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Remotely directional transmission of terahertz (THz) wave in free space is essential in fields of astronomy, space
and ground based communications, as well as sensing for atmospheric pollutants, etc. In previous studies, large-
aperture halfway mirrors were employed in order to fully collect and then focus the heavily naturally diffracted
beam of THz wave to the final target. In this case, however, the broad THz beam not only made a large-size
transmission system, but also led to a heavy energy loss due to water vapor absorption within the beam cross-
section. Here, we theoretically proposed two index-guiding-based THz waveguide structures composed of
plasma filament arrays in air, i.e., hollow cylindrical plasma (HCP) waveguide and free-space photonic crystal
(FPC) waveguide (triangular lattice point matrix with a central point defect). Both structures have been
demonstrated to well support THz propagation modes, which were confined inside the tiny central air core of the
waveguide for an attenuation length up to hundreds of meters. Compared with each other, the FPC waveguide
exhibited better performances, including smaller mode field diameter, longer attenuation length and better
single-mode property for a broad THz band, making this scheme a promising candidate for long-distance

guidance of THz waves in the atmosphere.

1. Introduction

Long-range directional transmission of terahertz (THz) wave is
significantly important for many applications such as astronomy [1,2],
space and ground based communications [3,4], as well as remote
sensing [5,6]. Recently, 910-m free-space propagation of THz pulses
through the atmosphere has been realized [7,8]. This achievement
relied not only on the high THz intensity radiated from the large-
aperture photo-conductive antenna (PCA) which overcame the water
vapor absorption loss in the transmission path, but also on the large
diameter of the halfway mirror (~1 m) that collected and then colli-
mated (or loosely focused) the heavily diffracted THz beam towards the
target (detection setup).

In this situation, however, the strong natural diffraction of the THz
beam would inevitably increase the size of the whole transmission sys-
tem since large-aperture optical elements have to be set in the beam

path. What’s worse, the THz energy attenuation caused by the water
vapor absorption is obviously greater within a larger cross-section of the
diffracted THz beam than a narrower beam case. These issues are major
obstacles to expedite the application of THz technology in the
atmosphere.

One may wonder that if the diameter of the THz beam could be
compressed (better into the scale of its wavelength) for a long distance,
both of the aforementioned problems are expected to be solved at the
same time. Moreover, the lost high-frequency THz spectral components
(greater than 0.4 THz) in the literature [8] might also be retrieved,
meeting the urgent demand for the next generation of communications
towards high & broad frequency band.

Hence, in recent years, THz waveguides have attracted extensive
attention, including metal circular waveguide [9], parallel plane metal
waveguide [10,11], polymer waveguide [12], wire waveguide [13], and
photonic crystal fiber [14], etc. Nevertheless, these waveguides, clearly,
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cannot be practically applied in directional THz beam transmission
systems in free space aiming at communications or remote sensing.

Another promising candidate for guiding THz wave is the femto-
second laser filament [15], which is known as a unique nonlinear optical
phenomenon being able to generate a long air-plasma channel up to
hundreds or even thousands of meters [16-18], around the focus of a
femtosecond laser beam in air. It has been reported that a filament-array
based hollow cylindrical plasma (HCP) waveguide, formed by posi-
tioning a large number of parallel filaments in a thick ring as the clad-
ding (as shown in Fig. 1(a,d)), could constrain and guide microwave
[19,20], infrared [21] and even visible light [22] inside its central tiny
air core, resulting in a low transmission loss. The underlying mechanism
can be roughly summarized as the fact that the plasma cladding acts as
mirrors to the confined electromagnetic (EM) waves when its plasma
density is larger than the critical N, = eomewa/e® [20].

Inspired by the above works mainly in microwave band, in the cur-
rent paper, affords have been made on both analytical and numerical
investigations of filament-array based THz waveguide. It has been
revealed that a HCP waveguide can successfully achieve a long-distance
(a few hundred meters) transmission of THz wave with low attenuation.
Specifically, two THz propagation modes, namely, TEy; and TE;;, were
studied. And the former has been proved to be with much longer
attenuation length, especially towards high THz band. Note that, here
the attenuation length is defined as the inverse of the imaginary part of a
modal propagation constant.
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More importantly, the spatial locations of plasma filaments in the
array can be flexibly controlled, either by modulating the planar dis-
tribution of the laser energy with a phase plate [23], or by adjusting the
focusing lens array [24] within the cross-section of the laser beam. This
is the most unique aspect for a filament-array based THz waveguide to
be different from a traditional one [9-14].

Thus, in this work, we re-arranged the HCP array into a triangular
lattice point matrix with a central point defect, i.e., a free-space pho-
tonic-crystal-like (FPC) structure (as shown in Fig. 1(e,f)). In this way,
much less (36) filaments were used, instead of hundreds (Fig. 1(a,b)) or
even thousands [25] to be needed. It has been demonstrated that under
the same situation of 36 standard filaments (plasma density N, ~ 10"
cm ™) being adopted, the FPC structure exhibits better performances,
including smaller mode field diameter, longer attenuation length (i.e.,
lower transmission loss), and better single-mode property, all for a wide
band ranging from 1 to 10 THz, as well as a low dispersion towards high
THz band. Therefore, it is more efficient to apply a plasma based FPC
structure as the THz waveguide than the HCP scheme in both views of
laser energy saving and THz wave transmission effects.

2. The hollow cylindrical plasma (HCP) waveguide
2.1. The HCP structure

The HCP array is built by a set of laser plasma filaments generated by
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Fig. 1. Side and transverse views of (a,b) the hollow cylindrical plasma (HCP) array and (c,d) its simplified distributions, as well as (e,f) the free-space photonic
crystal (FPC) structure. Rycp is the inner radius of the HCP waveguide; hycp and nj, are the thickness and the refractive index of the HCP cladding, respectively; A is
the lattice constant and d is the diameter of a single plasma filament. (g) The plasma refractive index n, as functions of THz frequency (at N, = 10'7 cm~3) and plasma

density N, (at f = 1 THz). (h) The radial n, distribution of the HCP waveguide. (i)

THz reflectivity R as a function of N,, in case of 4 = 300 pm (1 THz) and Rycp =

1300 pm. Inset: 6; and 6, represent the angles of the incident and refracted THz rays on the air-plasma interface.
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the propagation of femtosecond laser pulses in the air, as shown in Fig. 1
(a). The structure’s cladding consists of a large number of randomly
densely arranged plasma filaments with an average spacing between
each other smaller than the THz wavelength, as shown in Fig. 1(b). In
practice, such a plasma channel can be produced by using an appro-
priate set of phase masks or deformable mirrors to partition or regularize
the laser beam [23,24], which is similar to that used by Chateauneuf et
al. [25]. This initial intensity modulation will initiate the origin of the
filaments in the plane of the pulse cross-section despite of random
fluctuation, which achieves the stabilization of the parameters of the
plasma channel [26]. In order to facilitate the following analyses and
calculations, the HCP structure in Fig. 1(a,b) has been simplified into a
thick ring with homogeneous plasma density as shown in Fig. 1(c,d).

2.1.1. W-type Radial refractive index distribution of the HCP waveguide

The radial refractive index distribution of the HCP waveguide can be
quantified by calculating the refractive index of the plasma cladding
[27,28]:

2
a)p

m,=n,+iK, =1/1+ (€Y

iov — @*

where n, and K, are real and imaginary parts of n, , respectively; v ~ 1
THz corresponds to the typical electron collision frequency inside the
filament [29]. w is the THz frequency and w, indicates the plasma fre-
quency (in SI units) [27,28]:

, = \/N,e*/m,& 2)

where e and m, are the charge and mass of an electron, respectively, and
g0 is the vacuum permittivity. N, denotes the number density of elec-
trons, between 10" and 10" em 2 [30].

By calculating Eq. (1-2), n, can be obtained as functions of f and N,
as plotted in Fig. 1(g). One can see that n, is basically less than the unity
when f = 0.5 to 10 THz or N, = 10*° to 10'” cm 3. The corresponding
radial n, distribution of the HCP waveguide (Fig. 1(d)) is schematically
shown in Fig. 1(h). It can be seen that the refractive index of the plasma
cladding is less than that of the air core and surroundings (~1), making
the whole profile similar to the reported W-type fiber with tight
confinement and low absorption loss for 1.55-pm light [31,32]. In Sec-
tion 2.2, the validity of our W-type n, distribution (Fig. 1(h)) on THz
wave transmission will be analytically verified. Moreover, in Section
2.3, numerical simulations of THz waveguiding based on this refractive
index distribution are also performed.

2.1.2. High THz reflectivity inside the air core of the HCP waveguide

The guidance of THz wave via the HCP waveguide is crucially related
to the magnitude of THz reflectivity on the inner face of the plasma
cladding. The reflection coefficient R (differ from Rycp) is given by [19]:

2
cost; — n,cosb,

cos0; + n,cosf,

3)

where 6; and 6, are THz incidence and refraction angles, respectively,
following the Snell’s law:

NgipSind; = n,sind, (4

This relationship is further displayed as inset in Fig. 1(i). Further-
more, considering the diffraction propagation of THz wave inside the
central air core with radius of Rycp, the diffraction angle at the incident
port of the waveguide is ¢ ~ sin'l(/1/2RHcp) [19,20]. Then, the incident
angle of the THz wave on the inner face of the plasma cladding is 6; =
n/2-¢p=m/2- sin(4// 2Rpcp), which is only associated with 4 and Rycp.
Meanwhile, 6; can be determined by Eq. (4) with a certain 6;.

Next, by solving Egs. (3) and (4), the THz reflection coefficient R
with respect to N, was obtained, as shown in Fig. 1(i). It is clear that the
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increasing N, leads to a higher THz reflectivity when 1 is fixed at 300 pm
(1 THz) and Rpycp is set to be 1300 pm. And R exceeds 98% when N,
reaches 4.85 x 10'® cm ™. This further indicates that the suggested HCP
waveguide structure can indeed play the role of a plasma mirror [33]
before realizing THz mode guiding.

2.1.3. Determining the cladding thickness of the HCP waveguide

The calculated high THz reflectivity in the previous section, how-
ever, cannot completely avoid the penetration of THz energy into the
plasma cladding or even into the ambient air. Hence, in order to sup-
press the possible THz mode leaking, the plasma cladding needs to be
enhanced in thickness to reduce the field of the permeable THz wave. In
other words, hycp (Fig. 1(d)) should exceed the skin depth & of the THz
field inside the plasma, which can be calculated as [19]:

5 = 1\/2/0,@mpty 5)

where g is the permeability of free space and ¢, = wgsoy/(w%HZ +13)is
the plasma conductivity [28].

By calculating Eq. (5) in THz band, § is found to be generally greater
than the diameter of a single filament (~100 pm). For example: § is
between 103 and 177 pm in case of f = 3.35 to 10 THz at N, = 10'7 em 3.
When N, = 10'° or 106 em~3, 5 is larger than 100 pm for the entire THz
band (0.1 ~ 10 THz) with the minimum of 113.56 pm and maximum of
1800 pm. In order to fulfill the condition of hycp > 8, the HCP waveguide
cladding needs to be built by multi-layer plasma filaments, e.g., as
shown in Fig. 1(a,b).

2.2. Analytical model of the HCP waveguide

In this section, analytical models have been applied aiming at
quantitatively revealing the transmission properties of THz wave inside
the HCP waveguide.

2.2.1. Attenuation length of the transmission mode

Here, we study the possible THz transmission modes inside the HCP
waveguide by solving the corresponding propagation constant, which is
derived from the characteristic equation and decided by the boundary
conditions. In view of the HCP waveguide structure established in Fig. 1
(c,d), we can get the simplified characteristic equation for the lowest loss
mode TEgy, [19]:

1) 1 H (w)

= 6
udo(u)  wH" (w) ©)

where u = RHCp(k% —KHYV2 W= RHcp(kg — k1?2 are the normalized
transverse phase parameters and normalized transverse attenuation
parameters, respectively; h = h’ 4 ih’’ is the mode propagation constant,
where the real part h’ determines the phase velocity and the imaginary
part b’ describes the loss; kg = wTHZ(yoeo)l/ 2 is the wavenumber inside
the HCP waveguide; k, = (@1mzip0, )/ 2exp(j1t/4) is the wavenumber
inside the plasma cladding; J, and Hﬁ, ) are the n order Bessel functions of
the first kind and the n order Hankel functions of the first kind,
respectively.

Eq. (6) usually has several roots corresponding to various transverse
axisymmetric modes. The maximum propagation distance corresponds
to the lowest transverse mode TE(;. Each mode has a cut-off wavelength
which is determined by the value of u when w = 0, and u is referred to as
the cut-off normalized transverse phase parameters, i.e., u,; = 3.832,
which is the first root of the Bessel function Jy(u) = 0. Similarly, the
fundamental transmission mode TE;; with the lowest cut-off frequency
can also be obtained by simplifying the characteristic equation [34]. For
TEq3, the cut-off normalized transverse phase parameters is u.;;; = 1.84,
which is the root of the first order Bessel functions derivative.

The critical wave vector ke (keyr = 27/ Acye = Uc/Rycp) determines the
upper limit of THz radiation. The related geometric parameters of the
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HCP waveguide operating in TEy; and TE;; modes can be obtained as
follows [19,34]:

= 1.64Rucp

ur01

TEoi : Arhz < Aewor = Zﬂ/kc

(@)
TEy : druz < A = 275/ = 3.4Rucp

cutll

One can numerically solve h of TEy; and TE;; by Eq. (7), and the
results are [34,35]:
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At last, the attenuation lengths (1/h’") of TE(; and TE;; were ob-
tained dependent on f and shown in Fig. 2(a) as the dash black line and
the solid red line, respectively.

In Fig. 2(a), it can be seen that for TE;; mode, 1/h’’ basically de-
creases with the increasing frequency in the whole THz band, and the
maximum value is about 0.035 m at 0.15 THz. In contrast, 1/h’’ of TEy;
mode exhibits quite a different variation trend, which increases towards
high THz band without becoming obviously saturated, overall much
larger than that of TE;; mode. This might be due to the larger mode field
distribution of TE;; (please see Section 2.3), which would penetrate
more strongly into the nearby inner cladding of the HCP waveguide
[36]. Nevertheless, as the frequency increases, the TEy; mode electric
field tends to shrink inside the core area of the HCP waveguide [37],
resulting in an increasing attenuation length.

Since TEq; is the main transmission mode along the proposed HCP
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waveguide structure, next, detailed analyses were carried out on the
TEq; mode, including the influences of Rycp and N, on its attenuation
length 1/h’’, as well as its radial mode field distribution feature.

2.2.2. The modal properties of TEy;

Firstly, 1/h’’ of TEp; mode at different Rycp was calculated according
to Eq. (8) and results are shown in Fig. 2(b,c). Fig. 2(b) shows that in the
whole THz band, the overall 1/h>’ increases with Rycp at a fixed N, =
107 cm*3, which means that the HCP waveguide with larger Rycp
suffers from less transmission loss. This point can be interpreted by the
fact that larger Rycp results in larger 6; given by 6; = n/2 — sin(1/
2Rpcp), i.e., the THz wave propagates more parallel to the air-plasma
interface. Therefore, there are not only less number of THz reflections
along the same waveguide but also higher reflectivity R for each internal
reflection. As a result, the transmission loss decreases. On the other
hand, one can increase N, in order to obtain a larger 1/h”’. Fig. 2(c)
shows a positive correlation relationship between 1/h’” and N at f =1
THz, which agrees with Fig. 1(i) since a larger N, leads to a higher R of
the THz wave inside the waveguide air core.

Secondly, as for the mode field distribution of TE(; inside the HCP
waveguide, it is considered to be deduced by using the weak guiding
approximation which is defined as [19]:

h
—]k—Afl (kyr) r < Rycp
1

H, = (C)]

h

Jk—Bﬂf”(kzr) Rucp < 1 < Rucp + hucp
2
CKo(kir) r > Rycp + hucp

where A, B and C are the field amplitude coefficients; Ky is the zero order
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Fig. 2. (a) Attenuation lengths 1/h"* of TEy; and TE;; as a function of frequency f for N, = 10'” ecm ™ and Rycp = 1300 pm. Inset: enlarged detail from f = 0 to 1.6
THz. 1/h” of TE(; as a function of (b) f (with N, = 10 ecm~%) and (c) N, (at f=1THz) at different Rycp. (d) The radial mode field distribution of TEo; inside the HCP
waveguide (the red dashed lines highlight the waveguide cladding). Inset: field intensity distribution obtained by rotating the normalized H, curve around the axis of

r=0pm.
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virtual argument Bessel functions of the second kind and k; = (k% _mAHY
2, ko = (kg ~h»'2, Based on Eq. (9), TEo; mode field H, inside the HCP
waveguide has been calculated and shown in Fig. 2(d) at f = 0.5 THz, N,
=10" em ™3, Rygp = 1300 pm, hpcp = 300 pm, and r € [-3000, 3000
pm]. It can be seen that the TEp; mode field presents in a ring shape, and
drastically decreases to zero at the interface between the air core and
inner cladding. In addition, the inset in Fig. 2(d) is the schematic dia-
gram of 2-D modal distribution of TE(; obtained by rotating the
normalized H, curve once around the axis of r = 0 pm. In the next sec-
tion, numerical simulations will verify this annular mode field distri-
bution inside the HCP waveguide.

2.3. Numerical model of the HCP waveguide

It has been proved that the HCP waveguide can transmit THz wave
along the filament array for a long distance, according to the above
analytical calculations. However, the corresponding solution procedure
is relatively complex. For example, h can only be obtained when the
characteristic equation is solved while it is difficult to decide the value of
u (u = RHcp(k(z) - BV 2), because the characteristic equation is
transcendental.

Thus in this section, the numerical simulation method has been
suggested since it can quickly predict the transmission characteristics of
THz wave inside the HCP waveguide. Here, COMSOL Multiphysics, a
commercial software equipped with the full-vector finite-element
method (FEM) was adopted to simulate the THz mode field and atten-
uation length in the same HCP waveguide as Section 2.2. The THz
refractive index distribution in Fig. 1(h) was pre-configured in the FEM
model, as shown in Fig. 3(a), in which parameters of the HCP waveguide
were also marked. It is worth mentioning that, the perfect matching
layer (PML) was set in order to reduce the reflected wave to a very low
level and increase the accuracy of simulations. Parameter values for
numerical simulations are listed in Table 1. The fact that hycp needs to
be greater than § (calculated by N, and f) has also been taken into
consideration.

Then, possible THz mode field distributions inside the transverse
cross-section of the HCP waveguide were numerically simulated. Two
representative outcomes, i.e., TEg; and TE;; modes obtained at N, =
10'7 ¢cm 3 and f = 0.2 THz are shown in Fig. 3(b) and (c), respectively,

Lowe

Table 1
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Simulation parameters of the HCP waveguide with three different N,

( l

N, (em™®) 10" 10" 10"

f (THz) 0.1-2

S (pm) 359-822 36-80 3.48-8.85
Rycp (hm) 1300

hpcp (pm) 1500 300 100

Lpy, (pm) 200

Lgr (nm) 1700

with color (z-component of the Poynting vector) and black arrows
(electric field vector). Notably, the ring-shape profile of the TEy; mode
field is consistent with the calculated result as shown in Fig. 2(d), and
the modal distribution area of TE;; is larger as expected.

Meanwhile, the attenuation lengths for TEy; and TE;; modes at
different N, and f have also been obtained during COMSOL simulations
and are displayed in Fig. 3(d-f), respectively. It can be seen that the
attenuation length of TE(; increases with the growth of f, overall larger
than that of TE;; whose variation trend is first rise and then fall. These
observations are basically consistent with the analytic results as shown
in the inset of Fig. 2(a). Moreover, it is worth mentioning the following
two aspects:

Firstly, the absences of some attenuation length values for TE;; to-
wards high frequency in Fig. 3(d,e) might be due to its conversion into
the low-loss hybrid mode HE1; for stable transmission [38,39]. When N,
is large enough, e.g. in Fig. 3(f), high reflectivity R of the plasma clad-
ding could then maintain the existence of TE;; mode within the whole f
region being considered.

Secondly, one may also notice the quantitative difference between
attenuation lengths of TEp; (or TE11) in Fig. 2(a) and 3(e) achieved in the
same situation of N, = 10'7 em™3. This could be attributed to the fact
that the analytical calculation formula does not involve hycp of the HCP
cladding, which however must be set in the numerical models.

3. Free-space photonic-crystal-like (FPC) structure
According to the above sections, it can be seen that the HCP array

could make an effective THz waveguide. However, this scheme needs a
large number of filaments to form the plasma cladding, e.g., about 300
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Fig. 3. (a) The simulation model set in COMSOL. The simulated transmission modes of (b) TEq; and (c) TE;;. Evolutions of attenuation lengths of TEy; (black
squares) and TE;; (red circles) for (d) N, = 10'° cm’s, (e) N, = 107 em™2 and (f) N, = 10'° em~2 as a function of THz frequency.
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filaments calculated for Fig. 3(a) with Rycp = 1300 pm and hycp = 300
pm. In practice, thousands of filaments might be required, which is at the
cost of huge laser energy (150 mJ per pulse) [25]. Remind ourselves that
the spatial position of individual plasma filament in the array can be
flexibly controlled, e.g., by modulating the transverse distribution of the
laser energy with a phase plate, as shown in Fig. 4(a). In this case, a
triangular lattice point matrix with a central point defect, i.e., a free-
space photonic-crystal-like (FPC) structure is established by only 36
filaments (please see Fig. 4(b) or Fig. 1(e,f)). One will then be curious
about the performance of this FPC-type waveguide in THz band. Thus in
the following sections, simulations have been carried out with the
verified software COMSOL and its FEM method, in order to study the
transmission loss, single-mode characteristic, dispersion and band gap of
this FPC structure.

3.1. The transmission mode of the FPC waveguide

Structural parameters of the FPC array are set in COMSOL including
the lattice constant A = 500 pm and the filament diameter d = 100 pm,
as shown in Fig. 4(b). Here the fill ratio is d/A = 0.2. In addition, the
material parameter of a single filament was set as N, = 107 cm~® and
the Drude-Lorentz dispersion model was selected.

Fig. 4(c) shows the simulated THz mode intensity profile (z-compo-
nent of the Poynting vector) and electric field vector (black arrows) at 6
THz, which is tightly confined within the central tiny air core of the FPC
structure. Note that only one of the doublet degenerated modes is
illustrated here since the field is identical after a rotation of n/2 rad.

The confinement loss and attenuation length of the fundamental
mode are shown in Fig. 4(d) and (e), respectively. It can be seen from
Fig. 4(d) that the modal loss rapidly decreases and then tends to be
stable at a relatively low value beyond 6 THz. This corresponds to Fig. 4
(e) that the attenuation length is larger in the high THz band. Moreover,
one can see that the decrease of d/A would reduce the loss (or increase
the propagation length) of the THz wave. This phenomenon could be
attributed to the enhanced single-mode characteristic of the FPC struc-
ture, as shown in the following Fig. 5(a).

(a)
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3.2. Endlessly single-mode characteristic of the FPC structure

As mentioned above, the decreasing THz loss inside the FPC structure
is connected to the reduced d/A, which could be further interpreted as
the enhancement of the single-mode property of the FPC structure.
Briefly, when A increases (or d/A decreases), high-order modes with
smaller transverse effective wavelengths are easier to leak out from the
wide leakage path between two filaments. In this way, multimodes have
been suppressed, and only the fundamental mode (guided mode) re-
mains confined in the air core of the FPC structure, which is similar with
the traditional PCF (photonic crystal fiber) theory of resonance tunnel
[40]. Next, the single-mode characteristic of the FPC waveguide has
been quantitatively investigated.

For our FPC waveguide whose cladding is the periodic arrangement
of plasma filaments in air, the effective normalized frequency V4 can be
expressed as [40,41]:

Ve = @ 1y = Moy (10)
where n., and ngg are the (effective) refractive indices of the core and
guided mode, respectively. The calculated evolutions of Vi at different
values of d/A are shown in Fig. 5(a). One can see that V5 becomes
smaller than the critical 2.405 (horizontal line) in case of d/A below 0.4
(blue up-triangles), satisfying the condition of single-mode transmission
in the FPC structure.

Atd/A = 0.2, the starting point of single-mode wavelength is about Ig
(A/2) = 0.4, resulting in a maximum A of 133 pm (or minimum f = 2.26
THz) for endlessly single-mode THz transmission. Moreover, the growth
of 1g(A/2) by either increasing A or decreasing 1 will decrease Vg and
strengthen the single-mode property of the FPC structure.

3.3. Dispersion of the FPC structure

Due to the improved single-mode property of the FPC structure at a
smaller d/A (Fig. 5(a)), it is expected that the THz dispersion can also be
benefit from its single-mode transmission within a wide spectral range.
Quantitatively, the group velocity dispersion can be evaluated by
[42,43]:

Fig. 4. (a) The phase plate designed for
creating the corresponding FPC structure. It
could be made of a piece of 1-mm-thick float
glass with parts (in brown) opaque to the
800-nm laser, while black and white parts
indicate different thicknesses induced by wet
etching. This thickness difference makes a ©
phase lag at the laser wavelength between
two adjacent parts. Thus, multi-filaments
would be generated corresponding to each
rhombus part of the phase plate. (b) Sche-
matic diagram of the FPC structure (A = 500

2500 T T T T T

102 v T T T — pm, d = 100 pm, d/A = 0.2). (c) z-component
" (d) 100 '(e)::'_':;::g: of the Poynting vector (color) and electric
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Fig. 5. (a) Effective normalized frequency Ve at different d/A. (b) Variations of the dispersion D with respect to the THz frequency for different d/A.

*h

= (€8]

where D is the combination of the material and waveguide dispersion.
Calculated results of D with different d/A are shown in Fig. 5(b). One can
see that the overall tendency of D variation is decreasing towards high
THz frequency, especially at a smaller d/A, which is similar with d/A
-associated single-mode characteristic as shown in Fig. 5(a). Further-
more, strong fluctuations of D appear at the low THz band, which might
be due to no stable single mode existing before f = 2.26 THz (1g(A/2) =
0.4) as predicted by Fig. 5(a).

3.4. Band gap of the FPC structure

Next, band characteristics of the fundamental and cladding modes
inside the FPC structure have been roughly researched by dispersion
relationships as displayed in Fig. 6(a,b). Here, d/A is fixed at 0.2.

It can be seen in Fig. 6(a) that both dispersion curves of the studied
modes are located on the left side of the light line, i.e., the effective
refractive index neg of both modes are slightly smaller than the unity,
which can also be observed in Fig. 6(b). In addition, neg of the cladding
mode is further smaller than that of the fundamental one as shown in
Fig. 6(b). These phenomena could be due to the fact that the FPC
cladding is made of plasma filament array whose refractive index nj, is
below 1 (Fig. 1(g)). Thus the resulted modal indices appear as neg.cladding
< Neff-fundamental < 1.

Moreover, when n, decreases with the increasing 1, nef.ciadding and
Tefffundamental decrease as well, as shown in Fig. 6(b). In the same figure
while 2 increases, the band gap between dispersion curves of the
fundamental and cladding modes becomes wider because the difference
between nef.cladding and Meff-fundamental is €nhanced. It can also be seen in

a K7
( ) 14 .7,
o/
u 7 . -',.
.,
%: 3.8} " ]
oLy XS
) 7 [ . "
> > Light line
c 3 . 7,
S )
> .
z nr Cladding mode
rs 0.
‘A
3.6F % L
;/ Fundamental mode
3.6 3.8
Wave vector kA/2n

Fig. 6(b) that the dispersion curve of the cladding mode has a certain
width, as shown as the gray area, because of the strong degeneracy of
cladding modes at a given A/A (red circles). Besides, the photonic crystal
light-cone area represents all possible extended modes in the cladding.

3.5. Comparison between HCP and FPC structures on the attenuation

length

By studying THz transmission effects via the FPC structure above,
one of its most impressive advantages is the spatial confinement of the
THz mode field with only 36 filaments, which is quite laser-energy
saving compared with the HCP scheme. However, one will still be
interested in outcomes of the HCP waveguide on THz wave guiding if the
same number of plasma filaments were used as the FPC case.

This time, the transverse area of the HCP ring-cladding has been set
to be equal to the sum of 36 filaments (single diameter is 100 pm).
Remind of ourselves that the width of the cladding hycp should be larger
than the corresponding skin depth 6 (~177 pm for 0.1 ~ 10 THz at N, =
10'7 ¢cm™3). Therefore, two sets of parameters are used for HPC, i.e.,
Rpycp = 160 pm and hycp = 180 pm; Rycp = 120 pm and hycp = 200 pm.
The COMSOL-simulated results are shown as the bottom two lines in
Fig. 4(e), from which one can see that the attenuation lengths of TEq;
mode as for the current HCP waveguide are much shorter than that of
the FPC method. This further proves the superiority of the FPC structure
for THz wave guidance.

4. Discussion
In the future, several procedures should be on the schedule. Firstly,

great affords still should be made on the optimization of the FPC
structure, in order to further reduce the confinement loss and enhance

(b)
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Fig. 6. (a) Band diagram of THz modes at d/A = 0.2. (b) Effective refractive index ngy as a function of the normalized THz wavelength (1/A).
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the transmission distance of THz waves. Secondly, the design of phase
plates (or lens array) and numerical simulations of the following laser
filamentation process [23] are necessary before the final experimental
demonstration of the FPC waveguide’s validity. What’s more, structures
other than HCP or FPC, e.g., a negative curved waveguide, might also be
benefited from being formed by the plasma filament array. These works
have been planned and are underway.

Specifically, our experimental design is shown in Fig. 7(a). It can be
seen that, in the conventional femtosecond laser filamentation setup
[15], an additional phase plate is inserted in the 800-nm laser path, and
the laser beam is then focused and creates a plasma filament array in air.
Next, THz waves can be injected into this FPC waveguide by combina-
tions of a side THz source (e.g., a PCA emitter), a THz lens (e.g., TPX)
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and an ITO plate (for reflecting THz wave). Note that a THz source with
broader bandwidth can better validate our FPC structure.

Here, a delay line was used for the pumping laser beam in order to
realize its temporal synchronization with the guided THz pulses. In this
case, it should be emphasized that the nanosecond-scale lifetime of the
laser-induced free electron (rather than the laser pulse itself) is essential
for guiding the THz pulse whose duration is several picoseconds.

Remind ourselves that the plasma filament itself can also radiate THz
waves. However, the laser-THz conversion efficiency is extremely low
(about 107'Y) [44], which might be neglectable in the output THz signal
after the FPC waveguide. Furthermore, one can distinguish the filament-
induced THz signal from the injected one by their different character-
istics, such as polarization or spectral peak frequency.

8
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Fig. 7. (a) The designed experimental setup for testing THz guidance by the FPC structure. (b) The proposed phase plate pattern in this work, and the generated FPC
structure, as well as the confined THz mode, reproduced from Fig. 4(a-c). (c;) The reported phase plate with eight parts marked in black and white alternately. Each
part and the adjacent one have a thickness difference which could make a n phase lag at the input laser wavelength (e.g., 800 nm). Multi-filaments would be
generated corresponding to each part of the phase plate. (c) The cross-sectional distribution of the created filament array (ablation spots of the laser plasma on the
thermal paper). (c3) The corresponding side image of (c5) (four filaments were hidden behind the observed ones). ([Reprinted/Adapted] with permission from [23] ©
The Optical Society). (d;) The reported lens array and (d,) the transverse view of the generated filament array. ([Reprinted/Adapted] with permission from [24] ©

The Optical Society).
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The proposed phase plate, the corresponding FPC structure, and the
predicted THz mode, are displayed in Fig. 7(b), which have been
described in detail in Section 3. Here, it is worth mentioning that, our
phase plate pattern is inspired by the reported one as shown in Fig. 7(c;)
[23], which successfully built a 8-filament array in air in the experiment
(Fig. 7(c2-3)). One may also prefer another scheme of multi-lens array for
generating a much more complex filament array structure as shown in
Fig. 7(d;.2) [24]. Both designs in the literature could produce a stable
plasma filament array with regular transverse distribution under the
condition of atmospheric turbulence. If further assisted by an axicon, the
longitudinal filament length could be significantly increased [23].

5. Conclusion

In summary, the guidance of THz wave inside two types of plasma
waveguides, namely HCP and FPC, has been theoretically studied in this
work. Analytical and numerical methods have revealed that, both
waveguide structures could support THz transmission modes inside their
tiny central air cores for an attenuation length up to hundreds of meters.
Specifically, inside the HCP waveguide, TEy; mode is superior to the
fundamental one of TE;;. While, as for the FPC structure, it is preferable
to the HCP scheme for the less energy consuming of the pumping laser.
Furthermore, the FPC mode with optimized parameters (such as filling
ratio of the plasma to the air cladding) has a smaller mode field diam-
eter, longer attenuation length, and better single-mode property.
Compared with traditional THz waveguides such as photonic crystal
fibers or anti-resonant reflection hollow pipes, the proposed plasma
waveguides could find applications in case of long-distance wireless
communication or atmospheric remote sensing of THz wave in a desired
direction.
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