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Fused silica is an optical material with excellent performance, and it is widely used in the fabrication of optics in various high-
power laser systems. With the gradual improvement of laser systems, the quality of optics becomes crucial. Taking magneto-
rheological finishing (MRF), ion beam sputtering etching (IBSE), and advanced mitigation processing (AMP) as the means, this
work focuses on exploring the damage characteristics evolution of fused silica under different techniques. In this work, IBSE
technique was used to determinedly polish the optical surface after removing damage layer by MRF technique, and AMP
technique was applied to etch the surface with a certain depth. Then, 10 J/cm? (355 nm, 5 ns) laser was used to irradiate the optical
surface, and the damage density of optics maintained at a low level, about 0.001/mm?, which proves that MRF, IBSE, and AMP
techniques can effectively improve the laser damage resistance of optics.

1. Introduction

As a material with excellent optical properties, fused silica is
widely used in the fabrication of optics in various high-
power laser systems [1], such as NIF in the United States and
Laser Megajoule in France [2-4]. When the laser systems
operate, a number of induced damages may generate on the
optical surface due to strong laser irradiation. The laser
damage not only affects the service life of optics but also
leads to the distortion of beam line, which can destroy the
downstream elements, or even cause irreversible breakdown
to the system. In order to tackle the problem, scholars have
made some efforts, including improved the growth process
of base materials and adopted advanced processing tech-
nique [5, 6].

MREF technique is developed by Kordonski in cooper-
ation with the Center for Optics Manufacturing (COM) of
Rochester University [7]. The optical materials are removed
through high-speed friction between flexible polishing
ribbon and surface. The use of flexible polishing ribbon
avoids the generation of subsurface damage and is conducive
to the improvement of surface quality [8]. Zhao found that

MREF can restrain subsurface defects and significantly im-
prove the laser damage resistance of fused silica optics [9].
Based on the theory of magnetorheological elastic polishing,
Shu verified experimentally that MRF can achieve nonde-
structive processing of fused silica optics [10].

As an advanced optical processing technique, IBSE
technique is also used to polishing fused silica optics. In IBSE
process, high-energy ion beam bombards the surface, and
atoms obtain energy and then escape from the surface to
achieve materials removal [11]. The noncontact processing
model enables IBSE technique not to introduce defects such
as pollution and scratches, so as to achieve the goal of
manufacturing optical elements with high surface quality
and damage threshold. By studying the surface modification,
Li found that IBSE can effectively improve the surface state
of fused silica, and the damage threshold could reach more
than 15J/cm? [12, 13]. Liao detected fused silica surface
polished by IBSE technique with high-resolution methods
such as atomic force microscope and found that no defects
generate on the surface, which proved the effectiveness of the
technique [14]. Xu also found that IBSE can reduce the
surface roughness and improve the surface quality [15].
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In addition to above techniques, AMP has been applied
to the post-treatment process of fused silica optics in recent
years; for improving laser damage resistance, Bude used
AMP 3.0 technique to treat fused silica optics, the defects
were obviously passivated, and surface was not damaged
under laser irradiation (10J/cm? 351 nm, and 5ns) [16].
Shao found AMP technique can remove chemical structure
defects (ODC/NBOC) introduced in prepolishing process
and effectively improve laser damage threshold of fused
silica optics [17]. Sun also found AMP can remove Ce or
other polluting elements, and the damage threshold of fused
silica optics even reached 20 J/em? [18].

Although many scholars have done a lot of work in MRF
and IBSE processing of fused silica and confirmed the great
advantages of AMP technique in the improvement of
damage threshold, there still has little research on the
evolution of surface quality and damage characteristics in
the combination of above three techniques. Therefore, this
work has a certain value.

By means of MRF, IBSE, and AMP technique, this work
explored the changes of photothermal absorption and damage
density of fused silica optics under different processing pa-
rameters. In second part, it introduces the sample preparation,
testing, and characterization method. The third part shows the
research results. The fourth part discusses the relevant research
results, and the fifth part summarizes the work.

2. Materials and Methods

2.1. Sample Preparation. We had prepared 9 pieces fused
silica optics made by Likabao Co. Ltd. (size:
100 mm x 100 mmx10 mm, technology: low stress contin-
uous polishing in the same batch, material: Corning 7980,
and label: 1#-94#), and sample 1# was applied in slant etching
experiment, and samples 2#-7# were applied in ultra-pre-
cision machining process. Samples 8# and 9# were used as
the contrast, and 8# was a blank control, while 9# was merely
treated by AMP technique.

Ultra-Precision Machining Process. Samples 2#-7# were
polished by MRF technique to remove the subsurface
damage layer first, and then, the optics were polished by
IBSE technique with different depths. The parameters of
ultra-precision machiningprocessare shown in Tables 1-3.

AMP Process. Samples #2-#7 were processed by AMP
technique after MRF and IBSE process. 9# was only etched
by AMP technique under the same parameters. The whole
AMP process was carried out under the action of Teflon-
lined multifrequency ultrasonic transducer (multifrequency
ultrasonic frequency: 430 KHz, 1.3 MHz). Firstly, the inor-
ganic acid (70wt.% HNO; and 40wt.% H,O,, volume ratio 2:
1) was used for precleaning (time: 80 min), and then, the
surface was etched with etchant (70wt.% HF and 30wt.%
NH,F, volume ratio 1:4). The etching rate was determined
to be 0.1 ym/min. The whole process was carried out in the
class 100 clean room. When precleaning and etching steps
completed, the surface was cleaned with deionized water.
The parameters of etching depth are shown in Table 4.

Laser and Particle Beams

TasLE 1: MRF parameters.

Parameters Value
Flow rate 130L/h
Electric current 0.8A
Polishing wheel speed 240r/min
Polishing abrasive CeO,
Abrasive diameter 0.2 ym
Volume removal efficiency 3.6 x10” ym’/min
Material removal depth lym
TaBLE 2: IBSE parameters.
Parameter Value
Polishing gas Ar
Angle 0°
Chamber pressure 1x107*Pa
Removal efficiency 11.5% 107 ygm?/min
Beam energy 900 eV
TaBLE 3: Removal depth of IBSE.
Sample number Depth (nm)
2# 300
3% 600
4# 900
5# 300
6# 600
7# 900
TaBLE 4: AMP etching depth.
Sample number Depth (um)
2% 3
3# 3
4# 3
5# 5
6% 5
7# 5
9% 5

2.2. Surface Profile Test. The surface profile of optic was
detected by 6-inch aspheric interferometer (Model: Zygo
VerFire Asphere, Zygo Co. Ltd.). The wavefront repeatability
RMS of the interferometer was less than 2nm, and the
measurement repeatability RMS was less than 0.05nm.

2.3. Roughness Test. The roughness of samples was detected
by white light interferometer (Zygo Co. Ltd.). The lens
multiple was 20x, and the size of single test area was
0.47 mm x 0.35 mm. The test was operated along the pre-
calibrated path.

2.4. Photothermal Absorption Test. The photothermal ab-
sorption test was carried out on the photothermal absorp-
tion platform (ZC Co. Ltd.). The size of detection area was
5mm X 5mm, step length was 0.05mm, pump power was
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2W, pulse repetition frequency (PRF) was 50kHz, inte-
gration time was 300 ms, measurement mode was trans-
mission, laser wavelength was 355 nm, and sensitivity of the
platform was better than 0.1 ppm.

2.5. Laser Damage Density Test. The laser damage density
test was carried out in the Institute of Optoelectronic
Technology, Harbin Institute of Technology (test environ-
ment is shown in Figure 1). Test wavelength was 355 nm,
pulse width (FWHM) was 5 ns, target spot shape was square,
spot size was 10 mm x 10 mm (target spot morphology is
shown in Figure 2), modulation degree was 2.17, test area
was 40 mm x 40 mm (as shown in Figure 3), and single shot
interval was 15 min. The test temperature was 20°C + 0.2°C,
and humidity was 35% + 5%. In laser damage density test,
irradiation area of every single pulse did not overlap each
other, and the 16 times of irradiated pulse could cover the
whole testing area (40 mm x 40 mm).

2.6. Surface Defect Laser Scattering Test. The surface defect
laser scattering test was carried out on the laser scattering
detection platform (ZC Co. Ltd.), and detection principle is
shown in Figure 4. The detection sensitivity was better than
0.5 ym. The size of test area was 40 mm x 40 mm (consistent
with the area shown in Figure 3), the temperature was
24°C+2°C, and humidity was 40% + 2%.

3. Result

3.1. Experimental Results of Slant Etching. In this section,
slant etching experiment was carried out on sample 1# to
determine the depth of subsurface damage layer formed in
continuous polishing process, so as to remove it in subse-
quent process. The slant was etched by IBSE technique, and
the surface profile was detected by 6-inch aspheric inter-
ferometer, as shown in Figure 5(a).

In slant etching experiment, dwell time of IBSE tech-
nique was controlled to form a slant on sample 1# surface. To
gasp the effect, a standard line was calibrated on the slant,
and the cross-sectional profile is shown in Figure 5(b). The
max depth of the slant was 760 nm, and the length was about
80mm. Then, roughness test was conducted along pre-
calibrated path shown in Figure 5(a). It should be noted that
there were two roughness measurement areas corresponding
to each depth since the etching slant was symmetric. The
roughness value took the average of the two areas, and the
results are shown in Figure 6.

In Figure 6, with the increasing of depth, roughness RMS
value gradually increased from 1.023nm at position 1 to
1.589 nm at position 4 and then decreased to 1.120 nm at
position 6. According to the results, position 4 had the
highest value of roughness and 233 nm might be considered
as the approximate depth of damage layer. To determine
damage layer depth further, the curve was fitted based on the
experiment roughness results.

Through fitting result (Figure 7), the damage layer depth
was judged between 233 nm (position 4) and 575 nm (po-
sition 5) because of the highest roughness value. However,

FiGUure 1: Hundred Joule laser test platform.

shallow scratches with depth of several nanometers still
appeared at position 5 (Figure 6), which did not meet the
inference of damaged layer depth (233<depth<575nm), and
the scratches disappeared at positon 6. Based on roughness
fitting curve and the phenomenon occurred at positions 5
and 6, it was considered that damaged layer depth was
between 575 nm and 760 nm. In order to avoid the influence
of damage layer, the polishing depth of MRF was set to 1 ym
to completely remove the damage layer.

3.2. Laser Damage Test Results. In last section, the damage
layer depth was preliminarily determined in slant etching
experiment, and the damage layer was removed by MRF
technique. Then, IBSE and AMP processes were carried out
according to the parameters in Tables 3 and 4. Since surface
activity was high after AMP process, the damage density was
detected with hundred joule laser device first. For each
sample, the irradiated laser energy was about 10]J/cm? and
the laser damage was observed with long focal length
microscope.

For sample 8# (blank control), it had the biggest damage
density, which was about 0.70625/mm?, and the damage
layer was thought to be the major factor of dense laser-
induced damage. The laser damage density of samples 2# and
5# was the smallest among seven samples. The damage
density of samples 3# and 4# was equal, which was 0.0025/
mm?®. The damage density of sample 6# was about 0.001875/
mm?. The sample 7# had the highest damage density, and
about 10 damage points appeared in the test range of
1600 mm®. From above results, it was considered that
damage density was directly related to the removal amount
in AMP and IBSE processes. Increasing the removal amount
in IBSE process would aggravate the damage density. For
AMP process, the larger AMP depth would reduce the
damage density, which was contrary to that in IBSE process.
As for the result of sample 7#, it would be explained in
Discussion.

3.3. Photothermal Absorption Test Results. After laser
damage density test, photothermal absorption test was
carried out and the results are shown in Figures 8 and 9.
In Figure 8, the average absorption signal of blank
control is 0.294 ppm and a few points with high-absorption
appeared in the test area, which was link to laser damage
points. The result not only represented the absorbed level of
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FIGURE 2: Target spot morphology. (a) Target spot (10 mm x 10 mm). (b) Time waveform.
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FIGURE 3: Laser damage density test diagram. (a) Test area: 40 mm x 40 mm square area at the center of the surface. (b) Test route: “S
route, sequence of laser shots: 1-16.
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FiGURE 4: Detection principle.
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FiGure 5: IBSE slant etching results. (a) Slant morphology. (b) Intersecting surface profile.

Position:1 Position:2 Position:3
Depth:67 nm Depth:91 nm Depth:162 nm
Roughness (RMS):1.023 nm Roughness (RMS):1.182 nm Roughness (RMS):0.971 nm

+0.04656

Position:4 Position:5 Position:6
Depth:233 nm Depth:575 nm Depth:760 nm
Roughness (RMS):1.589 nm Roughness (RMS):1.349 nm Roughness (RMS):1.120 nm

FIGURE 6: Roughness results.
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FIGURE 7: Roughness fitting result.
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FIGURE 8: Photothermal absorption result of sample 8#.
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FIGURE 9: Photothermal absorption results. (a) Photothermal signal distribution. (b) Photothermal signal evolution curve.
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TaBLE 5: Damage density test result.

Sample Laser energy J/em? Laser shot Damage spot number Damage density/mm2
2# 10 16 2 0.00125

3# 10 16 4 0.0025

44 10 16 4 0.0025

5# 10 16 2 0.00125

6# 10 16 3 0.001875

7# 10 16 10 0.00625

8# 10 16 1130 0.70625

()

Quantity of defects: 1277
(b)

FIGURE 10: Laser scattering test results. (a) Dark-field scattering result. (b) Defects identification result.

optics processed in continuous polishing process but also
reflected its poor laser damage resistance. For samples 2#-7#
(Figure 9), the photothermal absorption signal was
0.150 ppm, 0.152 ppm, 0.152 ppm, 0.156 ppm, 0.160 ppm,
and 0.175ppm, respectively, and the signal levels were
significantly lower than that of blank control, which indi-
cated the effectiveness of techniques applied in this work.
From Figure 9, it could be seen that the absorption signals of
samples 5#, 6#, and 7# were slightly higher than that of
samples 2#, 3#, and 4#, which might link to greater AMP
etching depth. As for same AMP etching depth, the ab-
sorption signal of optics became a little higher as ion beam
sputtering depth increased, but basically maintained at the
same order. Associated with Table 5, photothermal ab-
sorption showed a certain connection with damage density
that was the lower absorption signal could bring lower
damage density.

3.4. Laser Scattering Detection Results. In this section, sample
8# was detected on laser scattering platform firstly, and the
detection area was consistent with that in laser damage
density test. The result is shown in Figure 10.

In Figure 10, a large amount of defects appeared on the
optical surface after laser irradiation and distributed
uniformly. Defects at a few positions also presented ag-
gregation state such as the line type on the top of

Figure 10(a). The defects’ distribution basically reflected
the damage layer formed in low stress continuous pol-
ishing process.

In order to grasp the surface conditions of optical surface
after IBSE and AMP processes accurately, the defects’ dis-
tribution of sample 2# to 7# was also detected on laser
scattering platform, and the detection areas were also co-
incided with that in laser damage density test.

In Figure 11(c) and 10(b), it could be seen that the
number of surface defects after laser irradiation is larger than
that of damage points (Table 5). But, its trend was consistent
with the laser damage test results that the more laser damage
points generated, the more defects on the optical surface
would be identified. From the aspect of IBSE process, the
removal depth presented a relationship to defects that was
the number of identifiable defects increased along with the
increasing of removal depth. As for the aspect of AMP
process, it was considered that larger etching depth works on
the decrease of defects, and the results of samples 2# to 6#
basically proved the viewpoint.

For sample 74, it should have less defects compared with
4#, but the results went against our expectations, just like the
result in laser damage density test. On the surface of sample
7#, a larger amount of defects gathered into one piece and
formed a foggy distribution area, even presented no obvious
periodic law. On the premise that the sample had been
processed by MRF, IBSE, and AMP techniques, it was
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Figure 11: Continued.
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FIGURE 11: Laser scattering test results. (a) Dark-field scattering results. (b) Defects identification results. (c) Defects number statistics.

considered that the larger amount of surface defects is re-
lated to above techniques. The mechanism will be stated in
Discussion.

4. Discussion

Through the experiments in last section, we had a specific
acquaintance of laser damage and absorption characteristics
of fused silica samples. However, there are still some phe-
nomena worthy of further discussion, and the relevant
discussions are stated in this section.

From laser damage density results, it was not difficult to
find that deep AMP technique can keep laser damage density
maintain at a low level, except sample 7#. Relevant studies
pointed out that AMP technique can significantly enhance
the laser damage resistance of the optics [19, 20]. Bude even
prepared ultra-high-quality surface without damage under
10J/cm? laser irradiation by AMP 3.0 process [16]. For
sample 7#, the etching depth of IBSE and AMP was at the
maximum, which should have lower damage density. But,
the test results were completely contrary to expectation. We
speculated that the surface conditions change the damage
characteristics. So, the surface morphology of sample 7# was
detected by high-resolution microscope equipped in the
laser scattering system.

According to the results shown in Figure 12, a large
number of massive “fragment” defects appeared on the
surface of sample 7# after AMP process. Different from pits,
bulges, or other defects, these defects were mainly irregular
polygons and attached to the sample surface. After laser
irradiation, the typical characteristics of laser damage (as
shown in Figure 13) merely appeared in few defects parts, so
we think not all “fragment” defects can cause laser damage.

It is always believed that increasing AMP depth can
expose purer substrate, optimize the absorption, and damage
characteristics. For photothermal absorption results of
samples 5#-7#, there were many relatively high-absorption

i e :
S N b Q
J % ‘. .
gy 7. »
N ¢ ¢ @

N ... o B

L] g ""..'

FIGURE 12: “Fragment” defects.

& foum

L W

points, which were more than damage spots generated in
damage density test. After comparison, we found the high-
absorption points are related to “fragment” defects. Even in
the case of “fragment” defects, the average photothermal
absorption signal is still maintained at a relatively low level.
According to experimental results of sample 7#, “fragment”
defects do not strongly affect photothermal absorption, but
present a relationship to damage density. When “fragment”
defects density is large enough, surface damage character-
istics are breakdown, while the absorption level rises a little.
For instance, the absorption signal difference of samples 6#
and 7# is 0.015 ppm, while the damage density of sample 7#
is 3 times of sample 6#. In a conclusion, “fragment” defects
with a large amount have great influence on laser damage
characteristics, as for absorption characteristics, its effect is
relatively less.

As for the formation of “fragment” defects, we initially
thought it is caused by AMP technique. Therefore, another
piece of fused silica optic (sample 9#) merely etched to 5 ym
by AMP technique was detected by laser scattering platform,
and foggy “fragment” defects were not found on the surface
(Figure 14), which indicated AMP technique is not the major
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100pm

FiGure 13: Typical laser-induced damage.

FIGURE 14: Laser scattering result after AMP etching process.

factor. Through the comparative analysis of two laser
scattering figures (sample 7# in Figure 11(b) and sample 9#
in Figure 14), we judge that the “fragment” defects must have
much to do with MRF or IBSE technique.

For samples 2#-7#, they were all treated by MRF
technique to remove materials about 1 um. After IBSE and
AMP process, only the surface of sample 7# generated
“fragment” defects, and the results prove that “fragment”
defects have nothing to do with MRF technique. Excluding
the effects of MRF and AMP technique, IBSE technique is
considered to be the major factor.

In our previous study, it had been mentioned that mi-
crostructure generates in IBSE process under high beam
density or long sputtering time [21] that may affect the AMP
etching effect. For AMP technique, its effectiveness in LIDT
(laser-induced damage threshold) improvement has already
been proved by scholars [17-20] and no special structure has
been found under larger etching depth. Combined above
statement and the results in this work, we consider that IBSE
technique changes the materials characteristics and causes
materials densification. In AMP process, dense materials
result in the presentation of “fragment” defects, just like
sample 7#. We also found a few “fragment” defects appear on
the surface of sample 4#, as shown in Figure 15. The dis-
covery proves our inference. For IBSE technique, the re-
moval depth and processing time need to be controlled,
limiting the removal amount to about 600 nm. For now, the

Laser and Particle Beams

100pm

FIGURE 15: “Fragment” defects of sample 4#.

control of IBSE technical parameters is the priority and in-
depth research will be conducted to solve the problem about
“fragment” defects in the future work.

For sample 7# with relatively high damage density, we
believe that it is not only related to high-density “fragment”
defects, but also to SiFs" compounds produced in AMP
process. This product had been proved to affect the damage
threshold of fused silica optics under high-power laser ir-
radiation in relevant studies [22, 23], and this part will also
be studied further.

5. Conclusion

Aimed at the increasing requirements of optics applied in
high-power laser systems, the authors conducted the re-
search on the manufacture of fused silica by MRF, IBSE, and
AMP techniques. Treated by above techniques, not only
surface absorption signal maintained at a relatively lower
level (about 0.15 ppm) but also damage density decreased in
a degree (about 0.00125/mm? under 10 J/cm” laser irradi-
ation). In general, this work provides a certain function of
reference for the fabrication of optics in laser systems. At the
same time, some interesting and unknown phenomena
occurred in this work, including “fragment” defect. These
problems will be settled in further work.
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