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Effect of polishing powder on laser damage threshold of
fused silica
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Highly absorptive contaminants, which are introduced by polishing and buried under the optics surface, are responsible for
igniting laser damage of fused silica. In order to study effects of contamination on laser-induced damage, we processed
fused silica samples by using different polishing powder. We analyzed the type and relative contents of impurities on fused
silica surface and tested laser damage threshold with 355nm laser irradiation. The results show that laser induced damage of
the samples has obvious difference. The samples polished by Fe>O3; and CeO; have relative lower damage threshold, and
the samples polished by SiO, and ZrO, have relative higher damage threshold. Microscopy images of damage morphology
show that there are dense damage sites of sub-micrometer size around damage crater on the samples polished by Fe,O3
and CeO;,. Sub-micrometer site can not be observed by online microscopy and be regarded as damage. However, no similar
damage sites of sub-micrometer size exist on other samples. This suggests that sub-micrometer damage sites have a
relation with damage crater. This paper has an important significance to improve process technique of fused silica optics.
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1. Introduction

Lifetime in the UV of fused silica optics used in large
high power laser facilities such as the National Ignition
Facility in the United States [1,2], the Laser MegaJoule in
France [3] and the SGIII laser facility in China [4,5] has
been studied extensively. The lifetime of fused silica optics
is determined by both surface damage initiation and
damage growth [6]. Hence, we can improve lifetime of
fused silica optics through reducing initiator density and
inhibiting the growth of damage sites [7]. Reports show
that the intrinsic damage threshold of fused silica bulk
material is higher than 100J/cm?® [8, 9]. Laser-induced
damage at fluence as low as a few J/cm? with nanosecond
scale pulses are often attributed to subsurface defects of
polished fused silica. There are two main kinds of
subsurface defects: nano-metallic contaminants in the
Beilby layer coming from polishing [10-12] and
subsurface damage (SSD) created by grinding and/or
polishing of brittle material surfaces [13, 14].

Nano-metallic contaminant has a highly absorptive
character, which can ignite and induce damage. The
mechanism has been researched with laser interaction
experiments on gold nano-particles embedded in silica
[15-17]. Papernov et al. showed that the energy absorbed
by a defect of gold particle of 5 nm diameter was not
enough to melt and evaporate the volume of silica to create
the observed crater [15]. He also presented the damage

threshold as a function of particle size [16]. The result is
that even few-nanometer-diameter particles can lead to
significant threshold reduction. Kozlowski et al. detected
residual impurities on chemo-mechanical polished fused
silica. They found that the “gray haze” damage
morphology is induced by Ce impurity [11]. Neauport et al.
reported that Ce impurity has a strong influence while Al
Cu but Fe impurities have a very weak influence on
damage density at 14 J/cm2. And when the content of Ce
impurity is low enough, the correlation between the
amount of Ce and the damage density does not exist
[10,12].

This paper investigates the relations between metallic
impurities and laser induced damage with using the
non-artificial impurity defects that are residual
contamination during chemo-mechanical polishing. The
types and contents of impurities are decided by polishing
powder. The results show that the effect of Fe impurity on
laser damage of fused silica is more severe than that of Ce
impurity. The research has an important significance to
improve process technique of fused silica optics.

2. Sample preparation

All fused silica samples were cutted from Corning
7980 blanks. The samples were manufactured using
traditional chemo-mechanical polishing process by four
kinds of polishing powder. The sample number and the
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slurry type are shown in Table 1. Sample S1, S2, S3 and
S4 are polished by slurry of CeO,, Fe,03, ZrO, and SiO,,
respectively. Sample S5 is processed through rough
polishing by CeO, and then fine polishing by ZrO,. Table
1 also presents surface roughness parameters measured by
surface profilometer. Before damage testing, all samples
were cleaned using the same cleaning procedure.

Table 1. Surface roughness of the sample with different
polishing slurry

Sample | Slurry Type | Surface Roughness /(nm)
S1 CeO, 0.5
S2 Fe,0 0.4
S3 VA (O 0.5
S4 SiO, 04
S5 Ce0,+Zr0, 0.5

3. Metal impurities on sample surface

The types and contents of metallic impurities are
tested by time-of-flight secondary ion mass spectrometry
(TOF-SIMS). TOF-SIMS is capable of shallow sputter
depth profiling. An ion gun is operated in the DC mode
during the sputtering phase in order to remove material,
and a second ion gun is operated in the pulsed mode for
acquisition phase. Depth profiling by TOF-SIMS allows
monitoring of all species of interest simultaneously, and
with high mass resolution. The analysis area is
100x100um’ with a spatial resolution of 1pum. All sample
surfaces were sputter cleaned for ten seconds to remove
contaminations induced by surroundings.

Fig. 1 shows TOF-SIMS depth profiles of subsurface
on fused silica samples. By monitoring the entire mass
spectrum at each depth any unexpected impurities can be
detected. Sputter time represents the depth of removal
material. In order to intercomparsion of Samples, the
relative intensity had been normalized with silicon particle
number (counts 10000) as a standard. The cumulated
amounts of each impurity in the fix depth are shown in
Table 2. The nulls in Table 2 represent that we can not
detect mass spectrum of these elements by TOF-SIMS. As
shown in Fig.1 and Table 2, we can conclude that the kinds

and amounts of impurities are varied for different Samples.

There are many kinds of impurities (Na, Mg, Al, K, Ca, Fe
and Ce etc) in the modified layer of fused silica. Nearly all
Samples’ surface has a lot of Al, K, Ca impurities and a
small amount of B, Na, Mg impurities. Additionally, a lot
of Ce impurities and a small amount of Fe impurities exist
on the surface of Sample S1. A large amount of Fe
impurities and a lot of Ce impurities exist on the surface of
Sample S2. The surfaces of Sample S3 and S5 both have a
large amount of Zr impurities, a small amount of Fe
impurities and Ce impurities. The surface of Sample S4

has less kinds and amounts of impurities than other
Samples.
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Fig. 1. Depth profiles of impurities detected on various
sample subsurface
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Table 2. Relative contents of metal impurities on the sample surface with different polishing slurry

Sample B Na Mg Al K Ca Fe Zr La Ce
S1 93 744 1636 | 21969 | 21173 8875 1130 0 481 7671
S2 98 1607 | 1756 | 13905 | 36913 | 10471 35609 0 3859 5505
S3 69 2422 | 2187 | 7117 8666 3431 4503 18219 773 159
S4 51 0 420 | 6828 3915 3123 3210 0 553 836
S5 75 2605 | 1742 | 7949 | 26439 | 18575 1723 | 23637 | 6072 1070

4. Laser damage performance

An experimental setup of damage performance testing
system is shown in Fig. 2. Continuum laser as a seed
source is a single-mode YAG laser beam with 1064nm
wavelength. It is amplified through amplifier and exports
355nm wavelength with 2J maximum output energy and
9.3ns pulse duration. The output energy is adjusted by
using an energy attenuator. Telescope system is applied to
filter high frequency modulation and reduce the diameter
of beam. An uncoated fused silica pickoff wedge reflects
two beams for the diagnostic systems. A calibrated
pyroelectric detector measures pulse energy proportional
to the energy at the sample under test location. A beam
profiler placed at the same optical distance as the sample
provides beam size and spatial profile information. The
beam diameter size is about 3mm and the beam
modulation is about 2.8 at target place. A fast photodiode
allows measurement of the temporal profile. An on-line
microscopy with a pixel resolution of ~ Sum detects rear
surface damage.
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Fig. 2. Experimental setup of damage performance
testing system

We measured damage threshold of sample surface by
using R on 1 damage test technique [18]. The results are
shown in Fig. 3, which is laser induced damage threshold
on the sample surface with different polishing compounds.
The damage probability curve can give information as
follows: First is zero probability damage thresholds which
can be considered the damage threshold of fused silica.
The damage thresholds of five Samples exists apparent
difference. Zero probability damage thresholds of Sample
S2 (~3.2 Jlcm?) is far below that of Sample S4 (~7.8
Jlcm?). Then is the slope of damage probability curve. The

gradient of slope suggests the types of defects inducing
laser damage. The more steep gradient means that 100%
probability damage thresholds is nearer to zero probability
damage thresholds, which suggests the less types of
defects inducing laser damage.
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Fig. 3. Laser induced damage threshold on the sample
surface with different polishing compounds

5. Analyses and discussion

We analyze the impurities and damage performance of
Samples surface processed by the same technics with
different polishing powder. Fig. 3 shows the sort of zero
probability damage thresholds: S2<S1<S3=S5<S4.
Impurity analyses shown in Fig. 1 and Table 2 suggest that
Sample S1 has far more concentration of Fe, far less
concentration of Ce and Al than Sample S2. Optical
microscopy is applied to detect the morphology of
ultraviolet nanosecond-pulsed-laser damage. Fig. 4 shows
the morphology of laser damage on the different Samples
surface. The images show that the “gray haze” damage on
Sample S2 is more dense than that of Sample S1. We can
conclude that Fe impurity can induce the “gray haze”
damage morphology with the submicrometer size as well
as Ce impurity [11]. The zero probability damage
thresholds of Sample S2 (~3.2 J/cm?) is lower than that of
Sample S1 (~5 J/cm?), so the effect of Fe impurity on the
laser damage threshold of fused silica surface will not be
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less than that of Ce impurity. This disagrees with previous
works which believe weak or no correlations existing
between damage performance of fused silica and
concentration of Fe impurities [8-10,15]. Literature also
reports that the correlation between amount of Ce and
damage density does not exist when the content of Ce
impurity is low enough [10,12]. So the differential
between this paper’s results and previous works may be
related with the different content of Fe impurity.

The damage thresholds of Sample S3, S4 and S5 are
essentially same and higher than that of Sample S1 and S2.
Fig.1 and Table 2 show that a large of Zr, K, Ca impurities
and a lot of La, Al impurities reside on the surface of
Sample S3 and S5. This suggests that the correlations
existing between damage threshold of fused silica and
these impurities (Zr, K, Ca, La and Al) are weak. There are
still several “gray haze” damage points in Fig. 4-S3, S4
and S5. It can be explained by the less amounts of Fe and
Ce residual impurities on the surface of Sample S3, S4 and
S5. The damage probability line of Sample S5 and Sample
S3 is essentially coincidence. Sample S5 is first polished
roughly by CeO, and then polished finely by ZrO,. This
indicates that fused silica laser damage is mainly
determined by the last stage of the treatment. Sample S4
has least content of impurities and highest zero probability
damage threshold, which shows that SiO, maybe a better
polishing powder.

Fig. 4. Optical microscopy images of laser damage
morphology. S1), S2), S3), S4) and S5) are for Sample S1,
S2, S3, S4 and S5, respectively.

6. Conclusion

We have represented the impurities and damage
performance of fused silica polished by different polishing
powder. The results show that the sample polished by
Fe,Oz has lowest zero probability damage threshold. It
indicates that not only Ce impurity but also Fe impurity
has a serious influence on laser-induced damage. The
samples polished by SiO, and ZrO, have relative higher
damage threshold. This suggests that the correlations
existing between damage threshold of fused silica and the
impurities (such as Zr, K, Ca, La and Al) are weak, and
SiO, maybe a better polishing powder. Sample S5 shows
us that fused silica laser damage is mainly determined by
the last stage of the treatment. This paper is helpful to
understanding laser induced damage of fused silica ignited
by impurities and has an important significance to improve
polishing process of fused silica optics.
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