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Incident laser modulation of a repaired damage
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Local COg laser treatment has proved to be an effective method to prevent the 351-nm laser-induced damage sites

in a fused silica surface from exponentially growing, which is responsible for limiting the lifetime of optics in high fluence

laser systems. However, the COg2 laser induced ablation crater is often surrounded by a raised rim at the edge, which

can also result in the intensification of transmitted ultraviolet light that may damage the downstream optics. In this

work, the three-dimensional finite-difference time-domain method is developed to simulate the distribution of electrical

field intensity in the vicinity of the CO2 laser mitigated damage site located in the exit subsurface of fused silica. The

simulated results show that the repaired damage sites with raised rims cause more notable modulation to the incident

laser than those without rims. Specifically, we present a theoretical model of using dimpled patterning to control the

rim structure around the edge of repaired damage sites to avoid damage to downstream optics. The calculated results

accord well with previous experimental results and the underlying physical mechanism is analysed in detail.
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1. Introduction

Laser damage to optical components is a main
issue for high power laser systems. Particularly for in-
ertial confinement fusion (ICF) class lasers, the laser
damage resistance of fused silica surfaces at 351 nm
in the nanosecond range is of major concern.[! =5 The
fused silica optics used as focusing elements in a high
power laser system are generally quite thick and must
be produced from high-quality, inclusion-free SiOs,
thereby making these elements relatively expensive
and of high interest in terms of damage repair and
recycling.[%] At present, as one of the most promising
methods, a CO4 laser operating at 10.6 um has been
reported to locally melt and evaporate the silica sur-
face by producing typically smooth, Gaussian-shaped
pits to avoid damage growth during consequent 351-
nm laser irradiation.["='? In this way, the Si-O bonds
are rebuilt and the stoichiometric ratio is recovered.
The silica melt flows and so heals the subsurface small
cracks. As a result, the damage resistance capability
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is improved. It is reported that two kinds of defects
can be repaired by using a COs laser.[”) One is the ini-
tial defect in the optics before laser irradiation and the
other is the damage site created during irradiation.
Though COs laser irradiation is a good method to
raise the damage threshold, it also has some negative
effects. After CO5 laser irradiation, the fracture as-
sociated with damage can be removed by evaporation
and re-melting. The resulting shape of repaired sites
is always characterized by a crater region and a sur-

[6.13] a5 shown in Fig. 1. The rim

rounding raised rim,
is formed from mass movement of silica at high tem-
peratures from the low viscosity central region out-
wards, and can be several microns high for conditions
used to mitigate surface damage.® Experimental in-
vestigations show that new damage always occurs in
the surrounding area of the crater receiving COs laser
treatment, even when the surface is free from any
other visible defects after 351-nm irradiation. 614 Tt is
easy to understand that the outer rim of the repaired

damage site can be regarded as a convex mirror and
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the incident laser beam is focused as it passes through
the repaired damage site. As a result, the electrical
field is enhanced by the rim. This indicates that the
control of the rim structure around the edge of typi-
cal mitigation sites is crucial to avoid damage growth.
In order to alleviate the damage growth, Manyalibo
et al.l presented ‘dimpled’ patterning formed in the
rim region from an experiment standpoint.

Although the successful demonstration of the
COq, laser operating method has motivated theoretical
and experimental work to improve the process,[15_18]
few studies have focused on the electrical field mod-
ulation investigation of the repaired damage sites.!'?!
In addition, there is no theoretical work discussing the
effectiveness of the ‘dimpled’ patterning presented by
Manyalibo and his coworkers. In the present work,
a three-dimensional (3D) grid model of the repaired
damage sites is built. The 3D finite-difference time-
domain method is developed to solve the Maxwell
equations. Then the electrical field intensity distri-
bution in the vicinity of the repaired damage site in
the rear subsurface of the fused silica is numerically
simulated for the first time. The relationships be-
tween the maximal electrical field intensity in fused
silica and the geometry of the repaired damage site
In addition, a 3D grid model of the

dimpled-rim repaired damage site is constructed. Fi-

are discussed.

nally, calculations are employed to investigate the ef-
fect of the dimpling treatment on the modulation of
the laser electrical field.

2. Models

Figure 1 shows the surface morphology of a typ-
ical repaired damage site in the exit surface of fused
silica using an STIL contactless profilometer in cor-
responding ICF experiments.'®! The axial and lateral
resolutions of the STIL profilometer were ~ 0.5 pm
and ~ 1 pum, respectively, indicating that the damage
site consists of two parts: the crater below the surface
of fused silica, which satisfies a Gaussian distribution
(Part 1); and the rim above the fused silica surface,
which can be regarded as a Gaussian rotation (Part
2).

According to the experimental profile of the re-
paired damage site shown in Fig. 1, we built a 3D
grid model of the damage site. In the model, the sur-
faces of the two parts, which are above and below the
fused silica surface, respectively, can be described by

the 3D equations

2
z=zp1 + A1 exp [—2 (x — w01)?
w
i
(y — yo1) ] (Part 1),
2
z =202 + Asexp | —5 (((z — wo2)?
w
2
)00 -] (Part2)

where the xoy plane is parallel to the fused silica sur-
(wo1,%01,201) and (To2, Yoz, 202) are the bot-
tom positions of Part 1 and Part 2, respectively; d

face.

is a constant; A and W are the parameters control-
ling the repaired damage shape; A; and W; control
the depth and the width of Part 1, respectively; A,
and Wy control the depth and the width of Part 2,
respectively. Figure 2
of the 3D grid model.
0 =A/12 =29.25 nm.

shows the 2D schematic plot
The difference in grid size is
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Fig. 1.
site characterized by a crater region and a surrounding rim.
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Fig. 2. (colour online) 2D schematic plot of the repaired
crater with a raised rim.
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3. Modulation to a 351-nm laser
induced by the repaired dam-

age site with a rim
During the numerical calculation, Maxwell’s
equations are solved by the 3D finite-difference time-
domain method to calculate the electrical field inten-
sity distribution in the vicinity of a repaired damage
site.[18:19] The perfectly matched layer (PML) bound-
ary condition is adopted.?) The whole calculation do-
main is (1804, 1806, 1264). The relative dielectric con-
stant ¢, of fused silica is 2.25. The 351-nm laser with
an amplitude 1.0 V/m travels in the direction normal
to the surface, namely along the z axis. The TM wave
is considered in this work. Other defects in the fused
silica are ignored. It is assumed that the repaired dam-
age site is in the exit surface and the crater is empty
(er = 1.0). The size of the damage site used for simu-
lation is about 10 percent of the actual one due to the
computer’s capacity.

The modulation of the repaired damage site to the
351-nm laser is investigated. Firstly, the calculated
electrical field distribution in the plane y = 1006 in
the vicinity of a given repaired damage site is shown
in Fig. 3. The parameters Ay, Wy, As, and W5 are
406, 306, 109, and 206, respectively. In Fig. 3, the
electrical field in fused silica is obviously scattered by
the crater part and gathered by the rim part. The
electrical field distribution in the plane y = 10046 in
the vicinity of the given repaired damage site without
the outer rim is shown in Fig. 4. A scattering region
behind the damage site can be observed in both Fig. 3
and Fig. 4. Since the crater is empty (e, equals 1.0
which is less than that of fused silica), it looks like a
concave mirror located at the position of the crater
site. The incident laser is scattered by the concave
mirror. So the scattering domain is created behind
the repaired damage site. In addition, the maximum
electrical field in Fig. 3 is greater than that in Fig. 4.
In Fig. 3, the maximum electrical field appears just
around the highest position of the rim. This is be-
cause the rim looks like a convex mirror located at
the position of the outer rim of the damage site, as
shown in Fig. 2. The converging effect of the convex
mirror results in the electrical field enhancement in
Fig. 3 is more remarkable than in Fig. 4 (without the

converging effect of a rim).
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Fig. 3. (colour online) Distribution of electrical field at
y = 100 in the presence of a rim.
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Fig. 4. (colour online) The distribution of electrical field
at y = 1004 in the absence of a rim.

Secondly, we discuss the role that the repaired
damage site geometry plays in the electrical field mod-
ulation, which is shown in Figs. 5 and 6. Figure 5
shows the effect of the geometry of the crater part of
the repaired damage site on the electrical field modu-
lation, where A and W5 are 106 and 206, respectively.
In Fig. 5(a), Emax first increases and then decreases
with the increase of crater depth (the width W; = 306
is given). It can be deduced that this phenomenon re-
sults from two factors. Firstly, as mentioned above, it
looks like a concave mirror located at the position of
the crater site. The incident laser is scattered by the
concave mirror. Secondly, the scattering wave over-
laps with the incident wave in fused silica. As they
satisfy the interference reinforcing conditions in the
overlap, the electrical field is enhanced.) However, as
A > 406, the scattering effect is more obvious because
the crater becomes deeper. So FE.x decreases. In
Fig. 5(b) (given depth A; = 406), Fnax increases with
crater width increasing, which is because the scatter-
ing effect becomes weaker with crack width increasing.

Figure 6 shows the correlation between the elec-

trical field modulation and the height of the outer rim
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part of the repaired damage site. The parameters Ay,
Wy, and Wy are 406, 40, and 104, respectively. It
indicates that E,,x increases with the increase of rim
height.

becomes stronger as the curvature of convex mirror

It is well known that the converging effect

becomes larger. In addition, the curvature of the rim,
which can be regarded as a convex mirror, becomes
larger as the height increases, so Fya.x increases with

the increase of rim height.
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Fig. 5. Dependences of Enmax on (a) crater depth and (b)
crater width, respectively.
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Fig. 6. Enax versus the height of rim.

4. Modulation mitigation of the
dimpled rim

Figures 3-6 have proved that the modulation is
notable by the rim around the repaired damage site.
What can be done to mitigate the modulation of this
kind of repaired damage to a 351-nm laser during the
actual process? In 2007, Manyalibo et al.[®l presented
an effective experimental solution to the control of the
rim structure of repaired sites, i.e., the ‘dimpled’ pat-
terning as given in Fig. 7. In order to investigate the
modulation efficiency of this ‘dimpled’ patterning, a
3D grid model is constructed in this work. The 2D
schematic plot of the 3D grid model is shown in Fig. 8.

Fig. 7. (colour online) Surface morphology of the repaired

site with a ‘dimpled’ pattern in the rim region.[ﬁ]

The electrical field distributions in the exit sur-
face at z = 100 for the damage site composed of
a crater region and a surrounding rim are plotted in
Fig. 9, where panel (a) corresponds to damage with a
dimpled rim, and panel (b) with a non-dimpled rim.
In Fig. 9, the parameters Ay, W7, A, and Ws are 306,
304, 109, and 200, respectively.

In Fig. 9, the electrical field enhancement regions
can be observed in both panel (a) and panel (b) due
to the convergence effect discussed in Section 3. The
difference between panel (a) and panel (b) can be dis-
cussed from two aspects. On the one hand, the maxi-
mum electrical field in panel (b) (1.697 V/m) is 16.8%
of Epax lower than that in panel (a) (2.039 V/m),
which proves that the modulation of the repaired dam-
age site with a dimpled rim is weaker than that with-
out dimpled patterning. On the other hand, the dis-
tribution of the light enhancement positions is more
random in panel (a), while the distribution of enhance-

ment positions is nearly homocentric in panel (b). The
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simulation results are well consistent with the exper-
imental results presented in Ref. [6]. After dimpling
treatment, the outer rim that looks like as a convex
mirror is removed partially. The convergence effect of

the rim becomes weak, which results in a lower maxi-
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mum electrical field in panel (a) than in panel (b). The
irregular rim shape (as shown in Fig. 8) is conducive
to the random electrical field distribution (Fig. 9(a)).
Therefore, the electrical field enhancement is indeed

weakened after dimpling treatment.
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Fig. 8. (colour online) 2D schematic plot of the repaired pit with a ‘dimpled’ pattern in the rim region: (a) plan-view,

(b) side-view.
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Fig. 9. (colour online) Distributions of electrical field in the exit surface at z = 1266 with a rim: (a) with a ‘dimpled’

rim and (b) with a non-dimpled rim.

5. Conclusion

The modulation to a 351-nm laser of the damage
site with a rim repaired by a CO; laser is investigated
theoretically in detail. Specially, the effectiveness of
a dimpling treatment is discussed in this work. The
conclusions are given as follows.

(i) The repaired site with an outer rim modulates
the electrical field distinctly and the maximum en-
hancement appears around the highest position of the
outer rim.

The modulation first increases and then decreases
with the increase of crater depth of the damage site for
a given width. In other words, a peak value of F .y

appears with the increase of crater depth. The modu-

lation becomes stronger with crater width increasing
for a given crater depth. As for the rim, the modu-
lation increases with the height increasing for a given
width.

(ii) For the dimpled-rim sites, the intensification
pattern is effectively dissipated to alleviate damage
growth. The maximum electrical field (1.697 V/m) is
much lower than that of the sites without dimpling
treatment (2.039 V/m) in this work.
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