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(Dated: March 20, 2018)

We investigate terahertz generation in two-color laser-induced gas plasmas. Resonances attributed
to plasmonic effects are shown to broaden the emission spectra significantly, when electrons are
excited along a direction where the plasma size is smaller than the plasma wavelength. We demon-
strate that such resonances can be turned on and off by changing the polarization properties of
elliptically-shaped driving laser-pulses. Both 3D Maxwell consistent simulations and experimental
results confirm that a significant THz pulse shortening and spectral broadening can be achieved by
exploiting the transverse driving laser-beam shape as an additional degree of freedom.

Terahertz (THz) radiation has become an ubiqui-
tous tool for many applications in science and technol-
ogy [1, 2]. Quite a number of those applications, as for
example THz time-domain spectroscopy, require broad-
band THz sources. Unlike conventional THz sources
such as photo-conductive switches [2] or quantum cas-
cade lasers [3], laser-induced gas-plasmas straightfor-
wardly produce emission from THz up to far-infrared
frequencies [4]. In the standard setup, a femtosecond
(fs) two-color (2C) laser pulse composed of fundamental
harmonic (FH) and second harmonic frequency (SH) is
focused into an initially neutral gas creating free electrons
via tunnel ionization. These electrons are accelerated by
the laser electric field and produce a macroscopic current
leading to THz emission.

Numerous experimental results show that the laser-
induced free electron density has a strong impact on the
THz emission spectra [4–8]. This allows for tunability
when the THz spectrum is broadened with increasing gas
pressure. However, the role of the free electron density
remains controversial. In [5, 7, 8], homogeneous plasma
oscillations were proposed as an explanation for the ob-
served broadband THz emission, even though those os-
cillations are in principle non-radiative [9–14]. Moreover,
nonlinear propagation effects have been held responsible
for the THz spectral broadening as well [6, 15].

On the other hand, the gas plasma produced by the fs
laser pulse is a finite conducting structure with a lifetime
largely exceeding the fs time scale. Thus, one can expect
that the gas plasma features plasmonic resonances which
may have a strong impact on the THz emission proper-
ties. Similar effects are frequently exploited in the con-
text of plasmonic nanoantennas (or metamaterials), e.g,
for SH generation [16], where tailoring such resonances
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by tuning the shape of the plasmonic particle is a stan-
dard approach. However, it seems that plasmonic effects
in the THz emitting gas plasmas were so far completely
overlooked, in particular when it comes to active control
over the emission properties.

In this letter, we consider the 2C-laser-induced plasma
as a plasmonic structure. By using elliptically shaped
laser beams, it is possible to turn on and off the THz
plasmonic resonances (see Fig. 1). Depending on whether
the laser polarization is oriented along the long beam
axis (quasi transverse electric, qTE) or along the short
beam axis (quasi transverse magnetic, qTM), plasmon-
polariton-like resonances are triggered or not. We show
by means of three-dimensional (3D) Maxwell consistent
simulations in tightly focused geometry that these plas-

qTE qTM

(a) (b)

FIG. 1. Illustrated configurations of THz emission from an
ellipsoidal plasma induced by a 2C Gaussian laser pulse (FH
in red, SH in purple) with strongly elliptical beam shape
propagating along z. The laser electric field is y-polarized
(along the long axis of the beam, qTE) in (a) and x-polarized
(along the short axis, qTM) in (b). The plasma is sketched as
blue surface. Simulated forward emitted THz pulses recorded
at z = 12.7µm behind the plasma are presented as white
lines demonstrating a significantly shorter pulse duration for
qTM polarization, which can be attributed to triggering a
plasmonic resonance (Eω = 40 GV/m, E2ω = 20 GV/m,
t0 = 50 fs, w0,x = λFH = 0.8 µm, w0,y = 8 µm).
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monic resonances indeed broaden the THz spectrum
emitted from a microplasma significantly. Finally, we
confirm experimentally that this effect is significant also
under weaker focusing conditions and for larger plasmas.

Throughout this paper the driving laser pulse is defined
by its transverse vacuum electric field at focus,

EL,⊥(r⊥, z = 0, t) = exp

(
− x2

w2
0,x

− y2

w2
0,y

− t2

t20

)

×
[
Eω cos(ωLt) + E2ω cos(2ωLt+ φ)

]
eL,

(1)

where r⊥ = (x, y)T and z are the transverse and lon-
gitudinal spatial coordinates, t is the time, t0 the pulse
duration, w0,x the short and w0,y the long vacuum focal
beam width, Eω, E2ω the FH or SH electric field ampli-
tudes, ωL = 2πc/λL the FH laser frequency with wave-
length λL, φ the relative phase angle, and the unit vector
eL defines the (linear) laser polarization direction. The
laser pulse propagates in the positive z direction, and the
origin of the coordinate system is chosen at the vacuum
focal point. By defining the tightly focused laser pulse at
vacuum focus we follow the algorithm described in [17].

For 2C-driving laser pulses and laser intensities of
1014 − 1016 W/cm2, the ionization current (IC) mecha-
nism is responsible for THz generation in gas-plasmas [4].
Thus, the THz-emitting current J is given by

∂tJ + νeiJ =
q2
e

me
neE , (2)

with electron charge qe, mass me and electric field E.
The electron density ne is computed by means of rate
equations employing a tunnel ionization rate [18, 19], and
the electron-ion collision frequency νei depends on the ion
densities and the electron energy density [20]. This model
also appears as the lowest order of the expansion devel-
oped in [10], and fully comprises the IC mechanism [21].
In App. A, we briefly review this model that is solved by
our code ARCTIC which is benchmarked against more
rigorous particle-in-cell simulations in [21].

The laser pulse parameters in Fig. 1 and in the
following simulations are chosen such that in argon
with initial neutral density na = 3× 1019 cm−3 (≈
1 bar) a fully singly ionized ellipsoidal plasma is cre-
ated (see App. B). The peak electron density nmax

e = na

translates into a maximum plasma frequency νmax
p =√

naq2e
meε0

/(2π) ≈ 50 THz and a minimum plasma wave-

length λmin
p = c/νmax

p ≈ 6µm. As visualized in Fig. 1,
the transverse plasma profile is strongly elliptical, that
is, along x direction the plasma size is less than 1 µm,
whereas along y direction the plasma is approximately
10 µm wide. By setting the linear laser polarization
eL = ey (qTE) or eL = ex (qTM), we thus excite a THz
emitting current J along y direction where the plasma
profile is wide and electron density gradients are weak or
along x direction where the plasma profile is narrow and
electron density gradients are strong.

FIG. 2. Angularly integrated far-field spectra for the elliptical
beams from Fig. 1 (solid lines) and corresponding results from
2D simulations assuming translational invariance in y (dashed
lines).

Considering the forward emitted THz radiation in
Fig. 1, we find strong single-cycle pulses reaching field
amplitudes of 10 kV/cm. Most importantly, the THz
pulse obtained for qTM (b) is two times shorter than for
qTE (a), as a direct consequence of the THz emission
spectra that are dramatically different. 3D angularly in-
tegrated THz far-field spectra are presented in Fig. 2, and
for qTM polarization the THz spectrum is broadened up
to about 50 THz, the maximum plasma frequency νmax

p ,
while for qTE polarization no such broadening is found.
The total THz pulse energy (ν < 70 THz) for qTE is 4.8
times larger than for qTM.

Before performing a more detailed theoretical analy-
sis, let us give a simple explanation for the difference in
the THz spectra for qTE and qTM polarization: When
the plasma current is excited along the direction of weak
plasma gradients, the charge separation created due to
the displacement of the electrons with respect to the ions
is relatively small. Thus, the restoring force is small and
the electron current can persist for a long time which
leads to a quasi-DC current resulting in the emission of
rather low frequencies. In contrast, when the plasma
current is excited along the direction of strong plasma
gradients, a significant charge separation force pulls the
electrons back to the ions resulting in higher frequency
components in the current and the emitted radiation.

The dashed lines in Fig. 2 show the results of corre-
sponding 2D simulations, i.e., w0,y →∞ when assuming
translational invariance along y. In this limit, we find a
similar behavior: no broadening if the laser electric field
is oriented in the now translationally invariant y direc-
tion (transverse electric TE), and broadening up to νmax

p

if the laser electric field points in the direction of the
strong electron density gradient, that is, along the x di-
rection (transverse magnetic TM). The TE polarization
state governs the field components Bx, Ey, Bz, and the
TM polarization state governs the field components Ex,
By, Ez. Any other polarization state in 2D geometry can
be written as the superposition of these two cases, pro-
vided that the plasma density remains unchanged. We
checked that this property also holds for 3D elliptical
beams (see App. B for details). This possibility of super-
posing qTE and qTM polarization implies that the THz
emission spectrum can be tuned by rotating the linear
polarization of the incoming laser pulse.
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In the following, we want to give a more detailed anal-
ysis of the reduced 2D system and explain the difference
in the THz spectra for TE and TM pump laser polar-
ization. To this end, we resort to a simple plasma slab
model that is detailed in App. C. In short, we consider
a system as sketched in Fig. 3(a): A plasma slab with
thickness d along the x-direction characterized by a time-
invariant electron density n0 and collision frequency νei.
Both quantities are assumed to be translational invariant
in y and z. Above and below the slab we assume a semi-
infinite vacuum. We split the electric field according to
E = Ẽ + EL, where Ẽ is the field due to interaction of
the laser with the plasma and EL is the laser field defined
by its propagation in vacuum. Then, the right-hand-side

of Eq. (C1) reads
q2e
me
neẼ +

q2e
me
neEL. The trick is now

to replace in the first term the time-dependent electron
density ne by the time-invariant electron density n0 in
order to be able to use a simple analytical expression for
the slab response. In the second (THz source) term we
keep the time dependent ne(t) accounting for ionization
by the laser. By doing so, we consider the plasma slab to

be excited by the current source ι =
q2e
me
neEL. We fur-

ther approximate this source term by using 2D paraxial
laser field propagation and the corresponding time and z

TEsimulation TMsimulation

(f) (g) VPP

SPP

FIG. 3. (a) Illustration of the plasma slab model. (b) Model
excitation spectrum of a 2D 2C-laser pulse. Spectral energy
in the slab for a (kz, ω)-independent excitation for TE (c)
and TM (d). (e) Far-field spectra for TE and TM predicted
by the plasma slab model for excitation spectrum (b), re-
producing well 2D and 3D simulation results from Fig. 2.
Spectral current amplitudes from 2D simulations for TE (f)
and TM (g). The color bar in (b) is valid for all color
plots. The slab thickness is d = 0.4µm, the plasma fre-
quency ωp/(2π) = νp = 49.15 THz and the collision frequency
νei = 13 ps−1. In (d,g) the volume-plasmon-polariton (VPP)
and surface-plasmon-polariton (SPP) dispersion relations of
a single plasma-vacuum interface are indicated.

dependent electron density on the optical axis. Such cur-
rent source ι is presented in Fig. 3(b) in temporal and
longitudinal spatial Fourier space with variables ω and
kz, in the following denoted by ”˘”. Furthermore, we
assume ι to be invariant along x inside the slab and zero
outside. Under these approximations, the solution Ẽ can
be obtained straightforwardly. For TE polarization, the
y component of the electric field in the vacuum above the
slab x > d/2 reads

˘̃Ev
y =

iωQ̆y
(Λp)2

[
Λv

Dp
cosh

(
Λpd

2

)
+ 1

]
e∓Λv(x− d

2 ) , (3)

with Λv =
√
k2
z − ω2/c2, Λp =

√
k2
z − εpω2/c2, plasma

dispersion εp = 1− ω2
p/
(
ω2 + iωνei

)
, and

Dp = ∓αTEΛp sinh

(
Λpd

2

)
− Λv cosh

(
Λpd

2

)
. (4)

Here, for k2
z ≥ ω2/c2 we use the upper sign in Eqs. (3)

and (4), and the lower sign otherwise. The source term

Q̆y follows from Q̆ = µ0ῐ/(−iω + νei) and involves the
transverse laser electric field component (here y), and
αTE = 1. The field inside the plasma slab is given by

˘̃Ep
y =

iωQ̆y
(Λp)2

[
Λv

Dp
cosh (Λpx) + 1

]
. (5)

In order to compute ˘̃By for TM polarization, we use the

same expressions after replacing ωQ̆y by kzQ̆x (now the
driving laser is x polarized) and αTE by αTM = 1/εp
in Eqs. (3)-(5). Fields in the vacuum below the slab
x < −d/2 follow from symmetry considerations.

Let us first examine the response of the plasma
slab for a (ω, kz)-independent excitation along y (TE)
and x (TM). To this end, we introduce the spec-

tral energy ŭ =
∫ d/2
−d/2(ε0|Ĕ|2 + |B̆|2/µ0) dx inside the

slab, presented in Figs. 3(c,d) for TE/TM. Besides
the light line ω = ckz, no particular signatures of
resonances can be found for TE in (c). In con-
trast, surface-plasmon-polariton (SPP)-like and volume-
plasmon-polariton (VPP)-like resonances are excited for
TM in (d). Those do not follow exactly the disper-
sion relations of plasmon-polaritons for a single plasma-
vacuum interface [22] that are indicated in the graphs,
since here we consider a slab with a finite thickness d.
The smaller d, the closer those resonances move towards
the ω(kz) = ωp-line (not shown).

Next, we switch to the model current source ι as shown
in Fig. 3(b), and compute the angularly integrated far-

field power spectra P̂x for the 2D plasma slab model.
The resulting THz emission spectra are presented in
Fig. 3(e) and reproduce well what one obtains from rig-
orous Maxwell consistent simulations in Fig. 2: In con-
trast to TE, the emission spectrum for TM polarization
is broadened up to the maximum plasma frequency νmax

p .
To confirm that the observed difference between TE

and TM indeed originates from a plasmon-polariton-like
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FIG. 4. Sketch for 2C laser-induced air-plasma THz genera-
tion and detection system. BS: 800nm Beam splitter; HW:
half wave plate; CL1: Plano-Convex cylindrical lens, focal
length f = 1000 mm; CL2: Plano-Concave cylindrical lens,
f = −400 mm; M1-9: 45 degree incidence high reflective mir-
ror; Lens L1: f = 300 mm; L2: f = 400 mm; DWW: Dual
wavelength wave plate; OPM1 (OPM2): Off-axis parabolic
mirrors, Reflected Focal Length RFL = 4 inch (3 inch); HR
Si: high-resistivity Silicon plate; RFL = 3 inch; HV: high
voltage; APD: Si Avalanche Photodetector.

structure, we consider the spectral amplitudes of the cur-
rents in full 2D simulations in Figs. 3(f,g): Indeed, the
plasma-electrons show no feature near ωp for TE in (f).
For TM in (g), we find a resonant excitation around the
plasma frequency with similar structures as observed in
the response of the slab model in Fig. 3(d).

The (q)TE and (q)TM spectra can thus be explained
by the plasma slab model, although small differences oc-
cur when directly comparing Figs. 2 and 3(e). We at-
tribute these discrepancies to the fact that in the plasma
slab model SPPs cannot couple to radiative modes, and
only VPPs can contribute to the far-field emission. How-
ever, in reality the plasma has longitudinal truncations
that can reflect or transmit SPPs leading to their emis-
sion into the far-field as well [16]. Thus, it is likely that
SPP- and VPP-like structures fuse in the rigorous simu-
lation [Fig. 3(g)].

So far, we have analyzed the microplasma configura-
tion which relies on strong focusing conditions of the driv-
ing laser pulse. In the following, we want to investigate
whether plasmonic effects can be observed as well un-
der weaker focusing conditions and higher driving laser-
pulse energies leading to longer plasmas. To this end,
we resort to a standard experimental setup for two-color
laser-induced air plasma THz generation and detection
sketched in Fig. 4. The laser pulses originate from a 40 fs,
1 kHz Ti:sapphire regenerative laser amplifier. The aver-
age laser power through the beam splitter (pump beam)
is 230 mW; and the reflected beam (probe beam) has an
average power of 200 mW. The pump beam is vertically
polarized by a half wave plate (800 nm) and sent into a
100-µm-thick BBO crystal through a 300-mm focal lens
for second harmonic generation (SHG). The polarization
of the fundamental wavelength is then shifted back to
horizontal after the SHG process, while the second har-
monic wavelength is kept as horizontally polarized. Off-
axis parabolic mirrors are used to collimate and focus

the THz field. A piece of high-resistivity silicon plate is
employed to block the residual FH and SH laser beam.
The probe beam, meanwhile, is focused by lens L2 and
overlapped with the focus of the THz field through a cen-
tral hole in OPM2. The detection of the THz waveform
is done by using the so-called air-biased coherent detec-
tion scheme [23] where in the presence of the THz field
the four-wave-mixing-generated SH of the probe beam is
measured. An avalanche photodiode (APD) is employed
as photodetector. A boxcar integrator is then necessary
to reshape the fast APD response (few ns) before it can
be picked up by the lock-in amplifier. The part of the
setup where THz waves are involved is covered by a plas-
tic box and purged with dry nitrogen during the mea-
surements. A pair of cylindrical lenses is employed in the
pump beam arm to elliptically shape the otherwise near-
Gaussian pump beam profile. We rotate both cylindrical
lenses by 90◦ to switch the pump electric field mode be-
tween qTE and qTM. The probe beam arm, on the other
hand, is kept the same to ensure identical probe condition
for THz generated by different pump beam modes.

The experimental 2C elliptical beam creates an about
25-mm-long plasma for any rotation angle of the cylindri-
cal lenses. By simulating the laser propagation by means
of the unidirectional pulse propagation equation [24], we
could estimate the peak electron density to 1.2·1018 cm−3

corresponding to the maximum plasma frequency νmax
p =

9.9 THz, and transverse FWHM extensions of the ellipti-
cal plasma of 20µm and 54µm.

The experimentally detected THz spectra and wave-
forms are presented in Fig. 5. The THz pulse duration
for qTM polarization is about 1.6 times shorter than for
qTE. A pyroelectric measurement revealed a THz pulse
energy ratio between qTE and qTM of 2.5. In full agree-
ment with our theoretical results, the qTM spectrum is
significantly broader than the qTE spectrum. Moreover,
the maximum THz emission for qTM is found at the esti-
mated maximum plasma frequency (dashed line). Thus,
our experimental results support the hypothesis that the
plasmon-polariton-like resonances broaden the THz spec-
trum, even for longer plasmas and larger beam widths.

In summary, we have shown that plasmonic effects can
significantly broaden the terahertz emission spectrum

qTE qTM

(a) (b)

FIG. 5. Experimental THz spectra for qTE (a) and qTM (b)
polarization (see text for details). Corresponding on-axis THz
waveforms are shown as insets. The dashed lines specify the
estimated maximum plasma frequency.
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from fs-laser-induced gas-plasmas when the correspond-
ing wavelengths are larger than the plasma size, that is,
electron density gradients are sufficiently steep. We pro-
pose an efficient THz-generation scheme to access this ef-
fect by two-color elliptically-shaped laser-beam-induced
gas-plasmas via the ionization current mechanism and
demonstrate its experimental feasibility. Turning the po-
larization of the excitation, when adjusting the linear
laser polarization, we can switch THz spectral broaden-
ing due to plasmonic resonances on or off and thus con-
trol the THz emission spectrum. This plasmonic view on
gas-plasma-based THz generation paves a way towards
resonant control of THz generation. We believe that our
results, which are a priori not limited to the gas-plasma
configuration, will trigger further experimental and the-
oretical efforts in this direction.

Numerical simulations were performed using comput-
ing resources at Mésocentre de Calcul Intensif Aquitaine
(MCIA) and Grand Équipement National pour le Cal-
cul Intensif (GENCI, Grants No. 2016-056129, No. 2016-
057594, No. A0020507594 and No. A0010506129). This
study was supported by ANR (Projet ALTESSE). S.S.
acknowledges support by the Qatar National Research
Fund through the National Priorities Research Program
(Grant No. NPRP 8-246-1-060).
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Appendix A: Modeling the ionization current
mechanism for microplasmas

The THz generation by two-color laser pulses consid-
ered here is driven by the so-called ionization current
(IC) mechanism [4]. A comprehensive model based on
the fluid equations for electrons describing THz emis-
sion has been derived in [10]. In this framework, the
IC mechanism naturally appears at the lowest order of
a multiple-scale expansion. Besides the IC mechanism,
this model is also able to treat THz generation driven by
ponderomotive forces and others. They appear at higher
orders of the multiple-scale expansion and are not con-
sidered here. In the following, we briefly summarize the
equations describing the IC mechanism.

The electromagnetic fields E and B are governed by
Maxwell’s equations in vacuum

∇×E = −∂tB , (A1)

∇×B =
1

c2
∂tE + µ0J + µ0Jloss . (A2)

The plasma and electromagnetic fields are coupled via
the conductive current density J governed by

∂tJ + νeiJ =
q2
e

me
neE , (A3)

where electron-ion collisions lead to a damping of the
current. The collision frequency is determined by [20]

νei[s
−1] =

3.9× 10−6
∑
Z

Z2n
(Z)
ion [cm−3]λei

Eelec[eV]3/2
, (A4)

where λei is the Coulomb logarithm. The value λei = 3.5
turned out to match the results obtained by more so-
phisticated calculations with Particle-In-Cell (PIC) codes
in [10]. The densities of Z times charged ions are deter-
mined by a set of rate equations

∂tn
(Z)
ion = W (Z)n

(Z−1)
ion −W (Z+1)n

(Z)
ion

∂tn
(0)
ion = −W (1)n

(0)
ion

(A5)

for Z = 1, 2, 3, . . . ,K, and the initial neutral density is

n
(0)
ion(t = −∞) = na. The tunnel ionization rate W (Z)

in quasi-static approximation creating ions with charge
Z is taken from [18, 19]. Thus, W (Z) is a function of
the modulus of the electric field E. The atoms can be
at most K times ionized and thus W (K+1) = 0. The
electron density is determined by the ion densities

ne =
∑
Z

Zn
(Z)
ion . (A6)

The electron energy density E = neEelec is governed by

∂tE = J ·E . (A7)

e e

(a) (b)

laser

laser

FIG. 6. Electron density in (a) zx and (b) yz planes af-
ter ionization of an Argon gas with initial neutral density
na = 3 × 1019 cm−3 (≈ 1 bar) by a 2C elliptically shaped
laser pulse (Eω = 40 GV/m, E2ω = 20 GV/m, t0 = 50 fs,
w0,x = λFH = 0.8 µm, w0,y = 8 µm, see the main article for
definition of the parameters). The respective electron density
profiles at focus (z = 0) are visualized by the bright white
lines. The waist of the focused laser is tracked by the light
blue lines.

The loss current accounting for ionization losses in the
laser field reads

Jloss =
E

|E|2
∑
Z

IZp W
(Z)n

(Z−1)
ion , (A8)

where IZp is the ionization potential for creation of an
ion with charge Z. Even though ionization losses as well
as higher order ionization (Z = 2, 3, . . .) are negligible
in the framework of the present study, both are kept for
completeness.

The model is implemented in the code ARCTIC, that
solves Eqs. (A1)-(A2) by means of the Yee scheme [25].
We have previously benchmarked the code ARCTIC by
the PIC code OCEAN accounting for full kinetics of the
plasma [26] in [21].

Appendix B: THz emission from elliptically shaped
microplasmas

In the main article we investigate terahertz (THz)
emission from elliptically shaped two-color (2C)-laser-
induced gas-plasmas. In such a configuration, the free
electron density profile with a small transverse size along
x and a large transverse size along y is created. As can
be seen from Fig. 6, for the considered microplasmas
the transverse plasma profile is strongly elliptical, that
is, along x direction the plasma size is less than 1 µm,
whereas along y direction the plasma is approximately
10 µm wide. As can be seen from the transverse electron
density profiles (bright white lines), the electron density
gradients are large along x and significantly smaller along
y. Thus, by rotating the linear laser electric field polar-
ization with respect to the transverse plasma profile, we
can select the strength of the electron density gradients
along the excitation direction.

As can be seen in the 3D angularly integrated far-field
spectra presented in Fig. 7, when exciting the plasma
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FIG. 7. Angularly integrated far-field spectra for the elliptical
beams from Figs. 6 (solid lines) and corresponding results
from 2D simulations assuming translational invariance in y
(dashed lines). The solid black line specifies the emission
spectrum from a 3D simulation with laser polarization at 45◦

in the xy plane. The dashed black line is computed from the
superimposed fields of the qTM and qTE cases in 3D.

along strong electron density gradients (qTM, dark red
solid line), the THz spectrum is broadened up to about
50 THz, which corresponds to the maximum plasma fre-
quency νmax

p . In contrast, when exciting the plasma
along the weak electron density gradients (qTE) no such
broadening is found (light gray solid line). Results of cor-
responding 2D simulations (∂y = 0) are shown as dashed
lines. Here, we find a similar behavior: no broadening
if the laser electric field is oriented in the now transla-
tionally invariant y direction (TE), and broadening up to
νmax

p if the laser electric field points in the direction of the
strong electron density gradient, that is, along the x di-
rection (TM). Treating the problem in 2D geometry, i.e.,
assuming translational invariance in one transverse direc-
tion (here y), the electromagnetic fields separate into two
cases: the transverse electric (TE) case that governs the
fields Bx, Ey, Bz for a y-polarized driving laser pulse and
the transverse magnetic (TM) case that governs the fields
Ex, By, Ez for an x-polarized driving laser pulse. Any
other polarization state in 2D can be written as the su-
perposition of these two cases. For example, an incoming
laser pulse that is linearly polarized under 45◦ in the xy
plane will give an electric field solution that can be writ-
ten as E = ETE/

√
2+ETM/

√
2, where ETE and ETM are

the solutions for a y-(TE) and x-polarized (TM) driving
laser pulse, respectively. Therefore, if the 3D elliptical
beam can be indeed approximated by the idealized 2D
case, and no detrimental nonlinear coupling occurs, this
property should hold. We checked this by comparing the
angularly integrated THz-far-field power spectrum for a
simulation with polarization at 45◦ (black solid line) and
the result for the superposed fields (black dashed line) in
Fig. 7. Both overlap almost perfectly, and thus further
analysis of the 2D configuration is justified. Moreover,
the possibility of superposing qTE and qTM could be
important for applications, because it implies that the
THz emission spectrum can be tuned by rotating the lin-
ear polarization of the incoming laser pulse.

Appendix C: Plasmonic resonances in the plasma
slab model

To elaborate the origin of the laser polarization de-
pendence of the THz-emission spectra from elliptically
shaped 2C-laser-induced plasmas, we consider a simpli-
fied system as sketched in Fig. 3(a) of the main article:
A plasma slab of thickness d in x-direction with time-
invariant electron density n0 and collision frequency νei.
Both quantities are translationally invariant in y and z.
Above and below the slab we assume semi-infinite vac-
uum with constant permittivity εv = 1. By writing the
total electric field as the sum of the laser field EL and
the field due to laser-plasma interaction Ẽ, Eq. (2) in the
main article reads as

∂tJ + νeiJ =
q2
en0

me
Ẽ + ι (C1)

with the source term

ι =
q2
ene

me
EL . (C2)

It is important to note that we assume that the source
term ι depends on the product of the laser electric field
and the time dependent electron density ne(t), as it is
produced during the laser gas interaction. Only in the
description of the response of the plasma slab we make
the simplification of a constant density n0.

Let us now use Eq. (C1) and Maxwell’s equations
to determine the response of the system. In frequency
space (see App. D for definition), they can be rewritten
for angular frequency ω 6= 0 as

∇× ˆ̃E = iω ˆ̃B (C3)

∇× ˆ̃B = −i
ω

c2
ε ˆ̃E + Q̂ , (C4)

where for sake of brevity we introduced the source term

Q̂ =
µ0ι̂

−iω + νei
. (C5)

The dielectric permittivity ε reads ε = εp in the plasma
slab (|x| ≤ d/2), and ε = εv = 1 in the vacuum (|x| >
d/2). The complex dielectric permittivity of the plasma
is given by

εp = 1−
ω2

p

ω2 + iωνei
, (C6)

where the plasma frequency ωp =
√

n0q2e
meε0

involves the

time independent density n0 of the slab.
Same as for ε, we consider an excitation that is trans-

lational invariant in y, that is, ∂y ι̂ = 0 and ∂yQ̂ = 0.
Therefore, we can set all the y-derivatives to zero and
Eqs. (C3)-(C4) separate into two sets of equations. The
translational invariance of the slab in z allows to write
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down these two sets of equations in the spatial Fourier
domain with respect to z (∂z → ikz) giving

∂x
˘̃Ey = iω ˘̃Bz (C7)

(TE) − ikz
˘̃Ey = iω ˘̃Bx (C8)

ikz
˘̃Bx − ∂x ˘̃Bz = −i

ω

c2
ε ˘̃Ey + Q̆y (C9)

and

ikz
˘̃Ex − ∂x ˘̃Ez = iω ˘̃By (C10)

(TM) − ikz
˘̃By = −i

ω

c2
ε ˘̃Ex + Q̆x (C11)

∂x
˘̃By = −i

ω

c2
ε ˘̃Ez + Q̆z, (C12)

where “˘” indicates the (ω, kz)-domain according to the
definition in App. D. The 1st set of equations (C7)-(C9) is
called the transverse electric (TE) case, because the only
electric field component Ey is polarized in the transverse
translational invariant direction. Here, the only fields

different from zero are ( ˘̃Bx,
˘̃Ey,

˘̃Bz). The 2nd set of equa-
tions (C10)-(C12) is called the TM-case correspondingly

and describes the evolution of ( ˘̃Ex,
˘̃By,

˘̃Ez). In the fol-
lowing, we will consider two different configurations:

(i) TE with transverse excitation in y (ῐy 6= 0 6= Q̆y
and Q̆x = 0 = Q̆z)

(ii) TM with transverse excitation in x (ῐx 6= 0 6= Q̆x
and Q̆z = 0 = Q̆y)

Note that (i) corresponds to the THz generation by y-
polarized elliptical beams and (ii) by x-polarized ellip-
tical beams as investigated in the main article. In the
following, the Maxwell’s equations Eqs. (C7)-(C12) for
the plasma slab are solved for these two cases.

1. TE with transverse excitation in y

Let us start with case (i), that is, ῐ = ῐyey. Firstly, the
general solutions inside the plasma slab and the neutral
gas are computed, and secondly, the continuity of the
transverse fields is used to determine the entire solution.

Equations (C7)-(C9) give the evolution equation for

the transverse field ˘̃Ey inside the plasma and the neutral
gas

∂2
x

˘̃Ey −
(
k2
z −

ω2

c2
ε

)
˘̃Ey = −iωQ̆y , (C13)

For sake of simplicity, we consider that Q̆y is constant in-
side the plasma slab and zero outside of it. In particular,
this choice makes Q̆y symmetric with respect to x, and
˘̃Ey has to obey the same symmetry. Then, the general
symmetric solution in the plasma (|x| ≤ d/2) reads

˘̃Ep
y = Ap cosh (Λpx)− iωQ̆y

(Λp)2
[cosh (Λpx)− 1] , (C14)

where Λp =
√
k2
z − εpω2/c2. In the vacuum at x > d/2

the general solution reads

˘̃Ev
y = Av exp

[
∓Λv

(
x− d

2

)]
, (C15)

where Λv =
√
k2
z − ω2/c2. For k2

z ≥ ω2/c2, we use the
“−”-sign since for the “+”-sign the field would grow ex-
ponentially when x → ∞. For k2

z < ω2/c2, we use the
+-sign to obtain only outgoing propagating waves (along
x). Note that solution in the vaccum at x < d/2 follows
from symmetry considerations.

According to Maxwell’s interface conditions ˘̃Ey, ˘̃Bz

and thus ∂x
˘̃Ey have to be continuous at the plasma-

vacuum interface. These two conditions determine the
yet unknown amplitudes Ap and Av to

Ap =
iωQ̆y
(Λp)2

(
Λv

Dp
+ 1

)
(C16)

Av =
iωQ̆y
(Λp)2

[
Λv

Dp
cosh

(
Λpd

2

)
+ 1

]
, (C17)

with common denominator

Dp = ∓Λp sinh

(
Λpd

2

)
− Λv cosh

(
Λpd

2

)
. (C18)

Finally, Eqs. (C7)-(C8) determine the magnetic field
components as

˘̃Bx = −kz
ω

˘̃Ey (C19)

˘̃Bp
z =

Q̆y
Λp

Λv

Dp
sinh (Λpx) (C20)

˘̃Bv
z = ∓Λv

iω
Av exp

[
∓Λv

(
x− d

2

)]
. (C21)

2. TM with transverse excitation in x

Next, case (ii) with ῐ = ῐxex is considered. Equa-
tions. (C10)-(C12) give the evolution equation for the

transverse field ˘̃By inside the plasma and neutral gas re-
spectively,

∂2
x

˘̃By − Λ2 ˘̃By = −ikzQ̆x . (C22)

In analogy to the TE case in the previous section, we
obtain in the plasma

˘̃Bp
y = Ap cosh (Λpx)− ikzQ̆x

(Λp)2
[cosh (Λpx)− 1] (C23)

and in upper vacuum

˘̃Bv
y = Av exp

[
∓Λv

(
x− d

2

)]
. (C24)
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The difference to the TE case appears when applying

the interface conditions at the plasma-air interface: ˘̃By

and ˘̃Ez are continuous but according to Eq. (C12) ∂x
˘̃By

is not, because ε changes at the interface. Applying these
TM interface conditions determines Ap and Av to

Ap =
ikzQ̆x
(Λp)2

(
Λv

Dp
+ 1

)
(C25)

Av =
ikzQ̆x
(Λp)2

[
Λv

Dp
cosh

(
Λpd

2

)
+ 1

]
, (C26)

with common denominator

Dp = ∓ 1

εp
Λp sinh

(
Λpd

2

)
− Λv cosh

(
Λpd

2

)
. (C27)

Finally, Eqs. (C11)-(C12) determine the electric field
components as

˘̃Ex =
kzc

2

ωε
˘̃By −

ic2

ωε
Q̆x (C28)

˘̃Ep
z = −kzQ̆xc

2

ωεpΛp

Λv

Dp
sinh (Λpx) (C29)

˘̃Ev
z = ∓ ic2Λv

ω
Av exp

[
∓Λv

(
x− d

2

)]
. (C30)

3. Model current source term

In the previous calculations, we have assumed that the
current source term is constant along x in the slab and
zero in vacuum. In order to approximate its z depen-
dency, we need a z dependent electric laser field. To this
end, we use the electric field on the optical axis in quasi-
monochromatic 2D paraxial approximation with

Emod
L (z, t) ≈<

Eω e
− (t−z/c)2

t20
−iωL(t−z/c)√

1 + i z
zR(ωL)

 eL

+ <

E2ω e
− (t−z/c)2

t20
−i2ωL(t−z/c)√

1 + i z
zR(2ωL)

 eL ,

(C31)

where zR(ω) = w2
0,xω/2c is the Rayleigh length, the sym-

bol < denotes the real part of a complex quantity and all
other quantities are defined as in the main article. Then
the model current source in the slab reads

ιmod =
q2
ene[Emod

L ]

me
Emod

L . (C32)

This current source is displayed in Fig. 3(b) of the main
article, and was used to compute Fig. 3(e).

Appendix D: Fourier transforms

In the following, we define the temporal Fourier trans-

form f̂(r, ω) of a function f(r, t) by

f̂(r, ω) =
1

2π

∫
f(r, t)eiωt dt (D1)

f(r, t) =

∫
f̂(r, ω)e−iωt dω . (D2)

Furthermore, we define the longitudinal spatial Fourier

transform f̆(r⊥, kz, ω) of a function f̂(r, ω) by

f̆(r⊥, kz, ω) =
1

2π

∫
f̂(r⊥, z, ω)e−ikzz dz (D3)

f̂(r⊥, z, ω) =

∫
f̆(r⊥, kz, ω)eikzz dz . (D4)

Note the difference in the sign of the exponent for tem-
poral and spatial transforms, which is common practice
in the optical context.

1. Far-field spectra

We introduce the spectral poynting flux

S̆ = 2/µ0<{Ĕ× B̆?} . (D5)

The angularly integrated far-field spectrum P̂x can be
obtained by integrating S̆ along kz.

Appendix E: Results of the unidirectional pulse
propagation equation approach

In the main article, we have used for the estimation of
the maximum electron density under the underlying ex-
perimental conditions the simulation results of the uni-
directional propagation equation (UPPE) approach [24].
Here, we want to discuss the results of this simulation
which are presented in Fig. 8 in more detail.

As can be seen in Fig. 8(a), the laser beam is focused
after about 5 cm. Before the focus, the elliptical beam is
wider along x than y [see Fig. 8(b)]. In the focal plane,
the elliptical beam profile rotates and the beam is wider
along y than x [see Fig. 8(c)]. The 230 µJ of laser pulse
energy create a 2.5-cm-long plasma [see Fig. 8(a)]. The
peak electron density grows to nmax

p = 1.2 · 1018 cm−3

which corresponds to the maximum plasma frequency
νmax

e =
√
q2
en

max
e /(meε0)/(2π) = 9.9 THz. The trans-

verse plasma shape is strongly elliptical [see Fig. 8(d)].
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FIG. 8. Results of the UPPE simulation: (a) Peak intensity (black dashed line) and the electron density (red solid line) along
the propagation. (b) Fluence before the focus at z = 0. (c) Fluence in the focal plane at z = 0.05 m. (d) Electron density profile
in focus at z = 0.05 m. (e) Electron density profile in the xz-plane (y = 0). (f) Electron density profile in the yz-plane (x = 0).
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[11] P. Sprangle, J. R. Peñano, B. Hafizi, and C. A.
Kapetanakos, Phys. Rev. E 69, 066415 (2004).

[12] L. M. Gorbunov and A. A. Frolov, Plasma Physics Re-
ports 32, 850 (2006).
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