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Abstract: Demand for complex, application-specific optics requires processes that deliver
high surface quality and figure accuracy at reduced cost and lead time. This work investigates
laser beam figuring (LBF) as a deterministic, laser-based step in an integrated manufacturing
chain for fused silica optics. LBF uses spatially selective CO,-laser irradiation to remove
material in the nanometer range according to the difference between the actual and target surface
geometry. Pulse-duration modulation enables precise depth control while maintaining low surface
roughness. Building on previous studies, we address two critical gaps in the state-of-the-art.
First, we experimentally determine the long-term stability of laser-induced densified regions
over an unprecedented 80-week observation period, demonstrating statistically robust process
stability essential for industrial applications. Second, we systematically map the transition from
densification-dominated regimes (< 10 nm) to true ablation, identifying optimal process windows
(dx = 10 um, dy = 30 wm) that enable reproducible nanometer-scale figure correction with area
rates competitive to conventional methods. Figure error correction experiments demonstrate RMS
reduction from 79.2 nm to 30.6 nm in a single pass. However, LBF introduces high-frequency
surface features (A < 100 wm), suggesting integration with chemo-mechanical post-polishing for
applications requiring ultra-smooth surfaces. The results provide a quantitative foundation for
LBF as a complementary technology to ion beam figuring and magnetorheological finishing,
particularly suited for rapid prototyping and laser-based process chains.
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1. Introduction
1.1. Manufacturing processes for optical elements

Manufacturing processes for optical components are classified into the main groups of primary
shaping, forming, material removal, joining, coating, and altering material properties [1-5]. For
glass optics, two primary manufacturing routes exist which are called forming and material
removal.

Precision glass molding, a forming process, is a cost-effective method for the mass production
of complex optical elements, including aspheres. However, its inherent limitations in achievable
surface finish and form accuracy necessitate subsequent finishing steps for high-end applications
[6]. The alternative route is material removal, a sequence of subtractive processes. Initial shaping
is typically performed by grinding, which utilizes a tool with bonded diamond abrasives with
grain sizes approx. 2—400 um to establish the basic geometry. A critical consequence of grinding
brittle materials like glass is the induction of subsurface damage [6]. This damaged layer must be
removed through finer abrasive techniques. Lapping employs a loose abrasive to remove the bulk
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of the subsurface damage and improve form accuracy. The final optical-grade surface is achieved
through polishing, a chemo-mechanical process where a slurry and pad interact to produce a
smooth surface with minimal roughness [6].

The selection between these routes is primarily economic: precision molding is favored for
high-volume production due to low per-unit costs, whereas subtractive processes are more viable
for low-to-medium volumes as they avoid the high initial cost and lead time of mold fabrication
[7,8]. To meet the most stringent specifications for surface form error, conventional polishing is
often insufficient. Advanced, deterministic finishing processes are required to correct residual
form errors and mid-to-high spatial frequency waviness. These technologies include Fluid Jet
Polishing (FJP) [9,10], Plasma Jet Machining (PJM) [11,12], Magneto-Rheological Finishing
(MRF) and the related bonnet polishing process [13—16], and Ion Beam Figuring (IBF) [17-19].

MRF is a finishing process that uses suspension of magnetic particles in place of a conventional
polishing tool. When a magnetic field is applied, the particles become polarized and form
solidified chains along the field lines, the stiffness of which can be altered by varying the field
strength. The surface to be processed is moved over this suspension and pressed slightly into the
fluid. Material removal is achieved by the motion of a disc or wheel and the abrasive medium
within the viscous suspension. The amount of locally removed material is governed by the dwell
time of the workpiece, whose movement is typically computer-controlled. In conjunction with
measurement data, the actual surface of the optics is corrected to match the target surface. The
MREF process does not induce damage to the processed surfaces. MRF enables the nano-finishing
of convex surfaces with small radii of curvature, achieving a surface roughness of Ra=2.4nm [15]
and below. However, the dimensions of the carrier wheels impose limitations on the processing
of concave and complex surfaces. Typical processing times for precision MRF polishing of
fused silica aspheres range from 20 min to several hours, depending on the size of the area being
corrected. The size of the carrier wheel also limits the spatial resolution of MRF to surface
wavelengths of approximately Ao > 3000 um [13-15].

Another method for surface figuring optical elements, particularly aspherical lenses, is Ion
Beam Figuring. IBF is based on particle collisions at the atomic level, where the structural and
chemical properties of solid materials are intentionally altered by high-energy ion bombardment.
This process is typically conducted in a vacuum chamber and removes material from the surface
region on a scale of a few nanometers. The longer the dwell time of the ion beam at a specific
location, the greater the local material removal. The primary advantage of IBF over conventional
polishing methods is its non-contact nature. IBF is well-suited for the final finishing and
figuring of optical elements that demand extremely high surface quality with corrected mid- and
high-spatial frequency errors, such as those used in Extreme Ultraviolet (EUV) lithography and
soft X-ray optics [18]. Using IBF, a root mean square roughness of less than 0.2 nm can be
achieved. A disadvantage, however, is that this process is limited to niche optics, materials, and
specifications for various reasons. Due to the complex equipment and the low removal depth per
cycle compared to mechanical polishing methods, IBF is cost-intensive and difficult to implement
for large optical elements [17-19].

1.2. Laser-based manufacturing of optical elements

The increasing complexity of optical systems demands geometrically sophisticated optical
elements, posing significant challenges to established manufacturing processes. Laser-based
machining technologies offer substantial advantages over conventional mechanical processes
through non-contact processing, high flexibility, and reduced processing times. Precise control
of laser parameters enables both the fabrication of complex surface geometries and highly
automated process control with reduced manufacturing costs. Pioneering work on laser-based
manufacturing of fused silica optical elements was conducted by Nowak et al. [20,21]. Using
acousto-optically modulated CO; laser radiation, they achieved controlled material removal up to
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30+ 0.15 wm depth with crack-free processing. Removal rates correlate directly with radiation
intensity, pulse duration, and spot size. Besides shape manufacturing Nowak demonstrated
pulsed laser polishing of the ablated surfaces with polishing rates up to 0.27 cm?/s, where the
area rate denotes the processed surface area per unit time [20]. Parallel developments by Hecht
[22] and Richmann [23] established continuous CO; laser polishing processes for fused silica,
based on Temple et al. [24]. This technique reduced surface roughness from 200 - 800nmto 5 -
15 nm at area rates of 0.21 cm?/s [25]. Building on these foundations, Fraunhofer ILT developed
an integrated laser-based process chain for spherical, aspherical, and freeform optical elements
in 2011 [26]. This three-stage process chain comprises shape generation through laser-induced
ablation, surface polishing, and figure error correction.

Form generation utilizes either CO, laser radiation or ultrashort pulses. USP lasers offer higher
lateral resolution (0.1 - 0.5 um vs. 10 - 40 pm) and material versatility but cause higher costs
and microcrack formation [2]. Selective Laser-induced Etching (SLE) combines laser-induced
structural modification with wet chemical etching (KOH/HF), achieving up to 10.000-fold
increased etch rates [27,28].

Laser polishing employs 2D galvanometer scanners for oscillating beam deflection, achieving
homogeneous energy distribution along one line [29]. Surface temperature reaches the softening
range below vaporization temperature, enabling surface tension-driven redistribution of the glass
resulting in improved surface quality [22,25]. Spectral roughness analyses show comparable or
lower Sa values compared to conventional polishing for spatial wavelengths A < 100 um [3,30].
For A > 100 um, Sa values increase, requiring subsequent figure error correction.

1.3. Laser-based figure error correction using laser beam figuring

Local figure correction of fused silica surfaces can be performed using Laser Beam Figuring
(LBF), a process where laser radiation is employed for the site-selective, nanometer-scale removal
of material from a surface. Initial investigations into the nanoscale laser-based material removal
from fused silica were conducted by Nowak et al. in 2003 [21]. This early work on single-pulse
ablation was followed by further studies from Wlodarczyk [31], Robin et al. [32], and Elhadj
et al. [33]. A common element in these experiments was the use of a CO; laser source, with
variations in beam diameter and laser power depending on the focusing optics employed.

Heidrich et al. were the first to investigate the LBF process specifically for the deterministic
figure correction of fused silica surfaces [2,26,34]. Their work compared the effects of CO,
laser radiation with that of USP lasers. It was demonstrated that USP laser processing had a
minimum achievable removal depth of 210 nm, rendering it unsuitable for the correction of
surface form errors in the low single- to double-digit nanometer range. While early investigations
using conventional ultrashort pulse lasers reported subsurface damage including micro-cracks
[2,26,34], recent advances in GHz-burst mode femtosecond processing have demonstrated
improved surface quality [35]. However, the CO,-based LBF approach investigated in this
work offers distinct and complementary advantages. First, it enables full-aperture figure error
correction over areas exceeding 16 x 16 mm?, in contrast to the localized polishing demonstrated
in [35]. Second, it can be seamlessly integrated into a laser-based process chain spanning ablation,
laser polishing, and LBF without requiring tool changes. Third, the approach demonstrates
quantified long-term stability over 80 weeks, which is critical for applications with stringent
environmental specifications and has not been demonstrated for fs-processed surfaces. Fourth, it
provides precise control over densification-dominated regimes with less than 10 nm removal for
ultra-fine corrections. Finally, CO; lasers offer significantly lower capital and operational costs,
being 10 - 20x more economical than femtosecond systems. These factors position CO,-LBF as
a complementary, rather than competing, technology particularly suited for rapid prototyping
and industrial-scale manufacturing.
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Complementary research using femtosecond laser processing has explored alternative ap-
proaches to fused silica surface modification. Qiao et.al [35] investigated GHz-burst mode
femtosecond laser polishing, demonstrating roughness reduction on small areas (6 x 6 um?
evaluation regions) of pre-polished substrates. While these fs-laser techniques achieve high
lateral resolution (< 1 um), they differ fundamentally from the present work in scope in that
fs-polishing targets local surface smoothing on already polished optics, whereas the CO,-LBF
process addresses full-aperture figure error correction with removal depths from sub-nm to 45 nm
across cm’-scale areas.

Investigations by Weingarten [3] employed modulated CO; laser radiation for both single-pulse
and area-wide removal. The studies showed that the fused silica surface could be densified and
ablated over a wide area. However, the laser source used did not permit the precise control over
the removal depth that is a critical prerequisite for the fabrication of high-end optics. Building
upon the previous findings, Uluz [30] investigated the removal behaviour and reproducibility of
the LBF process using a power-stabilized CO, laser source. Following a thermal annealing cycle
applied to a fused silica sample (using parameters P_ =25 W, t, =45 ps, and ds = 246 ym), the
surface topography was analyzed. The measurements yielded a mean surface deviation of z,, =
0.73 nm with a corresponding standard deviation of + 0.45 nm. The original study [30] noted that
the resulting large relative uncertainty (61.6%) was attributed to the 1 nm resolution limit of the
measurement instrument. However, a rigorous interpretation of this finding must account for
this instrumental limitation. Given that the calculated mean value of 0.73 nm is smaller than the
instrument’s specified resolution limit (1 nm), the reported value falls below the threshold of
detectable change. Therefore, these data do not provide statistically significant evidence of a
net, area-wide material removal. The measured fluctuations are consistent with the instrument’s
measurement uncertainty and noise floor when operating at its detection limit. A summary of
experimental investigations into the nm-scale laser ablation of fused silica is presented in Table 1.

Table 1. Overview of experimental investigations into laser-based nanometer ablation.

Author, Nowak, | Wlodarczyk, | Robin, | Elhadj, Heidrich, Weingarten, | Uluz, Qiao,
Year 2003 2011 2012 2012 2014 2017 2021 2025
Laser mode modulated cw cw | pulsed modulated GHzBurst
Laser source CO;-Laser USP CO;-Laser USP
PpLinW N/A 17 4.5 6.5-72 | 16 35 25 25 40
tp in us 50 10 250-103 | 5-10 |230| 1-107° 80 45 21077
dp, in um 47 47 700 1000 | 250 50 300 246 6.2
single- single- | single- single-
Removal shot line shot shot |area| shot area area area
Zap in NM 200 7 30 100 6.3 210 3 0.73 10
$Zab/2ab in 25 N/A N/A N/A (349 N/A 114 61.6 N/A
o

While the studies established the fundamental feasibility of laser-based nanoscale material
removal, several critical aspects remain insufficiently characterized for industrial deployment.
Most notably, the long-term stability of laser-induced surface modifications prerequisite for
optical applications with stringent environmental specifications has not been rigorously quantified
beyond short observation periods. Additionally, the interplay between process parameters (pulse
duration, spatial overlap) and the resulting surface quality across different removal regimes
requires systematic mapping to define reproducible process windows. Finally, comparative
benchmarking against established deterministic finishing technologies (MRF, IBF) is needed to
position LBF within the broader manufacturing landscape.
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This work directly addresses these deficits through three key contributions. First, an 80-week
metrological study quantifying the temporal stability of densified surfaces using a hierarchical
statistical model (Linear Mixed Model, LMM) that explicitly accounts for spatial process
inhomogeneity, demonstrating no statistically significant relaxation within the observation
window. Second, comprehensive parameter mapping to identify the transition from densification
to ablation-dominated regimes, establishing optimal operating points that balance removal
efficiency with surface quality. Third, experimental demonstration of figure error correction on
laser-polished substrates, revealing both the process capability (RMS reduction from 79.2 nm to
30.6 nm) and inherent limitations. These results provide a quantitative basis for integrating LBF
into laser-based manufacturing chains for high-precision fused silica optics.

2. Materials and methods

2.1. Experimental setup

The experimental setup, based on the work of Weingarten [3], and Uluz [30], employs a power-
stabilized CO, laser source. An acousto-optic modulator (AOM) is used to modulate the laser
pulses. The pulses are subsequently guided over a beam path of ~ 10 m via highly reflective
mirrors. Figure 1 depicts the experimental setup used for processing the glass substrates via LBF.

PWM AOM 0™ order
[ Z'\ : _.hc,am_4 Beam Trap

CO,-Laser, G-

RF- Actuall Modulation of
Modul laser amplitude and
power| pulse duration Laser

2D-Galvanometer

A4 Collimation

Computer F-theta
lens

T P X-Y-Table

Fig. 1. Experimental setup for the processing of fused silica samples using LBF

The beam source utilized in this work is a power-stabilized CO; laser (Coherent, Inc., model
Diamond CX-10L LCU) with a wavelength of A =10.6 um [36]. A downstream pulse-width
modulator (PWM) provides closed-loop control of the laser power, adjusting the output until
a predefined setpoint is reached. An AOM is used to shape the beam into rectangular pulses.
The beam is diffracted by the AOM’s optical grating, and the first-order diffracted beam has a
maximum amplitude efficiency of > 85%. The AOM can deflect a maximum laser power of 125
W at a frequency of 40.68 MHz and has a specified rise time of < 80ns [37]. A 5™ generation
Real-Time Control card (Scanlab GmbH) is employed to control the amplitude and duration of
the rectangular pulses [38]. This control card ensures the synchronous operation of the AOM
and a 2D galvanometer scanner. Following the AOM, the modulated beam is collimated using a
plano-convex zinc selenide lens. The initially linearly polarized radiation is then converted to
circular polarization by a M4 phase retarder. The 2D galvanometer scanner deflects the circularly
polarized pulses, and an f-theta lens focuses the deflected beam onto the sample surface. The used
f-theta lens has a focal length of 200 mm. The sample is positioned underneath the scanner using
a 3-axis stage system. The used LBF scanning strategy is shown in Fig. 2. A unidirectional scan
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path with velocity vy, moves the focused laser beam dg across the sample surface. Individual
laser pulses are separated by the pulse distance dx in the scan direction (intra-scan overlap). After
completing one scan line, the beam path is displaced by the track distance dy perpendicular to the
scan direction (inter-scan overlap). Continuous areal processing is achieved through overlapping
pulses in both directions, with dx and dy controlling the degree of overlap and thus the local
energy deposition and resulting surface modification depth.

Fig. 2. Schematic of the LBF scanning strategy. The laser spot follows a unidirectional
scan path with pulse distance dx (along track) and track distance dy (between successive
scan lines).

The pulse duration range investigated in this work (20-52 ps) was selected based on previous
studies [3,30] and thermal modeling considerations. According to the heat diffusion equation
for CO; laser-glass interaction, the thermal penetration depth Ly, = 24/(k-tw), where k is the
thermal diffusivity and tw the interaction time, is approximately 2—5 um for this parameter
range. This ensures confinement of the thermally affected zone to the near-surface region while
maintaining peak temperatures within the densification regime (1600-2200 °C) without excessive
vaporization. The acousto-optic modulator’s rise time of < 80 ns [37] enables precise temporal
control, which is critical for achieving reproducible nanometer-scale removal depths.

To investigate deterministic material removal, flat fused silica samples are clamped into a
custom sample holder. This holder allows for positioning the sample under the 2D galvanometer
scanner with a repeatability of <5 um [30]. This level of precision is critical because the LBF
process is site-selective. Any displacement of the sample during processing or upon re-positioning
for subsequent correction passes would result in errors in the removal depth at the targeted surface
locations. To ensure process reproducibility, all experiments were conducted under controlled
laboratory conditions. Laser power stability was continuously monitored using the PWM feedback
system, maintaining Pr, =25 W +£0.5% throughout all experiments. Each parameter set was
replicated on N = 3 spatially separated test fields to quantify inter-field variability.

2.2.  White light interferometry

The achieved removal depths were measured using a White Light Interferometer (WLI) (Zygo,
Nexview NX2). The instrument is equipped with four magnification objectives (1.4x, 5.5x%, 20x,
and 50x) and additional zoom lenses (0.5x, 1x, and 2x). The system’s optical resolution is
520 nm, achieved with the 50x objective. Depending on the selected magnification, the sampling
interval ranges from 0.09 um/pixel to 12.38 um/pixel, corresponding to a field of view between
0.09 x 0.09 mm? and 12.38 x 12.38 mm?. The vertical resolution is specified as < 1 nm across all
configurations [39]. Data analysis was performed using the manufacturer’s proprietary software,
MetroPro.
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Continuous areal material removal in the LBF process is achieved by the spatial overlap
of individual laser pulses in both the pulse and track directions. To characterize the process,
a precise methodology was developed for evaluating the resulting surface topography. The
ablation depth is defined as the mean height difference between the processed test surface and
an immediately adjacent, unprocessed reference surface. This local referencing is critical to
compensate for the influence of any global sample tilt, which can otherwise introduce significant
errors when measuring removal depths on the nm scale. The investigation of process parameters
was conducted on an 8 X 8 matrix of 2x 2mm? test fields. Each second field is processed
resulting in a chessboard pattern. To ensure statistical robustness and quantify reproducibility,
N =3 identical test fields were processed for each parameter set. For the quantitative analysis, a
1 x 1 mm? square region of interest (ROI) was defined at the center of each test field (see Fig. 3).
All reported depth values represent the mean of these N = 3 repetitions. This entire evaluation
process was performed by a custom automated script to ensure objectivity. For the evaluation
of areal process homogeneity over mm?-scale regions, WLI provides both the required spatial
sampling and sub-nm vertical resolution, whereas localized probe-based techniques (e.g., AFM)
would undersample the characteristic process wavelengths (10-100 pum).

Reference field

Test field 10
ROI
Initial state |
nm
Parameter field _ | | -10

Fig. 3. WLI scan of a fused silica flat sample after processing by LBF, shown in false
color (pre-annealing). The white square indicates the 1 x 1 mm? region of interest used for
quantitative depth evaluation inside a test field.

2.3. Fused silica

The experiments described in this work were conducted on flat samples of fused silica (Corning
7980). Compared to other optical glasses, fused silica is exceptionally well-suited for laser-based
thermal processing. Its high thermal resistance, characterized by a glass transition temperature
of approximately 1585°C and a thermal shock resistance exceeding 2000 °C under atmospheric
conditions, allows it to be processed without cracking. Furthermore, its high absorption coefficient
of o> 80% at the CO; laser wavelength of A = 10.6 um makes it highly compatible with the beam
source used. The material’s low mean coefficient of thermal expansion, approximately 5.0 -
10—7 K™, is also critical. The LBF process is capable of inducing localized heating up to the
vaporization temperature without causing crack formation in the surrounding material, a key
advantage for high-precision surface modification [40]. For this study, two main categories of
fused silica samples were investigated. The first category consisted of conventionally polished
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substrates with an initial surface flatness of A/20, available in two geometries: square plates
of 20x20x 10 mm> and 80x80x3 mm>. The second category, utilized specifically for
investigations on laser-based figure error correction, comprised 1-inch diameter, 5 mm thick fused
silica discs. These discs were fabricated via laser polishing in a preceding step of a laser-based
optics manufacturing process, with parameters detailed in [29]. It is known that the initial form
accuracy of such laser-polished substrates varies significantly more than that of conventionally
polished optics. A primary objective of these experiments was therefore to demonstrate that the
LBF process can rapidly and cost-effectively improve the surface form of these substrates to meet
standard specifications of the optics industry.

3. Results
3.1. Densification of areas

For LBF, the ability to induce precise and stable topographical changes is paramount. The
primary metric for this process is the resulting surface ablation, which we define here as the
processing depth, z,,. A detailed discussion of the different interaction regimes for fused silica,
which are critically dependent on the applied pulse duration, is provided in [3,4,30]. The authors
delineate a progression of material modification: At specific parameters, material removal is
inhibited, and the primary observed effect is localized densification. As the interaction parameters
change, this transitions into a regime governed by exponential ablation characteristics, which is
ultimately superseded by a third regime defined by linear material removal.

Each colored field in Fig. 4 represents a 2 X 2 mm? area processed with a specific pulse duration
(20-40 ps), resulting in different densification depths (indicated by the false-color scale). The
alternating pattern of processed and unprocessed fields enables differential height measurement
using white light interferometry.

t36ps ESps 30 ps EOps I
28 ps 30 us :’_-EZ us E4 us

20 ys 22 us 24 us 26 ps

e 20 nm
E-E-KE-E-)

24 s 26 us 28 ps - 30 us

E6 us E us 20 ps 22 ps
28 ps 30 ps ‘;32 s E4 Hs

20 ps 22 ys 24 us 26 ps

4 mm -20 nm

Fig. 4. False-color WLI image of a fused silica sample, showing densified areas generated
by LBF with varying pulse durations to investigate their long-term stability. Py, =25W, frep
=1kHz, dx=dy=17.3 um and dg =212 pm.

To evaluate the long-term stability of this effect, a comprehensive experimental study was
initiated. The investigation involved the creation of chessboard-patterned fields (see Fig. 4) on
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fused silica samples, processed using a range of laser pulse durations that lead to densification.
For statistical robustness, three identical test fields were generated and characterized for each
distinct pulse duration. The topographical evolution of these fields was measured over an extended
period using WLI, with measurements conducted at aperiodic intervals. The measurements for
this long-term densification study were recorded in calendar week 3 of 2023 in Aachen, Germany.

The temporal evolution of the densification depth for four representative pulse durations is
presented in Fig. 5, covering an observation period of 80 weeks. To assess the long-term stability
of the induced densification, the surface depth z was monitored over an 80-week period. The
experimental methodology was designed for statistical robustness and to distinguish process
variability from measurement noise. At each time point, N = 3 distinct fields were processed and
measured. Each final data point represents the average of 5 WLI acquisitions per field, which
minimizes random instrument noise (specified uncertainty 1 nm, laboratory environment + 1 K).

0 ll 1 m t=20ps
[ ] * t=32ps
i i 4 t=34ps
-3 4 ‘,} J v t=36us
S L
c
c
N 0
=
Q
@
O -9
—-12 4
=15 —tr - r - rrrr 1t 11t 11

0 10 20 30 40 50 60 70 80 90
Time t in weeks

Fig. 5. Long-term stability of LBF-densified surfaces on fused silica: Mean densified
depth plotted against time for a selection of different laser pulse durations. Error bars
represent + se (standard error of mean, N =3 fields per time point). Py, =25W, frep = 1 kHz,
dx=dy=17.3 um, and dg =212 um.

To validate this metric, a combined measurement uncertainty u. was derived according
to the GUM guidelines. The model accounts for the statistical spatial variability ugy, the
systematic instrumental resolution ugs ~ 0.29 nm, and thermal expansion effects uperm. Due to
the differential measurement principle relative to the substrate, unerm Was found to be negligible
(< 107 nm). Consequently, the total uncertainty is dominated by the process inhomogeneity
(uc = ugae). This observation is empirically corroborated by the sub-threshold reference group
(tp =20 ps). While the measured mean depth is physically negligible (-0.4 nm), the statistical
uncertainty remains at 0~ ~ 2.1 nm. This value effectively defines the detection limit of the
experimental setup, imposed by surface roughness and spatial process variability.

Visual inspection of the time-series data in Fig. 5 suggests high stability, with no systematic
drift or degradation visible over 80 weeks. To quantitatively assess whether any relaxation
occurred, a Linear Mixed Model (LMM) was fitted to the quality-filtered dataset (N =239
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observations; RMS;.s quality threshold < 3 nm applied):

densification depth ~ pulse duration X calendar week + (1 [Subfield)

Fixed effects comprised pulse duration, calendar week as a continuous time variable, and their
interaction. A random intercept per Subfield (A, B, C, corresponding to lower, middle, and
upper sample regions) explicitly modelled systematic spatial process inhomogeneity attributable
to focus-position-dependent variations (Osypfield = 1.352 nm, Oyjnin = 1.310nm, ICC = 0.516).
The scatter visible in Fig. 5 is consistently explained by spatial process inhomogeneity between
Subfield positions (Osybfield = 1.352 nm), attributable to focus-position-dependent variations,
rather than by temporal relaxation, a distinction that the LMM captures explicitly through its
random-effect structure. Model parameters were estimated by Restricted Maximum Likelihood
(REML) and the p-values were obtained using Satterthwaite’s method with Kenward-Roger
degree-of-freedom correction (Ime4/lmerTest, R). The results are summarized in Table 2.

Table 2. Statistical analysis of densification stability
over 80 weeks (N =239 observations after quality
filtering). Linear Mixed Model (LMM) with Subfield as
random effect (0sypfield = 1-352 NM, Oyjthin =1.310 M,
ICC = 0.516). All LMM p-values use Kenward-Roger
degree-of-freedom correction (ds ~ 229).

Pulse duration in ps LMM

Rate in nm/week (95% CI) | p-value
20 -0.0002 [-0.015, +0.015] 0.979
32 +0.0027 [-0.012, +0.018] 0.723
34 +0.0067 [-0.008, +0.021] 0.366
36 +0.0087 [-0.005, +0.023] 0.223

The LMM ANOVA (Type III) confirmed a significant effect of pulse duration on densification
depth (F(3,229) =348.55, p <0.001), consistent with the established parametric dependence
reported in [3,30]. Critically, neither the main effect of time (F(1,229) =1.451, p=0.230) nor
the interaction between pulse duration and time (F(3,229) =0.292, p = 0.832) reached statistical
significance. Marginal relaxation rates estimated via emtrends in RStudio ranged from -0.0002 to
+0.0087 nm/week across all pulse durations, with all 95% CI encompassing zero (Table 2). The
t, =20 ps parameter showed no measurable rate (p =0.979), as expected for this sub-threshold
condition.

These results indicate that no statistically significant temporal relaxation of the densified
surfaces is detectable over 80 weeks. All estimated rates are small in absolute magnitude (<
0.009 nm/week), he maximum point estimate corresponds to less than 0.7 nm over 80 weeks,
within the detection limit of the experimental setup (¢~ ~ 2.1 nm). The systematic spatial
variability between Subfield positions accounts for approximately half of the total measurement
variance and is explicitly modelled in the LMM rather than propagated as a source of error in
regression slopes. Critically, visual inspection using optical microscopy confirmed no evidence
of crack formation, delamination, or other modes of surface degradation on any processed area
across the entire 80-week observation period.

For industrial applications, the key finding is that densified surfaces remain stable within the
measurement uncertainty over at least 80 weeks for all investigated pulse durations. Given the
current data, extrapolation of stability beyond the 80-week observation window is not statistically
justified.
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3.2. Ablation of areas

The optimal process parameters for areal material removal were determined through a systematic,
two-phase experimental study. For all experiments, a unidirectional scanning strategy was
employed with a fixed pulse-to-pulse distance of dx = 10 um. The first phase involved a broad
parameter screening, followed by a second phase that refined the process window using a smaller,
statistically validated set of parameters. For both phases, parameter sets were processed in
a randomized chessboard pattern to minimize thermal pre-heating effects. The results of the
quantitative analysis are summarized in Fig. 6.
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Fig. 6. Quantitative results of the parameter screening on areal laser ablation, showing
ablation depth (left panel) and RMS surface roughness (right panel) as a function of pulse
duration for various track distances dy. All experiments were conducted with a single pass
using Pp, =25 W, dx = 10 um and dg =326 um.

Based on the initial screening, the fundamental process characteristics were identified, showing
that the ablation depth increases with the pulse duration t, and decreases with track distance. This
study identified that very large track distances (dy > 60 wm) result in poor surface quality due to
insufficient track overlap, while the smallest track distance (dy = 7.5 wm) also produced higher
roughness at increased pulse durations. The refined study (Fig. 7) provided a more detailed view,
confirming these trends and clearly showing a transition from a material densification-dominated
regime (zy, < 10nm for t, <47 us) to a true ablation regime, marked by a disproportionate
increase in both removal depth and surface roughness for t, > 50 us. Throughout both studies, a
track distance of dy = 30 um consistently yielded a favourable combination of controlled removal
and low surface roughness. To investigate the crucial trade-off between process efficiency and
final surface quality, a detailed topographical analysis was performed. Figure 7 present direct
comparisons of surfaces processed to nearly identical ablation depths using different parameter
sets.

The first comparison Fig. 7, (1) and (2), for a target depth of ~ 26 nm, shows that using a larger
track distance dy = 30 um results in a significantly smoother surface of 1.3 nm RMS compared
to a smaller track distance dy = 7.5 um, with 2.3 nm RMS, as evidenced by the more uniform
texture and reduced PV variations visible in the topography map while simultaneously reducing
the processing time by a factor of four. This finding is reinforced by the second comparison
Fig. 7, (3) and (4), for a greater target depth of ~ 45nm. Here again, dy =30 um produced a
superior surface finish with 2.1 nm vs. 2.8 nm RMS and halved the processing time compared to
using dy = 15 um. In conclusion, these investigations consistently demonstrate that employing a
larger track distance, when appropriately paired with pulse duration, not only enhances process
efficiency but also produces a superior surface finish for a given ablation depth. Based on these
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Fig. 7. WLI topography maps comparing LBF strategies for two target ablation depths.Panels
(1) and (2): ~26 nm depth using dy =30 um, tp =50 ps vs. dy =7.5 um, t, =47 us (RMS
= 1.3nm vs. 2.3nm). Panels (3) and (4): ~45nm depth using dy = 15 um, t, =50 us vs.
dy =30um, tp =52 us (RMS = 2.8 nm vs. 2.1 nm). All processes: single pass, P, =25 W,
dx =10 um, dg =326 um.

comprehensive results, the optimal parameters for this LBF process were determined to be a
pulse distance of dx = 10 pm and a track distance of dy = 30 um.

The observed transition for t, between 47 us and 50 us corresponds to a shift in the dominant
material removal mechanism. For t, <47 ps, the induced surface depression results primarily from
glass network densification. A rapid cooling from the melt/softening temperature (1600-2000
°C) freezes a higher-density structural configuration, manifesting as a topographical depression
without mass loss. This mechanism is supported by the reversibility of the effect upon thermal
annealing [3]. At t, > 50 ps, the increased energy input raises the surface temperature above
the vaporization threshold, initiating material evaporation. This transition is evidenced by
the disproportionate increase in removal depth from less than 10 nm to 45 nm despite modest
pulse duration change, concurrent roughness increase from 1.3 nm to 2.5 nm RMS indicating
non-uniform evaporation fronts, and visible changes in processed surface morphology under
optical microscopy. The intermediate regime at t, = 47-50 ps exhibits mixed characteristics, with
both densification and incipient ablation contributing to the net removal.

The identified optimal spatial parameters (dx = 10 um, dy = 30 um) correspond to pulse and
track overlaps of 97% and 91%, respectively, relative to the laser spot diameter dg =326 um.
This high degree of overlap is necessary to ensure continuous densification/ ablation across
the processed area while avoiding excessive thermal accumulation. The larger track distance
(dy/ds ~ 0.09) compared to the pulse distance (dx/dg = 0.03) reflects the unidirectional scanning
strategy. Thermal pre-heating along the scan direction enables tighter pulse spacing, whereas
inter-track thermal gradients necessitate wider track separation to prevent cumulative heating
effects that would otherwise increase surface roughness.
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3.3.  Figure error correction using LBF

This section investigates the figure error correction of a ground and subsequently laser polished
fused silica substrate using LBF. The initial ground and laser polished surface, characterized over
an 8 X 8 mm? area, exhibited significant form deviation and high roughness, with an unfiltered
RMS value of 79.2 nm. The objective is to reduce the substantial initial form error, on the order
of several hundred nanometers PV across the evaluation area, by applying a single LBF corrective
pass (see Fig. 8).
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Fig. 8. WLI false-color topography maps of a laser-polished surface before (top, AZ)
and after (bottom, N = 1) LBF correction, shown over an 8 X 8 mm? area. The color scale
represents height deviations from a fitted reference plane. Initial RMS = 79.2 nm; corrected
RMS = 30.6 nm Process parameters: Pp, =25 W, dx = 10 um, dy =30 um, dg =326 um.

The subsequent analysis confirmed a successful figure error correction, as the unfiltered surface
RMS value was significantly reduced from 79.2 nm to 30.6 nm. WLI measurements taken after
the procedure verified the effectiveness of the correction, particularly at the edges of the processed
area. However, the results revealed a key process trade-off: while LBF effectively corrected
low- and mid-frequency form errors, it concurrently introduced high-frequency roughness at
spatial wavelengths below 100 um. To mitigate this induced micro-roughness, a final finishing
step is deemed necessary. It is proposed that a conventional chemo-mechanical process, such
as traditional pitch polishing, could effectively smooth the surface. While this technique is
well-established in industrial optics manufacturing, the verification of its application following
an LBF correction remains a subject for future investigation.

4. Discussion and conclusion

Laser Beam Figuring (LBF) on fused silica induces deterministic, non-ablative topography
changes via localized densification. This mechanism is consistent with a fictive-temperature
modification resulting from rapid quenching and is supported by the process’s reversibility
upon thermal annealing, which rules out ablation as the dominant mechanism. Regarding
potential optical property changes, prior investigations by Weingarten [3] included refractive
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index measurements on LBF-processed fused silica. These measurements detected no significant
change in refractive index within the measurement uncertainty (4™ decimal place). Additionally,
stress birefringence measurements confirmed values < 5 nm/cm, which are within specifications
for mirror applications. While the thermal penetration depth for LBF is comparable to the
measurement depth, these results suggest that refractive index perturbations, if present, are below
the detection threshold for the investigated process parameters. A more detailed spectroscopic
and spatial characterization (e.g., Raman spectroscopy to probe structural changes in the glass
network, or high-resolution ellipsometry) would provide further insight into the fictive temperature
distribution and its correlation with densification depth but was beyond the scope of this study.

The 80-week stability study confirmed the absence of any statistically significant temporal
relaxation across all investigated pulse durations, with all estimated rates lying well within the
experimental detection limit (Table 2). The scatter visible in Fig. 5 is consistently explained by
spatial process inhomogeneity between Subfield positions (Osybfield = 1.352 nm), attributable to
focus-position-dependent variations, rather than by temporal relaxation, a distinction that the
LMM captures explicitly through its random-effect structure. No crack formation or delamination
was observed throughout the observation period. For mirror figuring applications, the point
estimate of any potential relaxation does not exceed 0.7 nm over 80 weeks across all investigated
pulse durations, well within the tolerance requirements for the intended application. It is worth
noting that at this signal-to-noise ratio, the absence of statistical significance cannot be equated
with absolute stability over arbitrarily long timescales, rather, it establishes that any potential
relaxation is bounded by the detection limit of the experimental setup (6~ =~ 2.1 nm).

For ultra-precision applications requiring sub-nm form stability over multi-year timescales,
three complementary strategies merit further investigation: extended monitoring beyond two
years with improved metrological protocols, accelerated aging studies at elevated temperatures,
and the integration of LBF as a near-final step prior to ultra-low-removal-rate finishing such as
IBF or pitch polishing. Whether very slow relaxation processes may operate over multi-year
timescales, potentially facilitated by ambient humidity (laboratory conditions: 40 - 60% RH),
cannot be excluded based on the present data. Controlled-environment studies over periods
exceeding two years would be required to investigate this question. Table 3 positions LBF within
the landscape of deterministic figuring technologies.

Compared to IBF, LBF offers higher area rates (0.11 cm?/s vs. 0.01 - 0.1 cm?/s), while achieving
competitive throughput with MRF (0.1 - 0.5 cm?/s). Compared to both technologies, LBF offers
lower capital/operational costs, making it particularly attractive for rapid prototyping and medium-
volume production for fused silica optics. However, the achievable RMS surface quality (2-30 nm)
and limited spatial frequency correction range (A > 100 um) position it as a complementary
technology rather than a direct replacement. For ultra-precision applications requiring sub-nm
roughness (e.g., EUV optics), IBF remains indispensable. For mid-spatial-frequency corrections
(A=3-10mm), MREF is superior. LBF’s unique advantage lies in its integration capability within
laser-based manufacturing chains (ablation — polishing — LBF) without workpiece transfer
or tool changes, combined with quantified long-term stability. Compared to femtosecond laser
approaches, CO;-based LBF provides cost advantages (factor 10-20 in laser source) and larger
effective processing areas, though at the expense of lateral resolution. The optimal industrial
strategy may involve hybrid process chains combining these technologies based on component
specifications.

An instructive comparison can be made with Han et al. [41], who developed a fundamentally
different CO,-based approach. Their “densi-melting effect” operates in the densification-melt
regime (T <2200 K) without evaporation, an “equal material” mechanism where form correction
arises from volumetric shrinkage (3—25 nm) rather than mass removal. The clustered overlapping
technology treats 3 x 3 mm? sub-regions as discrete tool influence functions, mechanically
eliminating scanning ripples and achieving full-spatial-frequency convergence with sub-0.3 nm
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Table 3. Comparative analysis of deterministic surface figuring technologies for fused silica optics.
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Technology Removal Depth range / Surface Long-term Key advantages vs.
mechanism area rate quality stability limitations
(RMS)
MRF Chemo- 10-1000 nm / 0.3-2nm Demonstrated Mature, sub-nm
mechanical 0.1-0.5 cm?/s roughness vs
contamination risk
IBF Sputtering 1-100 nm / <0.2nm Demonstrated Ultra-precision vs.
0.01-0.1 cm?/s very slow, expensive
fs-Laser Photochemi-cal | Local Sub-nm Not High lateral
(Otieno 2025) + thermal smoothing / (local) demonstrated resolution vs. small
[35] um-scale area, no form
correction
CO;, LBF Densi-melting 3-25nm/ 0.27- Not Ultra-low roughness,
(Han 2023) (equal material) | ~0.0015 cm?/s 0.45nm investigated MSF suppression vs.
[41] very slow
(4.5h/25mm?),
small area
CO,, LBF Densification + 0.7-45nm / 1.3-30.6 nm 80 weeks, no Fast, large area,
(This work) Ablation ~0.11 cm?/s significant quantified stability
relaxation vs. high-freq.
detected texture (post-polish
required)

roughness. Our approach includes the ablation regime (T > 2200 K), enabling larger removal
depths (0.7-45 nm) and significantly higher throughput (estimated 0.11 cm?/s vs. 0.0015 cm?/s,
approximately 73x faster). While Han’s method achieves superior spatial frequency control, it is
limited to smaller areas (5 x S mm?, 4.5 hours processing). Our approach prioritizes scalability
(16 x 16 mm?, 240 s) and provides quantified long-term stability (80-week study, not investigated
in Han’s work), but introduces high-frequency texture (A < 100 um) requiring post-polishing.
These complementary CO, variants should be selected based on specifications: Han’s approach
for ultra-smooth, small-aperture components; ours for rapid prototyping where post-polishing is
acceptable.

The process mapping results (Section 3.2) provide quantitative guidelines for parameter
selection. The observed transition from densification-dominated behavior (t, <47 ps, za, <
10nm) to the ablation regime (t, > 50 ps) correlates with exceeding the vaporization threshold of
SiO,. In the densification regime, material removal results primarily from volume densification,
whereas ablation involves actual mass loss via vaporization. The concurrent increase in surface
roughness at t, > 50 ps (from 1.3 nm to >2.5nm RMS) indicates the onset of non-uniform
evaporation and possible melt flow instabilities. The identified optimal parameters, in these
studies, balance these competing mechanisms, achieving removal depths up to 45 nm while
maintaining RMS < 2.1 nm. The figure error correction demonstration (Section 3.3) validates the
process for real-world applications but also reveals a fundamental trade-off. While LBF effectively
corrects low-to-mid spatial frequency errors, it introduces high-frequency texture at A < 100 pum.
This behavior is inherent to the discrete pulse-overlap strategy and the finite spot size. For
mirror applications in non-critical wavelength regimes, this micro-texture may be acceptable. For
demanding applications (e.g., laser optics, imaging systems), a final chemo-mechanical polishing
step using conventional pitch or sub-aperture tools is recommended to remove the high-frequency
component without affecting the corrected form. The compatibility of LBF-processed surfaces
with subsequent pitch polishing has been qualitatively confirmed in preliminary tests but requires
systematic characterization in future work.
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