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The combination of deep wet etching and a magneto-rheological finishing (MRF) process is investigated to
simultaneously improve laser damage resistance of a fused-silica surface at 355 nm. The subsequently deposited
SiO2 coatings are researched to clarify the impact of substrate finishing technology on the coatings. It is revealed
that a deep removal proceeding from the single side or double side had a significant impact on the laser-induced
damage threshold (LIDT) of the fused silica, especially for the rear surface. After the deep etching, the MRF
process that followed does not actually increase the LIDT, but it does ameliorate the surface qualities without
additional LIDT degradation. The combination guarantee both the integrity of the surface’s finish and the laser
damage resistance of the fused silica and subsequent SiO2 coatings.
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Improving the laser damage resistance of fused silica op-
tical surfaces and their subsequent coatings at 3ω has been
a quest for several decades. The improved surfaces and
coatings could be used in high-peak-power laser systems,
such as the one at the National Ignition Facility[1].
Previous research shows that the absorption defects in
the redeposition layer and the subsurface defects hidden
under the redeposition layer can generate laser damages
at more than two orders of magnitude lower than the in-
tensity needed to achieve an intrinsic breakdown[2–4]. The
use of etching and magneto-rheological finishing (MRF) to
remove these defects separately has met with some suc-
cess. In 1997, Yoshiyama et al. showed that the removal
of up to 200 nm from the silica surface with wet etching
resulted in an increase in the damage threshold. These im-
provements are likely due to the removal of the impurities
in the polishing or redeposition layers[5]. However, further
etching often resulted in a decrease rather than an increase
in the damage threshold. This group hypothesized that
this was possibly due to the extra etching uncovering
further contaminants, more subsurface damage, and/or
redepositing the contaminants[6–8]. Other researchers later
showed that hydrofluoric (HF) etching could be an
effective method to mitigate pre-existing damage sites.
Suratwala et al. found that 20–30 μm of material needs
to be etched to maximize the laser damage resistance of
the scratch[7], since the subsurface defects, commonly
identified as scratches and digs, are acknowledged as
the leading factors in lowering the laser damage resistance
of fused silica. Meanwhile, in recent years, MRF has been
playing a very important role in high-precision optical
fabrication, with its advantages of high determinacy, no
subsurface damage, and a zero-wear process[9,10]. But the

use of MRF is restricted by its small removal function
and low material removal rate.

In this Letter, we use a combination of the two treat-
ments, deep wet etching and MRF, to improve the laser
damage resistance of the surface and the surface quality
simultaneously, while also saving time and costs. The
front and rear surfaces of the fused silica are both inves-
tigated using various postprocessing combinations. The
laser resistances of the subsequent SiO2 coatings on the
differently processed substrates are researched as well,
since single-layer coatings typically damage the interface
between the substrate and coating, indicating that the
substrate finishing technology can have an impact on
the laser resistance of the coatings[11–13]. In addition, the
damage initiations and characteristics of the fused silica
and SiO2 coatings under single- and multiple-pulse irradi-
ations are specifically investigated, to further research the
effects of different postprocessing treatments.

In accordance with the processing method, the fused
silica samples were divided into four series. Each series
had at least six samples. The thickness of the 50 mm round
fused silica sample is 5 mm. The etching was conducted in
a 1% HF acid and 15% ammonium fluoride (NH4F) solu-
tion in deionized water at 23°C. Series A was only a water
spray combined with ultrasonic cleaning that was rinsed
off using deionized water. For series B, the samples lay flat
on the bottom of the container for 15 h. The upper surfaces
were etched to the depth of ∼20 μm, and the lower surfa-
ces were etched to a depth of ∼3 μm. Then the upper sur-
faces were processed with MRF with a removal depth of
about ∼3 μm. To eliminate the redeposited layer that
formed after the MRF process, another ∼200 nm were
etched. For series C, the two surfaces ware both etched
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to the depth of ∼20 μm. Series D was first processed the
same as series C. Subsequently, the MRF processes ware
operated on both of the surfaces to the depth of ∼3 μm.
Another ∼200 nm depth was also etched after the
MRF. In addition, after the above processes, the samples
in series B–D were all cleaned the same way as the sample
in series A. To determine the deep etching depth, we used
an electronic balance with the resolution of 0.0001 g to
weigh the mass loss Δm of every sample before and after
etching. Then, the etch depth is represented by
Δh ¼ Δm∕ðρ× SÞ, where ρ is the density of the fused silica
and S is the surface area. For series D, the etch depth of
the two surfaces are the same and easy to calculate. For
series B, after we know the etch depth of one surface,
which is the same as series D, the etch depth of the other
surface is easy to acquire.
The SiO2 coatings were deposited via e-beam evapora-

tion on substrates of series A and B, each with a diameter
of 50 mm. The thickness of the film was about 350 nm. All
coating depositions used the same deposition technology
and occurred in the same coating chamber.
The laser damage test apparatus used in this study and

the error analysis were both introduced in Ref. [14]. A Nd:
YAG laser was used to provide 355 nm of laser light (8 ns
pulse, Gaussian temporal and spatial profile). The 1∕e2
spot diameters on the x and y axes of the front surface were
measured via the knife-edge method and were 322 and
432μm,while those of the rear surfacewere 297 and390 μm.
The damage morphologies were observed by a Zeiss

scanning electron microscope. An optical profiler was also
employed in mapping the root mean square (rms) micro-
roughness (Rq).
The damage probability curves of the four series of fused

silica are shown in Fig. 1. Figure 1(a) shows the damage
probabilities of the front surfaces. Compared to series A,
the damage probabilities of the samples in series B, C, and
D decrease distinctly, and are almost at the same level.
This shows that the ∼20 μm removal eliminates the most
dangerous precursors, inducing low-density laser dam-
ages, to some extent, while significantly increasing the
laser damage resistance. The next MRF process ensures
the quality of the highly precise optical surfaces without
the generation of new subsurface damage. Meanwhile, the
other ∼3 μm removal during the MRF process does not
improve the laser-induced damage threshold (LIDT) fur-
ther. It is notable that the laser resistance of series B is

nearly the same as that of the samples in series D. This
indicates that the deep removal from a single side is
sufficient for the front surface of the LIDT, which is likely
generally unaffected by the condition of the rear surface.
Thus, considering the time and effect, the subsequent SiO2
coatings are deposited on the substrates of series A and B.
The damage probabilities of the rear surface shown in
Fig. 1(b) mainly exhibit the same trends as those of the
front surface. Deep etching significantly improves the
LIDTs of the rear surfaces. However, the samples in series
B are not improved, and are even a little worse than the
samples in series A. This indicates that deep removal on
just one side is dangerous for rear-surface LIDT. The very
different trends of the damage probabilities between the
front and rear surfaces of series B demonstrate that the
condition of the front surface will affect the rear surface,
not vice versa. Here, we must clarify that for series B,
when we test the LIDTs of the front or rear surface,
the surface that has been etched up to 20 μm is presented
on the front or rear surface, respectively. In addition, for
the samples with and without postprocessing, no self-
focusing effect is found in our experiment. The reason
may be that the laser intensity in the samples is not high
enough to cause self-focusing, since the focus of our laser is
behind the samples and the self-focusing effect is propor-
tional to the square of the laser intensity.

The specific LIDTs for the front and rear surfaces under
multiple-pulse irradiations are also tested and listed in
Table 1. During the course of experiment, we found that
the damage sites were all initiated at the first pulse, which
means that the undamaged sites will not be modified and
damaged under the subsequent pulses. The results in
Table 1 also verify the fact that there is no fatigue effect
existing in the front and rear surface damages of the fused
silica. Additionally, the LIDT of the front surface is obvi-
ously higher than that of the rear surface for each series.
For front surface, the LIDTs of series B, C, and D are
clearly over two times higher than that of series A. Addi-
tionally, for series C and D, the LIDTs of the rear surfaces
are significantly improved. However, the results of series B
reveal that removal should proceed from the double side at
the same time, especially if one wants to improve the
LIDT of the rear surface.

Many studies show that removal of up to 200 nm
of the silica surface results in an increase in the damage

Fig. 1. Damage probabilities of (a) the front surface, and (b) the
rear surface for the four series of fused silica.

Table 1. LIDTs of the Front and Rear Surfaces

LIDT (J∕cm2) A B C D

Front surface 1-on-1 12.1 28 28.6 28.9

10-on-1 12.8 27.3 31.2 28

30-on-1 12.3 28.6 28.5 26.9

Rear surface 1-on-1 8.4 7.2 14.3 14.2

10-on-1 7.8 7.5 14.5 14

30-on-1 9.2 8 14 14.2
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threshold[11,12]. During our research, we found that this is
not always true, and sometimes results in even more
damage. In comparison with shallow etching, deep etching
can improve the LIDT with greater confidence and to a
greater degree. However, the best LIDTs of our rear
surfaces still have room for improvement. Recently,
Baxamusa et al. demonstrated that the organic damage
precursors that are generated as precipitates during
chemical processing steps such as cleaning, etching, and
rinsing, are a limiting factor for high-quality fused silica
optics. By working to exclude the reagent and process con-
tamination and to minimize precipitation during chemical
processing operations, they have produced silica optics
with extraordinarily low damage densities that saturate
about 200 cm−2 on test samples[15,16]. There is still a gap
between the LIDTs of the exit surfaces reported in this
work and theirs, probably because we have no unified,
standard operation.
Some S-on-1 damage probability curves of the SiO2

coatings, with value of S ranging from 1 to 30, are shown
in Fig. 2. Figures 2(a) and 2(b) show the results of the
coatings deposited on the substrates of series A and B,
respectively. It is apparent that the laser resistance of
the coatings deposited on series B improved drastically.
In comparison with the improvement in the fused silica,
the LIDTs of the SiO2 coatings are increased by seven
times, and the 100% damage probability thresholds in-
crease by 10. This result confirms that the postprocessing
treatments of the fused silica can improve the laser resis-
tance of the front and rear surfaces and the subsequent
SiO2 coatings simultaneously. In addition, the SiO2 coat-
ings exhibit no fatigue effect, like the fused silica does.
Surface morphology and quality observations enable

the precise viewing of the damage characteristics and
the identification of the damage initiators. In order to
clarify the reasons why the LIDTs decrease or increase
under different processes, the surface conditions after dif-
ferent postprocessing treatments and laser irradiations are
obtained.
The evolution of the surface morphologies after differ-

ent etching depths for the same fused silica sample is re-
searched, and the statistical results are shown in Fig. 3.
Figures 3(a) and 3(b) illustrate the scratch and dig den-
sities with different etching depths, respectively. Each
data represents the result of at least six tested spots.

The densities of the exposed digs and scratches signifi-
cantly increase with the etching depth. In particular,
the dig density increases in a near-linear trend. The
scratch density is mainly maintained at ∼5mm−2 when
the etching depth is larger than 6 μm. However, as we
mentioned above, compared with the samples in series A,
the samples in series C where we removed up to 20 μm
have much higher laser resistances. This phenomenon in-
dicates that deep etching has removed impurities in the
polishing layer and subsurface defects to some extent,
and that the exposed digs and scratches have no effect
on the laser-induced damages. The damage morphologies
also confirm this conclusion.

Figure 4(a) illustrates damage to the front surface of
series A that was induced by a trailing indentation scratch
consisting of banana-shaped pits[17]. The irradiated laser
fluence is 33.5 J∕cm2 in the 1-on-1 mode. The most dan-
gerous damages to the front surface of series A behave like
micro-pits. The samples without etching have scratches on
the surface, some of which can induce damage. These
scratches generally manifest as trailing indentation
scratches. After the etching removes up to 20 μm from
the silica surface, the scratches all behave as continuous
scratches, as shown in Fig. 4(b). From the observation
of the damage morphologies, we find that these scratches
and digs will no longer cause damage. The comparison of
the damage probability curves of series C and D also verify
this conclusion. The samples after the MRF process, in
which the exposed continuous scratches and digs are all
removed, show almost the same results as the samples that
did not receive MRF, as shown in Fig. 1. Bercegol et al.
deliberately created scratches on the surface of fused silica
and measured the damage resistance of these scratches.

Fig. 2. Damage probabilities of SiO2 coatings deposited on the
substrates of series (a) A and (b) B, which are measured on the
input surface.

Fig. 3. (a) The scratch densities and (b) the dig densities of the
same fused silica sample etched to different depths.

Fig. 4. Damagemorphologies of the front surfaces for (a) damage
sites irradiated with 33.5 J∕cm2 in series A (b) undamaged sites
in series C.
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They demonstrated that the fracture could lead to laser
damage, but that plastic deformation could not produce
laser damage[17]. Thus, the continuous scratches or digs ex-
posed by the deep wet etch process are acknowledged as
plastic deformations that will not induce laser damage[18,19].
The damage morphologies and LIDTs both indicate the
surface damages of series B–D are induced by invisible,
nano-scaled defects. The fact that the removal of another
∼3 μm during the MRF process does not change the laser
resistance illustrates that these invisible, nano-scaled
defects may be traced back to the processing water and
reagents used during etching and rinsing[15,16].
The effect of the postprocessing treatments on the rear

surface damage probability curves and the initiation of
damage is similar to that on the front surface, except in
series B. As we have mentioned above, the input surfaces
of the samples in series B are only etched to ∼3 μm. This
etching depth may result in a decrease rather than an
increase in the damage threshold. The Yoshiyama group
hypothesized that it is possibly due to the uncovering of
further contaminants, of more subsurface damage, and/or
redeposition of the contaminants[5]. In addition, the con-
dition of the front surface may affect the rear surface,
resulting in this freak phenomenon. However, much more
work needs to be done to identify the reason.
Although the exposed scratches and digs will not induce

laser damage, besides the LIDT, the surface quality must
be considered after the deep etching process, especially for
the fused silica, which will be used as the substrate of coat-
ings. Figure 5 displays the rms micro-roughness (Rq) of all
of the samples in the four series. Each sample is measured
at six different positions. The results of series B are mea-
sured on the surface, which is both deep etched and MRF

treated. The results show that the difference between the
minimum and maximum Rq of series B is less than 0.2 nm
for series A, but larger than 3 nm for series C. It is about
0.7 nm for series B and D. In addition, the maximum Rq of
these four series are 0.98, 1.8, 5.87, and 1.78 nm, respec-
tively. These very different results for the four series reveal
that the removal of up 20 μm from the surface has a sig-
nificant effect on the surface’s Rq . Despite the samples
in series C having high LIDTs, the value of Rq is large.
Figures 6(a)–6(c) exhibits the specificRq mapping of series
A, series C, and series D, respectively. Series B and D are
considered to have the same surface conditions because
they underwent the same postprocessing treatments. It
is clearly that after deep etching, some big digs and
scratches are exposed on the surfaces. The MRF process
resolves this problem, as shown in Figs. 5 and 6, which
ensures the surface quality while avoiding bringing in
new subsurface defects that would decrease the LIDT[20].

The laser damage probability curves presented in Fig. 2
verify that the laser resistance of the SiO2 coatings which
have been deposited on the processed substrate is appa-
rently improved. It is clear that the combination of deep
etching andMRF can improve the laser damage resistance
and ensure the highly precise optical surface of the fused
silica and subsequent deposited SiO2 coatings simultane-
ously. The damage sites of the SiO2 coatings in the 1-on-1
case show that the initiators are from the substrate[21]. The
damage morphologies of the SiO2 coatings are similar to
the front surface damages of the fused silica. This is easy to
understand, since the thickness of our SiO2 coatings is only
350 nm. However, because of the coupling effect of the
substrate and coatings, the LIDT of the SiO2 coatings
is significantly lower than that of the substrate. It should
be noted that we only tested the LIDTs of the SiO2 coat-
ings. If one wants to ensure the rear surface as well, deep
etching should proceed from the double side of the
substrate. Thus, the laser resistance of the optics can
be improved with more confidence. In addition, for
multiple-pulse irradiations, the damage sites of the SiO2

coatings are all initiated by the first pulse. The fact that
there is no fatigue effect existing in the subsequent SiO2

coatings certifies that the initiators are from the substrate.
As we mentioned above, these invisible nano-scaled
defects, which may be from the processing water and
reagents used during etching and rinsing, exhibit very
different characteristics with the damage precursors inFig. 5. The Rq of the four series.

Fig. 6. Rq map of (a) series A, (b) series C, and (c) series D.
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coatings that commonly exhibit the fatigue effect in nano-
second regime[14].
The laser resistances of the fused silica, including the

front and rear surfaces, and the subsequent SiO2 coatings
are all improved after the postprocessing treatments.
The investigations include various combinations of deep
etching and MRF, which can proceed from either the
single-side or the double side. The results show that large
etched amounts can significantly improve the LIDTs. The
removal can proceed from the single-side if one only wants
to improve the LIDT of the front surface. But to improve
the LIDT of the rear surface, deep etching should proceed
from the double side. The exposed scratches and digs after
deep etching will not induce further damage under the in-
fluence of laser irradiations. The MRF process ameliorates
the surface qualities without additional LIDT degrada-
tion. The combination guarantees both the surface finish
and the laser damage resistance of the fused silica and sub-
sequent coatings. Additionally, the optical surface of the
fused silica and SiO2 coatings both exhibit no fatigue effect
under multiple pulse irradiations. However, much more
work is needed to identify the most appropriate etching
depth to maximize the laser damage resistance under
the premises of economical time and the nature of the
invisible precursors.

This work was supported by the National Natural
Science Foundation of China under Grant Nos. 11104293
and 61308021.
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