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CO; laser rapid ablation mitigation (RAM) of fused silica has been used in high-power laser systems owing to its
advantages of high efficiency, and ease of implementing batch and automated repairing. In order to study the effect of re-
paired morphology of RAM on laser modulation and to improve laser damage threshold of optics, an finite element method
(FEM) mathematical model of 351 nm laser irradiating fused silica optics is developed based on Maxwell electromagnetic
field equations, to explore the 3D near-field light intensity distribution inside optics with repaired site on its surface. The in-
fluences of the cone angle and the size of the repaired site on incident laser modulation are studied as well. The results have
shown that for the repaired site with a cone angle of 73.3°, the light intensity distribution has obvious three-dimensional
characteristics. The relative light intensity on z-section has a circularly distribution, and the radius of the annular intensi-
fication zone increases with the decrease of z. While the distribution of maximum relative light intensity on y-section is
parabolical with the increase of y. As the cone angle of the repaired site decreases, the effect of the repaired surface on light
modulation becomes stronger, leading to a weak resistance to laser damage. Moreover, the large size repaired site would
also reduce the laser damage threshold. Therefore, a repaired site with a larger cone angle and smaller size is preferred
in practical CO, laser repairing of surface damage. This work will provide theoretical guidance for the design of repaired

surface topography, as well as the improvement of RAM process.

Keywords: fused silica, laser repaired surface, optical modulation, finite element method (FEM)
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1. Introduction

Fused silica optics are widely used in terminal optical
components of the laser-driven inertial confinement fusion
(ICF) owing to their excellent thermal, optical and mechan-
ical performance. However, damage defects inevitably ap-
pear on the surface of fused silica during the process of high-
power laser shooting. Moreover, the size of the surface dam-
age increases rapidly under the subsequent high-power laser
irradiation,!!?! which seriously affects the stability and service
life of optical components. Surface damage of fused silica op-
tics has become the main factor of limiting the output energy
of high-power laser device. %!

It has been widely accepted that CO; laser repairing can
greatly inhibit the growth of surface damage with small re-
paired area and excellent light transmission. This CO; laser
repairing method can effectively improve the laser damage re-
sistance of fused silica optics as well.[* To deal with the
problems occurred in the traditional non-evaporative repair
technology (e.g., small repairable damage pit, difficulty to
control the repairing process and large raised rim around the
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repaired site),[!%13] researchers in Lawrence Livermore Na-
tional Laboratory proposed a novel repairing method of CO,
laser rapid ablation mitigation (RAM).!"# This method uses
an ultrafast laser beam to scan and remove the damage mate-
rial on the surface of fused silica optics, forming a smooth
conical crater to achieve the purpose of laser damage miti-
gation. RAM has the advantages of excellent repair quality,
high efficiency, and easy to implement batch and automated
repairing,>~71 which has been already applied in USA Na-
tional Ignition Facility,3] France Laser Mega-Joule,!'®! China
huge laser facility.['”) However, in the process of practical lo-
calized CO», laser repairing of surface damage, it is found that
the repaired surface morphology has a certain modulation ef-
fect to the incident laser. In particular, poor quality repaired
surface will cause strong light field distortion and local light
intensification, leading to the component itself to be damaged
again under the irradiation of subsequent laser. Even it is
harmful to operation of downstream optics.!?%>!! Therefore,
it is a hot topic for researchers to study the effect of repaired

morphology of RAM on laser modulation and to improve the
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laser damage threshold of fused silica.

Bass et al.!'¥ studied the external optical modulation of
fused silica with the conical repaired site through 2D numer-
ical simulation. It was found that the mitigated crater on rear
surface could cause the downstream light intensification, and
the optics should be installed away from the focus position.
Zhang et al.?>?3] analyzed the incident laser modulations of
the specific repaired morphology and bubbles through finite-
difference time-domain (FDTD) calculation. Gaussian mit-
igated morphology was proposed and adopted in CO, laser
mitigation. Fang et al.**! used the FDTD method to study the
internal electric field distribution of fused silica with the array
cracks and the rectangular repaired morphology. In addition,
the experimental results showed that the laser damage thresh-
old of mitigated surface was twice that of defective surface. Li
et al.!! used scalar diffraction theory to study the effects of
Gaussian and conical topography on laser modulation at dif-
ferent downstream distances. It was pointed out that the size of
the mitigated crater and the position where downstream optics
is installed were very critical. Yang et al.!*®! employed the 3D-
FDTD method to simulate the electric field intensity distribu-
tion in the vicinity of particulate contaminants on fused silica
surface. Xie et al.l*”) established a thermal damage analysis
model of fused silica materials with surface crack to calculate
the distributions of modulated light and temperature field on
the optical surface based on the FDTD method. The above-
mentioned studies mainly focused on the effects of surface
defects or repaired topography produced by non-evaporative
mitigation on laser modulation, and most of them are of two-
dimensional simulations. There are few systematic studies on
the effects of repaired surface produced by RAM on optical
properties and laser damage resistance of fused silica. In par-
ticular, there is almost no 3D numerical analysis of the near-
field intensity distribution for different repaired topographies.

In this work, a mathematical model of 351 nm laser irra-
diating fused silica optics is developed based on the Maxwell
electromagnetic field equations. Aiming at the problems of
laser damage resistance of fused silica affected by repaired
morphology, the finite element method (FEM) is used to study
the 3D near-field light intensity distribution inside optics with
repaired site on its surface. The influences of the cone angle
and the size of the repaired site on incident laser modulation
are also studied. This work can provide theoretical guidance
for design of repaired surface topography, as well as improve-
ment of RAM process.

2. Mathematical model

The process of laser propagating inside the fused silica
optics is equivalent to the propagation of planar electromag-
netic waves inside the component. Based on this theory, the

influence of repaired surface morphology on the distribution
of light intensity inside the fused silica is studied. Based on
the differential form of the Maxwell equation, the electromag-
netic field FEM firstly transforms the specific problem to be
solved into the boundary value problem of partial differential
equations. Then the variational problem is transformed into
the extremum problem of the ordinary multivariate function
using the split interpolation. Then the numerical solutions of
the electric field and magnetic field of each interpolation node
are obtained.

In order to evaluate the influence of the repaired surface
morphology on light intensity distribution inside the fused sil-
ica optics, the relative light intensity (RI) is defined as

RI= — (1)

where [y is the light intensity when the surface of the fused
silica optics is the ideal surface, I is the light intensity of the
defect surface.

From the perspective of laser damage of optical compo-
nents, the larger the relative light intensity is, the greater the
peak light intensity of the local region gets. When the relative
light intensity reaches a certain critical value, it is easy to cause
a series of ionization effects (e.g., ionization, two-photon ion-
ization, and collision ionization), which make the fused silica
easier to reach its damage threshold. Especially, when the po-
sition of maximum light intensity is close to the impurities or
the defects distributed in the bulk, fused silica optics are more
prone to laser induced damage. Therefore, the distributions of
relative light intensity inside fused silica are mainly studied in
this work.

The schematic diagram of the conical repaired site on the
surface of fused silica optics obtained by CO, laser RAM is
shown in Fig. 1. Different repair strategies should be used
for the damage pits with different sizes, resulting in different
repaired sites. The topographical parameters (e.g., depth A, di-
ameter D, and angle o) shown in Fig. 1(c) vary with the repair
process.

As the damage pits are mainly concentrated on the rear
surface of the fused silica optics, in this work, the 3D nu-
merical analysis of incident laser modulation is carried out
for the case that the repaired sites are located on the rear sur-
face. The schematic diagram of the FEM model is shown in
Fig. 1(c). The scattering boundary condition (SBC) is added
to the boundary that is perpendicular to the direction of in-
cident wave propagation, as the absorption boundary of light
wave. The longitudinal approximated infinite propagation of
light wave is obtained. While the perfect magnetic conduc-
tor (PMC) is added to the interface that is parallel to the di-
rection of the incident wave propagation. The horizontal ap-
proximated infinite propagation of light wave is also obtained.
The amplitude of electric field E is normalized to 1 V/m,

054209-2



Chin. Phys. B Vol. 29, No. 5 (2020) 054209

and the wavelength of incident laser is 351 nm (3w funda-
mental frequency). In order to save computing resources and
reduce calculation time, the size of the geometric model is

eckio®

(a)

cros® ®

4 x 4 x 2.2 um. The maximum side length of geometric mesh
is 50 nm. The optical and electromagnetic parameters of fused
silica are shown in Table 1.

(b)

mitigation

Y 351 nm laser

damage site

(c) SBC

air

PMC
PMC

silica

SBC

Fig. 1. The schematic diagram of the conical repaired site obtained by CO, laser RAM.

Table 1. The optical and electromagnetic parameters of fused silica,
i.e., refractive index n, relative permittivity &, relative permeability .,
conductivity ©.

Parameter n & Uy
Value 1.475 2.25 1 0

According to the Fresnel formula, the transmission coef-
ficient of the plane electromagnetic wave in fused silica (in the

case of the TE wave) can be defined as

E 2
r= 2t M g, )
Ey ny+ny

When the surface of the fused silica is the ideal surface, the

light intensity inside the component can be calculated by

1 o L €, 0
lo = sRe[Ex H ]_2,/#|E|
1.2741 x 1073 W/m?, 3)

where € is dielectric constant, that is, € = &)&;, & = 8.8542 x
10712 F-m™!, g is the relative permittivity; y is magnetic per-
meability, 4 = popr, o =47 x 1077 F-m~!, y, is the relative
permeability.

The distribution of light intensity inside the component is
uniform, that is, the light intensity at any position is 1.2741 x
1073 W/m?.

In order to verify the established mathematical model, the
2D FEM models are developed to analyze the distributions
of electromagnetic field based on the geometric sizes of ar-
ray cracks and the rectangular repaired contour on fused silica
surface shown in Figs. 1-11 in the literature.>* The calcula-
tion conditions are identical to the literature, and the bound-
ary conditions can refer to Fig. 1. The simulation results are
shown in Fig. 2. It is seen that the electric field distributions

calculated by the FEM model are consistent with the results

obtained by the FDTD method in the literature. The maxi-
mum electric field of the array cracks is 1.876 V/m, and the
maximum electric field of the rectangular repaired contour is
1.545 V/m. The simulation results of the FDTD are 1.76 V/m
and 1.54 V/m, respectively. The results of two calculations
are very similar, further verifying the correctness of the estab-
lished FEM mathematical model in this work.

A1.88
0 1.8
=5 1.4
~10 1.0
—15 0.6
, 0.2
—30 —-20 -10 O 10 20 30 v0.01
0 A1.58
5 1.4
I | (2]t | l 1.0
—10F
0.6
—15F
0.2
—30 -20 -10 0 10 20 30 v0.01

Fig. 2. Electric field distributions around the sites of array cracks and rectan-
gular repaired contour calculated by the FEM method: (a) the electric field
distribution around the site of array cracks, (b) the electric field distribution
around the site of rectangular repaired contour.

3. Results and discussion

3.1. Analysis of laser propagation in fused silica with re-
paired site

The laser propagations through fused silica optics with
one conical repaired site and two conical repaired sites are
studied by geometrical optics theory. The variation curves of
light transmittance on repaired contour with respect to cone
angle are shown in Fig. 3. It can be seen that the incident
light is reflected and transmitted on the repaired contour when

laser enters the air from the inside of the fused silica. When
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the cone angle is larger (o0 > 47.5°), part of the light is trans-
mitted into the air, and another part is reflected back to the
inside of the element at the interface. Whether it is one re-
paired site or two repaired sites, the light transmittance on the
repaired contour remains basically unchanged. When the cone
angle is reduced to a certain value (@ = 47.5°), the light is
totally reflected on the repaired contour, and the light trans-
mittance decreases rapidly at this time. The surface with two
repaired sites has a greater impact on the laser propagation, the

light transmittance is reduced to a lower level. In other words,

on the same component surface, the number of repaired sites
should be minimized, that is, the repaired area should be re-
duced to ensure that the laser propagation is not affected. On
the other hand, it can be seen from embedded graphs that the
reflected and the incident lights are superimposed inside the
element, causing the local light intensification inside the bulk,
and some focus points are prone to induce new damage. Thus,
in the process of practical localized CO, laser mitigation, the
conical repaired angle should be greater than the critical total

reflection angle of 47.5°.

2.0
m mm o) i ii # —1— single cone
\ Y i . f —@— double cone
O
1.6F ; ‘é % mm mmT
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2 2 §W§
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Fig. 3. Light transmittance on repaired contours with one repaired site and two repaired sites.

3.2. Light intensity analysis of repaired site with cone an-
gle of 73.3°

When the conical repaired site has a depth of 0.3 um and
a radius of 1 pm, with the cone angle « of 73.3°, this angle
is often used in actual mitigation process, the spatial distribu-
tion of relative light intensity inside and outside the element
is shown in Fig. 4. As can be seen from Fig. 4, when there
is a repaired site with cone angle of 73.3° on the surface of
fused silica, the internal electric field of the element is dis-
torted. The maximum relative light intensity is 4.77, which is
higher than that of the ideal surface. Additionally, the relative
light intensity inside and outside the element shows obvious
three-dimensional characteristics. In order to further analyze
the influence of the repaired site on the relative light intensity
distribution of the element, the relative light intensity distribu-
tions of different z-sections and different y-sections are shown
in Figs. 5 and 6, respectively.

Fig. 4. Spatial distribution of relative light intensity inside and outside
the fused silica optics.

It can be seen from Fig. 5 that the maximum relative light
intensities of each z-section do not increase continuously with
the increase of the section depth, but fluctuate up and down
after reaching the maximum. Inside the element, due to the
superposition of incident light and reflected light, the relative
light intensities on each z-section are distributed circularly, and
the central value is lower. The maximal relative light intensity
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Fig. 5. Relative light intensity distributions at different z-sections with a cone angle of 73.3°.
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Fig. 6. Relative light intensity distributions on different y-sections of repaired site with a cone angle of 73.3°. (a) The distributions of relative
light intensity on different y-sections. (b) The distributions of maximum relative light intensity on different sections.

region is the annular area around the center, indicating that the
weak light intensity region is directly below the conical re-
paired surface and the light intensification zone is below the
two sides of the repaired surface. With the increase of section
depth, that is, from z = —0.2 um to z = —1.2 pm, the radius
of the annular light intensification zone becomes larger and
larger. The diffraction ripples around the intensification zone
also become more and more obvious. Outside the element, the
distribution of relative light intensity on the section of z = 0.2
is also annular, and the value in the central region is lower.
The reason is that light intensification zone is formed above
the repaired surface based on the superposition of the trans-
mitted light on the repaired surface and that on the component
surface. While the light transmittance close to the center of

repaired surface is lower.

Figure 6(a) shows the relative light intensity distributions
on the sections of y =0 um, 0.5 um, 1 pm, and 2 pm, respec-
tively. It can be seen from the section of y = 0 um that due to
the change of the reflected wave propagation direction on the
repaired surface, the light intensity inside the element is dis-
torted after light is reflected into the bulk. The reflected light
interacts with the incident light to form a light intensification
region with a symmetrical distribution of x = 0. The maximum
relative light intensity on the section is 4.27, which is located
at the coordinates of (1.4 wm, —1.25 pum). At the same time,
due to the interference of the incident light and the reflected
light inside the element, the obvious interference ripples are
formed, that is, the standing wave. The transmitted wave is
distorted in the air layer, so that two light intensification re-

gions with x = 0 symmetry are generated on both sides above
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the repaired surface. An obvious weak light intensity shadow
is in the center, and a slight diffraction phenomenon can be ob-
served around the intensification zone. From the relative light
intensity distributions on the sections of y = 0.5 um, 1 pum,
and 2 um, it can be seen that as the section is far from the cen-
ter of the repaired site, that is, the repaired contour becomes
shallower, the interference ripples inside the element will be
weaker. Then, the width of the light intensification zone be-
comes narrower, the areas of the light intensification region
and weak light intensity shadow in the air layer gradually de-
crease.

Figure 6(b) shows that the distribution of maximum rel-
ative light intensity on different sections is approximately
parabolic. The maximum relative light intensity on the section
of y = 0is the largest. However, there are some fluctuations for
the maximum relative light intensity on the sections away from
the center, indicating that the effect of the conical repaired site
on laser modulation has a typical three-dimensional asymmet-
ric characteristic. It is not accurate to analyze the distribution
of light intensity with a simple two-dimensional model, so the
3D models are used in this work to better explore these char-
acteristics.

(a)
0

—0.8:

3.3. Light intensity analysis of repaired sites with different
cone angles

Based on the above 3D light intensity analysis of conical
repaired site with the cone angle of 73.3°, the diameter D of
repaired site is kept always at 2 um, the depth 4 is increased
from 0.3 um to 0.72 um with the interval of 0.02 um. That is,
the cone angle « is decreased from 73.3° to 54.2°, the 3D light
intensity of repaired sites with different cone angles is studied
by the FEM calculation, and the results are shown in Figs. 7
and 8.

It can be seen from Fig. 7 that as the cone angle of the
repaired site decreases, the distortion region caused by the re-
flected light inside the element becomes wider, and the distri-
bution of relative light intensity is severe disturbance as shown
in Fig. 7(d). At the same time, the light intensification in the
air layer above the repaired surface becomes more obvious.
When the cone angle of the repaired site is 55°, a light intensi-
fication zone appears at the interface between the air layer and
the repaired surface, which makes the laser induced damage

occur easily at the surface of the repaired site.

A 461

Fig. 7. Relative light intensity distributions on y = 0 sections of repaired sites with different cone angles: (a) a = 68.2°; (b) o0 = 63.4°; (c)

o =59°%(d) o = 55°.

It can be seen from Fig. 8(a) that as the cone angle of
the repaired site decreases, the maximum relative light inten-
sity inside the element increases continuously, and the effect
of the repaired surface on light modulation becomes stronger.
The reason is that with the reduction of the repaired angle,
the reflectance of light on repaired surface increases while the
transmittance decreases, resulting in an increasingly stronger
light distortion inside the element. When the cone angle is
smaller, most of the incident light energy on repaired surface
is reflected back to the inside, so the maximum relative light
intensity inside the element increases significantly. When the
cone angle is reduced to 55°, the maximum relative light in-

tensity is close to 7, which causes new damage on fused silica

surface easily.

Figure 8(b) shows that the positions where the maximum
relative light intensities appear are randomly distributed in
space. That is, the light intensification region does not ap-
pear on a fixed section, but may be distributed at any position
around the conical repaired site. The light intensity distribu-
tion around the repaired site has a typical three-dimensional
feature. This conclusion can also be obtained from Figs. 8(c)
and 8(d). Although the maximum relative light intensities on
the sections of y = 0 and x = 0 both decrease with the increase
of repaired angle, the variation trends of them are significantly
different.

From the above analysis of the relative light intensity dis-
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tributions of repaired sites with different cone angles, when the
diameter of the repaired site is constant, the effect of the re-
paired surface on light modulation becomes stronger with the
increase of cone angle. It causes the local energy accumulation
inside the element, and reduces the laser damage threshold of
the fused silica optics. Therefore, in the process of laser repair-
ing surface damage of fused silica by RAM, a larger diameter

7o "

(a)

6.5

6.0

RImax

5.5

5.0

4.5

65F .
6.0t
5.5¢
5.0t

RImax

4.5¢1

4.0t

3.5

55.0 60.0 65.0

/()

70.0

of the repaired site should be selected as much as possible to
increase the cone angle of repaired surface when the depth of
repaired site is known, thereby improving the laser damage re-
sistance of fused silica optics. However, the larger repaired
area will affect the laser transmittance and the number of re-
pairable damage pits, as shown in Fig. 3. Thus, the selection
of the repaired cone angle is very important.

55.0

60.0

65.0
/()

70.0

Fig. 8. Relative light intensity distributions inside the element of repaired sites with different cone angles: (a) maximum relative light intensity
inside the element; (b) position distributions of maximum relative light intensity; (c) maximum relative light intensity on the section of y = 0;

(d) maximum relative light intensity on the section of x = 0.

3.4. Light intensity analysis of repaired sites with the same
cone angle and different sizes

The 3D light intensities of repaired sites with different
sizes and the same cone angle of 73.3° are studied by FEM
calculation. Figure 9 shows the distributions of calculated rel-
ative light intensity on the sections of z = —1 um. It can be
seen that with the increase of repaired size, the distributions of
relative light intensity on the sections of z = —1 pum are simi-
lar. The maximum relative light intensity increases slowly, and
the radius of the annular intensification area becomes larger
and larger. That is, the distortion region caused by the reflected
light inside the element becomes wider, the diffraction ripples
around the intensification region become more and more ob-
vious, and the diffraction area becomes larger and larger. The
distributions of maximum relative light intensity inside each
repaired element are shown in Fig. 10.

It can be seen from Fig. 10(a) that as the size of the re-
paired site increases, the maximum relative light intensity in-
side the element increases, while the variation trends for differ-
ent sizes are different. When the depth & of repaired site is less

than 0.45 um, the maximum relative light intensity increases
slightly, all of which are within the range of 5.0-5.5. The rea-
son is that the reflected and transmissive ratios of light on re-
paired surface with same cone angle are consistent. Therefore,
the superposition of reflected light and incident light inside the
element is similar. The effect of the repaired site size on light
intensity is not obvious in a certain range. When the depth
h of the repaired site is greater than 0.45 pm, the maximum
relative light intensity increases sharply, that is, a large-size
repaired site is more likely to cause laser damage. The maxi-
mum relative light intensities on the sections of x =0and y =0
shown in Fig. 10(a) also have similar trends, but their values
are significantly different.

Figure 10(b) shows that the positions where the maximum
relative light intensity appears are also randomly distributed in
space and have typical three-dimensional characteristics, sim-
ilar to Fig. 8.

According to the above analysis, in order to improve the
laser damage resistance of the fused silica optics, a repaired

site with larger cone angle should be selected as far as possible
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Fig. 9. Relative light intensity distributions on the sections of z = —1 pum of conical repaired sites with different sizes: (a) # = 0.3 pm; (b)
h=0.33 um; (c) h=0.39 um; (d) # = 0.42 um; (e) h = 0.45 um; (f) A =0.51 pm.
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Fig. 10. Relative light intensity distributions inside the element with

repaired sites of different sizes: (a) maximum relative light intensity in-

side the element and that on the sections of x =0 and y = 0; (b) position

distributions of the maximum relative light intensity appearing inside

the element.
under the premise of completely removing the damage pit and
surrounding cracks. It is also necessary to ensure that the lat-
eral size of the repaired site will not have an effect on the
laser damage threshold of the optics. The practical applica-
tion shows that by using a suitable repair process, the damage
pits on the surface of the fused silica optics can be removed
by CO, laser RAM method to obtain a conical repaired mor-

phology with a certain cone angle, which can greatly improve

the laser damage resistance and extend the service life of the
optics. Figure 11 shows a three-dimensional topography of re-
paired site with cone angle of 12° measured by VHX 1000E
super depth of field 3D microscope.

2000 —1000 —500 0 500 1000 2000

pm

Fig. 11. 3D morphology of conical repaired site with cone angle of 12°.

4. Conclusions

In this work, the finite element mathematical model of
351 nm laser irradiating fused silica optics was established
based on the Maxwell electromagnetic field equations. Firstly,
the light intensity distributions of array cracks and rectangu-
lar repaired contour on fused silica surface are analyzed. The
results are consistent with the calculation results of the FDTD
method in literature. Then, the FEM model is used to carry out
a three-dimensional numerical simulation of near-field light
intensity inside fused silica optics with conical repaired site
on its surface. The light intensity distribution around the re-
paired site is studied, also the influences of the cone angle and
the size of the repaired site on optical modulation are analyzed.
The research shows that for the repaired site with a cone angle
of 73.3°, the light intensity distribution inside and outside the
element has obvious three-dimensional characteristics. The
maximum relative light intensity is 4.77. The relative light in-
tensity on z-section has a circular distribution, and the radius
of the annular intensification zone increases with the decrease
of z. The distribution of maximum relative light intensity on y-
section is parabolically with the increase of y. As the cone an-
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gle of the repaired site decreases, the effect of the repaired sur-

face on light modulation becomes stronger, leading to a weak

resistance to laser damage. Moreover, the large size repaired

site would also reduce the laser damage threshold. Therefore,

a repaired site with the larger cone angle and smaller size are

preferred in practical localized CO; laser repairing of surface

damage.
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