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Theoretical studies show that the Hertzian-conical crack can be considered to be composed of double cone faces

for simplification. In the present study, the three-dimensional finite-difference time-domain method is employed to

quantify the electric-field distribution within the subsurface in the presence of such a defect under the normal incidence

irradiation. Both impurities (inside the crack) and the chemical etching have been investigated. The results show

that the maximum electric field amplitude |E|max is 9.57374 V/m when the relative dielectric constant of transparent

impurity equals 8.5. And the near-field modulation will be improved if the crack filled with remainder polishing powders

or water vapor/drops. Meanwhile, the laser-induced initial damage is moving to the glass—air surface. In the etched

section, the magnitude of intensification is strongly dependent on the inclination angle 6. There will be a highest

modulation when 6 is around 7 /6, and the maximum value of |E|max is 18.57314 V/m. When 6 ranges from /8 to m/4,

the light intensity enhancement factor can easily be larger than 100, and the modulation follows a decreasing trend. On

the other hand, the modulation curves become smooth when 6 > w/4 or 0 < /8.
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1. Introduction

Nowadays, improving the laser-induced damage
resistance is still a great technological challenge, par-
ticularly at 355-nm high power output systems, such
as the Laser Méga Joule and the National Ignition
Facility.? In high-power laser systems, light inten-
sity modulations caused by impurities and cracks on
silica subsurfaces often increase the possibility for

laser-induced damage.!*34]

The typical impurities in-
clude polishing compound components (e.g., CeOq
and ZrOs) and metals (e.g., Pt, Fe, Cu, and Cr) in-
duced during the polishing steps or the earlier grind-
ing steps.[?l According to the fracture geometry and
indentation, subsurface cracks can be divided into
Hertzian-conical crack (HCC), radial crack, lateral
crack, trailing Hertzian indent, and so on.!>% The sil-
ica optics are usually etched by the HF acid to improve
the laser induced damage threshold.["® The cracks
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will be passivated and transformed into different mor-
phologies during the erosion process, which has been
used for the mitigation of laser damage growth by
Bouchut et al!® and Hrubesh et al.l%)

The HCC plays an important role in the field-
induced damage, especially when it locates at the out-
put surface.l’) Génin et al. reported that the light
intensity enhancement factor (LIEF) is about 2 or-
ders of magnitude near the HCC region.['” Hua et
al. has simulated the light intensity distributions in
the vicinity of three-dimensional (3D) HCCs with dif-
ferent sizes, and showed some advices for controlling
the HCC size.'Y] Up to now, most of the theoreti-
cal investigations of HCC focused on the light inten-
sity modulation with a single variable, but not on the
multivariable situations, such as the acid etching.[10:11]
Meanwhile, the light intensification of HCC contained
transparent impurities has not been reported.

In this work, we investigated the electric-field dis-
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tribution in the vicinity of HCC defects during the
erosion process using the finite-difference time-domain
(FDTD) method. The effects of near-field modulation
of different transparent impurites inside the HCC have
also been investigated. All of them may contribute
to the laser induced damage initiation. The relation-
ships between the maximum electric field amplitude
(|E|max) in the fused silica and the etch value (or the
relative dielectric constant €,) are presented. The aim
of this work is to understand the evolution of field-
induced damage caused by the HCC defect during the
manufacturing and the pretreatment processes of the
fused silica.

2. Model and method

Figure 1(a) schematically shows the formation of
a typical HCC on the fused silica sub-surface induced
by a blunt ZrO, (CeOs) particle upon polishing. (56
The force from the particle distributes on a near cir-
cular contact surface, and a symmetrical crack will
be created when the deformation is beyond the elas-
tic limit (see Figs. 1(a) and 1(b)). The width and the
depth of the crack will be in the range from several pm

to tens of pm after the acid etching (see Fig. 1(c)).
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Schematic illustrations of idealized HCC
panel (a) shows the blunt indenter, panels

Fig. 1.

formation, 6]

(d) and (c) show cross-sectional views before and after
the chemical etching, respectively.

The HCC is considered as the initiation posi-
tion of laser-irradiation induced damage, especially
at the output surface for the normal-incidence irra-
diation. Based on the morphologies shown in Fig. 1,
we construct a simple mathematic model with abso-
lute smooth surfaces to model the HCC, as shown in

Fig. 2. The HCC is composed of two conical surfaces
with colinear vertexes in the z direction, which has
been mentioned by Génin et al.,['”) however, they did
not explain it in detail. Assume the etching is isotropic
and the coordinate of the symmetrical center on the
glass—air surface is (zo, Yo, 20), then the inside and the
outside cone surfaces can be respectively described by
the following 3D equations:

2(w,y) = —cot0y/(z — 20)? + (y — y0)? + 20
r_ Az
tand sinf’

(1)

d
- — 202 — )2
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where all the parameters are presented in Fig. 2.
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Fig. 2. Schematic diagrams of cone model. Panel (a)
shows that the 3D HCC is constituted by two (inside and
outside) conical surfaces and the air-glass surface is from
the horizontal cross-section. The crack is on the output
surface, where w, d, r, and 6 refer to its width, depth, in-
side radius, and inclination angle, respectively. The light
travels in the direction normal to the surface, and the di-
rection of the electric field is indicated in panel (a). The
HCC with etching is illustrated in panel (b), where the
solid lines represent surfaces before etching, the dashed
lines represent surfaces after etching, and Az represents
the etch value in the isotropic etching.

The etch model shown in Fig. 2(b) was firstly de-
scribed in Ref. [6], which is based on the assumption
that the etching occurs nearly isotropically for the
opening HCC. By simple geometry calculation and
assuming the isotropic etching, the width increment
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(Aw) and the depth increment (Ad) of the fracture
opening HCC with etch value Ax are given by

Az w\? wAz
Aw = Azy/1 tanf — — | —
w c039+ x\/ +< an d) 7 (3)
2
Ad = dAz —|—dA—x 1+ ( tang - & — Az, (4)
w cos O w d

where 6 is the angle of the crack relative to the verti-
cal line. From Eqgs. (3) and (4), we can see that there
is a good linear relationship between Aw (or Ad) and
Az in the isotropic etching.
The FDTD method is
Maxwell’s equations for the scattering of an electro-

employed to solve
magnetic plane wave in the vicinity of HCC. The sim-
ulation domain is 3D, rectangular, and gridded with
a uniform grid of 6 = A/12, where A is the 355-nm
laser wavelength. For the normal incidence irradia-
tion, the electric field amplitude (|E|) of the incident
light is 1.0 V/m, and the relative dielectric constants
(e;) of air and glass are 1.0 and 2.25, respectively.[!]
The e, value inside the HCC is varied from 1.0 to 15.0
for the transparent impurities under investigation, and
the crack is full of impurities for simplification. The
g, value is 1.0 (filled with air) in the etched section.
The periodic boundary conditions (PBC) are applied
in the horizontal direction, while the Berenger’s per-
fectly matched layer (PML) absorbing boundary con-
dition is applied in the vertical direction.2:13]

3. Results and discussion

3.1. Simulation of impurities

The HCC is filled with air. The electric field in-
tensity profiles of the HCC are plotted by using a gray
scale in Fig. 3, in which the lighter areas represent
intense electric fields. We consider two illumination
planes, in which the electric field is either perpen-
dicular (transverse electric (TE) illumination) or par-
allel (transverse magnetic (TM) illumination) to the
plane.l'% From Fig. 3, we can see that the distribu-
tion of electric field is symmetrical and the modula-
tion of electric field is notable. The incident laser is
scattered into the fused silica by the inside air—crack
interface, and the multiple scattering waves overlap
with the incident wave (see Figs. 3(a) and 3(b)). A
standing wave is generated by these reflections, and
high-intensity spots result from the constructive in-
terference between these waves.[1%13] In the TE plane

(Fig. 3(a)), |E|max is 8.38449 V/m, and the high in-
tensified area is larger than that in the TM plane
(Fig. 3(b)). According to statistics, there are 1129
grid points with |E| > 2.0 V/m (intensified points,
IPs) in the TE plane. However, the smaller |E|mnax
value and IPs of 7.88402 V/m and 241 respectively
are found in the TM plane, as shown in Fig. 3(b). As
can be seen from Fig. 3(c), all the bright points locate
at the inside circle, and there are more IPs perpen-
dicular to the F direction than parallel to it, which is
consistent with the previous report.!*%
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Fig. 3. Vertical ((a) TE and (b) TM planes) and hor-
izontal ((c) plane view cut at z = 600) cross sections of
the electric field amplitude distribution for the HCC with
w = 308, d = 400, r = 309, and § = w/4. The air-glass
surface is at z = 750, and the size of the simulation domain
is 2508 x 2500 x 900.

094213-3



Chin. Phys. B Vol. 21, No. 9 (2012) 094213

Figures 4(a) and 4(b) show the simulation re-
sults of HCC filled with variable transparent impu-
rities with their €, varying from 1.0 to 15.0. It can
be seen that the trends of the four curves with €, are
similar. Both |E|yax and IPs decrease with increasing
e; up to 2.25, and then increase firstly and decrease
later as e, further increases beyond 2.25. As can be
seen from Fig. 4(a), the values of |E|p.x in TE and
TM planes are close to each other, and reach the same
peak value of 9.57374 V/m at ¢, = 8.5. In Fig. 4(b),
there are remarkable differences between the results in
TE and TM planes except for 1.5 < &, < 3.0. It is indi-
cated that a larger modulation is presented in the TE
plane than that in the TM plane, which is consistent
with the results obtained by comparing Fig. 3(a) with
Fig. 3(b). The values of ¢, for the standard polishing
powders ZrOs and CeOs are 4 and 5.3 (&, = n? [15,16]
where n is the refractive index, for ZrO5 and CeOs, the
indexes are 2.0 and 2.3, respectively), respectively.
The corresponding values of |E|nyax are 5.60910 V/m
and 7.86745 V/m in the TM plane, which are smaller
than the value of 8.38449 V/m when the crack is
filled with air. Thus, the effect of remainder polish-
ing powders left on the output crack—air interface can
be neglected when considering the near-field modu-
lation. Moreover, the modulation of most impurities
can be neglected except ¢, is around 8.5, as shown in
Fig. 4(a).

We can see from Figs. 5(a) and 5(b) that the high
electric field distribution area becomes more and more
narrow with e, closing to 2.25, and the transmission
from the crack becomes much stronger. It is corre-
sponding to the cracks filled with water drops or water
vapor after the chemical etching or caused by humid
air. And the modulation becomes weaker compared to
that in Fig. 3(a). Further increasing e,, as shown in
Figs. 5(c)-5(f), the high-intensity spots approach the
air-glass surface, which is called the skin effect deter-
mined by the interface reflection. Additionally, the
transmission coming from the air—crack interface be-
comes stronger proved by the brighter impurity spots,
which also follows the principles of optics. Now, let us
answer why | E|max increases firstly and then decreases
when e, > 2.25. In Fig. 4(¢), o and 8 are fixed for
given HCC, incident ray a, and impurity. Calculated
using the relationship of triangle, the incident angle of
ray c¢ is a+ 3, then we can obtain the incident angle of
ray d, which is 2a+ 3. Clearly, 2a.+ ( is greater than
£ at the inside interface (see Fig. 4(c)).
to the reversibility of the path of light transmitting

According

through the media interface and the law of refraction,
the angle between ray e and the interface will be less
than 6, which means the interference derived from ray
e is closer to the air—glass surface than that from ray b.
We know, with increasing e, ray ¢ becomes stronger,
and there must be a corresponding weaker ray b and
a stronger ray e. So intensity spots approaching the
surface result from the shift of the stronger reflection
beam. When the reflection occurs at a proper angle
(er = 8.5), the constructive interference is best con-
structed, the |E|nyax peak appears. On the other hand,
ray g will be stronger if ¢, keeps increasing, then ray
e is too weak to obtain a high interference intensity.
The proper &, is determined by the sizes of HCC. So
it can be comprehended according to the whole self-
consistent information.
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Fig. 4. (colour online) The (a) |E|max and (b) number of
IPs each as a function of e, of the transparent impurities,
the simulation parameters are the same as those in Fig. 3.
Panel (c) shows schematically the reflection and refraction
at the interfaces, where a, b, ¢, d, e, f, and g represent the
rays, and a, (3, and 6 represent the angles.
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Fig. 5. Electric field amplitude distributions in the vicinity of cone cracks filled with transparent impurities with (a)
er = 1.25, (b) er = 1.5, (c) er = 4.0, (d) er = 6.0, (e) & = 8.5, and (f) &, = 13.0.

3.2. Simulation of chemical etching

Figure 6 shows the localized field enhancement
near an output surface of HCC illuminated at normal
incidence during the etching process. The maximum
intensification is located between the middles of cone
edges, which are delineated by dotted white lines. And
it is found that there is no obvious change for a larger
Az. In order to simulate the realistic situation, the
theoretical simulation is performed with the inclina-
tion angle changing from /9 to /3. Figure 7 shows
the |E|max distribution as a function of Az with the

same other simulation parameters. Considering 6 as a

variable, the field modulation gradually ascends to a
peak when 6 is increased to 7/6, and then gradually
declines when § > 7 /6. For different Az, the maxi-
mum intensification on the subsurface varies in a wide
range, for example, from as low as 3.97866 V/m to
as high as 18.57314 V/m for § = 7/6, which means
that for a given cone angle, the maximum intensifi-
cation spot always vibrates with the increasing Az.
Moreover, the modulation curves follow a decreasing
trend for m/8 < 6 < w/4. As shown in Fig. 7, the
curves become smooth when 6 > 7/4 or § < 7/8, es-
pecially when 6 is 7/3. On the other hand, some of
these inclination angles around 7/6 can easily induce
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damage under further laser irradiation, and thus even-
tually limit the mirror performance and lifetime. The
electric-field intensification strength within the do-
main is usually quantified by the normalized electric-
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field intensity or the square of the electric field,!'213]

which is also called the light intensity enhancement
factor (LIEF).[] From Fig. 7, we can see the LIEF
can easily be larger than 100 when 7/8 < 6 < /4.
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Fig. 6. Relationships between electric field amplitude distribution and chemical etch value ((a) Az = 0; (b) Az = 60;
(¢) Az = 126; (d) Az = 366) of an original HCC with w = 64, d = 365, r = 484, and # = 7 /5. The original air—glass
surface is at z = 1209, and the size of the simulation domain is 240§ x 2406 x 1254.
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Fig. 7. (colour online) The maximum electric field am-
plitude as a function of etch value in the TE plane.

In summary, in order to avoid serious damages,
we should get rid of the HCC with /8 < 6 < «w/4.
The chemical etching may be used to reduce its local
modulation at a certain extent for the aforementioned
cracks, and there is no distinct change on the field en-
hancement after the etching when 6 is larger than /4

or smaller than 7/8. For 6 equaling 7/3, the maxi-
mal electric field amplitude curve becomes lower and

smoother.

4. Conclusions

In this paper, we have investigated the conical
cracks using an ideal model composed of two conical
surfaces and studied the light field modulation with
the FDTD method. The simulation results show that
the conical pits can generate high electric field inten-
sification near the output surface illuminated at the
normal incidence. The main conclusions are as fol-
lows.

1) If the crack is filled with transparent impuri-
ties, the enhancement of electric field intensity is de-
creased for e, increasing upto 2.25, and then |F|pax
increases firstly and decreases later as e, further in-
creases beyond 2.25. Meanwhile, the whole intensity
spots move close to the air—glass surface for the lat-
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ter. The |E|max values are close to each other in
TE and TM planes, and have the same peak value
of 9.57374 V/m at ¢, = 8.5. The results have shown
that the TE plane has more high-intensity spots than
the TM plane. In addition, the near-field modulation
is not seriously deteriorated when the crack is full of
remainder polishing powders (e.g., CeOs and ZrOs)
or water drops/vapor.

2) The magnitude of the light field intensification
is strongly dependent on the inclination angle dur-
ing the chemical etching. The highest modulation oc-
curs when 0 ~ 7/6, the maximum value of |E|yax is
18.57314 V/m. When 7/8 < § < w/4, the LIEF can
easily be larger than 100, and the modulation becomes
weaker with further etching. On the other hand, the
modulation curves become smooth when 6 > 7/4 or
0 < m/8, especially when 6 is around /3.
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