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Numerical model and experimental demonstration of high
precision ablation of pulse CO, laser
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To reveal the physical mechanism of laser ablation and establish the prediction model for figuring the surface of
fused silica, a multi-physical transient numerical model coupled with heat transfer and fluid flow was developed
under pulsed CO, laser irradiation. The model employed various heat transfer and hydrodynamic boundary and
thermomechanical properties for assisting the understanding of the contributions of Marangoni convention,
gravitational force, vaporization recoil pressure, and capillary force in the process of laser ablation and better
prediction of laser processing. Simulation results indicated that the vaporization recoil pressure dominated the
formation of the final ablation profile. The ablation depth increased exponentially with pulse duration and lin-
early with laser energy after homogenous evaporation. The model was validated by experimental data of pulse
CO, laser ablation of fused silica. To further investigate laser beam figuring, local ablation by varying the over-
lap rate and laser energy was conducted, achieving down to 4 nm homogenous ablation depth.
OCIS codes: 140.3390, 140.3470, 220.5450, 140.3538, 160.2750.
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Over the past few years, one of the development direc-
tions of optical elements tends to be miniaturized and di-
versified, requiring higher surface quality and more
complex shapest™. Laser polishing as a novel economic
and time-saving technique has demonstrated the ability
to reduce the surface roughness and cause no surface/
subsurface damages?Y. Researches have investigated
laser polishing of glass, including flat, spherical, and
aspherical surface shapes with a continuous wave
(CW) CO, laser. Compared with a surface polished by
conventional methods, a laser polished surface has lower
roughness for spatial wavelengths of 4 < 100 pm and ex-
hibits virtually no micro-defects. However, the value of
waviness for spatial wavelengths > 100 pm of laser pol-
ishing retains comparably high values, which poses a se-
vere hindrance for the application of laser polishing®¥.
To remove the residual waviness of 1 > 100 pm and ob-
tain high quality optics, a further processing step for
shape correction through laser beam figuring is pro-
posed?. Laser beam figuring is applied to correct the
surface shape by local laser irradiation. In this approach,
the unwanted asperities of the surface are directly
evaporated through high precise laser ablation. For
laser figuring, a lateral resolution <100 pm and a vertical
resolution <5 nm should be achieved. Several experi-
mental researches have been done to study high precision
laser ablation for shape correction by a CW CO, laser
ultrashort pulse laser22 and pulse CO, laser™. So far,
however, it is reported that only a pulse CO, laser can
meet the high precision requirements of laser beam figur-
ing. Weingarten et al.'Y have demonstrated precise shape
correction through selective laser ablation by modulating
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the pulse duration of a CO, laser to acquire different
ablation depths. The initial roughness of Sa = 4.4 nm
and rms = 5.2 nm were reduced to Sa = 1.5 nm and
rms = 1.9 nm in dimensions of 5 mm x 5 mm.

The previous work of laser beam figuring mainly focuses
on experimental investigation. However, to achieve opti-
mal laser figuring results, accurate forecast models for pre-
dicting the ablation depth and the influence of various
process parameters, such as pulse duration and incident
energy, are significantly important. Laser ablation of fused
silica is a multi-physical process, which goes through dif-
ferent stages from heating to evaporation. In each stage,
the Marangoni stress, gravitational forces, vaporization
recoil, or capillarity force dramatically changes due to la-
ser irradiation. These factors are critical to the ablation
quality and are sensitive to laser parameters. Therefore,
to understand the physical process and internal mecha-
nisms underlying laser high precision ablation, theoretical
models and numerical simulations are urgently needed.
Some fundamental studies on fused silica behavior under
CO, laser irradiation have been conducted based on differ-
ent models, including heating, densification, material flow,
and evaporation . However, many of these studies were
applied in long interaction duration of millisecond /second
magnitudes with micrometer/millimeter ablation depths,
which cannot be suitably applied in high precision abla-
tion in microsecond pulse duration with nanometer abla-
tion depth. Recent work carried out by Nowak et al.™¥! has
developed an analytical model for CO, laser ablation of
fused quartz in microsecond interaction time and pre-
dicted that once incident energy became larger than sta-
bilization energy, the threshold ablation depth increased
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linearly with energy fluence. However, the temperature
dependent parameters and boundary conditions, such as
heat losses by radiative and nature convection, have
not been considered, which influenced the accuracy of
the prediction model. Moreover, the multi-physical proc-
ess and the contribution of the forces of Marangoni
convection, gravity, vaporization recoil pressure, and
capillary force were still not very clear.

During the process of laser beam figuring, the sample is
ablated by one pulse after another. It is assumed that the
material is fully cooled down before being ablated by an-
other laser pulse, since the laser pulse is in a microsecond
duty cycle, allowing longer time for cooling. Therefore,
single pulse ablation is sufficient to represent the process.
The ablation depth can be controlled through laser pulse
duration or incident energy™Y. The quality of the final
corrected surface is determined by the superposition of sin-
gle pulse ablation. Hence, it is necessary to understand the
ablation process on the surface of fused silica of a single
pulse laser.

A transient, two-dimensional, axisymmetric model
based on the finite element method is developed to simu-
late the process of material heating, melting, and evapo-
ration. In this work, the heat transfer model is used to
compute the temperature. Phase change kinetics is em-
ployed to track the solid-melt interface. The fluid flow
model coupled with the heat transfer model is utilized
to calculate the flow velocity of the melt pool. The de-
formed geometry interface is applied to predict the surface
profile of laser ablation. The computational model is pre-
sented in Fig. 1. The governing equations and boundary
conditions are labeled in Table 1.

The transient temperature field is solved in the classical
convection/diffusion function, expressed by Eq. (1) in
Table 1. During laser ablation, the material undergoes
phase change, the latent heat consumed or released during
the phase transition is considered, and the heat change
certainly influences the surface temperature, recoil pres-
sure, and fluid velocity. Therefore, the temperature depen-
dent properties of fused silica, such as the heat
conductivity coefficient™ K(T), specific heat capacity2
C,(T), and dynamic viscosity™ n(T) are incorporated

Heat flux:
1
L \ Equation (3)
I
“,;"".--.Ti:‘ Equation (2)
Marangoni effect: p 2 Convgction and Radiation 3
Equation (8 1
A
apillary force: §|1 . S
Equation (9) E| Equation (4) § 4
Recoil pressure: € . =2
Equation (10) = . S
1 Equation (5) g

Insulation

Fig. 1. Schematic of the computation model.

in the computational model, as shown in Fig. 2. Other
material properties and laser ablation parameters used
in this work are shown in Table 2. The incident laser en-
ergy is loaded as a Gaussian distribution surface heat flux
in Eq. (3). The energy is absorbed into silica glass, and the
heat dissipates by conduction. It is, however, not the only
mechanism of heat loss. The heat is also lost through ra-
diative and nature convection on the solid-air interface, as
the shown boundary conditions of Egs. (2), (3), and (4)
in Fig. 1.

Then, fluid flow coupled with heat transfer and
phase change kinetics is modeled. The fluid flow field is
governed by the Navier—Stokes equations in Table 1,
Egs. (6) and (7). Marangoni convention, capillary force,
and recoil pressure are employed in the fluid field. Capil-
lary force is implemented with a weak constrain term?,
acting in the normal direction of the laminar flow inter-
face. The Marangoni effect is applied by the multi-physics
interface, acting in a tangential direction. Recoil pressure
is exerted using an open boundary condition?. The recoil
pressure acts inside the irradiated area with the spatial
distribution of laser intensity. Only in the region where
temperature has reached vaporization point T > T, is
vaporization recoil pressure effective.

Then, to simulate the deformation of the free surface
and predict the profile of laser ablation, deformed geom-
etry interfaces are applied. In this method, the displace-
ment of the interface is decided by fluid dynamics. The
move velocities of the free surface of boundaries 2 and 3
are used to compute the velocities from the thermal-
fluid-coupled multi-physical model.

When a pulse of energy strikes the surface of fused silica,
the laser energy is absorbed in a thin surface layer due to
the high absorptivity of fused silica at the wavelength of
10.6 pm. The temperature rises quickly. The spatial dis-
tribution and temporal evolution of the temperature are
not taken into account in this work, which can be observed
in previous work™,

In the multi-physical thermal-fluid-coupled model, at
the initial stage of laser interaction, only melting occurs.
The dynamic viscosity exponential decreases with temper-
ature. The temperature gradient caused Marangoni con-
vention and the gravitational force dictate the melt
flow, tending to extend material outwards. As shown in
Fig. 3(a), however, it is insufficient to affect the surface
profile. As the laser continues to irradiate, the surface tem-
perature reaches the vaporization temperature. Recoil
pressure acts on the surface, resulting in the molten fused
silica flowing outward of the molten pool, as shown in
Fig. 3(b). Compared to the initial stage, the velocity
and pressure of this stage increase quickly, as can be ob-
viously observed in Table 3. Soon, the vaporization recoil
pressure dominates the fluid field, and the velocity sus-
tained rapid increases. The outward flow eventually forms
a keyhole [Fig. 3(c)]. The dynamic viscosity increases rap-
idly along the center to the edge of the molten pool due to
the temperature decreasing in the radial direction.
A hump of molten material accumulated at the surface,
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Table 1. Governing Equations and Boundary Condition

Boundary
Model No. Boundary Condition Equations
Whole Governing equation oT T
geometry Pcp(T)E'FPCp(T)”E =V [-K(T)VT]+Q (1)
Heat transfer model 2,3  Heat flux, nature
convection, and radiation —K(T)VT = Qy+ T —T,)+ec(T'—T3) (2)
24P r?
=—F —— 3
Q() 777’]“% exp( ’f‘%) ( )
4 Nature convection VI-K(T)VT)=WT-T,) (4)
5 Insulation V[-K(T)VT] =0 (5)
Fluid flow coupled Whole Governing equation V-u=0 (6)
with heat transfer geometry o
model P = ~Vp+n(T)V?u+F, (7)
2,3  Marangoni convention, 6, = o VT -t (8)
. . oT
capillary force, and recoil
pressure c,=ky n (9)
L(T—-T,) r?
R, =0.54P, —_— —=), T>1T, (10
D 0 eXp|: RTT,U j| eXp( ’f’%)’ > 1y ( )
1 Axisymmetry
Deformed geometry 2,3  Free deformation =u (11)
4,5  Fixed boundary =0 (12)

—~
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=
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Fig. 2. Temperature dependent material properties of fused
silica. (a) Specific heat capacity and heat conductivity coeffi-
cient, (b) dynamic viscosity.

where the velocity of the flowing material cannot keep
up with the speed of the outward flow. Figure 3(c) shows
the deep crater and pileup of the surface at the end of the
laser pulse.

After the laser pulse turns off, the recoil pressure steep
descents. At this stage, the capillary force (surface tension
due to the deformed surface tends to flat), the Marangoni
convention, and gravity command the movement of the
melt pool. The molten fused silica tends to retract to
the original surface. As can be seen in Fig. 3(d), the veloc-
ity is towards the center of the ablated crater. Compared

to the initial stage, as shown in Table 3, the velocity of this
stage is higher due to the contribution of capillary force.
However, due to the high cooling rate and high viscosity, it
is also insufficient to observably affect the surface profile.
The resolidification surface morphology is the same as the
moment of laser shutdown.

The vaporization recoil pressure is the key factor domi-
nating the final surface topography of laser ablation. It
determines the ablation depth, crater diameter, and pileup
height of high precision laser ablation and laser beam fig-
uring. In addition, the recoil pressure strongly depends on
average laser energy density and laser pulse duration, as
Eq. (10) indicates. Therefore, numerous models are com-
puted to analyse the influence of laser pulse duration and
laser energy on laser ablation.

Figure 4(a) illustrates that the curves of axial ablation
depth change with the laser pulse durations. For pulse du-
ration t, > 32.5 ps with laser power 66.52 kW /cm? and
t, > 34.5 ps with laser power 66.94 kW / cm?, the ablation
depth increases exponentially with the laser pulse dura-
tion, as the simulated results have a good fit by using
the exponential function. While, for the keyhole start to
form at ¢, = 31ps to an interaction time of ¢, = 32.5 ps
with laser power 66.52 kW /cm?, the ablation depths
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Table 2. Material Properties of Fused Silica and Laser
Ablation Parameters

Parameter (units) Nomenclature Value
Melting temperature (K) T 1875
Vaporization temperature (K) T, 25002
Latent heat of evaporation L, 11.4%
(MJ/kg)

Absorptivity A 0.8
Initial temperature (K) Ty 298.15
Density (kg/m?) p 22012
Radiation emissivity e 0.8
Stefan Bolzmann constant c 5.67 x 1078
[W/(m? - K*)]

Universal gas constant R 8.314
[J/(mol - K)]

Surface tension coefficient 14 0.38
(N/m)

Temperature derivative of oy/oT —6 x 107°
surface [N/(m - K)]

Pressure (Pa) Py 10°

0 1000 2000 0 1000 2000

Fig. 3. Phase distribution, special velocity field, and surface pro-
file at (a) 25 ps, (b) 35.5 ps, (c) 40 ps, and (d) 40.5 ps with laser
intensity 66.52 kW /cm? and pulse duration t, =40 ps.

are not consistent with exponential growth. Due to the ab-
sorbed energy not being enough to evaporate the material
homogenously in this range, it does not reach the steady
evaporation statel¥. Similar results can also been seen for
laser power of 66.94 kW /cm?.

Figure 4(b) shows the curves of axial ablation depth
changes with the laser intensity. A linear increase of abla-
tion depth with the laser intensity after exceeding the un-
steady vaporization is acquired. It can also be observed
that the increase rate of longer pulse duration of 34 ps
is faster, compared to the shorter duration of 30 ps.

Figure 4(c) illustrates the increase of the ablation radius
and pileup height with the ablation depth. It indicates
that the depth and the width of the ablation crater in-
crease with laser energy or pulse duration. The height
of the piled-up material increases linearly with the abla-
tion depth. However, the piled-up material influences
the subsequent laser strike on the material and forms a
bumpy surface, which directly damages the surface rough-
ness. Therefore, a higher ablation depth would result in
the rougher manufactured surface.

Verification experiments and laser beam figuring ex-
periments are carried out. The samples used are flat fused
silica components with a diameter of 30 mm and thickness
of 3 mm. The samples are cleaned in a weak base and
ultrasonic water before the laser irradiation. The average
surface roughness of the initial surface is around 0.5 nm
(measured by a white light interferometer with a mea-
sured area of 1.09mm x 1.09 mm).

The experimental setup is shown schematically in
Fig. 5. Experiments are carried out by using a CO, laser
with a wavelength of 10.6 pm and a maximum average
power output of 10 W. The pulse duration and frequency
are adjustable within a range of 1 to 40 ps and 1.25 to
25 kHz, respectively. The laser beam scans on the sample
surface by a co-axial scanning galvanometer with a ZnSe
f—0lens with a focal length of 100 mm. The focused beam
diameter is about 100 pm with Gaussian distribution in-
tensity. The scanning mode used is one direction scanning
(solid arrow) with an empty return trip (dotted arrow), as
shown in Fig. 5.

Surface morphology and surface roughness of the
samples are examined by a zygo white light interfero
meter (model: SER4237A-1). The local area ablation
uses 1 X magnification with a measured area of
10.88 mm x 10.88 mm and a roughness measurement
by using 10 x magnification with a measured area
of 1.09 mm x 1.09 mm.

To validate the computation model, single pulse abla-
tion experiments are carried out on the surface with differ-
ent laser powers. The repetition rate and the scan speed

Table 3. The Detected Maximum Velocity, Pressure, and Surface Temperature of the Fluid Field at Different Times"

Time (ps) Maximum Velocity (m/s) Maximum Pressure (Pa) Maximum Temperature (K)
25.0 4.98 x 1077 4.8 x 106 2.01 x 10°
35.5 5.42 x 1073 15 x 109 2.50 x 10°
40.0 0.074 523 x 10° 2.55 x 10°
40.5 5.18 x 1076 5.5 x 106 2.05 x 10°

“Laser intensity 66.52 kW /cm? and laser pulse duration of 40 ps.
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Fig. 4. (a) Axial ablation depth depending on laser pulse duration with laser intensity of 66.52 kW /cm? and 66.94 kW /cm?. (b) Axial
ablation depth depending on laser power with laser pulse duration of 34 ps and 30 ps. (¢) The ablation radius and pile-up height
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Fig. 5. Experimental setup (left) and scanning method (right).

Motion platform

are set as 1.25 kHz and 150 mm/s, respectively, to ensure
the ablation spots no overlap. Experimental results are
demonstrated in Fig. 6. For laser power higher than
30.57 kW /cm?, the single pulse ablation depth increases
linearly with laser intensity. For laser intensity less than
30.57 kW /cm?, the ablation depth is different from the
linear increase. The experimental results are in very good
agreement with law of the model predicted. Because the
pulse mode simulated in the numerical model is a rectan-
gular pulse, but the pulse mode in the experiment is a
Q@-switched pulse, it is reasonable that the experiment
energy intensity is lower than the computational laser
intensity for the same ablation depth. With laser intensity
of 20.38 kW/cm?, the nanometer ablation depths of
2.5F 0.5 nm are achieved, which proves a pulse CO, laser
can meet the demands of laser beam figuring.
Homogenous ablation can be obtained by controlling
the ablation overlap rate O,. The overlap rate not only
affects the homogeneousness of laser figuring, but also
influences surface roughness and processing efficiency,

® Experimental data
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Fig. 6. Single pulse ablation depths as a function of laser

intensity.

which is determined by scan speed, frequency, and laser
diameter:

1— Uscan
f rep dm

Laser beam figuring requires acquiring homogenous
ablation and not damaging the initial roughness. To inves-
tigate the influence of the overlap rate, the local area of
4 mm x 4 mm homogenous ablation experiments are car-
ried out. The laser power stays constant at P = 2.2 W,
and the repetition rate keeps fy., = 1.25 kHz. The overlap
rate varies from 10% to 90%, which is controlled by adjust-
ing the scan speed from 12.5 to 112.5 mm/s.

For the overlap rate less of than 40%, a single ablation
crater can be seen, as shown in Fig. 7(a). With the increase
of the overlap rate, homogenous ablation is obtained in
Fig. 7(b). As the overlap rate becomes too high, roughness
increases rapidly, as shown in Fig. 7(c). The rms of the
overlap rates from 30% to 60% is lower than 1 nm, as dem-
onstrated in Fig. 7(d), which indicates that laser beam fig-
uring would not significantly damage the initial roughness
under appropriate overlap rates. It is the result from
multiple laser pulses ablating the same area due to the
high overlap rate and gasification material redeposits
on the surface. Therefore, in laser beam figuring, a suitable

X I 43.00 | +5.00
5.00 |-s 00

0,= (13)

(d) © Roughness RMS % e
3001 ¢ Aiation deptn ; £
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Fig. 7. Profiler images of ablated areas with varied overlap rates
of (a) 25%, (b) 50%, and (c) 70%. (d) Ablation depths and
roughness rms of ablated area as a function of the overlap rates
with P =22 W and f,,, = 1.25 kHz.
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overlap rate should be selected. In addition, a nearly ex-
ponential increase of local ablation depth with the overlap
rate is observed, as illustrated in Fig. 7(d).

Laser beam figuring should be capable of selectively
homogenous ablation with various ablation depths. Based
on single pulse laser ablation and overlap rate local area
ablation studies, the influence of laser intensity on local
homogenous ablation is studied. The overlap rate stays
at 60%. Various nanometer local homogenous ablation de-
pends on laser intensity, as shown in Fig. 8. Experimental
results demonstrate that the ablation depth increases
nearly linearly with the laser intensity, as shown in
Fig. 8(d). For laser intensity of 12 kW /cm?, the ablation
depth of 4 nm is obtained. However, the ablation depth
fluctuates more significantly with the stability of laser
power, compared to single pulse laser ablation, and, due
to this reason, the unstable evaporation in local area abla-
tion is not obvious. In Fig. 8(d), it can also be observed
that higher ablation depth results in higher surface rough-
ness. In this study, for laser ablation depths <60 nm, the
roughness is less than 1 nm, which does not significantly
damage the initial roughness.

In conclusion, To understand the multi-physical process
of pulse CO, laser ablating fused silica, a computational
model was proposed in this Letter. The ablation processes
of laser surface melting, evaporation, and resolidification
of the melt pool were taken into consideration to provide a
realistic transient evolution process of melt pool and sur-
face morphology. The vaporization recoil pressure was the
dominant factor for determining the final surface topogra-
phy. By computing numerous ablation models with differ-
ent pulse durations and laser energies, the ablation depth
turned out to linearly increase with laser intensity and ex-
ponentially increase with laser pulse duration after
homogenous laser ablation. Experimental results of single
pulse ablation show strong agreement with the numerical

-60.00

n
o

= Ablation depth

== Linear fit of ablation depth E
£ 4 Roughness RMS o 1.5 C
S - @
o
=] Palry =
Q <
[} . SN & F1.00C
hel e [
! & 1%}
<20 A i}
9 & ws s Los €
= -, .5
o - =)
=) . =3
< ¢ 2

>
o
o
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Laser intensity(k\?\t;/cmz)
Fig. 8. Profiler images of ablated areas with laser energy
density of (a) 15.00 kW/cm?, (b) 15.63 kW/cm?, and
(c) 18.722 kW /cm?. (d) Ablation depth and roughness rms of
ablated area as a function of laser intensity with overlap rate
of 0, =60% and f,o, = 1.25 kHz.

prediction. Further, to obtain homogenous high precision
ablation with good surface roughness for laser figuring, a
suitable overlap rate should be chosen. For local homog-
enous ablation, down to 4 nm depth homogenous local
ablation was obtained.

This work was supported by the National Basic

Research Program (No. 2016YFB1102704) and the Youth
Innovation Promotion Association, CAS.
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