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ABSTRACT

The far-infrared (FIR) laser output beam power and profile are important parameters in the laser-aided
diagnostics, directly influencing the spatial resolution and signal-to-noise ratio of measurements. This
work focuses on developing a systematic control method to enhance FIR laser beam quality through
optimized mirror alignment and real-time feedback-based precision cavity length tuning. A 150 W CO,
laser, aligned with the waveguide axis using a HeNe reference laser, serves as the pump source. The
sensitivity of FIR beam intensity to pump gas pressure and thermal expansion is investigated, revealing
that even a 1 um cavity expansion can significantly degrade output power stability to about two-thirds of
its original value. To address this, a feedback control module has been designed and implemented for
active cavity length adjustment, stabilizing the output power at approximately 30 mW. Additionally,
maintaining a high formic acid gas pressure (> 190 mTorr) within the cavity ensures reliable operation.
The optimized FIR laser will be deployed on the NSTX-U high poloidal wavenumber scattering system for
studying electron-scale turbulence in tokamak plasmas.

I. INTRODUCTION

Transport is one of the top-level research topics in fusion plasma physics[1, 2]. In H-mode plasmas in
the National Spherical Torus eXperiment (NSTX) device[3], electron thermal transport has been observed
to exceed the corresponding neoclassical transport prediction by a significant margin[4, 5], while ion
thermal transport is at the neoclassical level. This elevated electron thermal transport can lead to a
substantial thermal loss and degraded energy confinement[6, 7]. Consequently, understanding and
controlling electron thermal transport is critical for predicting and optimizing confinement of future
magnetic confinement devices with dominant electron heating. Electrons-scale turbulence has been
considered as a major candidate in driving electron thermal transport[5, 8, 9]. The NSTX-U device[10],
with its distinctive high-beta and low-collisionality condition, provides an ideal platform for investigating
electron-scale turbulence, where turbulence characteristics vary with essential parameters such as
collisionality, the g-profile, and E x B shear, aiming to identify the mechanisms that govern the Spherical
Tokamak (ST ) energy confinement scaling[4, 11].

An essential diagnostics system in this investigation is the 693 GHz, 8-channel millimeter-wave poloidal
scattering system[12-14], which will measure electron-scale turbulence across the plasma core to edge
(normalized radius p from 0.2 to 1) with a poloidal wavenumber range of 7 to ~40 cm™. This capability
enables comprehensive coverage of the predicted electron temperature gradient (ETG)[15] and other
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electron-scale turbulence spectra. Compared to millimeter-wave diagnostics[16-23] such as the 270 GHz
high-k scattering system[24], which benefits from a compact source, stable power, and ease of
maintenance, laser-aided diagnostics provide enhanced spatial resolution and wider wavenumber range
and also simplifying optical alignment duo to low refractive effect [24, 25]. The system utilizes an optically
pumped far-infrared (FIR) laser with formic acid (HCOOH) vapor serving as the gain medium. It is pumped
by a 150 W CO, laser operating on the 9R20 line (wavelength = 9.27 um), which drives rotational
transitions to generate the 693 GHz FIR signal[26].The output beam is coupled into a waveguide and
directed to the launch optics, where adjustable mirrors allow precise beam steering for various
measurement configurations. Compared to millimeter-wave diagnostics[27-30], laser-aided diagnostics
involve more complex optical systems, necessitating finer adjustments and stricter maintenance
requirements[31]. Maintaining a high-quality Gaussian beam profile is essentially required for efficient
waveguide coupling[32]. This depends sensitively on the precise alignment of FIR cavity components,
including perforated copper mirrors, mesh grids, and dielectric wafers. Even minor misalignments (as
small as 0.1°) can significantly degrade the output beam quality. Additionally, heat from the CO, laser can
alter the length of the FIR laser cavity, resulting in a drop in output power. This work addresses these
challenges by developing a repeatable alighment methodology and identifying the key factors that govern
beam patterns and power optimization in FIR systems.

This paper focuses on optimizing the performance of a 693 GHz far-infrared (FIR) laser through
precision optics alignment and cavity length feedback control. The beam quality of the FIR laser system,
which is driven by a CO, pump laser, is important for high poloidal wavenumber scattering diagnostics.
Section 2 reviews the FIR laser setup, while Sec. 3 presents beam profile optimization by optics alignment.
Section 4 details power stabilization through real-time cavity length feedback control and gas pressure
tuning. Finally, Sec. 5 summarizes the implications for improving FIR laser stability and output efficiency.

Il. FIR LASER SETUP AND BEAM QUALITY IMPORTANCE

The 693 GHz far-infrared laser serves as the launch beam source for the NSTX-U high-k scattering
diagnostics. This laser is optically pumped by a 150 W CO; laser with a linearly polarized beam. The CO,
laser beam is injected into the FIR laser cavity, which is filled with formic acid gas as the gain medium, as
shown in Fig. 1.

CO, laser
wavslength = 227 s . Feed-in
S system

wavelength = 432 ym
power = 30 mW (typical)
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Figure 1. (left) The formic acid FIR laser is driven by a 150 W CO; laser through feed-in system pumping. (right) The laser system
setup in the laboratory.

The CO; laser, as shown in Fig. 2, features two independent waveguide cavities, each powered by a
dedicated high-voltage supply (-15 kV cathode, 0 V anode) that initiates gas breakdown in the CO,-N,-He
mixture (6:18:76 ratio). This discharge sustains a 40 mA plasma current that excites CO, molecules,
producing infrared radiation through quantum cascade transitions[33]. The system employs Brewster
windows to enforce P-polarization (100% transmission) while suppressing S-polarization through
reflection and absorption. Wavelength selection is achieved via a tunable diffraction grating, which
together with the output coupler's ZnSe mirror (60% reflectivity at 10 um) forms the complete laser cavity.
Resonant feedback between these components stimulates continuous laser action, with maximum output
occurring when the cavity length satisfies the standing wave condition.
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Figure 2. Schematic of the CO; laser. The main components include the output coupler, Brewster windows, diffraction grating, and
laser cavity waveguide.

The schematic of the FIR system is presented in Fig. 3. It comprises four key components: a rear mirror,
a laser cavity waveguide, a front mirror, and a metallic mesh. The rear mirror consists of a gold-coated
copper substrate with a central aperture for CO, laser beam injection. Opposite this, the front mirror
employs a dielectric-coated silicon wafer optimized for dual functionality, while achieving 98%
transmission in the FIR range and reflecting 99% of the incident CO, laser radiation. The front mirror
consists of a silicon wafer coated with alternating thin layers of germanium and zinc sulfide, forming a
high/low refractive index pair[26]. Each layer has a thickness equal to one-quarter of the CO, laser
wavelength in its respective medium, which enhances the reflection of the CO, laser. Meanwhile, the
transmission in the FIR range is strongly influenced by the thickness of the silicon wafer due to coherence
effects. Behind the silicon wafer, the system incorporates a 300 Ipi (line per inch) metallic mesh that
exhibits wavelength-selective behavior, transmitting 20% and reflecting 80% of the 432 um FIR radiation.
Both the metallic mesh and the front mirror are mounted on translational optical stages along the
waveguide axis, allowing the cavity to be adjusted by moving the two optics using stepper motors. These
optical elements are housed within the FIR laser system, forming the complete resonant cavity structure
in the laser cavity waveguide. The waveguide consists of a borosilicate tube approximately 62 inches long
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with an inner diameter of 38.1 mm(1.5 inches), surrounded by an outer water-cooling tube with a
diameter of 60.325 mm (2.375 inches) to dissipate heat generated by the CO; laser.

CO2 laser input
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Figure 3. Schematic of the FIR laser. The main components include the front/rear mirror, metallic mesh, and laser cavity
waveguide.

Figure 4 presents a schematic of the feed-in system, detailing the optical path and key components
including steering mirrors, focus lens, beam splitter, and power monitor. The CO, laser beam is directed
into the FIR laser cavity via two adjustable mirrors that precisely align its propagation axis. Inside the input
window, as shown in Fig. 3, a rear mirror with a 4 mm-radius central aperture is positioned adjacent to
the FIR input window. An anti-reflection coated focus lens with a 1 m focal length is used to reduce the
beam radius, creating a narrow waist near the input window. This allows the CO, beam to pass through
the copper mirror via the central hole and then expand within the cavity. As illustrated in Fig. 3, the beam
continues to expand during reflections between the two mirrors inside the cavity. This configuration
enables controlled beam expansion within the FIR cavity while minimizing back-reflected power that could
disrupt CO, laser stability. For real-time power monitoring, a beam splitter samples 5% of the incident CO,
laser radiation, diverting it to a calibrated detector while maintaining the primary beam path integrity.

Operating on molecular rotational transitions, the FIR laser emits submillimeter-wave radiation at
approximately 693 GHz with ~ 30 mW output power. This frequency is carefully chosen to ensure that the
laser beam can propagate through the plasma without significant refraction or absorption, even in high-
density scenarios (0.5x 102° /m3). The FIR laser output beam will be coupled with the transmission line
through coupling optics lenses.

H
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Figure 4. Feed-in system between CO; laser and FIR laser.

The NSTX-U high-k scattering diagnostics require a 693 GHz beam with at least 10 mW power at the
transmission line’s end (near the NSTX-U window) to achieve a sighal-to-noise ratio greater than 10. The
high-k scattering system launch beam laser stands in the laser cage area, as shown in Fig. 5, which is far
away from the NSTX-U vessel. The long-distance (20 m) waveguide is used as the transmission line for
launch beam delivery, which requires a high-quality coupling beam profile for insertion loss minimization.
Ensuring a high-quality FIR laser output beam profile is essential for maximizing coupling efficiency across
the transmission line, which includes the coupling optics and long-distance beam propagation. As
demonstrated in Perkins[32], the highest coupling efficiency between the FIR output and the transmission
line waveguide is achieved when the beam profile approximates a Gaussian fundamental mode aligned
with the EHq; waveguide mode. The FIR output beam profile is primarily determined by FIR laser internal
mirror alignment and the laser output window condition. Using a Gaussian beam input for the
transmission line waveguide preserves the Gaussian profile at the output, thereby improving the spatial
resolution of high-k scattering measurements. This approach streamlines the launch optics design near
the NSTX-U window and provides closer agreement with synthetic diagnostics simulations[14].
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Figure 5. The FIR laser is generated at the laser cage area, then transmits to the NSTX-U vessel through transmission line
waveguides. The red line stands for the high-k scattering beam transmission line.

On the other hand, the stability of the FIR laser output power is critical for ensuring reliable, high-k
scattering diagnostics performance. The FIR laser typically delivers ~ 30 mW of output power, which
depends on several factors: the CO; laser input power, FIR cavity length, gas pressure, and internal mirror
alignment (CO; laser and FIR laser). Laboratory characterization shows that the CO, laser input power
stabilizes after a 1-hour warm-up period, making it a reliable driver for the FIR laser. The FIR cavity length
(the most sensitive parameter) is susceptible to thermal expansion effects, leading to output power
fluctuations during extended operation. While gas pressure and mirror alignment remain stable after
initial setup, real-time monitoring and feedback control of the FIR output power are essential to maintain
stability over standard 8-hour operational periods.

lll. FIR LASER OUTPUT BEAM PROFILE OPTIMIZATION

The FIR laser output beam profile and power are determined by the alighment of the metallic mesh,
front mirror, and rear mirror. Proper alignment requires that the normal vectors of these components be
precisely oriented along the optical axis of the laser cavity. When this condition is met, the output beam
adopts the HE1; mode profile. Furthermore, maximum output power is achieved when the cavity length
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satisfies the resonance condition for optimal lasing efficiency. Given the planar geometry of all three
optical elements, the dominant installation errors are tilt angle misalignments. These tilt errors induce
higher-order modes, causing the beam profile to deviate from the ideal Gaussian distribution and
significantly reducing the FIR beam's coupling efficiency into the transmission line.

During initial alignment, non-ideal beam profiles (e.g., the donut-shaped mode in Fig. 6 with a central
power null) frequently appear, indicating higher-order mode excitation instead of the target Gaussian
mode. This mismatch reduces waveguide coupling efficiency by > 20 %, underscoring the need for precise
alignment to suppress higher-order modes.
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Figure 6. Donut-shaped beam profile of the FIR laser measured 1 meter from the output window.

The alignment process begins by establishing the optical axis using a visible HeNe laser. First, all
internal components (mirrors, mesh, and input/output windows) are removed, leaving only the bare laser
waveguide. Two precisely machined black Delrin guides with centered pinholes are then installed at each
waveguide end to provide alignment references. The HeNe laser is carefully adjusted until its beam passes
concentrically through both guide pinholes and the aim center of the image plane, thereby defining the
system's optical axis. The distance between the imaging plane and the output window is approximately
3.5 m, ensuring high-precision tilt angle alignment in 0.1 degree. Following this, the guides are removed
and the rear mirror (a gold-coated copper substrate with a central CO; laser injection aperture, marked
as # 1in Fig. 7) is installed. The reflected HeNe beam produces Fraunhofer diffraction rings on the image
plane, where the ring center indicates the mirror's tilt angle alignment. Final adjustment is achieved when
the diffraction pattern center coincides with the original HeNe reference beam location, ensuring proper
mirror alignment with the established optical axis.
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The front mirror (designated as # 2 in Fig. 7) , which is also shown in Fig. 3, is used to couple the FIR
and CO, wavelengths. Alignment verification is performed using the HeNe laser, where proper orientation
is achieved when the reflected spot coincides precisely with the reference aim center on the image plane.
The metallic mesh (labeled # 3 in Fig. 7), incorporating a 300 lines-per-inch (lpi) grid, forms the FIR laser
cavity together with the rear mirror. This wavelength-selective component reflects 80% and transmits 20%
of the 432 um FIR radiation. Following the front mirror installation, the mesh is aligned using the HeNe
laser beam, which produces a grating diffraction pattern upon reflection. Precise tilt angle adjustment of
the mesh allows controlled positioning of the zeroth-order diffraction spot on the image plane. Final
alignment is achieved when this central diffraction spot coincides exactly with the reference aim center,
ensuring optimal cavity performance.
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Figure 7. FIR laser alignment procedure showing the optical axis establishment using a HeNe laser through alignment guides,

followed by sequential installation: rear mirror (#1, gold-coated copper with CO; injection port) aligned via Fraunhofer diffraction
pattern centering, front mirror (#2) aligned by reflected spot position, metallic mesh (#3) aligned using zeroth-order diffraction

spot, and self-aligning CO,/FIR windows (#4). Proper alignment verification requires: rear mirror Fraunhofer pattern center and
mesh zeroth-order diffraction spot to coincide with the HeNe-established aim center.

The CO; laser input and FIR laser output windows (designated # 4 in Fig. 7) are installed as the final
components. These windows are automatically aligned through their precise mechanical coupling with
the waveguide structure, eliminating the need for active optical alignment. Their fixed mounting position
ensures proper orientation while maintaining vacuum integrity and optical transmission properties. With
all components now installed, including the rear mirror (#1), front mirror (#2), and metallic mesh (#3)
previously aligned using a HeNe laser, the complete FIR laser system achieves optimal configuration for
efficient 432 um radiation generation.

After proper alignment, the FIR laser output beam profile (measured 300 mm from the output window)
shows significant improvement compared to the unaligned case, as illustrated in Fig. 8. Without alignment,
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the output beam exhibits multiple high-order cavity modes, resulting in a dual-peak intensity distribution
with a hollow core along the optical axis. This modal structure degrades coupling efficiency into the
transmission line, increasing power insertion losses and causing non-localized scattering in the plasma.
Following the alignment procedure described earlier, the beam profile becomes dominated by the
fundamental HE; mode, closely approximating a Gaussian distribution. Power measurements using a
Scientech Astral AI310 Power Monitor confirmed an output of ~30 mW. At 300 mm from the output
window, the fitted Gaussian beam radii were 12.0 mm in both horizontal and vertical directions.

Formic Acid FIR laser beam profiles (A = 432 pm, 30 mW)
Beam propagation distance =300 mm

Without alignment With alignment
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Figure 8. FIR laser beam profiles at 300 mm from laser output window (a) without alignment; (b) with alignment.

To further characterize the beam, we performed Gaussian fits at multiple propagation distances (940
mm, 1274 mm, 1947 mm, and 2447 mm). As shown in Fig. 9, the aligned beam maintains excellent
Gaussian agreement at all positions. Figures 9a and 9b present the horizontal and vertical intensity profiles,
respectively, while Figs. 9c and 9d display the corresponding Gaussian radius fits. These curves
consistently yield a beam waist size of 10.8 mm, located 0.3 mm behind the output window.

The FIR laser optical alignment typically remains stable for three months or longer under controlled
conditions. However, due to the challenging tokamak diagnostics environment, including mechanical
vibrations, thermal fluctuations, and potential human interference, a more frequent maintenance
schedule is recommended. To ensure optimal performance, the beam profile should be checked every
two weeks using Gaussian fitting analysis to verify mode quality. If deviations are observed (e.g., degraded
beam symmetry, higher-order mode content, or reduced coupling efficiency), a full realignment should
be performed. This proactive approach mitigates diagnostics performance degradation and maintains
diagnostics reliability during plasma operations.
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Figure 9. FIR laser output beam characterization. (a) Horizontal beam power distribution profile. (b) Gaussian fit to horizontal
profile. (c) Vertical beam power distribution profile. (d) Gaussian fit to vertical profile . (e) Beam waist measurement showing 10.8
mm radius located 0.3 mm behind the output window, as determined by Gaussian fitting analysis.

IV. FIR LASER OUTPUT BEAM POWER OPTIMIZATION

The NSTX-U high-k scattering diagnostic employs a CO,-pumped formic acid (HCOOH) FIR laser system,
which is chosen for its superior spectral purity[33]. This two-stage system produces 432 um radiation
through optical pumping, where the final FIR output power depends critically on both the CO, laser pump
power and the efficiency of the feed-in coupling system.
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To maximize coupling efficiency, we implemented a precision alignment protocol using a visible HeNe
laser as a reference beam, accurate enabling of the optical axis establishment for both the infrared CO,
(9.6 um) and FIR (432 um) systems despite their non-visible wavelengths. The alighment procedure
follows the methodology detailed in Sec. lll, ensuring optimal overlap between the CO, pump beam and
the formic acid laser mode. Additionally, the feed-in system incorporates an anti-reflection coated focus
lens (focal length = 1 m at wavelength = 9.6 um) to increase the CO, power density at the FIR laser input,
further enhancing the conversion efficiency.

While maximizing power output is important, maintaining stable power output is even more important
because it directly impacts the signal level and signal-to-noise ratio of the NSTX-U high-k scattering
diagnostics. Ideally, laser output power should remain constant. However, FIR laser power fluctuates due
to variations in formic acid gas pressure and thermal expansion-induced cavity length changes. Generally,
higher gas pressure reduces peak power but improves robustness against cavity length variations.
Through laboratory testing, we identified an optimal operating regime that delivers sufficient output
power (>10 mW) while incorporating a cavity length feedback system, significantly improving FIR laser
output power stability.

The FIR laser delivers maximum output power when the cavity length satisfies the resonant condition.
However, in practice, we observe a gradual decrease in FIR output power over time, as shown in Fig. 10.
This monotonic decrease stems from the deterioration of the resonant condition, primarily caused by
thermal expansion of the laser cavity, where rising temperatures elongate the cavity length. Consequently,
diminishes as operation time increases. As demonstrated in Fig. 10, the FIR laser power drops to half of
its initial value within the first 135 seconds of operation. Thus, active feedback control of the cavity length
is essential to stabilize power output. To optimize this feedback system, a thorough understanding of the
relationship between output power and cavity length adjustment is the beginning.
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Figure 10. The FIR laser output power's natural temporal decay during operation. This power decrease occurs because thermal
expansion gradually alters the cavity length, taking it out of the optimal resonant condition.
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As shown in Fig. 11, a computer-controlled stepper motor stage actively adjusts the cavity length. By
simultaneously monitoring the FIR laser output power, we establish the precise relationship between
cavity length adjustment and power output. Through rapid scanning (under 20 seconds) across 1000
discrete positions within a 2 mm length adjustment range, we obtain the characteristic curve presented
in Fig. 12. It shows the variation of FIR laser intensity with controlled cavity length adjustments, defined
as cavity shift. The peak-to-peak distance is approximately 216 um, which is about half of the wavelength
(A, = 432.6 um). Furthermore, when zooming in on a single peak structure, small fluctuations are
observed with a periodicity close to a quarter of the CO, laser wavelength (A, = 9.27 um). The difference
between the FIR and CO, laser resonance structures derive from their cavity lengths. For the FIR laser, the
resonant space is defined between the metallic mesh and the rear mirror, both of which can be
approximated as perfect electric conductors. This results in the boundary condition k;d, = nm, leading

. T A . . .
to a resonance spacing of Ad; = Pl 71, where k; is the wavenumber of the FIR laser, n is an integer

number, A, represents the FIR wavelength, and d; is the FIR laser cavity length. In contrast, for the CO,
laser, the resonant space is between the front and rear mirrors, with the front mirror being a dielectric
wafer. This modifies the resonance condition to 2k,d, + ¢ = nm, where d; is the resonant cavity length,
kz is the wavenumber of the CO, laser, and ¢ accounts for the phase shift upon reflection from the front

. . L A
mirror surface. Consequently, the resonance spacing is given by Ad, = :2 , Where 1, represents the CO>

laser wavelength, which agrees well with the experimental results as shown in Fig. 12.

Stepper motor stEEe

FIR Lager ponwer
detieciorn

FIR laser output Cavity length

Figure 11. FIR laser cavity alignment setup. The detected FIR laser power is transmitted to a computer, which controls a stepper
motor to fine-tune the cavity length and optimize the FIR laser output power.

Based on the established relationship between FIR laser power and cavity length (Fig. 12), we can now
implement real-time feedback control. By continuously monitoring output power variations, the system
detects cavity length changes induced by thermal expansion and automatically adjusts the position via
the stepper motor stage. This active compensation mechanism effectively maintains optimal cavity length
and will improve FIR laser power stability during operation.
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Figure 12. FIR output intensity with cavity shift measured under Formic acid gas pressure around 150 mTorr

Figure 12 reveals that cavity shift-induced FIR output power fluctuations are fundamentally linked to
CO, laser resonance conditions, creating demanding requirements for the feedback system through both
increased adjustment precision and correction frequency. To address these challenges while maintaining
output stability, we developed a strategy to smooth the characteristic curve by modifying the CO, laser
absorption efficiency. Experimental verification, as shown in Fig. 13, demonstrates that increasing formic
acid gas pressure from 120-178 mTorr to 190-221 mTorr significantly reduces fluctuation amplitudes in
the resonance characteristics. This pressure-dependent behavior confirms that operating at elevated
pressures (190-221 mTorr range) provides three key advantages: (1) smoothed power-length dependence
that relaxes feedback control requirements, (2) enhanced FIR output stability, and (3) improved system
robustness for practical implementation. The results establish gas pressure optimization as an effective
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approach to mitigate resonance-related fluctuations. Increasing the formic acid pressure enhances the
absorption of the pump beam, which reduces the amplitude of the standing waves and results in a
smoother curve when the cavity length is scanned (Fig. 13). Through systematic testing, we identified 190
mTorr as the optimal operating pressure that achieves the critical balance between stability and
performance.
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Figure 13. Scanning Cavity under different gas pressures

Since the main resonance structure of the FIR laser will shift to the right due to thermal expansion,
this leads to an intensity drop if the cavity remains stationary. To address this, a feedback control system
is implemented for automatic cavity optimization. The system continuously monitors the FIR power, and
once the intensity drops to 80 % of its original value, it drives the stepper motor to adjust the position of
the mesh and front mirror, shifting the cavity to the right to find the optimal position. It operates
automatically to maintain the cavity at its optimal position, with each adjustment process taking
approximately 10 seconds. With the feedback control system, the output power can be maintained over
a long time period, as shown in Fig. 14, where the downward peaks correspond to the auto-adjustment
process. As shown in Fig. 14, without auto-adjustment, the output power decreases to zero within 4
minutes, whereas with auto-adjustment, the output remains in standard deviation values in 10% over an
extended period. The regular adjustment initially occurs approximately every 2 minutes. After about 1
hour, the system reaches thermal stability, and the adjustment interval increases to around 20 minutes.
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Figure 14. FIR laser intensity evolution with feedback control, where P /Py, ., and Py, refers to the maximum power intensity.
V: CONCLUSION

The NSTX-U high-k scattering diagnostic requires a stable 693 GHz FIR laser source delivering ~ 30 mW
output with quasi-Gaussian beam profile (10.8 mm waist) and < 20 % power drop during plasma
measurements. This work demonstrates a complete optimization solution through: (1) precision optical
alignment achieving the Gaussian beam profile, (2) CO, pump laser and feed-in system configuration
maximizing power output, and (3) an operational balance of 190 mTorr gas pressure with active cavity
length feedback control ensuring power stability. The developed techniques, including detailed alignment
procedures and stability enhancement methods, provide a replicable framework for other laser-aided
diagnostics, offering improved beam quality, higher output power, enhanced output power stability,
reduced maintenance requirements, and extended laser system lifetime while lowering operational
complexity.
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