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Tao Zhou*, Jorge Silva*, Karl Bertling®, Member, IEEE Xiaoqiong Qi*, Member, IEEE Tim Gillespie*, Jari
Torniainen*, Andrew Leslie*, Jeremy Herbert *, Bent Kirkeby*, Ethan Ngo*, Dragan Indjin®, Paul Dean’,
Alexander Valavanis®, Lianhe Li", Edmund H. Linfield", A. Giles Davies’, and Aleksandar D. Raki¢*, Senior
Member, IEEE
*School of Electrical Engineering and Computer Science, The University of Queensland, Brisbane, QLD 4072
Australia
TSchool of Electronic and Electrical Engineering, University of Leeds, Leeds LS2 9JT UK

Abstract—We report the design and experimental demonstra-
tion of a passive beam-shaping module integrated into a terahertz
(THz) imaging system. THz QCLs inherently produce highly
divergent beams, posing challenges for beam shaping and system
integration. The proposed module, comprising a feedhorn, a stan-
dard waveguide, and a transmitting horn antenna, was optimized
using electromagnetic simulations to minimize coupling loss while
achieving favorable far-field beam characteristics. Sensitivity
analyses quantified the impact of fabrication and alignment
tolerances. Far-field measurements confirm the generation of
a low-divergence, single-lobe Gaussian beam, supporting high-
resolution THz imaging and extending the utility of QCL-based
systems to applications including biomedical diagnostics, security
screening, and non-destructive testing.

Index Terms—Terahertz (THz) imaging, quantum-cascade
laser (QCL), Gaussian beam, Antenna simulation, Beam shaping,
Terahertz beam measurement.

I. INTRODUCTION

VER the past two decades, terahertz (THz) imaging has

gained increasing attention due to its unique capabilities
in non-destructive evaluation, biomedical diagnostics, secu-
rity screening, and quality control across a wide range of
industries [1]-[4]. THz radiation can penetrate many dielectric
materials that are opaque to visible light—such as clothing,
packaging materials, or biological tissues—while remaining
non-ionizing and biologically safe. These properties, and the
ability to capture spectral fingerprints in the THz domain,
make THz imaging highly attractive for applications requiring
both spatial resolution and molecular sensitivity [5]-[7].
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Quantum cascade lasers (QCLs) have become indispensable
sources for compact THz imaging systems due to their narrow
linewidths, high spectral coherence, and growing power output
capabilities combined with high-speed modulation capabili-
ties [8]. Since their first demonstration in the mid-infrared [9],
QCL technology has progressed rapidly, culminating in the
realization of THz-frequency QCLs operating in the range
of 1.2-5.7 THz [10]-[12]. Contemporary THz QCLs deliver
pulsed peak powers of 2.4 W and are capable of continuous-
wave operation at cryogenic temperatures, rendering them
suitable for high-resolution imaging applications [13]. Among
the waveguide architectures developed for THz QCLs, sur-
face—plasmon (SP) and double-metal (DM) waveguides have
emerged as the two dominant configurations, each offering a
distinct trade-off between optical confinement, thermal man-
agement, and beam quality. The SP waveguides confine the
optical mode at the interface between a top metal contact
and a thin, highly doped semiconductor layer, allowing part
of the field to leak into the substrate. This design yields a
relatively low confinement factor (I = 0.2-0.5), but benefits
from reduced overlap with lossy doped regions, resulting in
low waveguide losses (o, ~ 3-5 cm™!). The facet reflectivity
remains moderate (R ~ 0.3), leading to higher mirror losses
(04, ~4.5-7.5 cm™1) [11], yet enabling efficient out-coupling
and low beam divergence (~ 30°). In contrast, DM waveguides
confine the mode between two metallic layers, achieving
nearly unity confinement (I" = 1), which results in elevated
waveguide losses (0, ~ 10-20 cm™!) due to stronger mode
overlap with metal interfaces [14], [15]. Despite their large
intrinsic beam divergence (~ 60°) and limited out-coupling per
pass (5—20%), DM waveguides offer superior thermal perfor-
mance—particularly with Cu—Cu bonding, reducing thermal
resistance by up to 40%—and are preferred at 7 > 100K
operation or continuous-wave operation [11]. Thus, the choice
between SP and DM waveguides involves balancing beam
quality and out-coupling efficiency against thermal robustness
and optical confinement.

While QCLs offer unmatched compactness and spectral
brightness in the terahertz regime, their beam profiles present
notable challenges for system integration and imaging fidelity.
For instance, SP waveguide geometries, commonly used due
to their reduced waveguide loss and efficient out-coupling

0000-0000/00$00.00 © 2026 IEEE



IEEE TRANSACTIONS ON TERAHERTZ SCIENCE AND TECHNOLOGY, VOL., NO.,2026 2

compared to double-metal designs [16]. However, a persistent
limitation of SP QCLs is still the poor beam quality of
their free-space emission. Owing to subwavelength waveguide
cross-sections and the modal content of ridge geometries,
the output typically exhibits large divergence and complex,
non-Gaussian far-fields characterized by dual-lobed patterns,
pronounced sidelobes, and ring-like interference fringes orig-
inating from diffraction at ridge sidewalls and discontinuities
at the substrate interface [11], [16]-[20]. These characteris-
tics hinder efficient coupling into collimating optics, degrade
spatial resolution in imaging systems, curtail usable working
distance, and complicate optical alignment effects that are
especially problematic in cryogenic and vacuum-based envi-
ronments [17], [18].

Numerous beam-shaping approaches have been explored
to address these challenges. First, intracavity or tightly in-
tegrated cavity-coupled schemes aim to generate improved
beam quality within the laser itself, for example by using
distributed-feedback gratings [21], patch-array antennas [22],
and external-cavity/metasurface coupling [23]. Second, post-
emission optical conditioning of the output beam, most notably
by integrating hyperhemispherical silicon lenses directly onto
the laser facet, can collimate the emitted beam [24], [25].
However, refractive optics at THz frequencies typically require
sub-millimetre tolerances in lateral and axial position as well
as tip—tilt, which may render optical coupling highly sensitive
to minor mechanical perturbations not suitable for laser in a
cryostat. Under cryogenic operation, precise alignment is fur-
ther complicated: differential thermal contraction, constrained
access, and stringent heat-load limits may collectively impede
reliable positioning. Moreover, the working distances and clear
apertures demanded by these lenses are often not readily
compatible with RF electronics and associated packaging
constraints. An interesting approach was taken in [26] where
two Si lenses and a Si wafer-piece with a pinhole in a gold
layer deposited on it act as a spatial filter. The effectiveness
of this approach depends markedly on the collimation level
of the input beam and is quite common in bulk optical
systems. Photonic and antenna-based solutions adapted from
microwave engineering have been implemented frequently, in-
cluding planar horn structures, [27] Vivaldi antennas, [28] and
metallic tapers [29], which may offer compact, lithography-
compatible routes to improved directivity without recourse
to macroscopic refractive elements. These techniques have
shown improvements in output power and beam profile but
often involve complex fabrication processes or are sensitive to
positioning errors.

To overcome the limitations of these prior approaches,
recent studies have demonstrated the use of passive waveguide
modules that incorporate horn antennas, which reshape and
guide the laser beam into more desirable far-field patterns.
For example, improved beam quality and output power were
demonstrated by indium-soldering a terahertz QCL into a
precision-machined rectangular waveguide terminated with a
diagonal horn, enabling better mode matching and reduced
beam divergence. [30] Building on this concept, subsequent
studies developed more sophisticated waveguide-horn assem-
blies that were directly integrated into compact QCL mod-

ules. These designs incorporated features such as impedance-
matched transitions, optimized horn geometries, and thermal
management strategies, making them well-suited for practical
deployment in atmospheric sensing, spectroscopy, and remote
detection scenarios using different, and complementary ap-
proach to QCL beam shaping demonstrated in this article [31]—
[35]. These developments, however, have primarily focused on
double-metal waveguide QCLs, whose near-field characteris-
tics differ significantly from those of SP waveguide QCLs.
As such, existing modules may not efficiently couple SP QCL
emission into fundamental waveguide modes or deliver the
beam quality necessary for high-resolution imaging.

In this work, we address the limitations of current solu-
tions by introducing a compact, passive beam-shaping module
specifically designed for integration with a surface-plasmon
(SP) waveguide QCL. The module consists of three compo-
nents: a tapered feeder horn designed to match the near-field
TM mode profile at the QCL facet, a 0.5 mm WM-86 standard
waveguide selected to suppress higher-order mode propaga-
tion [36], and a diagonal output horn antenna engineered for
low-divergence, single-lobed far-field emission. The module
geometry was optimized using full-wave electromagnetic sim-
ulations to minimize coupling loss while maintaining beam
fidelity across the desired frequency range. The introduction of
the horn-waveguide assembly affected markedly the spectrum
of the laser with only a minor impact on the threshold current.

Sensitivity analysis was conducted to quantify the robust-
ness of the design with respect to mechanical and alignment
tolerances, ensuring suitability for system-level integration.
Experimental validation confirms that the module achieves
Gaussian-like output beam, significantly improving the practi-
cal imaging resolution achievable in QCL-based THz systems.
The proposed approach provides a scalable and fabrication-
tolerant solution for THz beam control, expanding the applica-
bility of QCL technology in demanding imaging environments.

II. SYSTEM ARCHITECTURE
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Fig. 1. (a) Top view of the surface plasmon (SP) waveguide QCL; (b) Electric
field distribution evaluated at the QCL front facet; (c) 3D model of the THz
QCL transceiver system mounted within a cryocooler; (d) Top-view schematic
of the horn-waveguide layout.
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The terahertz QCL used in our imaging system was based
on a GaAs/AlGaAs heterostructure incorporating a nine-well,
phonon-assisted active region design [37]. This 12 pm-thick
active region was grown via solid-source molecular beam
epitaxy (MBE) on a semi-insulating GaAs substrate. The
active core was sandwiched between two heavily doped GaAs
contact layers: a 50 nm-thick top contact and a 700 nm-thick
bottom contact. Standard photolithography followed by wet
chemical etching was used to define an SP ridge waveguide
structure with a ridge width of 150 um. To reduce absorption
and improve thermal management, the GaAs substrate was
subsequently lapped and polished down to a final thickness of
200 pm.

Two QCLs from the same wafer (L1415) were used in this
study: QCLI, with a cavity length of 2.5 mm, and QCL2, with
a length of 2.0 mm. Both devices were operated at 60 K, with
pulsed drive currents (100 ps at 20% duty cycle) of 1.3 A for
QCLI and 0.6 A for QCL2. The corresponding peak output
powers were approximately 10 mW and 6 mW, respectively,
with both lasers emitting near 3.4 THz (measured as described
in Ref. [38]).

In this study, we integrate the QCLs with a custom-designed
passive beam-shaping module to suppress higher-order modes,
reduce divergence, and deliver a single-lobe, near-Gaussian
far-field pattern compatible with high-resolution THz imaging.

III. METHODS

A. Experimental Design: Terahertz QCL Beam-Shaping Ar-
chitecture

Fig. 2. Fabricated horn module: (a) Mechanical model; (b) Detail of horn
apertures; (c) Top view of bottom half; (d) Top view of top half.

To overcome the intrinsic limitations of THz QCL emission,
namely high beam divergence and asymmetric far-field pro-
files, a compact, beam-shaping module was designed and fab-
ricated. This custom architecture was directly mounted in front
of the QCL facet and served both coupling and collimation
functions. The assembly comprised three main components:
a receiving horn, a precision WM-86 rectangular waveguide,
and a transmitting horn. Together, these elements formed
an integrated transceiver unit, housed within a cryogenically
cooled enclosure, as shown in Figure 1(d).

The receiving horn was designed to capture the divergent
QCL emission and launch it efficiently into the waveguide.
With a total length of 450 pm and an input aperture of
0.3 x 0.3 mm?, it was aligned directly opposite the QCL
exit facet. The horn tapered down to match the WM-86
rectangular waveguide, which has a standard internal cross-
section of 86 x 43 pmz, in accordance with IEEE standard
1785.1-2012 [36]. This waveguide section ensured single-
mode propagation and impedance matching.

At the output end of the assembly, a 4.5 mm-long transmit-
ting horn was employed to transform the guided mode into a
well-behaved free-space beam. The transmitting horn featured
an output aperture of 1.5 x 1.5 mm?, optimized through
electromagnetic simulations to balance beam divergence and
mechanical footprint. The complete module was fabricated
from gold-plated copper to ensure high conductivity, thermal
stability, and compatibility with low-temperature operation.

This beam-shaping architecture enabled efficient optical
coupling, reduced alignment sensitivity, and significantly im-
proved beam symmetry and directionality, making it well-
suited for imaging, sensing, and spectroscopy applications in
the THz regime.

B. Modelling and Simulation of Coupling and Beam Charac-
teristics

Full-wave electromagnetic simulations were carried out
using CST STUDIO SUITE [39] to evaluate the coupling
efficiency from the QCL facet to the WM-86 rectangular
waveguide, and to characterize the radiated beam from the
integrated horn structure. The simulation workflow included
mode excitation, S-parameter analysis (coupling and return
loss), and far-field pattern extraction.

Figure 3 presents the simulated far-field beam pattern of the
QCL. Here, the x-axis is defined parallel to the chip, the y-axis
is defined perpendicular to the chip (in the growth direction),
and the z-axis is defined along the beam-propagation direction
along the ridge (normal to the emitting facet). Under the
modeled conditions, the pattern is predicted to exhibit a
full-width-at-half-maximum (FWHM) divergence of approx-
imately 19° x 36° along the x- and y-axes, respectively.

In simulation, the excitation of the dominant QCL TMgg
mode resulted in a coupling loss of —8.5 dB with the axial
standoff of 50 pum, while excitation of the first higher-order
mode (TMy;) showed a significantly higher coupling loss
of —16.5dB. This substantial difference confirms preferential
coupling of the fundamental mode into the waveguide-horn
assembly, which is critical for preserving beam quality and
achieving efficient power delivery.

The far-field profile of the horn output demonstrates strong
spatial confinement and directionality. The designed horn
achieved a simulated on-axis gain of 16.8 dBi, with an FWHM
beam divergence of 12.3°, and sidelobe suppression exceeding
-25 dB. These characteristics indicate that the horn structure
effectively transforms the highly divergent QCL emission into
a narrow, symmetric, and low-sidelobe beam suitable for
imaging or long-range sensing applications.

We also examined how the far-field pattern varies with the
emission spectrum in order to assess spectral robustness. Our
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simulations suggest that the beam-shaping module remains
effective for a wide range of spectral profiles within the
designed passband (2.6-3.5 THz), accommodating sources
from single-mode to multimode operation. Within this range,
the main-lobe formation and divergence are predicted to be
relatively insensitive to spectrum, provided the spectrum lies
inside the design window. These findings indicate that the
approach may offer practical tolerance to device-to-device
spectral variability.

Tolerance and Misalignment Sensitivity Analysis: The mis-
alignment of the components of the horn-waveguide assembly
itself has been analysed in [40]. Here we have analysed
the misalignment of the horn-waveguide assembly relative
to the QCL output facet. To assess the robustness of the
coupling design to fabrication and assembly imperfections,
a sensitivity analysis was performed using full-wave electro-
magnetic simulations.The excitation was based on the QCL
surface plasmon mode depicted in Figure 1b. Three types
of translational misalignment were considered: horizontal (x-
axis), vertical (y-axis), and axial (z-axis) displacements, as
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Fig. 3. Simulated far-field profiles: (left) QCL output derived from the near-
field mode profile in Fig. 1(b); (right) Output of the designed transmission
horn.

illustrated in Figure 4(a—c—e). The electromagnetic simulation
results confirm that the beam-shaping module demonstrates
appreciable resilience to lateral misalignment. Specifically, for
horizontal displacements (along the x-axis), the coupling loss
remains below 0.5 dB within a tolerance window of +20 um.
The input for S>; simulation was the simulated NF distribution
across the exit facet of the QCL shown in Fig. 1(b). The peak
of the field distribution in Fig. 1(b) is not in the middle of the
ridge and that brings about the small dip in coupled output
power when the horn assembly is aligned with the centre of
the ridge. The asymmetry of the facet distribution explains
the results in Fig. 4(d). The results in Fig. 3 also reflect the
complexity of the field distribution at the exit facet of the
QCL. As the deviation increases, a gradual, monotonic rise in
coupling loss is observed, reaching approximately 2.5 dB at
offsets of +60 um.In the vertical direction (along the y-axis),
the coupling loss exhibits asymmetric sensitivity. A modest
improvement of 1 dB is observed for positive displacements up
to +60 um; however, negative displacements toward —60 um
result in a more pronounced degradation, with the coupling
loss rising to approximately 5 dB. This asymmetry is likely
attributable to the asymmetric near-field distribution of surface
plasmon QCL.

In contrast, axial displacement—defined as a gap between
the QCL facet and the waveguide input—was found to be
more critical. As shown in Figure 4(f), increasing the axial
gap from 0 to 100 um leads to a steady rise in coupling loss,
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Fig. 4. Sensitivity analysis of the beam-shaping module alignment using
QCL model: (a—c—e) Simulation models for horizontal, vertical, and axial
displacement; (b—d—f) Corresponding coupling loss profiles.
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reaching up to 4 dB. However, an optimal coupling region
was identified between 50—80 pum, suggesting a non-monotonic
response that may benefit from a small intentional standoff to
minimize reflection or impedance mismatch.

C. Fabrication and Assembly of the Horn-Waveguide Module

The horn-waveguide module was precision-fabricated by
Thomas Keating Ltd. from high-conductivity copper to provide
low ohmic loss and efficient heat spreading. A thin gold
overplate is applied to prevent copper oxidation, thereby main-
taining low surface resistance and stable electrical contact over
cryogenic cycles. The Au layer is used for chemical stability
and surface durability. The mechanical design consists of
two separable blocks, allowing easier access during alignment
and soldering of the QCL. These blocks are aligned using
precision-machined grooves and stainless steel dowel pins,
ensuring repeatable positioning with a nominal machining
tolerance of approximately 2 pm. This modular design sim-
plifies fabrication while ensuring high-precision alignment of
the waveguide and horn structures, which is essential for
preserving beam quality and minimizing coupling loss.

IV. QCL PERFORMANCE CHARACTERIZATION

To assess the laser performance with and without the beam-
shaping module, we measured the threshold current, output
power, optical spectrum, and peak operating temperature for
both configurations. Figure 5 presents the pulsed light-current
characteristics of QCL2 at two temperatures (60 and 70 K)
where the inset shows magnified views for the horn-integrated
QCL for both temperatures. Figure 6 shows the corresponding
emission spectra, indicating multimode operation near 3.4 THz
at 1 A bias.

Power (mW)

0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
Current (A)

Fig. 5. Light—current (LI) characteristics of QCL2 with (blue) and without
(red) the beam-shaping module. Solid curves correspond to 60 K; dashed
curves to 70 K. The module is external and passive and therefore does not
affect the internal thermal load or threshold current. Insets show magnified
views for the horn-integrated QCL.

Integration of the beam-shaping module produced no mea-
surable change in threshold current (remaining at approx-
imately 0.6 A), confirming that internal loss mechanisms

were not significantly affected. The peak output power fell to
roughly 10% of the bare-device value. These reductions can be
attributed to imperfect mode matching, propagation loss within
the waveguide, and alignment tolerances at module interfaces.
The spectral change (observable as the disappearance of some
modes with the horn assembly in place is consistent with
weak frequency-dependent feedback at the horn—-waveguide
interface and is consistent with observations of feedback
effects on mode suppression [38].

V. EXPERIMENTAL RESULTS & ANALYSIS

The beam-shaping performance of the horn module was
experimentally evaluated by measuring the far-field radiation
pattern of THz QCLs, both with and without the integrated
horn (in a similar way to Ref. [5]). A pyroelectric detector
(model QSS5-IL, Gentec-EO, Quebec, Canada), featuring a
5 mm aperture, was employed for these measurements. The
detector was mounted on high-precision, motorized linear
translation stage, which enabled two-dimensional spatial scan-
ning over a 50 mm x 50 mm area located at a fixed axial
distance of 42.4 mm from the QCL exit facet. No spatial
filtering (e.g., pinhole) was employed in this setup. Each scan
was performed at a resolution of 100 x 100 pixels.

The detector signal was amplified using a low-noise voltage
preamplifier (SR560, Stanford Research Systems, California,
USA) and synchronously triggered with the pulsed QCL emis-
sion using an oscilloscope (MX044-2415, Rohde & Schwarz
GmbH, Germany). Time-domain signals were acquired via a
USB-6259 DAQ card (National Instruments, Texas, USA), and
the QCL pulse frequency component was extracted using FFT
analysis.

Figure 7 shows the measured 2D far-field beam profiles
without the horn. The QCL output was highly divergent, with
full width at half maximum (FWHM) beam divergences of
approximately 18° x 29° along the x- and y-axes, respectively.
After integrating the horn module, the beam was transformed
into a more directive, symmetric, Gaussian-like profile, clearly
demonstrating the horn’s effectiveness in spatial mode shaping.

With the horn, the measured FWHM beam divergence was
reduced to approximately 10° along both axes, indicating a
substantial improvement in beam quality. This enhancement
was accompanied by a reduction in on-axis measured power
incident on the detector of approximately —7 dB, consistent

05+
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Fig. 6. Emission spectra of QCL2 with (blue) and without (red) the beam-
shaping module at 60K and 1 A bias. The observed change in mode powers
arise from feedback effects from the module placement.
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Fig. 7. Measured far-field profiles: (left) QCL1 output without horn module;
(right) QCL1 output with horn-waveguide beam-shaping module.

with simulated coupling losses and expected sensitivity to
misalignment between the horn and the QCL facet. While this
attenuation is non-negligible, the significant gains in spatial
coherence and beam symmetry justifies the trade-off.

The change in on-axis detected power (as measured by the
detector located on the optical axis of the system) was de-
termined as the difference between the between the measured
output power of the bare QCL and the QCL with the horn
assembly inserted. One needs to keep in mind that we are
using a finite-size aperture to measure the radiated power (5
mm diameter). Therefore the insertion loss is conflated with
the reduced FWHM divergence of the beam. This explains the
differences between the simulation and the experiment.

To evaluate the robustness of the horn design, a second
horn module was tested with a different THz QCL, which
exhibited an FWHM beam divergence of 19° x 30.5° along the
x- and y-axes, respectively, and a multi-lobed emission profile
with a prominent off-axis main lobe. As shown in Figure 8§,
the horn assembly effectively suppressed secondary lobes and
reduced beam divergence, producing a clean, centrally aligned,
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Fig. 8. Measured far-field profiles: (Left) QCL2 output without horn module;
(right) QCL2 output with horn-waveguide beam-shaping module.

single-lobed output. A reduction in on-axis detected power of
approximately —8.5 dB and a reduced FWHM divergence of
11.7° were observed. These results confirm the consistency
and reliability of the horn design across QCLs with differing
native emission profiles.

VI. CONCLUSIONS

This work presents the design, modeling, fabrication, and
experimental validation of a compact, passive beam-shaping
module for THz QCL imaging systems. A custom-designed
horn-waveguide—horn module was integrated directly onto the
QCL facet, enabling improved far-field beam control without
requiring internal modifications to the laser cavity.

Finite-element modeling in CST Studio Suite guided the de-
sign optimization, with simulations showing strong fundamen-
tal mode coupling, high forward gain, and suppressed sidelobe
radiation. The simulated coupling loss between the QCL and
WM-86 standard waveguide was approximately -8.5 dB for
the fundamental TMyy mode, while higher-order modes were
effectively attenuated. Sensitivity analyses identified fabrica-
tion and assembly tolerances for robust performance.
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Experimental validation using a pyroelectric detector con-
firmed that the integrated module significantly improved the
far-field beam profile, transforming divergent or multi-lobed
emission into a symmetric, single-lobed Gaussian beam with
divergence angles of approximately 10° (QCL1) and 12°
(QCL2) along both lateral axes. These results were in close
agreement with simulation predictions. The beam shaping
introduced a reduction of on-axis power of —7 dB (QCLI)
and —8.5 dB (QCL2), consistent with change in FWHM of
the beam, modeled coupling losses, surface roughness, and
accounting for minor misalignment between the feed horn and
the QCLs.

Regarding scope and applicability, this approach is expected
to be applicable to DM geometries. It is essential to note that
the beam-shaping module is external and passive; therefore, it
does not alter the internal thermal performance of the laser. For
SP devices, owing to their larger lateral mode expansion, the
beam shaping module often benefits from a modest increase
in module—facet standoff to maintain outcoupling efficiency.
By contrast, for DM devices, the sub-wavelength exit aperture
and strong vertical confinement tend to produce high initial
divergence and a heightened susceptibility to facet back-
reflection. In this case, mode mismatch is generally more
severe than for SP devices, so coupling loss is expected to
be comparable to, or somewhat higher than, the SP cases.

This work demonstrates a practical and manufacturable
solution for achieving collimated, low-divergence beams from
surface plasmon QCLs, an essential requirement for high-
resolution THz imaging applications. The modular design and
tolerance-resilient assembly further support scalability across
multiple devices.

VII. DATA AVAILABILITY

The data associated with this work is freely available at
https://doi.org/10.48610/a02ef1c
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