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Abstract

Intense, short laser pulses propagating through inhomo-
geneous plasmas generate terahertz (THz) radiation. We
consider the excitation of THz radiation by the interaction
between an ultra short laser pulse and a miniature plasma
waveguide. Such corrugated plasma waveguides support
electromagnetic (EM) channel modes with subluminal phase
velocities, thus allowing the phasing matching between the
generated THz modes and the ponderomotive potential asso-
ciated with laser pulse, making significant THz generation
possible. Full format PIC simulations and theoretical analy-
sis are conducted to investigate this slow wave phase match-
ing mechanism. We find the generated THz is characterized
by lateral emission from the channel, with a spectrum that
may be narrow or broad depending on laser intensities. A
range of realistic laser pulses and plasma profile parameters
are considered with the goal of maximizing the conversion
efficiency of optical energy to THz radiation. These stud-
ies are the first to investigate ponderomotively driven THz
self-consistently in the interesting situations in which the
interaction occurs over a scale many wavelengths long.

INTRODUCTION

Terahertz radiation (THz) lies between microwave and
infrared in the electromagnetic spectrum and typically spans
frequencies from 300 GHz to 20 THz. A wide variety of
applications [1] can be found including time domain spec-
troscopy (TDS), remote detection, medical and biological
imaging and so on. One of the most commonly seen exam-
ples is that most airports use millimeter wave/THz scan-
ners for human body security checking. Existing small
scale THz sources based on laser-solid interaction are lim-
ited to uJ/pulse levels due to material damage [2] although
the recent discovery using optical rectification (OR) [3-5]
in organic crystals can exceed this limit. This has led to
the consideration of THz generation via laser-plasma inter-
actions [6-8] and THz peak energy of tens of uJ can be
achieved. Higher energy THz pulses can be generated at
accelerator facilities via synchrotron [9] or transition radia-
tion [10]. Such facilities are relatively large and expensive
to operate. This motivates research interest in small-scale,
high efficiency terahertz sources.

A scheme involving laser pulses propagating through axi-
ally corrugated plasma channels has been proposed by An-
tonsen et at. [11]. This slow wave structure supports elec-
tromagnetic modes that have subluminal phase velocities,
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thus providing the possibility of phase matching between
the excited modes and the driver. Here, with a combination
of theory and simulaition, we investigated the ponderomo-
tively driven THz generation via the slow wave phase match-
ing process by laser pulses propagating through corrugated
plasma waveguides. These waveguides have been realized
in laboratory [12, 13].

THz GENERATION

The set up of of the THz generation mechanism is schemat-
ically shown in Fig. 1.
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Figure 1: System setup of THz generation in corrugated
plasma waveguides. An intense, ultra-short laser pulse prop-
agates through the preformed corrugated plasma channels
and drives lateral THz emission.

Corrugated Plasma Waveguides

We consider the corrugated plasma waveguides as shown
in Fig. 1 to be cylindrical symmetric, with electron densities
described by the following,
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where ng is the normalized density. The channel has a den-
sity modulation period of A,, and the modulation wavenum-
ber is defined as k,, = 27/A,,. The axially modulated z
dependence is carried through the parameters ng, np, 7.
and ry. The quantity ng(z) is the normalized on-axis den-
sity and n(z) is normalized density at r = r. as shown in
Fig. 1. The quantities ng and n; are both axially modulated,
no = 1+0sin (k,,z) and ny = ny+9; sin(k,, z), respectively.
¢ is the density modulation amplitude of on-axis density ng.
The quantity 777 is the average transverse peak density and
01 is the density modulation amplitude of n;. The density
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has a parabolic transverse profile to guide the laser pulse
during propagation. The quantity r. is the radius at which
n characterizes the density, and the density then decreases
linearly to zero between r. and ro. The quantities . and r¢
may also be axially modulated.

Simulation Setup and THz Mode Excitation

THz generation in corrugated plasma waveguides is simu-
lated using the full format PIC code TurboWAVE [14]. The
simulations, performed in 2D planar geometry, employ a
finite sized plasma channel illuminated by a laser pulse inci-
dent from the interface. Fig. 2 shows a false color image of
the transverse component of Poynting flux P, after the laser
pulse traverses the channel. The plasma wave excitation can
be observed as the rapid oscillations inside the channel and
the alternate positive and negative values of the Poynting
flux indicate a small average flux. However, at both lateral
boundaries, one can observe the THz emission as the red
and blue streaks denoting the lateral Poynting flux.
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Figure 2: Simulation setup. The Poynting flux through each
surface is calculated to diagnose radiated THz energy.

The radiated spectral density for the case of ay = 0.4,
where a is the normalized laser vector potential, is dis-
played in Fig. 3. The plasma channel consists of 10 modu-
lation periods with the following parameters: A, = 50 um,
noo = 1.4x108 em™3,6,=6=09,7, =3, r. =30 um
and ro = 40 um. We can observe an appreciable amount
of lateral radiation is generated as the fundamental mode
dominates, followed by the excitation of higher order modes,
while in the case of an axially uniform plasma, there is no
measurable lateral THz emission except for the resonant tran-
sition radiation [15—17] generated as the laser pulse crosses
the vacuum plasma interface.

THz Dependence on Plasma Density

Shown in Fig. 4 is the radiated THz spectral density for
different plasma densities in the case of ap = 0.4. As the
plasma density varies, the radiation peaks change and the
central frequencies of these peaks follow the fundamental
mode of the channel. As the plasma density varies form
1.4 x 10" ¢m™3 t0 0.07 x 10'8 ¢m=3 | the frequency of the
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Figure 3: Radiated THz spectrum shows different THz
modes are excited. The frequency of each excited mode
matches well with the phase matching condition we obtained.

fundamental mode decreases, and most importantly, the ra-
tio of the generation of electromagnetic radiation at these
frequencies over plasma waves increases. In particular, more
energy extracted from the driver pulse is converted into THz
radiation due to the fact that the central channel density is
tending low and the excitation of plasma waves becomes
small. As a result, at an averaged on axis density around
1.75%10'7 ¢m™3, the THz generation peaks at the fundamen-
tal frequency of 6.6 THz corresponding to the local maxima
of coupling. At the same time, more THz radiation escapes
channel since the radial density barrier is lower compared
with higher plasma density.
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Figure 4: Radiated THz spectral density dU’/dw for differ-
ent plasma densities.

THz Dependence on Laser Intensity

Ponderomotively driven THz radiation is expected to scale
quadratically as the laser intensity, i.e., Erg, ~ ag /y* ~
ag/(1 + aj). It is expected the generated THz energy can
be enhanced by increasing laser intensities. In the linear
regime (ap << 1), the ponderomotive driven THz radiation
scales as aé, one may think the scaling should be weaker
in the for high laser intensities (agp > 1) due to the increase
of effective electron mass resulting from quiver velocity.
However, as shown in Fig. 5, for larger ay, the radiated THz
energy Erp . is enhanced above the scaling estimate. This
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enhancement phenomenon is accompanied by a change in
the spectrum. It is shown in this case higher order channel
modes are excited by nonlinear currents and interference
between higher order modes is also observed. Our goal is
to optimize the efficiency of the optical laser pulse energy
converted to THz, we define a relative conversion efficiency
as the ratio of the generated THz energy over the depleted
laser energy, n = Erp./|AELgser|- By maximizing this
efficiency, less laser power is expended in plasma wave, thus
freeing it to drive THz for longer distances. As displayed
in Fig. 5, for ag << 1, it follows the linear theory, while for
ap > 1, higher scaling is observed.
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Figure 5: Radiated THz energy E7p, (blue) and relative
conversion efficiency (black) for different ay.

THz Scaling with Plasma Channel Length

Our study is the first to study the THz generation in the
nonlinear regime including generation of nonlinear plasma
wakes and Self consistent evolution of the driving laser pulse.
Simulation result displayed in Fig. 6 shows that around 80%
of the energy stored in the laser pulse is depleted within the
propagation distance of 1.5 cm. It is also shown that the rate
dU’/dZ of THz energy generation increases with distance as
the normalized vector potential increases during propagation
due to the action conservation. As a result, within the same
propagation distance, THz energy of 37.8 mJ is generated,
more than 8% of the depleted pulse energy is converted into
THz radiation.

Different Channel Structrures

Shown in Fig. 7 is another experimentally demonstrated
channel type with on axis density peaks. For ag = 0.4, en-
hancement of fundamental THz modes is observed and can
be explained by the excitation of a higher electron current
since the driver pulse encounters more electrons on-axis
at the local density maximum for the density profile. In
addition, the axially averaged density profile has a lower
density barrier that allows the generated THz waves to bet-
ter escape the channel. For the higher laser intensity case,
the generated THz is characterized by a different spectrum
compared with the previous structure with off-axis density
peaks. Although the amount of THz energy is enhanced
for both cases, the spectrum is still confined in a relatively

Proceedings of NAPAC2016, Chicago, IL, USA

ISBN 978-3-95450-180-9

0.8 0.04
)
_ 06 0.03 2
= 2
B §
204 0.02 ¥
s =
@ 3
& s
0.2 0013
o

0 0

0 5 10 15

Propagation distance [mm]

Figure 6: Pulse energy depletion (black, solid) of an initial
laser with ap = 2.0 (0.55 J) during the propagation in a
corrugated plasma channel. Scaling of Radiated THz en-
ergy (blue, dashed) versus propagation distance shows the
generated THz energy is higher than the linear scaling with
distance.

narrow band fundamental frequency, while in the previous
case higher order THz modes are significantly generated and
consequently modify the spectrum.

Figure 7: A new channel structure with on-axis density
peaks.

CONCLUSION

Ponderomotively driven currents can be phase matched
to the subluminal EM modes supported by the axially cor-
rugated plasma waveguides, thus generating THz radiation.
Different approaches are investigated to maximize the effi-
ciency of the optical laser pulse energy converted to THz.
We find THz spectrum is easily tunable by modifying chan-
nel parameters. As an example, a fixed driver pulse (0.55
J) with spot size of 15 um and pulse duration of 15 fs ex-
cites approximately 37.8 mJ of THz radiation in a 1.5 cm
corrugated plasma waveguide with on axis average density
of 1.4 x 10" cm™.
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