Laser heat treatments driven by integrated beams:
role of irradiation nonuniformities
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and Fidel Vega

An analysis is given of how nonuniformities in the laser beam intensity translate into variations on the
induced temperature distribution on an irradiated sample. The study involves materials with different
thermal conductivities. By use of a reshaped irradiating beam obtained with a multifaceted integrating
mirror, a three-dimensional numerical calculation allows us to establish both surface and in-depth
temperature distributions. The results show that in the case of materials such as glass (i.e., with low
thermal conductivity) large thermal gradients occur both on the surface and in depth during irradiation.
However, the lateral heat flow is high enough to strongly reduce the surface gradients as soon as the laser
irradiation ends. Conversely, in good thermal conductors such as nickel, the laser intensity nonunifor-
mities induce a thermal peaking of the surface with lateral thermal gradients that are by no means

negligible. Experimental evidence during laser glass polishing that confirms the numerical assessments
are also provided. © 1999 Optical Society of America
OCIS codes: 140.3390, 140.6810, 160.2750, 140.3300, 220.5450, 120.6660.

1. Introduction

Many applications involving laser beam irradiation
of a sample require uniform irradiance patterns at
the surface plane. Such applications include both
laser materials processing and laser—material inter-
action studies. Thus successful surface modification
processes such as transformation hardening, bulk
surface alloying, cladding, and laser glazing require
that the surface be brought to a narrow temperature
gap. Even small deviations in laser intensity will
result in inadequate final properties of the irradiated
surface. The effects of lack of uniformity in the laser
beam are even worse in laser applications that in-
volve materials with a low thermal conductivity, for
example, ceramics, crystals, or glasses.

Monomode and multimode laser beams have non-
uniform transverse intensity distributions, and it is
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necessary to reshape them to achieve smooth intensity
patterns. Different methods of obtaining flat-topped
intensity distributions from nonuniform (mainly
Gaussian) low-power laser beams have been proposed
in recent years: aspherical lenses,! diffractive
systems,?-* and absorbing filters.56¢ With high-power
Nd:YAG or CO, laser applications beam shaping was
carried out recently with so-called active devices?8 or
more recently by means of commercial multifaceted
mirrors®1° and pipe light guides or kaleidoscopes.11:12
Multifaceted mirrors use a single reflection of a laser
beam from a segmented aperture that provides a high
reflection efficiency, but they are difficult to manufac-
ture, and their cost is high. Pipe light guides reshape
the incoming diverging beam by means of multiple
reflections from the inside walls of the pipe. They
exhibit a lower reflection efficiency, and the actual
number of reflections involves a compromise between
beam uniformity and beam energy losses. Neverthe-
less, pipe light guides are easier to fabricate and have
a lower cost than multifaceted mirrors.

These two kinds of reflective integrating device
provide at their best integration plane theoretic flat-
topped intensity distributions produced by the super-
position of the different portions of the segmented
laser wave fronts. However, today most laser mate-
rial processing applications are driven by unstable
cavity laser sources that provide nearly pure trans-
verse monomode beams with a large spatial coher-



ence. The application of multifaceted mirrors or
pipe light guides to highly coherent laser beams re-
sults in real nonuniform intensity distributions that
show sharp contrast interferential effects.

In this paper we study the laser surface heat treat-
ment process driven by coherent laser beams with
nonuniform intensity distributions obtained with
multifaceted integrating mirrors. Special attention
is paid to the effects of laser beam inhomogeneities
that may translate, depending on the irradiation pa-
rameters (namely, intensity distribution and irradi-
ation time) and the material properties (mostly
thermal conductivity), into a nonuniform tempera-
ture distribution on the sample. A three-
dimensional finite-element numerical model is used
to calculate the spatial and the temporal temperature
distributions induced on the treated samples. The
results show that the induced surface thermal gradi-
ents are of major importance in the case of materials
with relatively low thermal conductivity, such as
glass, and are also significant in the case of materials
that are regarded as good thermal conductors, such
as nickel. These results are compared with the ex-
perimental ones obtained in optical glass samples
irradiated with a CO, coherent laser beam reshaped
by means of a 6 X 6 faceted mirror. Evidence of the
effects of laser-induced thermal nonuniformities dur-
ing laser polishing of optical glass samples are given.

2. Multifaceted Integrating Mirrors

A conventional faceted mirror is composed of an array
of reflecting flat facets whose centers lie on a conic
surface. Each facet reflects a part of a collimated
incoming laser beam, the different portions of this
segmented beam (referred to hereafter as beamlets)
overlapping at the focal plane where the sample is
usually located. In this way a beam average occurs
at the focal plane, each facet contributes with a beam-
let, and their combined sum (without including the
interferential effects) leads to a more uniform inten-
sity distribution.®1© Among other parameters the
beam uniformity achieved depends on the number of
facets that participate in the integration; the higher
the latter, the higher the uniformization obtained.
Therefore a beam expander is usually used to illumi-
nate the faceted mirror. Moreover, long-duration
high-power laser treatments can require a cooling
system for avoiding undesired heating of the mirror.
Another intrinsic limitation of these integrators is
that the beam size at the focal plane is reduced to the
size of a facet. As a result, in applications in which
a higher or a lower magnification is required and/or
the sample is not located at the focal plane of the
mirror, an imaging system must be used.

The experimental setup used for irradiation was
previously described in Ref. 13. It consists of a
spherical molybdenum-coated 6 X 6 faceted mirror
(focal length, 500 mm). The facets are flat squares of
8 x 8 mm?® The coherent CO, laser beam (A = 10.6
wm) has a transverse intensity distribution corre-
sponding approximately to a TEM,, mode. A beam
expander (5X magnification) is used to illuminated
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Fig. 1. Experimental laser intensity profile obtained at the sam-

ple plane with a 6 X 6 multifaceted integrating mirror. To have
a good spatial resolution, we recorded the profile by scanning the
laser intensity distribution along a line with a pinhole positioned in
front of a pyroelectric detector.

the whole faceted mirror, and the irradiated sample
is located at the focal plane of the mirror. Figure 1
shows a measured laser intensity profile obtained at
the sample plane, and, as mentioned above, it corre-
sponds to a sharp interferential pattern, because of
the overlapping of the beamlets at the sample plane.

To calculate the laser integrated intensity distri-
bution that corresponds to the experimental condi-
tions described above, one must add coherently the
contribution of each facet of the multifaceted mirror
in the form

36 2

I(z,y) = | 2, Au(x, y)expfik[ +x sin(a,) *y sin(p,)]}| ,

n=1
(1)

where A,,(x, ) is the amplitude of any of the beamlets
at the sample plane and «,, and B, are the angles
formed by the wave front of the beamlet and the sam-
ple plane in the x and the y directions, respectively.

Figure 2 shows the calculated regularly peaked
interference pattern. The resulting interfringe is
d = 0.66 mm, whereas the visibility of the pattern is
nearly 100%. These features (namely, interfringe
and visibility) depend on the laser wavelength, the
focal length of the faceted mirror, the number of fac-
ets that participate in the beam integration, and the
laser beam mode. Thus the interfringe is deter-
mined with the formula \/2¢ (4 being the angle be-
tween the facets), whereas the number of facets
governs the finesse of the interference pattern: The
higher the number of facets, the higher the finesse.
Therefore, contrary to what happens when noncoher-
ent laser beams are used, a greater number of facets
do not increase the beam uniformity.

The comparison between experimental (Fig. 1) and
simulated results [Fig. 2(b)] reveals good qualitative
agreement at the center of the profile (experimental
interfringe of 0.6 mm and nearly 100% of fringe vis-
ibility). However, at the queues the experimental
profile shows a clear decrease in the intensity that is
not present in the simulations. This difference can
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Fig.2. (a) Calculated laser intensity distribution and (b) intensity

profile along a line passing through the intensity maxima at the
sample plane. Results are obtained with application of Eq. (1)
and correspond to a 6 X 6 multifaceted integrating mirror. For
the sake of clarity only half of the intensity distribution is shown.

be explained by the fact that the calculations were
performed without inclusion of several tolerances
that are inherent to the design of a multifaceted mir-
ror. Thus the tilt angle required for separation of
the incoming beam from the reflected beamlets
and/or any misalignment of the facets with respect to
the conic surface of the mirror alter the overlapping of
the beamlets at the sample plane, which induces both
an edge roll-off and a distortion of the integrated
intensity distribution. Moreover, the misalignment
of the facets also induces a small phase change among
the beamlets that generates a low-frequency moiré
pattern. Another related effect is caused by errors
in the location of the facets (piston) that induce ran-
dom path phase differences among the beamlets, and
as a consequence the interferential pattern becomes
more complex. Finally, diffraction effects at the
edge of the facets can contribute to notorious inten-
sity modulations in the sample plane. Since there
are several edges, the diffraction contributions add
coherently and affect preferentially the queues of the
intensity distribution (see Fig. 1).

3. Numerical Temperature Calculations

Much work has been done toward understanding the
heat-conduction process during laser heating carried
out with both stationary and scanning beams.!4
When a stationary beam is used, the laser-induced
heating process can be well described within a ther-
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mal model that is based on the three-dimensional
heat-flow equation given by

o d oT 0 oT dJ oT

PO, = K b = L= | e ===

o  Jx ax ay ay 0z 0z
+P(x,y, 2, 1), (2)

where x and y are the spatial coordinates at the sample
surface, z is the distance to the surface along the sur-
face normal, ¢ is the time, c, is the specific heat, p is the
density, and k is the tflermal conductivity. The
source term P(x, y, z, t) is the part of the laser power/
unit volume that is absorbed by the irradiated mate-
rial (either glass or nickel). Under the assumption of
a perpendicularly incident laser beam of irradiance
I cer{%, v, ) at the sample plane, the power density is?®

P(x,y,2,8) = (1 = R, y, D exp(—az), (3)

where R is the reflectivity and « is the absorption
coefficient (both at the irradiation wavelength). It
must be noted that both glass and nickel present a
high absorption coefficient at the 10.6-pm laser wave-
length. When we deal with materials with low val-
ues of the absorption coefficient, it could be necessary
to modify Eq. (3) to include self-focusing effects that
would cause high subsurface irradiance.6

To obtain the sample temperature distribution 7'(x,
y, z, t) from Eq. (2), a numerical code based on the
finite-element method was developed. The material
is considered homogeneous in the form of a slab be-
tween the planes z = 0 and z = L, L being the sample
thickness. The sample is divided into ¢ X j X [ ele-
ments of volume Ax X Ay X Az and is taken to be at
a uniform initial temperature T, which is added to
the calculated temperature. The boundary condi-
tions are those corresponding to a thermally insu-
lated solid; i.e., no heat flow across the boundaries is
allowed. This means that the temperature distribu-
tion T(x, y, z, t) must satisfy the condition

oT
(a) =0forz=0, z=Latalltimes. (4)
z

Further details on the numerical code can be found
elsewhere.1”

Heat-flow simulation was first used to calculate the
temperature distribution induced in materials of low
thermal conductivity, such as optical glass, where
laser polishing was previously reported.3:1819 To
emphasize the effect that the local inhomogeneities in
the laser beam induces on the thermal dynamics of
the sample, a comparative analysis was carried out
between a uniform intensity distribution and a reg-
ularly peaked one (the latter reproducing the inter-
ferential intensity pattern experimentally obtained
with the multifaceted mirror).

The thermal and the optical parameters used were
taken from Refs. 20—23 and are summarized in Table
1. The laser intensity distributions are included in
Table 2.

Figure 3 shows the resulting temperature distribu-



Table 1. Thermal and Optical Parameters of B-270 Optical Glass and

Nickel*
Material
Parameter B-270 Optical Glass Nickel
p (kg m~3) 2.5 X 10® 8.89 x 10°
¢, JRKg 'K 10° 437.5
Kk (Wm 1K™ 1.047 + 0.001489 x T®
(T < 900 °C)
2.387 (T > 900 °C) 91.5
a(m™) 7.1x107¢ ~o0
R 0.2 0.98

“Parameters listed are density (p), specific heat (c,), thermal
conductivity (x), absorption coefficient («), and reflectivity R.
Both a and R are determined at the irradiation wavelength A =
10.6 pm.

T is in degrees Celsius.

tion on the glass surface irradiated with the uniform
laser beam. As expected, at the end of the irradia-
tion a uniform temperature is reached all over the
laser spot, although the presence of lateral surface
heat flow during the irradiation time is also evident.
This accounts for the smooth temperature decreases
obtained immediately outside the irradiated area.

Table 2. Laser Intensity Distributions Used in Thermal Calculations®

Absolute Absolute
Value of Value of
Calculation % y
Uniform P,/xy =l/2 =l/2
0 =[/2 =[/2
Peak I, sin®[(m/d)x]
patterned X sin®[(m/d)y] =l/2 =l/2
0 =[/2 =[/2

P, (W) is the absorbed laser power, [ (mm) is the square spot
size, d is the interfringe (mm), and I, (W/cm?) is the maximum
intensity. To obtain an average power of P, when we integrate
the peak patterned distribution over the spot area (/?), I, is ob-
tained as P,/(35/128)%>.
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Fig. 3. Simulated surface temperature distribution on a 5-mm-
thick, surface-infinite slab of B-270 optical glass preheated to T, =
550 °C. Calculations are performed with the uniform intensity
distribution. Results are obtained with P, = 72.5 Wand [ = 8.4
mm. The irradiation time was 1.5 s.
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Fig. 4. Simulated surface temperature distribution on a 5-mm-
thick, surface-infinite slab of B-270 optical glass preheated to 7', =
550 °C. Calculations are performed with the peak patterned in-
tensity distribution. Results are obtained with P, = 72.5 W and
[ = 8.4 mm. The irradiation time was 1.5 s.

Figure 4 gives the surface temperature calculated
when the peak patterned intensity is used. The re-
sults show that thermal spikes are induced at the
surface locations where the maxima of the intensity
distribution are applied. This indicates that, unlike
in the former case, steeper thermal gradients both
laterally and in depth should be induced under these
conditions.

To check this statement, the thermal cycles (heat-
ing plus cooling) were calculated throughout the
depth of the glass. Figure 5 shows the in-depth tem-
perature curves for the uniform irradiation condition,
whereas Fig. 6 corresponds to the temperatures cal-
culated under a surface point that receives a maxi-
mum of the peak patterned distribution.

Inspection of both sets of results allows us to es-
tablish significant differences between the thermal
conditions reached in either case. First, the maxi-
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Fig. 5. Calculated in-depth temperatures as a function of time
obtained on a 5-mm-thick, surface-infinite slab of B-270 optical
glass preheated to 7, = 550 °C. Results correspond to the uni-
form laser intensity distribution with P, = 72.5 W, spot size [ = 8.4
mm, and irradiation time ¢ = 1.5 s.
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Fig. 6. Calculated in-depth temperatures as a function of time
obtained on a 5-mm-thick, surface-infinite slab of B-270 optical
glass preheated to T, = 550 °C. Results correspond to the peak
patterned laser intensity distribution with P, = 72.5 W, spot size
[ = 8.4 mm, and irradiation time ¢ = 1.5 s. Calculations are
carried out under a surface point that receives a maximum of
intensity.

mum temperature values obtained on the sample
surface (temperature curve with z = 0) are clearly
higher in the case of the peak patterned intensity
distribution (for the particular conditions shown,
900 °C in the uniform irradiation case versus 1060 °C
in the peak patterned irradiation). Second, much
stronger in-depth thermal gradients are developed in
the latter case. Thus steep thermal gradients of
~1500 °C mm ! are calculated from Fig. 6, versus
150 °C mm ' obtained in the case of the uniform
irradiation distribution (Fig. 5). In connection with
this, extreme differences can be noted between the
cooling rates of points at the glass surface in the two
situations considered: Whereas in the case of the
uniform beam a cooling rate of 1584 °C s~ ! is ob-
tained for all the points on the surface, in the case of
the peak patterned intensity distribution, cooling
rates ranging from 7600 to 324 °C s ! are found,
depending on whether the surface point receives a
maximum or a minimum, respectively, of intensity.
Concerning lateral surface thermal gradients devel-
oped when the peak patterned intensity distribution is
applied, Fig. 7 shows the calculated thermal cycles of
two neighboring surface points that receive 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 tem-
perature differences between surface points are estab-
lished as soon as the irradiation starts. In the
calculated conditions the maximum temperature dif-
ference obtained is higher than 200 °C, which leads to
a very steep lateral surface gradient (greater than
650 °C mm !). However, it should be noted that, al-
though glass is a material with a low thermal conduc-
tivity, the lateral heat flow is high enough to average
out the surface temperature differences immediately
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Fig. 7. Calculated surface temperature curves (scale on left-hand
side) as a function of time in a 5-mm-thick, surface-infinite slab of
B-270 optical glass preheated to 7, = 550 °C and irradiated with
the peak patterned laser intensity distribution. 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 Ty ax — Twin, right-hand axis) is also included.
The irradiation parameters were P, = 72.5 W, spot size [ = 8.4
mm, and irradiation time ¢ = 1.5 s.

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 ab-
sorbed energy, its thermal conductivity is high enough
to allow for a fast reduction time (compared with the
irradiation time) of the thermal gradients induced by
local nonuniformities in the irradiation intensity dis-
tribution.

In the same way it could be asked whether mate-
rials that typically exhibit a high thermal conductiv-
ity, such as metals, are truly able to minimize the
occurrence of significant thermal gradients on irradi-
ation with a nonuniform laser intensity distribution.

Figure 8 shows the calculated surface temperature
distribution obtained in a sample of nickel irradiated
with the peak patterned laser intensity distribution.
The laser power was adjusted to obtain an identical
maximum surface temperature to that of glass with
the same irradiation time. Comparing this with the
results obtained for glass (Fig. 4), we see that the tem-
perature distribution for nickel registers greater dif-
ferences between the average temperature at the
center and at the periphery of the irradiated area.
This accounts for the greater ability of the nickel for
lateral heat transfer during the irradiation time, the
surroundings of the irradiated area acting as an effi-
cient thermal sink. However, Fig. 8 also shows that,
as with glass, a thermal peaking of the surface is ob-
tained despite the much higher thermal conductivity of
this metal.

This is more clearly seen in Fig. 9, where the ther-
mal cycles of two neighboring surface points that re-
ceive either a maximum or a minimum of the laser
intensity are shown. Although the maximum sur-
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Fig. 8. Simulated surface temperature distribution on a 5-mm-
thick, surface-infinite slab of nickel preheated to T, = 550 °C.
Calculations are performed with the peak patterned intensity dis-

tribution. Results are obtained with P, = 800 W and spot size [ =
8.4 mm. The irradiation time was ¢t = 1.5 s.

face temperature differences, and thus the resulting
surface thermal gradients, are obviously lower than
in the case of glass (see Fig. 7), they are by no means
negligible (250 °C mm ! in the reported conditions).

4. Experimental Results

Laser polishing of glass occurs, since the laser-surface
heat treatment promotes the softening of a thin layer
of the glass surface that flows under the action of the
surface tension.13.12 The ability of the glass surface to
flow depends on the reduction of the coefficient of vis-
cosity, which becomes temperature dependent. Our
calculations show that significant temperature differ-
ences that persist during the irradiation time can be
expected between points on the surface of the glass on
irradiation with a peak patterned laser intensity dis-
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Fig. 9. Calculated surface temperature curves (scale on left-hand
side) as a function of time in nickel preheated to 550 °C and irra-
diated with the peak patterned laser intensity distribution. Tem-
perature curves labeled Ty x 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 — Thn, right-hand axis) is
alsoincluded. The irradiation parameters were P, = 800 W, spot
size [ = 8.4 mm, and irradiation time ¢t = 1.5 s.
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Fig. 10. Optical image of the surface of the B-270 optical glass
after irradiation with a laser intensity distribution obtained by
means of a 6 X 6 faceted integrating mirror. To avoid thermal
cracking, the sample was preheated prior to the laser treatment to
T, = 550 °C. The irradiation was carried out with P, = 72.5 W,
spot size [ = 8.4 mm, and irradiation time ¢ = 1.5 s.

tribution. In particular, by use of a relatively short
irradiation time (see Fig. 7), only the surface points
that receive a maximum of the laser intensity achieve
a temperature that exceeds the one for glass flow
(=1000 °C). As a consequence, only at these surface
points should noticeable surface-tension-driven flow
occur. Experimental confirmation of this assessment
is provided in Fig. 10, which shows the appearance of
an irradiated glass surface. There is an array of sur-
face points where a mass flow has taken place. Since
these points are separated by ~0.67 mm (i.e., a dis-
tance very close to the experimentally determined
peak patterned interfringe), they undoubtedly corre-
spond to the maxima of intensity of the integrated
laser distribution. The rest of the surface was not
heated sufficiently to allow for a significant surface
flow and thus remains almost unaffected.

When the total energy deposited at the glass sample
is increased, the coefficient of viscosity is reduced over
the whole of the irradiated area, thus allowing for a
global flow process with a dramatic lowering of the
surface roughness.'319 Interferometric inspection of
the samples irradiated in these conditions shows that
in addition to the polishing of the surface there is an
associated hill-shaped plastic deformation (Fig. 11), an
effect that has been exploited recently to fabricate
micro-optical components.2425 This surface deforma-
tion occurs preferentially at those points that receive a
maximum of the laser intensity. Since these points
become hotter, they undergo a higher thermal expan-
sion. Moreover, because of the lowering of the density
of the viscous glass with temperature, the hotter sur-
face points tend to achieve a greater volume, which
enhances the surface deformation process as previ-
ously reported during irradiation of viscous liquids
with Gaussian laser beams.2627 In the case of glass
our calculations demonstrate that the irradiation pro-
cess induces steep depth temperature gradients with
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Fig. 11. Glass surface profile after irradiation with a laser inten-

sity distribution obtained by means of a 6 X 6 faceted integrating
mirror. To avoid thermal cracking, the sample was preheated
prior to the laser treatment to 7, = 550 °C. The irradiation was
carried out with P, = 50 W, spot size [ = 8.4 mm, and irradiation
time ¢ = 3s. The surface profile was obtained with a commercial
phase-shifting optical profiler with a 2.5X objective featuring a
Michelson interferometer.

fast cooling rates. As a consequence, the viscoelastic
expansion of the hotter surface points can freeze as
soon as the laser irradiation ends and results in the
hill-shaped surface observed.

5. Conclusions

In view of the preceding results one can conclude that
the local nonuniformities in the laser intensity dis-
tribution (as induced by means of multifaceted mir-
rors to reshape coherent laser beams) can translate
into significant temperature differences on the irra-
diated surface sample. In the case of materials of a
low thermal conductivity, such as glass, temperature
calculations have shown the development of steep
thermal gradients both on the surface and in depth,
with differentiated cooling rates. Under these con-
ditions of nonuniform thermal treatment the occur-
rence of effects such as nonuniform polishing have
been predicted and experimentally demonstrated.
Furthermore, in the case of good thermal conductors,
such as metals, it has been shown that, although the
induced surface thermal gradients are lower than in
glass, they must be taken into consideration for the
design of laser surface treatments whenever some
degree of nonuniformity is to be expected in the cor-
responding irradiation intensity distribution.
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