured as a function of β with WCA1 (blue)
and WCA2 (red) at D ≈ 40 cm for λ0 ≈ 0.8 μm, τ0 ≈ 35 fs, E0 ≈
60 mJ, and p ≈ 3 mbar: (circles) experimental results and (dashed
line) their best fit with the Cherenkov phase-matching function I(β ).
(c), (d) Polarization-resolved microwave output as a function of the
angle θ measured in a single-color (c) and two-color (d) experiment
with λ0 ≈ 0.8 μm, τ0 ≈ 35 fs, E0 ≈ 60 mJ, ESH ≈ 2.5 mJ, and p ≈
1 mbar (c) and 50 mbar (d) with WCA2 at D ≈ 40 cm and ϕ ≈ 0◦

(filled blue circles) and ϕ ≈ 90◦ (open pink circles). The solid line is
the best ξ cos(θ − α) fit, with (c) ξ = 0 and (d) ξ = 1, α = 70◦ (blue
line) and ξ = 0.5, α = 160◦ (pink line).

The �(p) scan measured with a 10-mJ driver displays,
as expected, deviations from a monotonic behavior, featuring
plateaus, centered at around p1 ≈ 0.1 bar and p2 ≈ 3 mbar
[filled circles in Fig. 3(b)]. The �(p) scan measured with a
60-mJ driver, on the other hand, is uniformly monotonic [open
circles in Fig. 3(b)], suggesting that laser-driven ionization
of N2 is dominated by multiple ionization within the entire
range of gas pressures covered by this scan. The electron
density that multiple ionization provides is high enough to
defocus the plasma beam, via the transverse profile of δnp,
thus limiting the field intensity in the focusing laser beam.
A similar behavior is observed for pressure scans measured
with a 60-mJ laser driver for other molecular (air and N2)
and atomic (argon) gases [Fig. 3(c)], as well as in experiments
with a two-color driver [Fig. 3(d)].

C. Spatial mode structure

The spatial mode profiles of microwave fields emitted from
laser-driven plasmas are analyzed by scanning the WCA de-
tector in the β angle (Fig. 2) and measuring the microwave
output as a function of β with the distance D between the
WCA and the plasma source fixed at D ≈ 20 cm. As one of
the central results of these studies, the low-p enhancement
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of microwave generation, typical of a high-P0 regime of
laser-plasma interactions [Figs. 3(b)–3(d)], is found to cor-
relate with a buildup of coherence, as indicated by a
well-resolved emission cone that shows up in the spa-
tial mode profile of microwave radiation from low-p laser
plasmas.

To gain physical insights into these findings, we resort
to the physical picture of low-frequency secondary radia-
tion emission by transient plasma currents induced in a gas
in the wake of a laser-driven ionization front [5–7]. The
electrons that constitute such currents move at speeds well
below the speed of light. The laser-induced ionization front
that drives these currents, however, propagates through the
gas along with the laser pulse. The speed of this ionization
front can be close to or even higher than the phase velocity
of THz/microwave radiation, giving rise to THz/microwave
radiation patterns [5–7] in the form of a Cherenkov emission
cone [33,34,49,50].

In Fig. 4(b), we present typical F(β) scans of the μWv
field measured in two frequency ranges with a single-
color 0.8-μm, 35-fs, 60-mJ laser driver focused in air at
p ≈ 3 mbar. These F(β) scans are seen to display well-
resolved peaks indicating a buildup of spatial coherence in
the μWv field. Also shown in Fig. 4(b) are the phase-
matching functions of Cherenkov radiation [5–7], I(β ) =
∫ω2

ω1
S(ω)sin2βsin2[(ω/c)Lsin2(β/2)][sin(β/2)]−4dω, where

S(ω) is the radiation spectrum and L is the plasma channel
length.

With ω1 and ω2, as dictated by the respective WCA de-
tection ranges in these experiments, ω1 ≈ 4.7 GHz and ω2 ≈
8.2 GHz for WCA1 and ω1 ≈ 7.8 GHz and ω2 ≈ 12 GHz for
WCA2, I(β ) fits are seen to agree very well with experimental
F(β) profiles of the μWv output [cf. experimental data points
and the results of simulations in Fig. 4(b)]. At higher gas
pressures, no evidence of coherence buildup is observed in β

scans of the microwave output. This result is consistent with
the pressure scans in Fig. 3(b), showing a drastic decrease in
the microwave output at high gas pressures, as well as with
the results of numerical modeling. Moreover, these findings
are consistent with the earlier studies by Englesbe et al. [16],
reporting no or little evidence of coherence buildup in the
microwave output of midinfrared-driven laser plasmas at high
gas pressures.

In a canonical picture of nonlinear-optical interactions with
a well-controlled number of emitters N, a coherent signal
buildup implies a signature N2 scaling of the nonlinear signal.
In the laser-plasma setting, however, N is no longer an inde-
pendent variable that can be changed at will, e.g., by varying
the gas pressure. Indeed, an equivalent of N can be brought
to a picture of microwave generation by plasma currents via
the electron density, N = ρ, and a straightforward equation
jz = eρuz, uz being the z component of the electron velocity.
The electron density, however, cannot be varied by simply
changing the gas pressure or any other externally controllable
parameter. Instead, the electron density builds up as a part
of laser-driven ionization dynamics [Eq. (2)] that plays out
self-consistently with a spatiotemporal evolution of the laser
field [Eq. (1)]. In such a setting, the buildup of ρ is coupled
to an intricate space-time field dynamics, accompanied by
changes in the field intensity, thus giving rise to a complex,

non-N2 behavior of the nonlinear signal as a function of the
gas pressure.

D. Polarization-resolved studies

1. Single-color experiments

In Fig. 4(c), we present the results of polarization-resolved
studies of microwave radiation emitted from laser plasmas
driven in air at p ≈ 1 mbar by a single-color 0.8-μm, 35-fs,
60-mJ laser driver. The microwave output � of laser plasmas
is measured in these experiments with the coaxial cable of
the WCA2 detector first set at ϕ = 0 [filled blue circles in
Fig. 4(c)] and then at ϕ = π/2 (open pink circles). With the
WCA set at ϕ = 0, a pure radially polarized mode would show
up as a perfect circle in the polar plot of � as a function
of θ , � = const. A linearly polarized radiation mode, on the
other hand, would have manifested itself in this setting as a
signature sin2θ , figure-of-eight �(θ ) polar trace. As can be
seen from Fig. 4(c), a � = const, circular plot [blue solid
line in Fig. 3(c)] fits the �(θ ) measurements [filled circles in
Fig. 3(c)] remarkably well, with a standard deviation within
4%. No sign of a figure-of-eight θ dependence that would
be indicative of a linearly polarized mode is observed in the
measured �(θ ).

With the WCA set at ϕ = π/2, a pure radially polarized
mode does not contribute to the WCA readout. The WCA
signal in this setting is more than an order of magnitude
weaker than the WCA signal in the ϕ = 0 arrangement. With
the signal from the radially polarized radiation mode com-
pletely suppressed, the ϕ = π/2 detection setting provides a
much more sensitive probe for linearly polarization radiation.
Remarkably, even in this setting, the �(θ ) trace shows no
signs of θ dependence.

Polarization-resolved measurements thus show that mi-
crowave radiation generated in single-color laser-plasma
experiments is dominated by a radially polarized mode
(double-headed arrows in Fig. 2). This finding indicates the
dominant role of ponderomotively driven longitudinal plasma
currents as a source of microwave radiation. That the WCA
detector set at ϕ = π/2 yields an order of magnitude weaker,
yet nonvanishing, θ -independent readout [pink circles and
solid line in Fig. 4(c)] suggests the existence of an incoherent
component of microwave radiation, which may be indicative,
as one possibility, of incoherent bremsstrahlung from laser-
driven plasmas [51].

2. Two-color experiments

Microwave radiation with drastically different polariza-
tion properties is observed in experiments with a two-color
driver [Fig. 4(d)]. In these experiments, the 0.8-μm, 35-fs,
60-mJ amplified TiS-laser output is mixed with its φSH = π/2
phase-shifted second harmonic with a central wavelength at
λSH = λ0/2 and a variable pulse energy ESH to yield a field
with broken time symmetry [3]. Both the 0.8-μm field and
its second harmonic are linearly polarized in our experimental
setting, as verified by careful polarization measurements.

Unlike a single-color driver, such a two-color field induces
transverse photoionization currents that do not cancel within
the field cycle [3]. The symmetry of such currents dictates
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emission of linearly polarized radiation fields. In agreement
with these symmetry arguments, polarization analysis of mi-
crowave radiation in our two-color laser-plasma experiments
yields polar plots [open and filled circles in Fig. 4(d)] that
closely follow sin2(ϕ + ϕ0) fits [respective solid and dotted
lines in Fig. 4(d)]. With the WCA probe rotated by π/2, the
polar plot of the microwave field is seen to also rotate by the
same angle [cf. open and filled circles in Fig. 4(d)], exactly as
dictated by the geometry of our polarization analysis. Results
of these experiments indicate, in agreement with an exten-
sive literature on two-color THz generation [3,8,18,28–30],
the dominant role of transverse currents as sources of THz
radiation.

E. Microwave radiation by plasma currents

To gain deeper insights into the physics behind mi-
crowave generation and to understand the spectral properties
of microwave radiation in our experiments, we consider the
longitudinal plasma current [5,6] that provides a source term
in the frequency-domain field evolution equation for an ultra-
short laser driver:

jz(r, z, ω) = eωω2
p(r, z)(ω + 2iνe)

2mc2ω2
0

(
ω2 − ω2

p(r, z) + iνeω
)

×
∫ ∞

−∞
A(r, z, ω′)A∗(r, z, ω − ω′)dω′, (3)

jz(r, z, ω) = eωω2
p(r, z)(ω + 2iνe)

2mc2ω2
0

(
ω2 − ω2

p(r, z) + iνeω
)

×
∫ ∞

−∞
I (r, z, η)e−iωηdη, (4)

where ωp(r, z) = ωp(r, z, η > τ0) is the plasma frequency in
the wake of the laser pulse.

At each point (r, z) within the laser plasma, the cur-
rent jz emits radiation with intensity spectrum, S(r, z, ω) ∝
| jz(r, z, ω)|2, that peaks at around ωp(r, z), falls off as
I (r, z, ω) in its high-frequency tail, and scales as ω2 in the
low-frequency limit, i.e., for ω 
 ωp, νe, 1/τ0. In Fig. 5(a),
we plot a map of the electron density ρ(r, z) = ρ(r, z, η > τ0)
found by solving the field evolution Eq. (1) jointly with Eq. (2)
for ρ(r, z, η). Also shown in Fig. 5(a) are the contour lines,
dividing this map into eight areas, with the electron density
ρ(r, z) and, hence, the plasma frequency ωp(r, z) increasing
from the outermost area (area 1) to the innermost, central
region of the laser plasma (area 8).

Figure 5(b) presents radiation spectra Sq(ω) ∝
| ∫Vq

jz(r, z, ω)2πrdrdz|2, calculated by integrating over
the volume Vq of the qth plasma region, with q taking the
values from 1 to 8, enumerating the plasma regions as shown
in Fig. 5(a). Because the electron density ρ(r, z) decreases
from the central region the laser plasma to its outer areas.

Because the electron density ρ(r, z) is highest within
plasma region 8, plasma currents jz induced in this region
emit radiation with the highest frequencies. The spectrum
of this radiation, S8(ω), peaks at around 10 THz [curve 8
in Fig. 5(b)]. However, most of this radiation never makes
it out of the laser plasma as it is strongly attenuated by

FIG. 5. (a) A map of the electron density ρ(r, z) = ρ(r, z, η >

τ0 ) found by solving the field evolution Eq. (1) jointly with Eq. (2) for
a laser pulse with λ0 = 0.8 μm, τ0 = 35 fs, d0 = 7 cm, P0 = 1.5 TW,
and f = 2.5 m in a gas cell filled with argon at p = 0.1 bar. Also
shown are the contour lines, dividing the map into eight areas, with
the electron density below 1011 cm−3 (1) and ranging from 1011 to
1012 cm−3 (2), 1012 to 1013 cm−3 (3), 1013 to 1014 cm−3 (4), 1014 to
1015 cm−3 (5), 1015 to 1016 cm−3 (6), 1016 to 1017 cm−3 (7), and 1017

to 1018 cm−3 (8). (b) Radiation spectra calculated by integrating over
the volume Vq of the qth plasma region, with q = 1 (curve 1), 2 (2), 3
(3), 4 (5), 5 (5), 6 (6), 7 (7), and 8 (8). (c) Plasma attenuation length
lp as a function of radiation frequency for a plasma with an electron
density of 1011 cm−3 and the electron collision rate νe = 0.3 THz.
(d) Radiation spectra calculated by integrating over the total volume
of plasma regions 1–8 (dashed pink line) and the volume V1 of the
subsurface plasma region with q = 1 (solid black line).

plasma screening within a typical attenuation length lp =
c(2ω)−1 Im [(ω2+iνeω)1/2 (ω2 + iνeω − ω2

p)−1/2] [Fig. 5(c)].
Because of this screening effect, the radiation flux that does
couple out of the laser plasma and reach the detectors is
dominated by emission from outer plasma regions. Since
ρ(r, z) in these regions is much lower than the electron
density that the driver pulse leaves behind within the inner-
most plasma areas, the spectrum of radiation that overcomes
plasma screening is shifted toward lower frequencies rela-
tive to radiation generated in the central regions of the laser
plasma [Figs. 5(b) and 5(d)]. Specifically, the spectra of ra-
diation emitted from the subsurface plasma areas [regions
1 and 2 in Fig. 5(a)] peak, respectively, at around 2.0 and
7.5 GHz [curves 1 and 2 in Fig. 5(b)]. This analysis is con-
sistent with bright microwave radiation detected by all the
WCA detectors in our laser-plasma experiments. Moreover,
the physical picture of microwave supercontinuum generation
distributed over the plasma volume, with different subbands
of microwave supercontinua emitted from different plasma re-
gions, is overall consistent with the difference in the pressure
dependence of radiation intensity within different subbands
of microwave supercontinua observed in experimental pres-
sure scans [Fig. 3(d)]. While these experimental data can
in no way conclusively confirm this physical picture, they
are reasonably explained in terms of spatially nonuniform,
pressure-dependent electron density distribution and plasma
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attenuation of broadband microwave radiation emitted from
different regions in the volume of laser-driven plasmas.

V. CONCLUSION

To summarize, ultrafast laser-plasma interactions driven
by TW laser pulses give rise to a bright multioctave mi-
crowave radiation, whose polarization and spatial mode
structure provides a sensitive probe for laser-driven plasma
electrodynamics, helping detect the symmetries of plasma
currents and signatures of multiple ionization. Polarization
mode structure of this radiation is dominated by a radially po-
larized mode, indicating the significance of ponderomotively
driven plasma currents as sources of microwave emission.
Angle-resolved studies reveal regimes in which microwave

emission is drastically enhanced, via coherence buildup, man-
ifested in a well-resolved Cherenkov-emission cone.
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