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We characterize a terahertz (THz) source based on plasma in liquid gallium. The dependence of the emitted
THz pulse energy on second-order phase, pump pulse energy, and polarization of the short laser pulse is demon-
strated. Our study suggests that the THz emission mechanism is due to the ponderomotive force and is aided
by a direct-field driven term. The proposed source and accompanying generation mechanism are studied under
a non-relativistic regime (105 <1< 10 W/cm?) for forward directed THz under a single pump excitation

scheme. © 2021 Optical Society of America
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The generation of THz waves from metal surfaces under ultra-
short pulse excitation is a topic that has been studied extensively.
In the relativistic regime (I > 10'® W/cm?), metals have been
shown to provide THz pulse energies in excess of 50 m] via
coherent transition radiation (CTR) from thin metal foils
[1]. Further, high THz peak electric field was also generated
from metals in excess of 0.9 GV/cm via gyrotron-like electron
emission [2]. This high-peak field process was kick-started by
femtosecond laser ionization on a metal wire tip. In the relativis-
tic regime, the material ionization threshold is greatly surpassed
since the laser peak focal electric field strength reaches or sur-
passes the inter-atomic field strength, and the net displacement
of electrons is no longer zero. Although large-scale laser facil-
ities are typically required to observe these mechanisms, they
show that metals have an abundant potential when it comes to
developing the most intense THz sources.

Metals have also been investigated as THz sources under weak
(I< 10" W/cm?) pump pulse excitation. In this regime, three
possible generation mechanisms used to explain the results,
including surface optical rectification (OR) [3-5], nonlinear
current generation [6—8], and thermal gradients [9,10]. In these
studies, the THz generation is characteristically limited to 1 nJ
in energy and shows a clear preference for p-polarized incident
fields at 800 nm. Interestingly, the experiments show that there
is often a preference for thicknesses larger than the metal effec-
tive absorption depth. A fully consistent explanation for this
phenomenon is not yet available. Most notably, in the weak
pump regime, the laser-induced plasma is not required, showing
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that the generation mechanism dramatically switches between
the relativisticand weak pump pulse excitation schemes.

Understanding the full picture of the mechanism regimes for
metals will be key to fully exploiting their advantages to develop
the most efficient THz sources. Nevertheless, to the best of our
knowledge, no studies have been reported for forward (detected
along the z axis) THz wave generation from liquid metals in
the non-relativistic ionizing regime (10" <1 < 108 W/cm?)
under single pump configuration. This regime is critically
different from those where CTR is enacted because the pon-
deromotive acceleration enacted is not enough to ballistically
propel electrons through the targets. Further, the laser cannot
lead to a net displacement of the electrons.

In this study, we characterize a THz source based on a liquid
metal jet with a peak field of 0.6 kV/cm under single-color and
single-pump excitation. To avoid the issue of target ablation
and material damage changing data on a shot-by-shot basis, a
flowing liquid metal jet is used rather than a solid metal target.
Due to our experimental configuration and single-pump exci-
tation scheme, our studies are fundamentally different in terms
of the physical mechanism from reference [11], where forward
radiation in the double-pump geometry was studied. In fact,
the interest in pursuing this source is the fact that under the
single-pump regime, the high absorption and reflection from
metals at both optical and THz frequencies would lead us to
assume that no THz generated could be detected in the forward
direction. Furthermore, in presenting our study, we grow one
step closer toward completely characterizing metal THz sources
to fully understand their generation regimes.
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The experimental system for THz wave generation via liquid
metal utilizes a commercial Ti:sapphire laser amplifier with
a center wavelength of 800 nm, 1 kHz repetition rate, and
43 fs transform-limited pulses. In our experiments, this cor-
responds to an intensity regime of 10'> — 10'° W /cm? when
using a 50 mm focal length lens. Up to a second-order phase
of +12600 fs* and —12600 fs* is applied to the pulse corre-
sponding to an 800 fs temporal broadening via negative and
positive chirping, respectively. We choose to primarily describe
broadening in terms of a second-order phase to eliminate any
ambiguity in the dispersion profile. The experimental geometry
isshown in Fig. 1(a).

Optical pulse duration is measured with a second-harmonic
generation (SHG) interferometric autocorrelator. The diameter
of the optical beam is 13 mm, and the laser pulses are focused
onto a 210 um liquid gallium (LG) jet with a 50.8 mm focal
length lens. Under this configuration, and in the absence of
photoionization effects, the large optical and THz absorption
coefficients prevent any significant propagation or output cou-
pling of optical and THz waves. We choose LG as the target
due to its attractive physical properties compared to other low-
melting-point metals as noted in our previous publication [12].
The flow rate of the LG jet is controlled at 3.8 m/s steadily to
ensure that each pump laser pulse interacts with a fresh target.
An x — z translation stage is applied to control the position of
the LG jet about the laser focus. The LG jet can be translated
along the x axis for fine adjustment of the effective thickness
and incidence angle ¢ = arcsin” ' (Ax/R) measured from the
surface normal where Ax is the shift in the x axis from the center
and Ris thejet radius [13].

The peak THz electric field strength is measured via standard
electro-optical sampling with 3 mm ZnTe once the source is
optimized. More details about the experimental setup can be
found in our previous work [12]. Since the p-polarized pump
pulse is more efficient in LG case, all the data shown hereafter
are under the excitation of p-polarized pump pulses unless
otherwise indicated. The pump pulse is temporally chirped to
maximize the THz signal.

The THz signals excited from single color laser pulse in air
and LG jet are shown in Fig. 1(b). Compared to the maximum
signal generated by an air-plasma source with 370 fs pulse dura-
tion, the LG source has a higher energy and peak field strength
with a maximum optical-to-THz energy conversion efficiency
of 2.5 x 1077 It should be noted that for the bandwidth repre-
sented in this figure, the measurements were made with 3 mm
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Fig. 1.  (a) Focusing geometry of the experimental setup as seen

on the y — z plane (side view). The liquid metal flows along the y
direction, and THz is collected in the forward (z) direction. (b) THz
waveforms generated from air plasma and LG jet, respectively. The
corresponding comparison in the frequency domain is shown in the
inset.
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Fig. 2. (a) Normalized THz field strength as a function of the

incident angle from the LG jet. The dashed black line represents the
maximum angle of THz fields for LG. The area between these two lines
stands for moving the jet from one side to the other side. (b) THz wave-
forms generated from LG lines with two different needle diameters,
which are 0.2 and 1.5 mm.

ZnTe and are thus band limited by the EO crystal. Additionally,
the system was optimized for LG generation and is not repre-
sentative to the best case of air-plasma generation where the
bandwidth is known to be much larger. As seen in Fig. 2(a),
translation of the jet along the x axis and keeping the detection
static shows two nearly identical peaks corresponding to angles
that are opposite in sign. The z position is optimized before each
measurement. We note that the x axis is perpendicular to the
optical pulse propagation direction. The optimum incidence
angles are & 54° considering a displacement along x of 85 pm.
Since the jet maintains a cylindrical symmetry, we initially
considered that electron circulation in the Ga could explain
the radiation of THz waves. In this scheme, the femtosecond
(fs) laser pulse causes the electrons to move tangentially about
the jet akin to a loop antenna. However, the expectation of this
radiation pattern would be isotropic onto 47 space regardless of
incidence onto the jet. The curve in Fig. 2(a) shows two peaks
with reversed polarity, which is caused by the flipped dipole
for the opposite incident angle. This observation is a strong
argument for the application of the dipole model and rejection
of current circulation effects as argued in [12,13]. Moreover, the
explored intensity regime is far too low to produce any signifi-
cant forces capable of trapping electrons in a circulation motion
(i.e., the effects of the magnetic field are not strong enough).

In translating the pump near the edge of the LG jet, the THz
yield is a coherent combination of radiation from the LG and
air plasmas. Outside of the LG jet, the signal drastically reduces
to the level of the air-plasma source evaluated under the same
experimental conditions. In the LG case, the absorption at
both optical and THz frequencies does not allow for significant
propagation within the material. Because of this, we believe
that the plasma is formed at the jet surface. The fact that the
THz waves do not propagate within the jet is confirmed by
absence of a large THz peak field position change when the x
axis is shifted or when the LG jet is turned off, given that the
LG refractive index at THz > 100 [11]. This is also strong
evidence that the generation is from a single plasma current as
opposed to a front and back surface. To explain this observation,
we initially believed that the Ga target could be compressed or
pushed away from the laser focal area by a strong ponderomotive
force induced by the fs laser. However, later experiments with
a 1.5 mm LG jet diameter showed a similar signal as that of
0.2 mm as can be seen in Fig. 2(b). Because a relatively strong
signal can still be seen when the laser intensity is 10'> W/cm?,
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we can conclude that no significant compression can occur
to explain the unmitigated propagation of THz from the
plasma—metal boundary. A secondary metric we use to reach this
conclusion is the fact that when needle diameters above 1 mm
are used, strong THz waves can still be detected even at zero-
degree incidence. At zero incidence onto a 1.3 mm jet, a THz
wave can still be produced. The plot in Fig. 3 shows the THz
waveform produced by a 1.3 mm LG jetat zero-degree incidence
compared to the signal produced along the optimized angle for
this diameter. Although the signal is weak (we find a 100 times
decrease relative to when the position/angle of the LG jet is opti-
mized), the expectation is that the absorption of THz through
the remaining unionized Ga would stop the THz propagation
altogether. Additionally, a nonrelativistic laser cannot compress
a millimeter (mm) target below the skin depth to allow for THz
wave propagation. We would like to note that the shift seen in
Fig. 3 is not due to propagation through Ga. Considering the
index of refraction of Ga and the thickness of the material, it
is easy to see that this is the case. Instead, we believe the shift
is due to two parameters: changes in the diffraction of the Ga
around the remaining jet and changes due to alignment errors
in setting up the LG jet between the two scans. As mentioned in
our manuscript, we believe that the THz results from a current
oscillation due to nonlinear effects at the surface of the Ga. The
transients radiated from this current must diffract around the
remaining Ga material to the detector. Additionally, laser focus
onto the Ga encourages fast oxidation, which causes the needle
to become clogged very often. In changing the needle, it is easy
to misalign the system and introduce artificial delays.

Furthermore, because Ga is not optically transparent, the
plasma ionization cannot cascade and fully ionize the channel.
It should be noted that when setting up the experiment, nearly
no optical beam can be seen to transmit through the jet after
the plasma if evaluated at 0° incidence excluding a portion that
diffracts around the jet.

We hereby consider a hydrodynamic approach in describing
the radiation from the jet plasma. It is assumed that, along the
center of the jet, although there is a contribution due to many
angles when the focused beam’s waist is considered, the differ-
ence in the angles is small enough to consider the problem as a
zero-incidence model. The ionization action does indeed com-
press the jet, but the compression factor caused by the plasma
shock wave at non-relativistic intensity is considered small.
As such, a larger THz yield is expected since the pump pulse
can more efficiently further ionize the material, but it should
be stated that the material cannot be fully ionized in our non-
relativistic intensity regime. Learning from experiments done
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Fig.3. THzwaveforms detected fora 1.3 mm LG jet at the optimal
angle of 67° and at zero-degree incidence.
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in weak and high intensity regimes, we expect that an optimum
thickness exists related to the ionization events. In this region, it
is expected that interference effects lead to an overall reduction
in the THz yield due to the plasma asymmetric gradient and
diffraction. We can theoretically describe the emission of THz
waves from a filament spark at the material boundary by starting
with the electron hydrodynamic equation. The model expands
on the work presented in references [14,15] and is applied to
condensed media to determine a current density whose oscil-
lation is proportional to the radiated THz waves. Strong laser
ionization at the surface of the jet directly leads to a complex
electron density gradient due to concurrent ionization of air.
The THz wave produced in this manner is radiated within the
first few picoseconds (ps) of the plasma lifetime and cannot be
described as propagating through a channel ionized through
the material. We can also assume that the optical beam cannot
“push” Ga away to allow for THz wave propagation. This is
because the laser ponderomotive energy needed to displace Ga
away from the propagation direction would be unphysical, as
the unionized Ga would need to be displaced at speeds much
greater than the speed of sound as evaluated through the general
equation for kinetic energy.

Instead, we surmise that the radiation produced at the
plasma—metal boundary diffracts about the jet and onto our
detector. In this model, the translation of the jet leads to the
emergence of photocurrent-like excitation. Within the parame-
ters of our model, our investigations indicate that the strongest
signal is retrieved when the contribution of the ponderomotive
force and the field-driven term can be significantly mixed to
produce a seemingly asymmetric transverse plasma current
akin to the two-color generation process in air. The result is a
fully consistent and all-encompassing model that can be used to
describe generation schemes regardless of the material so long as
a plasma is enacted onto it. In the simplest case, the model can
be made using a zero-incidence excitation to simultaneously
describe the air in a single-color and two-color regime. To apply
this model to the LG line, we simply rotate the axes of interac-
tion to account for the oblique incidences achievable with the
present air—material boundaries.

Taking an optical pulse to be polarized in the x direction and
traveling along z, the electron equation of motion describing the
dynamics of matter influenced by an optical pulse is

87)) — — — e — — —
—+(v -V) V2y v =—— (E—i—nv ><B>. (1)
ar m

Above, U is the unperturbed electron velocity, y is the damp-
ing factor, ¢ is the electron charge, m is the electron mass, Eis
the electric field, B is the magnetic flux, and 7 is a perturbation
constant. We hold that although the electrons move and the
plasma is treated as a fluid, the ions are relatively inert, so that the
electron continuity equation is given as

8]\]€(x9 Z’TR) -
— + V- N(x, 2,TR) v = Ny Wlw,, 1)
- ﬁrecomb]\ff(xs z, TR) - ﬁattachjve(xs z, TR)jvaz,v (2)

where N, (x, z,7g) is the electron density, N,; is the metal
atomic density, and W is the ionization rate. However, because
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of the complex plasma gradient, the electron density is a sensi-
tive function of both position (x and z) and time (taken in the
frame of reference of the pulse via Tz = # — z/v,).

When a strong laser pulse interacts with a material and ioniza-
tion occurs, there are many factors to consider. Of importance to
us is the dominant photoionization process. Due to their num-
ber densities, materials are limited in their response to shock
waves by the free-electron mean-free time (a parameter denoting
the average time between collisions). This time is different for all
materials and can range between sub-fs to ps time scales. As an
example, in plasma formed in condensed media, the mean-free
time is on the order of 0.1-1 fs compared to >300 fs in gas
media [16]. The pulses we use are typically over 100 fs, and the
optical breakdown threshold tends to be on the order of inverse
pulse duration in watts per squared centimeter (W/cm?). This
means that more than enough time along the pulse evolution
exists to efficiently enact cascade ionization. In our case, there
are a few cycles of the pulse available for breakdown via cas-
cade ionization prior to filamentation or self-focusing being
achieved. In order for cascade ionization to have an impactful
contribution (regardless of whether tunnel or multiphoton kick-
started ionization), the pulse duration of the laser must be very
long compared to the mean-free time of electrons. Therefore, we
believe cascade is dominant over tunnel ionization—the mean-
free time is nearly 1 fs, but the pulse durations we use to optimize
the THz conversion efficiency are hundreds of fs. Although we
believe that tunnel ionization kick-starts the plasma, we believe
cascade ionization dominates the ionization process due to the
longer pulse duration contrasted to the mean-free time of the
electrons in the LG as compared to air. As such, the rate func-
tion is modelled as intensity dependent. The extra terms refer
to the recombination and attachment coefficients. However,
because the plasma lifetime is so long compared to the pulse,
these can usually be neglected—espec1ally in an evaluation of

the transient regime. A simplification E ()= xE + zE
is taken to describe the electromagnetic field producing the
plasma filament. The problem is treated semiclassically, as the
plasma is not a quantum plasma, and a perturbation of the con-
tinuity equation and an evaluation based on Gauss’s law from
Maxwell’s equations yields

v IEY e [N W( ﬁ)
. N_E_ ar w,, E)—

V. Njo) v(O)i| (3)
at

and
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IEY e
ot g,

— — —
NO v £ N O 4 N0 O ) (4

Using a perturbation equation solution similar to
Ref. [14] and a rotation provided x’ = x cos€ + zsin6 and

2 =—xsin+zcosh, v = P v+ z v.. The equation of
motion is also perturbed, and the magnetic field component
is simplified via Laplace transform. The primed values signify
that a coordinate rotation v, = v, cos(a) + v, sin(er) and

/

v, = —v, sin() + v, cos(er) has been enacted to produce
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Above, the spatial derivatives have been converted to

temporal derivatives by noting that v, =v.(x, Tg),

. _ v
Bue _ Qe dwp 1 0% If we rake the laser intensity to be
dz 61’R 0z vg OTR "

represented as /(tg) = sovgn(a),,)lEF(‘l:R)|2/2, and the laser
central frequency as w,, the variance of the electron motion
along the transverse (x axis) plane is given by the expression
(v (1)) = e I'x(t) [[v8,n(w,)m*(y? + @H)].  In  the
absence of a quantum plasma, the electron longitudinal motion
that can be written as

v 2

e
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The first term on the right-hand side indicates the tempo-
ral version of the ponderomotive force. The second term is
related to the radiation pressure. The last term is a direct field-
driven term. The primed terms indicate that a rotation has been
enacted due to the TM wave and variation in angle of incidence
a. We consider small perturbations in the plasma density and
assume that the electron velocity must be well below the group
velocity since the group velocity is nearly at the speed of light.
As such, U(l)/vg = vy /v, 0. Reevaluating the continuity
equation and noting that for the relatively inert ions N; ~ N,
we reach the plasma field equation

02 Epz/ 8E
9 123 +y a +CUP Pl
ewy dI.(tx)
b +\TR ,
- 2p1
2vze,n(w,)m*(y? + w;t) [ atg Ty x(TR)}
o w;zzE;(TR)- (8)

The quantity > N /me, is the squared plasma frequency
w,, 0, =w,/n(®,), and &=¢,6p=n*(w)e,. To solve
for the field induced by the plasma wave, we use the Fourier
transform method. We can take the laser intensity to have a

R204i0)

formalism [(w) =1, fOTP e (10 (I )e_f“”RdTR. In the
single-color and single-pump limit, the rotated longitudinal
current is described after the transform operation as

Ji(tR) = —eN.(x, 2, TR) V.. 9)

The spectrum is given as J/(w) = jwe E;[(a)). In the single-
color and single-pump limit, the rotated longitudinal current is
described after the transform operation as
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As for the transverse component, the change in the
density of electrons is given by 4N,(tz) and MgT(;R)z

0N (TR)
a(tR)
eE’x(w) sin(wtp)

—e vy .(Tr), where we can also model v} (tz) =

as the electron drift velocity. The change in
the electron density is supplied by the rate function, and the

THz field can be found by the relation Ety, Y. X(tR)
—e%ﬁ)v L (TR) o W(w, Dvg(Tr). Unfortunately,

we cannot yield a proper estimate for parameters such as the
electron number density to properly model the THz field.

In the above example and under the single-color limitation,
the drift velocity is an odd function with respect to temporal
grid. The ionization rate is a nearly even function in the case of
tunneling ionization, but not in the case of cascade ionization.
As such, the product of the cascade ionization rate and the drift
velocity is odd, and we get a nearly net zero current [17]. This
means that the x contribution (transverse current) is effectively
zero. This can also be further shown by conducting the experi-
ment under a two-color excitation scheme as is typically done
with other laser-plasma sources. To produce a two-color field,
we use a B-barium borate (BBO) crystal in a second-harmonic
generation scheme as the optical beam focuses onto the LG
target. It is critical to note that even when a BBO is used in our
system, there is no change to the THz peak field or energy as is
typically expected. This reinforces our observation that cascade
ionization dominates, as the rate function for cascade ionization
would not lead to a net transverse current enhancement accord-
ing to the photocurrent model. Performing one final rotation
back to x — z, the current densities are /,(w) ~ J/(w) cos(x)
and /. (w) & J!() sin(e). At very large angles, the current is
nearly completely tangential, and a larger THz reflected signal
is expected. On zero incidence, the current is completely longi-
tudinal. In the case of middle angles (30°~70°) the source hasan
asymmetric contribution like the two-color generation case. As
such, the photocurrent model is seemingly applicable. However,
the similarity to the photocurrent model is only in terms of
its form. The photoionization effects are not as significant in
determining the transverse expression. Instead, the transverse
current becomes dominant when the field-driven term has more
weight.

As seen in Fig. 4(a), the maximum THz yield is observed
for a second-order phase =+ 4700 fs* corresponding in our
system to a roughly 300 fs pulse broadening through chirp.
The near symmetry along both regimes of the second-order
phase indicates that the pulse-duration dependence is not a
group velocity dispersion issue. Aversion from the shortest
pulse duration is in support of the ponderomotive model, as the
ponderomotive energy is proportional to the laser pump pulse
duration. The decrease in efficiency at longer pulses is due to a
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Fig. 4. (a) Normalized THz pulse energy as a function of second-
order phase. (b) Normalized THz energy dependence on pump pulse
energy for Ga, water, and air plasmas excited by long (>300 fs) 800 nm
pulses.

decrease in overall pump intensity supplied, which diminishes
the ponderomotive energy. Due to the high atomic density of
Ga, we expect that although tunnel ionization plays the primary
role in the initialization of the plasma, cascade ionization will
dominate due to the shorter mean-free paths for the electrons.
This is shown in our experiment by a preference for longer pulse
duration regardless of dispersion effects.

Additionally, the preference for broader pulses is important
for neglecting optical rectification (OR) at the surface as a major
contributor to the generation mechanism. However, in our
experiments we do note the appearance of a strong SHG from
the LG jet, showing that the process is entirely viable.

The THz energy dependence versus pump pulse energy
is shown in Fig. 4(b). Compared to experiments done in air-
plasma, LG boasts a much higher conversion rate but is more
prone to instability due to strong focusing. We showcase a
comparison of this energy dependence measurement between
the LG jet, a water jet of the same diameter (210 pm), and air
plasmas. All energies were calculated under similar experimen-
tal conditions. The plotted error bars indicate the standard
deviation in the measurement. THz energy for each source is
individually normalized so that a general trend can be isolated.
The energy yielded from the LG jet is substantially higher
than that of air plasma if the same long pulse duration is used.
However, air plasma boasts a higher stability than the LG jet.
At pump pulse energies above 0.6 m]J, the THz energy tends
toward saturation. The THz energy at this point is unexpectedly
below nanojoule (n]) level—meaning that the switch from
nonlinear current generation to a plasma-based radiator sig-
nificantly reduces the metal’s THz yield. We believe saturation
exists because in the scheme of the plasma wave, the absence of
self-focusing in the material means there are no terms to balance
the strong diffraction of the beam induced by plasma refraction
and diffraction [14,18]. Additionally, the small length of the
plasma limits the production of efficient THz. The appearance
of this saturation is interesting because we know that in the
non-relativistic regimes much higher efficiency can be found
[1,2,19-25]. We can see this as the evidence of a change in the
dominating mechanism toward CTR in the non-relativistic
regime and hope to further study the turning point between our
outlined mechanism and the onset of CTR.

The fluorescence and plasma emission from the LG line is also
investigated by a fiber spectrometer. An uncoated and large aper-
ture 60 mm lens is used in a 2F configuration perpendicular to
the laser propagation direction to image the plasma spark onto a
diffusing screen. The fiber spectrometer is placed to collect the
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Fig. 5. Pump and second-harmonic spectra as gathered by a fiber
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scatter from the diffusing screen, and an optional filter can be
used to isolate frequencies higher than the second harmonic. As
shown in Fig. 5, two major peaks can be found at the expected
laser pump frequency and its second harmonic. We believe that
this harmonic generation is due to surface nonlinearity on the
metal, and we find that it is optimized at near the transform-
limited pulse duration. In our manuscript we acknowledge
that the presence of this radiation allows for the possibility of
OR, but its dependence on the pulse duration suggest that the
process is an unlikely candidate for the most efficient generation
mechanism. The supercontinuum generation is broad and
attributed to the nonlinear nature of the ionization process. One
could surmise that the production of a harmonic of the funda-
mental pump frequency could lead to a photocurrent-like effect
to produce highly efficient THz. However, this view is not taken
in our study because of two reasons: (1) if this were the case, the
directionality of the radiation would be strongly affected by
the efficiency of the harmonic generated (there would exist an
instance where the efficiency at zero incidence overcomes the
efficiency at oblique incidences), and (2) the addition of a BBO
crystal would enhance the signal to some degree. Although we
do notbelieve that this process bears much influence on the THz
yield, we believe that its appearance in the LG line experiment is
interesting.

In addition to using the pulse duration argument to show
that the generation from LG is different from that in the weak
excitation regime, we conducted the same experiment under
cylindrical lens focusing. Maintaining the same experimental
parameters, we found that no THz was generated as the LG
was not sufficiently ionized (the focal intensity is significantly
reduced); thus, we confirm that a strong plasma is needed in this
regime.

In Fig. 6, we show plots of the THz field dependence based
on the pump pulse polarization. The THz beam polarization
is measured by a THz wire grid polarizer, and the optical beam
polarization is controlled by a half-wave plate in combination
with a linear polarizer. The system is studied under four con-
figurations: s-s, s-p, p-s, and p-p. The first and second letters
represent the polarizations of the optical pulse and the THz
signal, respectively. It is seen that the strongest signals are found
when the pump beam is p polarized. Additionally, the THz
polarization is preferentially horizontal regardless of the input
pump polarization. The results show a slightly elliptical polari-
zation that is characteristically expected in conventional plasma
sources. We believe that combined with the results of translation
along the x axis, there is evidence to support that the nature of
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Fig. 6. (a) Normalized p- and s-polarized THz waveforms excited
by the p- or s-polarized pump pulse, respectively. The first letter
represents the polarization of the optical pulse, and the second letter
means the polarization of the THz signal. (b) Corresponding spectra
of the waveforms. THz field dependence is based on pump pulse
polarization.

the polarization is radial. Interestingly, the dependence on opti-
cal pump polarization cannot be solely attributed to the Fresnel
transmission and reflection coefficients given that propagation
in the LG does not occur for either wavelength. Additionally, the
extinction ratio at the optical refractive index (2.09) does not
match the extinction ratios observed in Fig. 6(a). The mecha-
nism for this observation is still under investigation within our
group.

In summary, we have characterized the generation mecha-
nism and properties of a THz source based on a plasma in an
LG jet. Under the non-relativistic ionizing regime, we found
an optical-to-THz energy conversion efficiency of 1077, We
believe the dipole and photocurrent models are applicable to the
source and that the nature of the source is radial. More experi-
ments focused on the radiation pattern and backward detection
will be conducted to further understand the mechanism. We
believe that studying this area will reveal important information
on the behavior of plasma sources.
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