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Abstract: This study involved a comprehensive investigation aimed at achieving efficient multi-millijoule THz
wave generation by exploiting the unique properties of cylindrical GaAs waveguides as effective mediators of the
conversion of laser energy into THz waves. Through meticulous investigation, valuable insights into optimizing
THz generation processes for practical applications were unearthed. By investigating Hertz potentials, an eigen-
value equation for the solutions of the guided modes (i. e. , eigenvalues) was found. The effects of various param-
eters, including the effective mode index and the laser pulse power, on the electric field components of THz radia-
tion, including the fundamental TE (transverse electric) and TM (transverse magnetic) modes, were evaluated.
By analyzing these factors, this research elucidated the nuanced mechanisms governing THz wave generation
within cylindrical GaAs waveguides, paving the way for refined methodologies and enhanced efficiency. The sig-
nificance of cylindrical GaAs waveguides extends beyond their role as mere facilitators of THz generation; their
design and fabrication hold the key to unlocking the potential for compact and portable THz systems. This trans-
formative capability not only amplifies the efficiency of THz generation but also broadens the horizons of practical
applications. PACS codes Each manuscript must be given 2-4 PACS
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Introduction

In recent years, the quest for high-power and effi-
cient generation of terahertz (THz) wave radiation has
garnered significant attention due to its diverse applica-
tions spanning from spectroscopy and imaging to telecom-
munications and beyond. The unique properties of THz
radiation, such as its non-ionizing nature and ability to
penetrate various materials, make it an indispensable
tool in numerous fields [1-4]. Among the myriad tech-
niques explored for THz wave generation, nonlinear opti-
cal processes triggered by ultrafast laser-matter interac-
tions emerge as standout contenders, offering promising
avenues for realizing efficient and controllable THz sourc-
es. In this issue, semiconductor materials such as galli-
um arsenide (GaAs) have garnered significant attention
due to their advantageous nonlinear optical properties
and seamless integration with established laser technolo-
gies [5-7]. Leveraging these properties, GaAs-based
waveguides have risen to prominence as an exceptionally
compelling strategy for unlocking efficient THz genera-
tion capabilities. The allure of semiconductor materials
such as GaAs lies in their inherent nonlinear response to
intense laser fields, enabling the exploitation of various
nonlinear optical phenomena that are crucial for THz
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wave generation [8-10]. GaAs, with its strong nonlinear
susceptibility and high damage threshold, provides an
ideal platform for the efficient conversion of optical ener-
gy into THz radiation. Furthermore, its compatibility
with well-established laser systems ensures seamless inte-
gration into existing experimental setups, facilitating the
exploration of novel THz generation schemes. Within
this framework, by confining a laser beam within a wave-
guide structure, the interaction length between the laser
pulse and the nonlinear medium is effectively extended,
enhancing the efficiency of THz wave generation. Addi-
tionally, the waveguide geometry enables precise control
over the generated THz radiation’s spatial distribution
and temporal characteristics, facilitating tailored applica-
tions across a broad spectrum of disciplines.

To develop low-cost packaging technology for coher-
ent power combining in the THz regime, Sumer
Makhlouf et al. proposed a novel 3D multilayer design in-
tegrating an array of InP-based THz photodiodes with a
rectangular waveguide power combiner [11]. K. Gal-
lacher and colleagues found that double metal wave-
guides have lower losses for Ge/SiGe THz quantum cas-
cade laser gain media, requiring gain thresholds of 15. 1
cm—1 and 23. 8 cm—1 to produce a 4. 79 THz laser at 10
K and 300 K, respectively [12]. V. Georgiadis et al.
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designed dielectric-lined rectangular waveguides for THz
phase velocity matching with electron bunches, and they
confirmed them experimentally through time - frequency
analysis [13]. A. V. Mitrofanov's team studied the po-
larization and spatial mode structure of THz radiation
driven by mid-infrared wavelengths, showing that a two-
color laser driver alters the spatial polarization mode
structure based on gas pressure [14]. Joselito E. Mul-
dera’s research demonstrated robust THz emission from
titanium-doped lithium niobate waveguides, suggesting
that these could replace conventional THz emitters [ 15].
Giacomo Balistreri’s study on broadband THz pulses via
a tapered two-wire waveguide indicated that the input
THz pulse was reshaped into its first-order time integral
waveform, and the operational spectral range was tunable
by adjusting the output gap size and tapering angle [ 16].
Varun Pathania et al. developed a waveguide for a small-
scale free-electron laser with a small eye-shaped cross-
section, enhancing the FEL gain by increasing the inter-
action between the electron beam and radiation [17].
Basem Y. Shahriar's team presented waveguided spin-
tronic THz emitters that demonstrated up to 87% modula-
tion of generated THz power by varying the optical pump
polarization angle [ 18]. Linzheng Wang and colleagues
used simulations to generate gigawatt-level THz emission
by injecting a weakly relativistic ultrashort laser into a
parabolic plasma channel, identifying two fundamental
mechanisms: linear-mode conversion from laser wake-
fields and electromagnetic waveguide mode excitation,
resulting in linearly and radially polarized THz emis-
sions [ 19].

Among the numerous techniques for THz genera-
tion, nonlinear optical procedures induced by ultrafast la-
ser-matter interactions stand out as promising avenues.
The generation of THz waves through laser-driven mecha-
nisms involves the exploitation of nonlinear optical ef-
fects such as optical rectification and difference frequen-
cy generation. The interaction of intense laser pulses
with GaAs waveguides presents a compelling mechanism
for THz wave generation. This context builds upon previ-
ous studies in the field of THz wave generation and ex-
tends the investigation to the realm of cylindrical GaAs
waveguides. When an intense femtosecond laser pulse in-
teracts with a suitable nonlinear medium, such as GaAs,
nonlinear polarization is induced, leading to the emission
of THz radiation through various nonlinear processes.
GaAs, with their favorable nonlinear optical properties
and high damage threshold, emerge as a prominent can-
didate for efficient THz wave generation. This study ad-
dresses the efficient generation of multi-millijoule THz
waves through laser interactions with cylindrical GaAs
waveguides. Understanding the interplay among laser pa-
rameters, the cylindrical geometry of the waveguide, and
THz output characteristics is crucial for tailoring the gen-
eration process to specific applications. The utilization of
cylindrical waveguides offers distinct advantages over pla-
nar geometries, including enhanced light confinement
and improved interaction lengths, leading to heightened
nonlinear optical conversion efficiencies. Moreover, the

cylindrical geometry of the waveguide allows for precise
control over the spatial and temporal properties of the
generated THz radiation, enabling tailored applications
in spectroscopy, imaging, and beyond. By exploiting the
unique properties of cylindrical GaAs waveguides, we
demonstrate a significant enhancement in THz output en-
ergies. This article is organized as follows: In Section 2,
the theory of the mechanism of THz radiation in GaAs
waveguides is considered. A discussion of the results,
consisting of THz fields and the properties of THz emis-
sions, is presented in Section 3. Conclusions are drawn
in Section 4.
Mechanism of THz Radiation in GaAs waveguides
A laser pulse, polarized linearly, is precisely con-
centrated at the entrance of a cylindrical waveguide
aligned with the z-axis. Within a GaAs waveguide that is
encased in air, electrons undergo acceleration, ultimate-
ly transforming their energy into a relativistic half-cycle
THz radiation pulse. Typically, multiple optical modes
are stimulated concurrently, with their strengths being
primarily contingent upon the waveguide’s radius. In our
setup using a micro-scale waveguide, the majority of la-
ser energy is directed into the fundamental waveguide
mode. In the context of Hertz potentials, II° and IT* rep-
resent the electric and magnetic potentials, respectively.
They play a crucial role in comprehending the interaction
and propagation of electromagnetic waves within materi-
als. The electric field E can be derived from the electric
Hertz potential I1° as .
Fe »(» ﬁ) !
ar’

(1)

Similarly, the magnetic field H can be derived from
the magnetic Hertz potential II* as
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Consequently, the electromagnetic fields can be for-
mulated in terms of these two Hertz potentials as follows :
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In the two regions, the general solutions for the
Hertz potentials are obtained as follows :
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where ®:(¢) = Sing, ®*(¢) = Cosp, Kk, = Jki -y a,
k,=.Jk> =7y a, k, and k, are the wave numbers of
GaAs and air media, and J, and H, are the Bessel func-
tions. At the boundary r = @ between the two regions,
the tangential components of both E and H would remain
continuous. This requirement leads to four linear homo-
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geneous simultaneous equations for the coefficients,
which are formulated as follows :

ki, (ko) AL = kiH (k) B, =0 (5a)
kil (o) A% = ki H (k) BY = 0 (5h)
n’y],,(Kc)Aj'l + ia),uKG],f(KG)A’,‘l - nyHn(KA)Bfl -
iouk, H!(x,)B* =0 (5¢)
ny],,(KG)A’,f + iwaGKG],:(KG)Af, - nyH,l(KA)B‘,f -
iwe i, H!(k,) B =0 (5d)

To obtain nonzero solutions for A®* and B:*, the de-

terminant of the coefficients should be equal to zero; as a
result, the following eigenvalue equation can be cast as

( ],:(K(;) HnI(KA) )( .],:(Kc) SAH,:(KA) )_

kol (k) wid (k) N\ kodi(ke)  eorid())

1 1 1 e

”2(2‘2)(2‘ '12)=0 (6)
Ke Ky J\Kg  EgKy

This equation precisely delineates the frequency de-

pendence. To solve this equation with respect to k., it is
advantageous to establish the following relationship be-

Ky ==l n; - K (7)

where n,= ki - kia=n,k.a is the normalized fre-

quency parameter or n, number, and n, is the numerical

tween Kk, and K, :

aperture, which is defined as follows.
no= [1-°0 (8)
¢

Thus, one recognizes that for the GaAs waveguide
in this scheme, the permittivity is constant and n, re-
mains constant, while n, varies proportionally with the
frequency. Additionally, for a guided mode, the electro-
magnetic field in the radial direction must decay exponen-
tially, indicating that the solutions for k, should be pure-
ly imaginary. This results in the restriction condition of
K¢ < n. To find the solutions of the guided modes, i. e. ,
eigenvalues, Equation 4 is rewritten as follows:

[J(n)+ K(n)][F(n)-2G(n)]+ n?K(n)G(n)=009)

where the recursion formula of the Bessel function,
JUx)=nJ(x)/x = J, . (x) is used, and other func-
tions are defined as follows

F(n)=J(n)+K(n)+ n[y” - K(n)] (10a)
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where K(y) is the modified Hankel function, and y =

Jn; = k. For the GaAs waveguide, since n, is propor-

tional to w, Kk also varies considerably with @ in the THz
region, which describes how quickly the electromagnetic
wave attenuates as it propagates through the waveguide.
This variation is essential to understand when designing
and analyzing optical devices based on GaAs wave-
guides. In the high-frequency desired region, n, ap-
proaches zero, and the equation becomes

]n+l(KG) + Knn(y) 0
= (11a)
K(;J,](KG) yK”(y)
Jn—l(K(;) an](Kc) ~0 (11b)
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The equations above provide two sets of the eigenval-
ue x corresponding to two guided modes with the same
mode number n. One is the “high-n mode”, and the oth-
er is the “low-n mode”. We utilized MATLAB software
and COMSOL Multiphysics for comprehensive modeling
and analysis.

Results and Discussion

The THz portion of the electromagnetic radiation
spectrum has become a focal point in scientific explora-
tion due to its unique properties and potential applica-
tions. One approach to generating THz radiation involves
exploiting nonlinear interactions within materials under
the influence of intense laser fields. This method has at-
tracted significant interest among researchers, driven by
the rising demand for compact, tabletop-scale THz sourc-
es. To meet this demand, scientists are exploring innova-
tive approaches to designing such sources. Among
these, the utilization of cylindrical GaAs waveguides has
emerged as a promising solution. These waveguides offer
an efficient means of converting laser energy into THz
waves, thereby enhancing the overall efficiency of the
generation process. Moreover, their design facilitates
practical scalability, paving the way for widespread adop-
tion. The advent of cylindrical GaAs waveguides not only
improves efficiency but also enables the development of
compact and portable THz generation systems. This inno-
vation holds particular significance for applications re-
quiring on-site or mobile THz imaging and spectroscopy,
such as security screening, industrial inspection, and
field research. By leveraging cylindrical GaAs wave-
guides, researchers can create versatile THz systems ca-
pable of delivering high-quality imaging and spectroscop-
ic data in diverse environments. In light of these ad-
vancements, the present study delves into the effective
generation of multi-millijoule THz waves through laser in-
teractions with cylindrical GaAs waveguides. By investi-
gating this phenomenon, researchers aim to further opti-
mize THz generation processes, unlocking new possibili-
ties for practical applications in various fields. To imple-
ment simulation runs, the following experimental parame-
ters were considered: a short laser pulse (> 50fs) at a
wavelength of A = 800 nm with an energy parameter of
4.3 J. The laser focal length was 1. 5 m with a focal spot
size of r; = 22um at FWHM, which provided a peak in-
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tensity of I, = 6.2 x 10" W/em®. While THz generation
using GaAs is not entirely new, the specific use of cylin-
drical GaAs waveguides as a medium for efficient THz
generation is a novel aspect. The claim of generating
multi-millijoule THz waves is significant and suggests a
substantial improvement over previous methods or config-
urations. The use of cylindrical waveguides is proposed
to improve light confinement and increase interaction
length, leading to higher nonlinear optical conversion ef-
ficiencies. The cylindrical geometry is claimed to offer
better control over the spatial and temporal properties of
the generated THz radiation, potentially enabling new ap-
plications. Essentially, the novelty lies in the specific
configuration (cylindrical GaAs waveguide) and the re-
sulting enhancement in THz generation efficiency and
controllability.

In this study, the geometric parameters of the cylin-
drical GaAs waveguide, including its radius and length,
were carefully selected to optimize THz wave generation.
These parameters were chosen based on a combination of
theoretical predictions and prior experimental results.
The selected dimensions ensure optimal light confine-
ment and interaction length while balancing fabrication
feasibility and material properties. Comparative analysis
with planar and alternative cylindrical designs highlight-
ed the advantages of the chosen parameters. To deter-
mine the optimal geometric parameters, we employed its
robustness in handling multi-dimensional optimization
problems. The algorithm was designed to maximize the
THz output while adhering to practical constraints. The
objective function incorporated factors such as light con-
finement efficiency and THz conversion efficiency. We
implemented this algorithm, allowing us to systematical-
ly explore the parameter space and identify the optimal
configuration. The results were validated by confirming
the effectiveness of the optimized design.

A schematic illustration of the interaction of the la-
ser beam with the GaAs waveguide is depicted in Fig. 1,
which shows the laser beam being directed into or
through the GaAs waveguide, depicting how the light
propagates, reflects, or interacts within the waveguide
structure. This interaction could be crucial for various
applications such as optical communication, laser tech-
nology, or photonic integrated circuits. In Figure 2, the
3D emission of THz waves is depicted for different effec-
tive mode indices to demonstrate how changes in confine-
ment and dispersion alter the way the waves propagate
within the GaAs waveguide. As the figure shows, the
changes in the way the waves propagate occur because
the effective mode index affects the confinement and dis-
persion of the waves within the waveguide. The effective
mode index in a waveguide is a measure of how fast light
travels through the waveguide compared with its speed in
a vacuum. It is essentially a way to characterize the prop-
agation properties of light within the waveguide struc-
ture. A higher effective mode index typically indicates
stronger confinement, meaning that the waves are more
tightly bound to the waveguide construction. As the effec-
tive mode index changes, the confinement of the waves

within the waveguide also changes, leading to variations
in how the waves spread and propagate. In addition, the
effective mode index also affects the dispersion character-
istics of the waveguide. Dispersion refers to how the
speed of light varies with its frequency as it travels
through the waveguide. Different effective mode indices
correspond to different dispersion properties, which can
cause the waves to spread out or concentrate differently
as they propagate through the waveguide. By visualizing
these changes, researchers can gain insights into how to
optimize waveguide designs for specific applications,
such as Terahertz communication or sensing.

The x- and y-components of the THz electric field in
the 2D cross-section of the GaAs waveguide for =1
and the in-plane mode are shown in Figures 3 and 4 for
various wavelengths. Similarly, the z-component for the
out-of-plane mode is depicted in Figure 5. The in-plane
and out-of-plane modes represent different field orienta-
tions relative to the waveguide structure, providing in-
sights into THz wave propagation. As the wavelength in-
creases, the energy transfer rate also increases, suggest-
ing changes in waveguide dispersion. Dispersion, which
describes how light speed varies with wavelength in a me-
dium, affects wave guidance and confinement. Longer
wavelengths may experience less dispersion, improving
waveguiding efficiency. Additionally, the increasing
number of peaks and better wave confinement at higher
wavelengths highlight the interplay of dispersion, materi-
al properties, and waveguide design in shaping THz
wave propagation within the GaAs waveguide.

Figure 6 illustrates the variations in the
ter versus the normalized frequency for different n-
modes, calculated using MATLAB. The figure reveals
that as n-modes increase, the propagation constant rises,
intermediate oscillations decrease, and diffusion reaches
saturation more quickly. Higher n-modes correspond to
faster wave propagation, smoother variations in , and
earlier stabilization of propagation characteristics due to
reduced oscillations. Diffusion saturation, where the
propagation constant stabilizes with frequency, occurs at
lower frequencies for higher n-modes, enhancing wave-
guide performance. The coupling coefficient ( ) re-
flects energy transfer between modes, with phase mis-
match and material dispersion in GaAs at low frequencies
leading to a negative coupling coefficient due to ineffi-
cient energy coupling and destructive interference.

Figures 7 and 8 show the x- and y-components of the
THz electric field in the 2D cross-section of a GaAs wave-
guide for various in-plane modes, while Figure 9 depicts
the z-component for out-of-plane modes. Increasing n-
modes enhances oscillations and THz wave propagation
due to higher-order modes with more complex spatial dis-
tributions and higher propagation constants. Higher-or-
der modes exhibit more electric field oscillations and
propagate faster within the waveguide, as shown in Fig-
ures 7 — 9. These effects are critical for optimizing GaAs
waveguides in THz applications like communication,
sensing, and imaging.

Figure 10 illustrates the normalized power spectral

parame-
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amplitudes of THz emission measured in the far field as a
function of frequency for three different excitation laser
wavelengths: 800 nm, 1200 nm, and 1550 nm. The x-
axis represents the THz frequency (THz) , while the y-ax-
is indicates the normalized amplitude (a. u. ), which re-
flects the relative intensity of the emitted THz waves.
The spectral profiles reveal a clear correlation between
the efficiency of THz generation and the laser wave-
length. The 800 nm laser produces the highest peak am-
plitude, centered around 3.5 THz, with a relatively nar-
row spectral bandwidth. The 1200 nm laser results in an
intermediate peak intensity at approximately 3 THz, ac-
companied by a broader spectral distribution. The 1550
nm laser exhibits the lowest peak intensity but covers the
broadest spectral range, extending toward lower frequen-
cies. The shaded region highlights the spectral range of
interest (0.1 - 5 THz) , where efficient THz generation
is observed. These findings confirm that shorter excita-
tion wavelengths lead to higher THz intensities with nar-
rower bandwidths, whereas longer wavelengths contrib-
ute to spectral broadening at the cost of reduced peak in-
tensity. The far-field measurements provide essential in-
sights into optimizing laser parameters for efficient THz
wave generation in GaAs-based waveguides.

Table 1 summarizes the crystals used for nonlinear
frequency conversion, detailing the waveguiding geome-
try employed to confine the THz radiation, the spectral
range of the generated frequencies, and the correspond-
ing conversion efficiency. As mentioned, our approach
utilizes GaAs as the waveguide material with a cylindri-
cal geometry, achieving a broad spectral range of 0. 1 = 5
THz. This wide spectral range enhances the versatility of
the generated THz waves for various applications requir-
ing a wide bandwidth in the THz domain. Also, our
study delivers a competitive conversion efficiency of
6. 65 x 107 W' which is a well-balanced conversion effi-
ciency compared to other studies.

In general, to achieve high THz conversion efficien-
cy, the waveguide and laser parameters must be carefully
optimized. The analysis suggests that an excitation wave-
length of 800 nm is most effective, as it provides the
strongest nonlinear response and highest peak THz inten-
sity. Efficient THz generation also depends on the selec-

tion of fundamental and first higher-order modes, which
facilitate energy transfer while minimizing dispersion
losses. The use of short laser pulses, in the range of 50
to 100 fs, is beneficial in broadening the spectral range
and enhancing THz radiation. Moreover, the simulations
indicate that an optimal phase-matching condition, repre-
sented by a value of approximately 7.5, maximizes
coupling efficiency and mode interactions, leading to
higher THz power output. Additionally, a peak laser in-
tensity of 6.2 X 10" W/em®, achieved through a tight fo-
cal spot size of 22 pm (FWHM) and a focal length of
1.5 m, ensures strong nonlinear polarization and energy
conversion. This configuration enables strong THz wave
generation with enhanced spectral bandwidth and im-
proved conversion efficiency.

Conclusions

This investigation of efficient multi-millijoule THz
wave generation through laser interactions with cylindri-
cal GaAs waveguides marks a substantial leap forward in
advancing the capabilities of THz technology. This study
accurately examines the intricate mechanisms underlying
THz wave generation and underscores the pivotal role
played by ecylindrical GaAs waveguides in amplifying
THz generation efficiency. By harnessing the unique
properties of GaAs waveguides, researchers are empow-
ered to develop compact, portable THz systems tailored
to meet the demands of diverse applications. This study
highlights the versatility and scalability of GaAs wave-
guides, offering practical solutions for tabletop-scale
THz sources that cater to the burgeoning need for adapt-
able THz technologies. Through a thorough exploration
of several parameters, such as wavelength, effective
mode index, and number of modes, this research clari-
fies the nuanced dynamics governing THz wave propaga-
tion within GaAs waveguides. These insights not only in-
form the optimization of THz generation processes but al-
so pave the way for the realization of high-fidelity imaging
and spectroscopic capabilities across a spectrum of
fields, including security screening, industrial inspec-
tion, and field research. Furthermore, this study empha-
sizes the pivotal role of higher-order modes in augment-
ing the oscillation rate and propagation efficiency of THz

Table 1 Comparing several waveguiding configurations for THz wave generation.

Waveguide Waveguide Speciral range Conversion
Study/Reference
Material Geometry of generation efficiency
Mei et al. [20] GaAs ridge 1.59 - 2.66 THz 5.62x107° W'
embedded 4 -1
Yang et al. [21] LiNbO3 2.7 - 3.6 THz 3.5% 107 W~
arrangement
Vodopyanov et al. [22] GaAs planar dielectric 2.07 THz 5.3x10° W™
embedded St
Marandi et al. [23] GaAs <3.5THz 4.2x 107 W~
arrangement
buried—channel
Chen etal. [24] graphene/AlGaAs " 5 - 7THz 0.5x10° W™
ri
Zhu et al. [25] poled polymer cylindrical <0.95THz -
This work GaAs cylindrical 0.1 - 5THz 6.65x10° W™
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waves within GaAs waveguides. By elucidating the signif-
icance of these modes, this research offers invaluable vi-
sions for enhancing the performance of GaAs waveguides
for a wide array of THz applications. Through continued
investigation and refinement, researchers stand poised to
unlock the full potential of GaAs waveguides, ushering
in a new era of innovation and advancement in THz tech-
nology.
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