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Effect of fused silica subsurface defect site density
on light intensification”
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The effect of defect density on the modulation of incident laser waves is investigated. First, based on the actual defect
distribution in the subsurface of fused silica, a three-dimensional (3D) grid model of defect sites is constructed. The 3D
finite-difference time-domain method is developed to solve the Maxwell equations. Then the electrical field intensity in the
vicinity of the defect sites in the subsurface of fused silica is numerically calculated. The relationships between the maximal
electrical field intensity in fused silica and the geometry of the defect sites are given. The simulated results reveal that the
modulation becomes more remarkable with an increase of the defect density. In addition, the effect of the distribution mode
of defects on modulation is discussed. Meanwhile, the underlying physical mechanism is analyzed in detail.
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1. Introduction

Laser damage is one of the main limitations in the op-
eration of high-power laser facilities.'™! As a laser irradiates
optics, such as fused silica, a large number of damage sites
are created as shown in Fig. 1. Laser-induced damage in op-
tics is a localized phenomenon associated with the presence of

[6.7] These defects can be

micron and sub-micron scale defects.
absorbers or non-absorbers. In the latter case the damage may
cause field enhancement and/or a reduction in heat conduction.
Each, ultimately, can lead to material damage.[®) The damage
threshold of optics used in inertial confinement fusion (ICF)
lasers, where laser fluence can average more than 8 J/cm?, is
a key parameter used to predict the expected lifetime of ICF
optics.>?1 The existence of damage sites reduces the damage
threshold of optics to a certain extent. Because the optics used
in ICF are very expensive and there is a requirement for long

service life 1%

it is necessary to investigate the damage mech-
anism theoretically and provide a theoretical direction to cor-
responding experiments.

As for the field enhancement caused by defects, there
have been some reports. Génin et al!''l numerically simu-
lated the intensity distribution using TEMPEST code around
the planar and conical cracks. Bonneau et al.'?! performed
a two-dimensional (2D) simulation of intensity distribution
around the planar and conical cracks by using DELPOR code
and HESIONE code. Hua ez al.!'3 simulated the light intensity
distribution in the vicinity of three dimensional Hertzian con-

ical pits on fused silica subsurface. Li et all'*1 discussed
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the modulation of incident waves from a laser by Gaussian
defects. Nevertheless, these simulations mainly focus on the
electrical field enhancement around one defect or damage site.
Few pay attention to the modulation arising from multiple de-
fects and the effect of defect density on the modulation.
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Fig. 1. Optical micrograph showing the spatial distribution of damage
sites %)

In the present work, the density and different distributions
of defect sites are considered. Three-dimensional (3D) grid
models of defect sites are constructed first. Maxwell equations
are solved by the 3D finite-difference time-domain method.
Then the electrical field intensity distribution in the vicinity of
the defect sites in the front subsurface of fused silica is nu-
merically simulated. The relationships between the maximal
electrical field intensity in fused silica and the geometry of the
defect sites are discussed. This work aims to provide theoreti-
cal direction about the laser induced damage during ICF.
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2. Model and method

For simplicity, we assume each defect site is hemispher-
ical, and has the radius r.°! The 3D grid model of the defect
site is built first. In the model, the surface of the defect site can
be described by the 3D equation

(x=x0)*+ (y—y0)* + (z—20)* = 1,
where the xoy plane is parallel to the fused silica surface,
(x0,¥0,20) is the center of the bottom of the defect. Figure 2
shows a 2D schematic of the 3D grid model of the hemispheri-
cal defect. The difference in grid sizeis 6 = A /12 =29.25 nm.
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Fig. 2. (color online) The 2D schematic plots of the defect. (a) Plane
z=31h, (b) Plane x =90 h.

Maxwell’s equations are solved by the 3D finite-
difference time-domain method to calculate the electric field
intensity distribution in the vicinity of the defect site.!!7-18]
During the numerical calculation, the perfectly matched layer
(PML) boundary condition is adopted.l!”! The relative dielec-
tric constant &, of fused silica is 2.25. The 351 nm laser with
an amplitude 1.0 V/m travels in the direction normal to the sur-
face, namely along the z axis. The transverse magnetic (TM)
wave is considered in this work. Other defects in the fused
silica are ignored. It is assumed that the defect sites are on the
front surface and the defects are empty (¢ = 1.0). In simula-
tion, the size of the defect site is only about 10% of an actual
one due to the limitation of present computer internal storage.

3. Results and discussion

In order to investigate the effect of defect site density on
the modulation of the incident electrical field, we calculated
the electrical field intensity of different planes in three cases:
(1) one defect, (ii) two defects, and (iii) three defects existing
in the incident subsurface of fused silica. The calculated re-
sults are shown in Figs. 3—10. The whole calculation domains
of Figs. 3-10 is (2158, 2150, 1156). In addition, the effect
of the distribution modes of defects is studied as shown by
Fig. 11 and Table 1. The whole calculation domain of Fig. 11
is (1806, 1808, 1269).

3.1. One defect

Figures 3 and 4 refer to the case in which only one de-
fect exists in a given domain. Figure 3 displays the electric
field intensity distribution around a defect (r = 208) at plane
x=1156. Since the laser is TM wave, the electric intensity
along the x axis is shown. In Fig. 3, the electrical field is sig-
nificantly scattered by the defect and the electrical field distri-
bution is symmetrical. The phenomenon can be explained as
follows. Since the defect is empty, it resembles a concave mir-
ror located at the position of the defect site. The incident laser
is scattered by the concave mirror behind the defect. Where
scattering waves overlap incident waves, the electric field is
intensified as a consequence of interference in the overlap.!'’!
When the laser irradiates the interface of the fused silica and
the defect, some of the incident waves are reflected and overlap
incident waves. So we find that the intensification appears not
only behind the defect but also inside the defect. According to
the calculation, the maximum electrical field intensity (Emax)
at x = 1150 is 1.99 V/m. The result of electrical field inten-
sity is in good agreement with the calculated data of Refs. [11]
and [15] in order of magnitude.
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Fig. 3. Distribution of electrical field at x = 1158.

Figure 4 is the evolution of Epa in fused silica with the
radius of the hemispherical defect . From Fig. 4, it can be
observed that Ep,,x increases with r quite irregularly in leaps
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and bounds. As we all know, the larger r is, the wider the
scattering domain is. And more waves interfere reciprocally.
Accordingly, Enax is higher for larger r. Also we can see that
the curve representing Enax in the rear surface z = 1000 is the
highest. This rear surface effect is in good accord with the

experimental results.[!3-20]
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Fig. 4. (color online) Dependencies of En,x on defect radius r.

3.2. Two defects

In this section, we discuss the modulation of the elec-
trical field by two hemispherical defects. Figure 5 is a 2D
schematic plot of the two defects. The radii of the two defects
are both 205. Figure 6 is the electrical field distribution at
plane x=1158. Comparing with Fig. 3, we can see an intensi-
fication domain around the line y = 1159 in Fig. 6. This is due
to the overlap of the scattering waves of the two defects. Eax
in Fig. 6 is 2.06 V/m.
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Fig. 5. 2D schematic plot of the defect.

Figure 7 demonstrates the evolution of Epax with the dis-
tance of two defects d in three xoy planes. It can be found
that with the increase of d, Eny,x decreases slowly. The reason
is obvious. As the two defects are close enough, interference
may occur more than once due to the refection by the defects.
However with the increase of d of two defects, the encounter

probability of the scattering waves of each defect decreases.
Certainly, the intensification attenuates with d.
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Fig. 6. Distribution of electrical field at x = 1158.
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Fig. 7. (color online) Dependencies of Epax on the distance between
two defects.

3.3. Three defects

In the actual optics subsurface, there are a number of de-
fects in a given domain. So it is necessary to discuss the mod-
ulation of the electrical field by more than two defects. A grid
model of three defects is shown in Fig. 8. The radii of the three
defects are the same. The centers of the three defects define a
circle with radius R.
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Fig. 8. 2D schematic plot of three defects.

Figure 9 refers to the electrical field distribution at plane
x = 1150. The radii of the three defects are all 205. A remark-

able characteristic of Fig. 9 is that the distribution of electric
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field is disordered in a way compared with Figs. 3 and 6. The
electric field distribution in Fig. 9 originates from the defect
distribution at the plane x = 1156. The maximum electrical
field intensity in Fig. 9 is 2.10 V/m.
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Fig. 9. Distribution of electrical field at x = 1158.
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Fig. 10. (color online) Dependencies of Ep,x on defect diameter r.
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In addition, the effect of defects geometry on electrical field
modulation is investigated. Figure 10 shows the evolution of
E.x with the radius r of the three defects. It can be observed
that Eyax increases with r irregularly with some leaps. Ac-
cording to our calculation, the average of En,c of curve D
(z = 1009) in Fig. 10 is about 2.4 V/m, which is somewhat
higher than the average of curve D (z = 1000) in Fig. 4 (about
2.0 V/m). This phenomenon reveals that the modulation of
three defects is greater than that of one defect.

So far, we have investigated the modulation by different
numbers of defects (or by different defect densities). A signif-
icant conclusion is that the modulation becomes more remark-
able with the increases of the defect density and the sizes of

defects.
3.4. The effect of distribution mode on modulation

In order to consider our model from other perspectives,
we discuss the effect of two defect distribution modes on mod-
ulation. Figures 11(a), 11(c), and 11(e) show the electric field
distribution centered on three craters in a line, figures 11(b),
11(d), and 11(f) show the electric field distribution centered
on three craters in a circle. The radius of each defect is 208.
For the two distribution modes, the defect densities can be re-
garded as the same in a given area S = 7t(R + r)?m?.
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Fig. 11. Electrical field distribution centered on (a) three craters in a line with z = 508, (b) three craters in a circle with z = 508, (c) three craters in a line with

z=2808, (d) three craters in a circle with z = 8048, (e) three craters in a line with z = 1008, and (f) three craters in a circle with z = 1004.

Figures 11(a) and 11(b) refer to the electric field distribu-
tion in plane z = 504. It can be seen that the greatest enhance-

ment appears in the center of each defect in both Figs. 11(a)

and 11(b). Figures 11(c) and 11(d) refer to the electric field
distribution in plane z = 808. We can observe that the Ej,x

appears at the fused silica boundary. The difference between
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Figs. 11(c) and 11(d) is that there are intensification domains
between defects in Fig. 11(c) while there are no such intensi-
fication domains in Figs. 11(d), 11(e), and 11(f) refer to the
electric field distribution in plane z=1008, which is the rear
surface of the fused silica. In both Figs. 11(e) and 11(f), there
is an enhanced domain around the shadow of each defect in
the rear surface.

Table 1 shows the Epax of Fig. 11(a) to Fig. 11(f). We can
see an interesting phenomenon. In spite of the variation of the
electric field distribution of Fig. 11(a) to Fig. 11(f), the Epax
for the two defect distribution modes in a given plane do not
differ much. That is to say, the modulation is not very sensi-
tive to the defect distribution mode when the defect density is

same.

Table 1. The Epax/V-m~! for the two modes of three defects according
to Fig. 11.

z7=1506 7=28068 z=1008

Distribution in a line ~ Fig. 11(a): 2.00 Fig. 11(c): 1.895 Fig. 11(e): 2.21
Distribution in a circle Fig. 11(b): 1.980 Fig. 11(d): 1.905 Fig. 11(f): 2.17

4. Conclusions

With the above discussion, several conclusions are ob-
tained.

(i) With the radius of hemispherical defect increasing, the
modulation increases. With the increase of defect separation
distance, the modulation becomes gentler. The rear surface
effect is very remarkable.

(i1) The larger the defect density is, the stronger the mod-
ulation is.

(iii) If the defect density is constant, the modulation is not
very sensitive to the defect distribution mode.
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