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ABSTRACT
Laser heating of glass samples is a simple and versatile method for obtaining polished surfaces of optical quality. Since laser
beam intensity non-uniformity can translate into significant variations in the induced surface temperature, the success of the
laser surface-polishing process strongly depends on obtaining uniform intensity profiles or flat-top distributions at the sample
plane.

In this paper we present a comparison between large-area CO, laser-polishing experiments carried out in optical glass
substrates following two different approaches:

1) A reshaped beam obtained by an active integration method is swept over the glass surface

2) A static beam reshaped by means of both a multifaceted mirror and a square pipe light guide is applied.

The efficiency of each procedure in reducing both the roughness and the waviness of the glass surface texture is discussed.
Moreover, it is shown that both approaches can induce relief structures such as ripples (approach (1) with strongly focused
beams), and hill-shape local deformations (approach (2)). The comparison of these results allow us to clarify the role of the
induced lateral surface thermal gradients, the initial surface texture and the laser beam non-uniformity in the dynamics of the
glass surface during the laser polishing process.
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1. INTRODUCTION
The processing of materials based on the melting or softening of a thin surface layer has been used to enhance or modify the
surface properties and, in particular, to polish rough surfaces™”. The polishing or, equivalently, the decrease in surface
roughness occurs because of a surface tension driven flow in the molten or softened layer. This layer must be at least as deep
as the peak-to-valley initial surface roughness. Moreover, the polishing flow occurs only if the surface layer is kept molten or
softened for long enough.

Laser polishing of glass™* is an extraordinarily attractive possibility from an industrial point of view since it would improve
the production efficiency of standard components and at the same time allow the automation of the polishing process.
Moreover, it requires no mechanical abrasives or surfaced-adapted polishing tools. This technique may be especially suitable
for difficult to access surfaces and for obtaining non-spherical and non-revolution optical polished surfaces, which are very
difficult and sometimes even impossible to polish using traditional techniques.

Commonly, laser surface treatments require both the contribution of a large amount of energy on the surface and a controlled
and customized beam intensity distribution at the sample plane. These requirements have extended the use of unstable cavity
laser sources that provide high-power almost pure transverse monomode beams with high spatial coherence. In addition, both
metallic light guides’ and multifaceted laser beam integrating mirrors®’ are widely used to obtain flat-top intensity profiles in
high-power applications. However, integration of coherent beams results in an intensity profile that shows a sharp contrast
because of the interferential effects produced by the superposition of the different portions of the segmented wavefront. In
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laser applications involving materials with a low thermal conductivity such as glass, the above-mentioned effect transiates into
a non-uniform temperature distribution with steep transverse thermal gradients that could induce the sample to crack.

The goal of this paper is to study the dynamics of the laser polishing process of optical glass by using integrated intensity
distributions obtained using two different approaches. The first consists of applying a static laser beam reshaped by means of
either a multifaceted mirror or a square copper guide, while in the second approach the beam is integrated by means of an
active method® and is swept over the sample surface. The comparison between the two methods together with thermal
simulations of the laser heating process allow us to clarify the role of the induced lateral surface thermal gradients, the initial
surface texture and the laser beam non-uniformity in the dynamics of the glass surface during the laser polishing process.

2. EXPERIMENTS
The samples treated were circular pieces (diameter = 80 mm) of white crown optical glass (B-270 and TRC-33) with concave
and spherical surfaces of curvature radius ranging from 60 to 225 mm. Samples with different initial rms surface roughness
were studied (up to a maximum of 500 nm rms).

Since glass does not exhibit a well-defined fusion-phase transition, a gradual increase in its temperature induces a progressive
decrease in its viscosity and a consequent increase in its ability to flow. To polish, temperature values on the glass surface
must typically be above 1000°C, since only for these values is the glass viscosity coefficient small enough (<10* Pa*s) for a
surface tension driven mass flow to be established. Moreover, to avoid overall deformation, temperature values in the bulk of
the sample must be kept below the glass softening temperature (~650°C).

When glass undergoes laser treatment, depth thermal gradients always appear because of its high absorption and its low
thermal diffusivity. As the thermal expansion coefficient depends on temperature, these steep depth thermal gradients cause
internal stresses in a treated glass sample and might make it crack®. These undesirable effects worsen when the temperature is
around the transformation point (T, = 530°C), since the thermal expansion coefficient increases suddenly at this point.
Therefore, samples must be preheated to a temperature slightly higher than T,. Also, after the laser treatment, during cooling,
the temperature of the sample must pass through the transformation point in a controlled way, following a typical annealing
cycle. To satisfy these needs, the laser treatment is always carried out in an oven.

2.1 Intensity distribution.

To minimize the occurrence of steep transverse thermal gradients on the glass surface a uniform laser intensity distribution is
needed. Such a distribution is usually obtained by means of a suitable integration system. In this paper we present results
obtained by using two different approaches to integrate the laser beam.

The first one (referred to hereafter as the static approach) consists of irradiating the sample by using a static beam that has
been reshaped by using either a multifaceted or a square pipe light guide (kaleidoscope). The second procedure uses an active
integration method to obtain a strip beam that is swept over the glass surface at constant speed. This approach will be referred
to hereafter as the scanning approach. In the following, the experimental setups are described.

The COz laser (A = 10.6 um) delivers a highly spatially coherent beam with an intensity distribution corresponding to the
TEM',, mode. The multifaceted mirror is sphencal molybdenum-coated, and 6x6 faceted (focal length = 500 mm) whereas
the kaleidoscope is a 70 mm length, 4x4 mm’ copper pipe light guide. The former induces beam uniformization because each
facet reflects a part of the collimated i mcommg beam and these reflected beamlets overlap at the focal plane of the mirror. The
size of the laser spot in this plane is 80 mm’ and is limited by the size of the flat facets of the mirror. Further details can be
found elsewhere”. The pipe light guide integrates an incoming diverging beam by means of multiple reflections from the
inside walls of the pipe. A ZnSe spherical lens focuses the CO, beam at the entrance face of the guide. This beam undergoes
several reflections as it passes through the guide. In this case the best integration plane is achieved at the 4x4 mm’ square exit
face of the pipe. Then, to irradiate larger areas using either the multifaceted mirror or the light guide, an optical system must
be used to image, with the required dimensions, the best integration plane onto the sample surface.

The scanning approach is based on an active integration technique that has been described in detail in Ref. 8. It consists of a
high quality gold-coated infrared mirror formed by two separate facets, one of which is able to vibrate under the action of a
piezoelectric transducer. After reflection, the laser intensity distribution is divided into two symmetric distributions that are
forced to partially overlap in order to obtain a more uniform intensity distribution. Following reflection in the two-faceted
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mirror, an imaging system is used to obtain a strip beam at the sample plane. When this distribution is swept over the sample
surface a quite uniform intensity profile should be achieved. It is worth noting that all the above-mentioned methods perform
the beam integration by means of the superposition of different portions of a segmented wavefront (i.c., beamlets). Since the
laser beam is highly spatially coherent the overlapping of the beamlets results in a real non-uniform intensity distribution that
shows sharp contrast interferential effects.

The intensity pattern obtained with the multifaceted mirror consists of a symmetric array of intensity maxima and minima that
correspond to the interference pattern mentioned above, Figure 1 shows a measured intensity profile obtained at the best
integration plane with a visibility of near 100%. The characteristics of the intensity distribution (i.e. interfringe, visibility...)
depend on both, the focal length and the facets size of the multifaceted mirror.

intensity (3. u.)
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Figure 1.- Experimental laser intensity profile obtained at the sample plane when using a 6x6
multifaceted integrating mirror. In order to have a good spatial resolution the profile was recorded
scanning the laser intensity distribution along a line with a pinhole positioned in front of a
pyroelectric detector.

A similar pattern is obtained with a square copper guide. Figure 2 shows the imaged experimental intensity profile at the
sample site. In this case the visibility is between 20% and 50%. The characteristics of the intensity distribution (i.e.
interfringe, visibility...) depend on both, the dimensions of the guide (aperture and length) and the focal length of the focusing
lens.
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Figure 2.- Experimental intensity profile obtained at the sample site with a copper square pipe
guide. The profile was recorded scanning the laser intensity distribution along a line with a pinhole
positioned in front of a pyroelectric detector.

In the case of the scanning approach, the activation of the piezoelectric transducer moves one of the facets periodically (v=
60-80 Hz) thus introducing a periodic phase shift between the two reflected beamlets. Consequently, the interference pattern
vibrates at the same frequency and its contribution to the intensity profile is strongly reduced. This effect is shown in Fig. 3,
where the experimental intensity profile obtained with the piezoelectric transducer switched on is shown. Moreover, the
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combination of the two-faceted mirror and an optical imaging system results in an intensity profile with a good uniformity
over a large strip beam.
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Figure 3.- Experimental intensity profile obtained along the largest dimension of the strip laser
beam at the sample plane with the piezoelectric transducer switched on. The profile was recorded
by using a 1.0 mm wide slit positioned in front of a pyroelectric detector and scanning the laser
beam along its larger dimension.

2.2 Induced Thermal distribution

The effects of lack of uniformity in the laser beam must be taken into account since they can translate into significant
variation in the induced temperature distribution of the irradiated glass sample. Such a non-uniform temperature distribution
would generate steep thermal gradients (both in depth and at the surface) that would last long enough to induce irregular
thermal treatment and/or undesirable effects such as permanent macroscopic surface deformation'’.

To check the above statement a 3D finite element numerical code was used to calculate the spatial and temporal temperature
distribution induced in the treated samples. To obtain the sample temperature distribution T (x, y, 2z, t), the material 1s
considered homogeneous in the form of a slab between the planes z = 0 and z = L, L being the sample thickness. The sample
is divided into i‘j'1 elements of volume Ax-Ay'Az and is taken to be at a uniform initial temperature T, which is added to the
calculated temperature. The boundary conditions are those corresponding to a thermally insulated solid, i.e., no heat flow
across the boundaries is allowed. Further details of the numerical code can be found elsewhere''. The intensity distributions
that are used to simulate the heat flow process are included in Table 1. Obviously, they are intended as an accurate
reproduction of the experimental intensity profiles.

The thermal and optical parameters of the glass were taken from reference'” and are summarized in Table 2.
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Figure 4.- Simulated surface temperature distribution on a 5 mm thick, surface infinite slab of B-
270 optical glass preheated to Ty=550°C. Calculations are done using a static peak patterned
intensity distribution described in table 1.

The calculated surface temperature, when applying the intensity pattern that corresponds to the static irradiation approach, shows
the occurrence of thermal spikes at the surface locations where the maximum of the intensity distribution are applied (Fig. 4).
This indicates that steep thermal gradients both laterally and in depth should be induced in these conditions. The thermal
cycles (heating plus cooling) were calculated throughout the depth of the glass and they are shown in Fig. 5. We obtain very
steep thermal gradients of about 1500°C/mm. Also, extreme differences can be noted between the cooling rates of different
points on the glass surface. Values ranging from 7600°C.s"' to 324°C.s™' are found depending whether the surface point
receives a maximum or a minimum of intensity respectively.

Table 1. Laser intensity distributions used in thermal calculations.

1, sing(—gx) sing(—gy) Ixl<im, lyl<i2

STATIC APPROACH
0 Ixlz12, lylzm2
d= interfringe, /= beam dimensions.
2z ,
(lp+10 sin ( y)) (szns(lx)) 0<x< Ax, Osy</
DYNAMIC APPROACH' A Ax

0 XZAx,y2!l’

A/2= interfringe, /= beam length, Ax= beam width.
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Table 2. Thermal and optical parameters of optical glass B-270.

pkgm” | c,(JKg'K") K(Wm' K" o (m") R
2.5x10° 10° 1.047+0.001489xT = (T <900°C) | 7.1x10* 0.2
2.387 (T > 900°C)
T in degrees Celsius.

Concerning lateral surface thermal gradients developed under these irradiation conditions, Fig. 6 shows the calculated thermal
cycles of two neighboring surface points receiving either a maximum or a minimum of intensity (i.e., two points on the
surface that are separated by one half of the interfringe). It is clear from this figure that the temperature differences between
surface points are established as soon as the irradiation starts. In the calculated conditions, the maximum temperature
difference obtained is higher than 200°C, which leads to a very steep lateral surface gradient (greater than 650°C/mm).
However, it should be noticed that, although glass is a material with a low thermal conductivity, the lateral heat flow is high
enough to average out the surface temperature differences immediately after the laser irradiation ends. In others words, both
temporal and spatial thermal gradients on the glass surface will persist only during the irradiation time. This is a striking result
since it shows that despite the inherent difficulty of the glass to redistribute the absorbed energy, its thermal conductivity is
high enough to allow a very fast reduction (compared to the irradiation time) of the thermal gradients induced by local non-
uniformity in the irradiation intensity distribution.
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Figure 5.- Calculated in-depth temperatures as a
function of time obtained in a Smm thick, surface
infinite slab of B-270 optical glass preheated to
Te=550°C. Results correspond to the same peak
patterned laser intensity distribution of Fig. 4.
Calculations are carried out under a surface point that
receives a maximum of intensity.

Figure 6.- Calculated surface temperature curves (scale
on left) as a function of time in a 5 mm thick, surface
infinite slab of B-270 optical glass preheated to
Te=550°C and irradiated with the same peak patterned
laser ntensity distribution of Fig. 4. Temperature curves
labeled Tyax and Ty correspond to adjacent surface
points that receive either a maximum or a minimum of
intensity. The temperature difference between these
points as a function of time (curve labeled Tyax - Tum,
right hand axis) is also included.

97



98

In the case of the scanning approach and under the action of the piezoelectric transducer the calculated 2D surface distribution is
shown in Fig. 7. The simulation is done assurning that the sweeping direction is X and including the vibration of the dynamic
approach intensity distribution (see Table 1) in the Y direction (the latter induced by the action of the piezoelectric transducer).
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Figure 7. Simulated surface temperature
distribution on a 2.4x7.6x20mm slab of B-270
optical glass preheated to Ty=550°C. Calculations
are done using a vibrating intensity distribution
described in table 1.

Since the surface temperature lines along the Y direction are quite
straight, one can conclude that the vibration of the intensity
distribution is quite effective at averaging out the contribution of the
interference pattern to the resultant temperature. The calculated
temperatures show that the maximum occurs at the rear of the
irradiated area, since these points are those that the strip beam has
completely swept. Moreover, significant transverse surface thermal
gradients in the sweeping direction are obtained. These gradients are
obviously steeper as the beam is more finely focused in the X
direction.

3. EXPERIMENTAL RESULTS AND DISCUSSION
In accordance with reference 13 the surface texture of the samples
(i.e., the repetitive and/or random deviations from the nominal
surface that forms the three-dimensional topography of the surface)
is analyzed in terms of roughness and waviness. Roughness is
formed by the finer irregularities of high spatial frequency of the
surface, whereas waviness refers to the more widely spaced
components of the surface texture. Since roughness is considered
to be superimposed on the waviness profile, each type of defect has
to be measured in its own sampling length. Profile measurements
are obtained with a phase-shifting optical profiler with different
objectives: a 40X magnification Mirau for measuring the sample
roughness with nanometric resolution, and a 2.5X objective
featuring a Michelson interferometer to analyze the waviness.
Since the measured surface profile includes the surface texture that
is superimposed on this profile, to show the surface texture a
nominal profile (exclusive of any intended surface texture) is
subtracted from the measured one. Then, roughness and waviness
are displayed as deviations from the nominal profile.

In general, the laser polishing process is very efficient at reducing
roughness, whether we use the static approach or the scanning one.
Figure 8 shows the roughness of a ground sample before and after
laser treatment by using the scanning mode. Similar results were
found when applying a static beam. The plot in Fig. 8(up) shows
defects with a peak-to-valley height in the 260 nm range. The
grinding process of the samples causes this topography. Figure
8(down) shows that after laser treatment the sample roughness has
decreased by up to rms values of 1 nm with a maximum peak-to-
valley height of 6 nm. It must be emphasized that this dramatic
reduction in the roughness can be achieved over the entirety of a
large treated area (=5000 mm®).
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Figure 8.- Roughness profiles obtained with a 40X Mirau objective in a ground glass (TRC-33)
surface (up) and after laser irradiation (down). Notice the differences between the vertical scales.

In addition, during the grinding process of the samples, randomly distributed waviness can be generated over the surface,
leading to noticeable variations in the surface profile with respect to the nominal one. The ability of the laser polishing
process to eliminate these defects was also investigated. Although a clear reduction in roughness was always obtained, the
waviness remains almost unaffected after the laser treatment.

The difference between the high efficiency of the laser treatment in eliminating the roughness and its low capability to reduce
the waviness can be understood by taking into account that the higher the slope of a defect on the surface, the higher the
expected efficiency of the surface tension driven mass flow. By estimating the slope of the surface as the ratio between defect
height and defect spatial length, slope values in the 10" range or higher are typically found for the roughness, whereas the
larger spatial extension of the waviness leads to slopes in the 10™ range. Then, the action of the surface tension during the
irradiation time is not enough to reduce the waviness. Enhancement of the surface tension driven mass flow by increasing the
energy deposited on the sample surface induced a macroscopic deformation of the surface figure.
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T'he effect of the laser intensity non-unitormity on the polishing process can be scen i Fig. 9, which shows the appearance of
a glass surface wrradiated under the static approach. There is an “array” of surface points where a mass flow has taken place.
These points undoubtedly correspond to the intensity maxima of the mntegrated laser distribution. The rest of the surface was
not heated sufficiently to allow a significant surface flow and remains almost unaffected.

Figure 9.- Optical image of the surface of the B-270 optical glass after irradiation with a laser
intensity distribution obtained by means of a 6x6 multifaceted integrating mirror. To avoid thermal
cracking. the sample was preheated before the laser treatment to T,=550°C. The irradiation
conditions are the same as in the Fig. 4.

By increasing the total energy deposited on the glass sample the coefficient of viscosity is reduced over the whole of the
irradiated area, thus allowing an overall flow process with a dramatic lowering of the surface roughness. Interferometric
inspection of the samples irradiated in these conditions shows that in addition to the polishing of the surface there is an
associated hill-shape plastic deformation (Fig. 10), an effect that has recently been exploited to manufacture microoptical
components'“"". This surface deformation tends to occur mainly at those points that receive a maximum of the laser intensity.
Since these points become hotter, they undergo a higher thermal expansion. Moreover, because of the lowering of the density
of the viscous glass with temperature, the hotter surface points tends to take on greater volume, which enhances the surface
deformation process. as previously reported during irradiation of viscous liquids with Gaussian laser beams'®'". In the case of
glass. our calculations demonstrate that the static irradiation process with a beam reshaped by using either the multifaceted
murror or the square copper pipe guide induces steep depth temperature gradients with very fast cooling rates. As a
consequence, the viscoelastic expansion of the hotter surface points can become frozen as soon as the laser irradiation ends
and results in the hill-shape surface observed.
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Figure 10.- Glass surface profile after irradiation with a laser intensity distribution obtained by
means of a 6x6 multifaceted integrating mirror. To avoid thermal cracking, the sample was
preheated before the laser treatment to To=550°C. The irradiation conditions are described in the
text. The surface profile was obtained by using a commercial phase-shifting optical profiler with a
2.5X objective featuring a Michelson interferometer.

Finally, it must be mentioned that by using strongly focused strip beams during the sweep of the glass surface, the laser
treatment can induce the formation of ripples of high amplitude. These ripples always appear perpendicular to the scanning
direction and parallel to the strip laser beam (see Fig. 7). After laser irradiation we have found ripples with wavelength as
high as =1.5 mm. Rippling effects with periodicity of the order of the laser wavelength have been widely reported during laser
irradiation of metals, semiconductors and dielectric surfaces'®'*?°. They are generated because of the interference of the
incident and scattered optical waves, the latter arising from defects at the surface. Larger-scale undulations have also been
observed upon laser melting and alloying of metals and semiconductors ", They are usually explained in terms of surface
tension gradients that resuit in a surface flow. Such gradients are induced by the transverse thermal gradient between the
hotter zone of the beam and the colder periphery. To check this scenario we carried out several irradiations with different
widths of the laser strip beam. The energy deposited on the sample is kept constant by modifying both the laser power and the
laser scan velocity. The formation of ripples was induced when the width of the laser strip beam was strongly reduced, a
situation for which steep transverse thermal gradients are expected in the direction of scanning. Moreover, since it was
experimentally stated that even for strongly focused beams the temperature of the points of the surface during the laser
treatment is fairly uniform®, we can discard the generation of rippling as a result of non-uniform heating of the surface.

The preceding results and discussion emphasizes that laser polishing induces a complex three- dimensional dynamics on the
samples that depends on the spatially and temporally induced temperature distribution and the initial surface texture. Our
results indicate that to eliminate waviness, the ability of the surface to flow should be enhanced while keeping the surface
figure constant. Moreover, minimization of the transverse thermal gradients on the sample surface is of major importance for
the success of the application.
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