Chin. Phys. B Vol. 25, No. 10 (2016) 108104

Influence of secondary treatment with CO; laser irradiation
for mitigation site on fused silica surface*
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The ablation debris and raised rim, as well as residual stress and deep crater will be formed during the mitigation
of damage site with a CO, laser irradiation on fused silica surface, which greatly affects the laser damage resistance of
optics. In this study, the experimental study combined with numerical simulation is utilized to investigate the effect of the
secondary treatment on a mitigated site by CO; laser irradiation. The results indicate that the ablation debris and the raised
rim can be completely eliminated and the depth of crater can be reduced. Notable results show that the residual stress of
the mitigation site after treatment will reduce two-thirds of the original stress. Finally, the elimination and the controlling
mechanism of secondary treatment on the debris and raised rim, as well as the reasons for changing the profile and stress
are analyzed. The results can provide a reference for the optimization treatment of mitigation sites by CO, laser secondary

treatment.
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1. Introduction

Fused silica is one of the most important optical compo-
nents in fusion class laser systems, such as the National Igni-
tion Facility (NIF) in USA, the Laser Mega Joule in France and
the SG-III laser facility in China.!'l With the improvement of
facility fluence, the various defects (such as scratches, inden-
tations) and contaminations on optics will lead to the various
negative effects on the system. For example, the formation
of a strong light field resulting from the light modulation of
defects,!?! the appearance of localized high temperature be-
cause of laser energy absorbed by impurities, 3! etc., each will
lead to an easier damage event of optics. Moreover, the catas-
trophic damage will occur if the initiation damage grows under
the subsequent laser shots, leading to the great loss of perfor-
mance of optics, such as transmission, damage resistance abil-
ity. Many methods, including etching the damage by hydroflu-
oric acid (HF) in the ultrasound environment,* and localized
CO, laser irradiation,’~71 have been put forward to suppress
the damage growth. Presently, the CO, laser treatment is rec-
ognized as one of the most effective and promising methods.

Two methods, i.e., evaporative and non-evaporative miti-
gation technique, %! are used to mitigate the damage growth of
the damage site. The non-evaporative approach is a more suit-
able technique for the damage site where the depth is less than
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100 wm, while the evaporative approach should be chosen for
deeper damage sites. However, the disadvantage of the evapo-
rative method is more obvious than that of the non-evaporative
one. For example, a larger residual stress will be produced
by the evaporative method than that by the non-evaporative
method under irradiation of the same-size laser beam. Further-
more, the deposited ablation debris and raised rim formed in
the evaporative mitigation process are easier to produce around
the mitigated site.[3! It is shown that residual stress will lead to
the crack propagation once the re-initiation damage of the mit-
igation site takes place.[’! The ablation debris will reduce the
damage resistance of optics,!'%! and the raised rim will modu-
late the transmitted light, even leading to the damage of down-
stream optics. ']

To avoid those negative effects, one of the methods,
i.e., buffered HF treatment, is chosen to clean the ablation
debris.!"?! It needs a long etching time to eliminate the de-
bris once they attach to the surface, which will increase the
surface roughness around the mitigated site, and reduce the
damage resistance of optics.!!?] This method is only suitable
for the surface with tiny debris. The other method is the sec-
ondary irradiation (or post-treatment) with CO5 laser,[%! which
can effectively reduce the stress and eliminate the debris. It
mainly depends on the re-melting process during the second
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irradiation. That is, the debris will be re-melted and the resid-
ual stress will become weak in the second irradiation process.
Based on the current results, the further investigation is devel-
oped by choosing the parameters for practical process imple-
mentation such as the power, the beam size and the exposition
time. It is a good choice once the additional disadvantage fac-
tors can be avoided.

In this context, the objective of the work that we detail
in this paper focuses on the irradiation effect of the secondary
irradiation by combining the experimental measurements with
numerical simulations. The temperature and stress behavior
and the formation mechanisms in the mitigation process and
the secondary treatment are investigated.

2. Experimental detail

First, polished fuse silica (Corning HPFS 7980) samples
each with a nominal size of 40 mm x40 mmx3 mm are etched
in HF solution to remove the re-deposited layer. At least 10
damage sites each with a lateral size of less than 150 um and
a depth of less than 50 pm are produced on the surface by us-
ing a Gaussian-shaped pulse operated at 355 nm, with 6.4-ns
pulse length and 0.23 mm? (1/e?) beam size. Then the dam-
age sites are repaired using a 10.6-um CO, laser by evapo-
rative method. Second, the mitigation sites are irradiated by
CO; laser when the sample cools down to the ambient tem-
perature. During the mitigation process, the interval time is 1s
between the two powers. Table 1 gives the optimized param-
eters during the mitigation and secondary treatment process.
The laser beam at the surface of the sample has a diameter of
2 mm at 1/¢? of initial intensity. Then, it changes into 4 mm
at the secondary treatment stage. The detailed descriptions are
described in Ref. [8]. The substrate without damage site is
also irradiated by a laser with the same parameters to provide
a comparison site.

Table 1. Parameters used in damage mitigation and the secondary treat-
ment.

Beam size Power Irradiation Irradiation
(1/e2)/mm W time/s times

2 17 4 1

4 28 2 2

The morphology and the debris are observed by a Nikon
optical microscope. The stress distribution is measured by
PTC-702 stress meter based on Senarmont compensation
method. The profile trace of the irradiated site is measured
by a stylus profilometer.

Figure 1 gives the typical optical microscopic images of
mitigation sites, secondary treatment site and site obtained
directly on substrate. It can be clearly seen that the debris
is deposited around the site after the mitigation process (see
Fig. 1(a)). It is eliminated after the secondary treatment (see
Fig. 1(b). However, the lateral size of the crater has already

changed as seen from the profile in Fig. 2. The depth and width
of mitigated site are 18.4 mm and 720 um respectively, while
the corresponding sizes increase to 13.5 pm and 1250 um after
the secondary treatment. The differences are Ageppn = 4.9 um
and Ayigm = 530 pm, respectively. Although this process re-
duces the depth of the crater, it increases the lateral size. In ad-
dition, the raised rim initiated in the mitigation process is elim-
inated in the secondary treatment process as shown in Fig. 2. It
is worthwhile to note Figs. 1(c) and 2 in which both the depth
and width of site obtained directly on the substrate are smaller
than those of the mitigated site.

Fig. 1. (color online) Optical microscopic images of mitigation site ob-
tained after damage mitigation (a), secondary treatment (b), and obtained
directly on substrate (c).
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Fig. 2. (color online) Profiles of irradiated site.
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Figure 3 presents the residual stress distributions of dif-
ferent states corresponding to Fig. 1. It is clearly seen that
the stress affected region is significantly increased after the
secondary treatment, while it is smaller than that of the stress
obtained directly on the substrate. For the same-size irradiated
laser beam and intensity of illumination light source of PTC-
702, the more obvious the residual stress, the greater the retar-
dance and residual stress are.[®] However, the stress magnitude
lies on the sizes of stress depth and irradiation laser beam in
mitigation sites, it is difficult to distinguish the specific dif-
ference between the mitigation site and secondary treatment
site, which will be quantitatively analyzed by numerical simu-
lation.

Fig. 3. (color online) Residual stresses of mitigated site obtained after
damage repaired (a), secondary treatment (b), and obtained directly on
substrate (c).

3. Numerical simulation

3.1. Theoretical foundation

In order to obtain the temperature of amorphous silica due
to the deposition of energy by a CO, laser, a solution to a
couple of partial differential equations is required. The cor-
responding non-linear heat transfer equation can be expressed

ast3!
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where T, p, K, and C are the temperature, density, thermal

conductivity and specific heat capacity under constant pres-

sure respectively; Q is the heat source generated during the ir-

radiation of the material. In the case where the Gaussian laser

beam depending on position and time irradiates the surface,
the Q can be given as follows:

_ (1-R)P x2+y2> B
Q—Ocim% exp( 7 exp(—0z), )

where ry is the radius at which the intensity is 1/e* of the
Gaussian beam intensity, P is the incident laser power, R is
the Fresnel reflection coefficient depending on the refractive
index, and « is the absorption coefficient.

The material displacement is generated during the laser
heating of the fused silica due to thermal expansion, which
has components in the r and z directions, called u and w re-
spectively. The correlations of strain-displacement in the case
of small displacements are given by[!
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where €,, €y, and &; are the strains in the r, ¢, z directions and
¥ is the shear strain in the r—z plane. The stress is composed
of one shear stress (7,,) and three normal stresses (o, Oy, c,),
and it is related to the strain in the case of elastic deformation
as follows:

0ij = Djju€u, @

where D; i is the elasticity tensor, which depends on Young’s
modulus and Poisson’s ratio.

3.2. Physical model

The simulations are conducted by using the commercial
software Ansys, which is based on the Finite Element Method.
It is a powerful tool in thermo-mechanical coupling simula-
tion. During the simulation, the temperature field is first ob-
tained. Then, the thermal analysis is transformed into struc-
ture analysis automatically, and finally, the stress distribution
is obtained. The stress distribution acts as an initial condition
when the mitigation site is irradiated with the secondary treat-
ment. Thus, the entire simulation includes two processes, that
is, damage mitigation and secondary treatment.
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To achieve the purpose, a 3D finite model is first built.
The entire size is 10 mmx 10 mmx1 mm. The heat trans-
fer conduction element solid 90 element with 20 nodes is se-
lected and used to improve the accuracy of the simulation. In
addition, the surface convection element surf 152 is selected
to serve as a loading element. On the other hand, the non-
uniform meshing method is utilized to mesh the model. A
finer mesh is placed in the heat-treated zone to ensure the ac-
curacy of the simulation, and a coarser mesh is placed in the
remaining part of the structure.

Fig. 4. (color online) Image of physical model and mesh distribution.

3.3. Material property and assumptions

The results strongly depend on the heat conductivity and
specific heat capacity, which are temperature dependent. Par-
ticularly, the thermal conductivity governs the temperature
rise, and it increases with temperature rising, while the den-
sity, Young’s modulus, Poisson’s ratio and expansion coeffi-
cient are all constants. The different fused silica parameters
used in simulation can refer to Ref. [14].

On the other hand, the model relies on simple but reason-
able assumptions. The fused silica material is considered to
be isotropic and homogeneous. The phase change and evap-
oration of material are not taken into account during the irra-
diation. The evaporated material does not interfere with the
incident laser beam. The convection is considered, while the
heat transport due to thermal radiation is negligible, and ther-
mal expansion has a negligible effect on heat transfer. The
energy is absorbed into the fused silica depth, and the heat
is dissipated by conduction. The initial temperature is room
temperature (298 K).

3.4. Simulation results

Figure 5 shows the plane and side view image of peak
temperature of mitigated site and the secondary treatment site.
The temperature distribution of substrate is the same as that of
the secondary treatment site given in Fig. 5(b), which is not
exhibited here. The temperature evolution of the central irra-
diation location is given in Fig. 6. To be consistent with the
experimental process, the cooling time is taken to be 300 s
after the end of irradiation in the simulation process.
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Fig. 5. (color online) Plane and side view image of peak temperature distri-
bution at 4 s in mitigation process (a) and the secondary treatment process
at 309 s (b).
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Fig. 6. (color online) Temperature distributions during the damage repair
(a) and secondary treatment (b).
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It is clearly seen from Fig. 5 that the peak temperature of
sample irradiated by 2-mm CO; laser is much larger than that
by 4-mm CO, laser, and their peak temperatures are 3140 K
and 2522 K, respectively. However the area of heating region
is opposite, a large irradiation laser beam will lead to a larger
heating region. As shown in Fig. 6(a), the sample surface tem-
perature arrives at melting point, 2300 K71 when the sample
is irradiated for 0.6 s. The temperature reaches 3140 K for 3 s,
which exceeds the evaporative point, 3000 K,[”! the evapora-
tive material will be found around the irradiated region. From
Fig. 6(a), it is shown that the total melting time is 2.4 s and
the evaporation time is 1 s. The mass movement of material at
high temperatures will form the low-viscosity central region
outwards, leading to the formation of raised rim, meanwhile
the debris will be formed because of the evaporation material
re-deposited around the crater at the end of irradiation.!'>! The
typical ultimate images with debris and their profiles are given
in Fig. 1(a) and Fig. 2, respectively.

The temperature distribution of the secondary treatment is
given in Fig. 6(b). The peak temperature is 2152 K at the end
of the first irradiation. Although it does not reach the melting
point, it is much larger than that of soft point (1860 K),[”! and
the entire temperature of sample is 1073 K after 1 s cooling
time at the end of irradiation as shown in Fig. 6(b). The objec-
tive of this irradiation process is mainly to preheat the sample
and increase the entire temperature of sample. The reason will

be discussed in Section 4. The temperature rises to 2522 K at
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the end of the second irradiation. The maximum temperature
at the irradiation location begins to reach the melting point at
308.3 s. The total effective melting time is 0.7 s in this process
as shown in Fig. 6(b).

Figure 7 presents the ultimate steady stress distributions
of mitigated site, post-treatment site and the obtained directly
on substrate. Figure 8 shows the corresponding stress evolu-
tions with time. Considering the fact that the absolute value of
the tensile stress is equal to compressive stress, only the com-
pressive stress is given in Fig. 8. It is shown that the stress has
an abrupt transition from compressive stress to tensile stress,
which is related to the interaction between stresses in ‘solid-
like’ and ‘liquid-like’ material regions. 3]

It is clearly seen that the stress distribution and its effected
region of mitigated site treated with secondary treatment are
larger than those of damage mitigation process, while an even
larger stress distribution and affected zone appear on substrate.
A comparison between Figs. 3 and 7 shows good agreement
between the simulation and experimental results. The calcu-
lated stresses are 25.8 Mpa, 9.02 Mpa, and 11.6 Mpa respec-
tively. It is shown that the secondary treatment effectively re-
duces the residual stress. In addition, although the temperature
is the same as those for secondary treatment site and on sub-
strate, the stress obtained on substrate is larger than that of the
secondary treatment site. The essential reasons will be dis-

cussed in Section 4.
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Fig. 7. (color online) Simulated residual stresses of mitigated site obtained after damage mitigation (a), secondary treatment (b), and directly on substrate (c).
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Fig. 8. Residual stress distributions during the damage mitigation (a), secondary treatment (b), and directly on substrate (c).
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4. Discussion

The experimental and simulation results indicate that the
secondary treatment procedure can not only eliminate the
raised rim and reduce the depth of crater, but also eliminate the
debris and reduce the residual stress, which mainly depends
on the melting process with 0.7 s irradiation at the secondary
treatment. As shown in Fig. 6(b), though the material is not
melted in the first irradiation process, the material temperature
is preheated and increased to 1073 K before the second irradi-
ation. This value is lower than that of the strain temperature
(1160 K) of material, moreover, it provides a uniform tempera-
ture condition of sample, which can effectively avoid the large
strain and stress because of the great gradient of temperature.
Meanwhile the melting process during the secondary irradia-
tion can re-melt the debris, raised rim and the material around
the crater, the material flow leads to the re-distribution of sur-
face morphology. The operation is also the key procedure to
irradiate the site twice with the same laser power.

A stress obtained on substrate is larger than that of miti-
gation site irradiated with 4-mm CO; laser directly as shown
in Figs. 3 and 7. It is mainly attributed to the stress that
has existed around the mitigation site, the fused silica can be
densified as a result of structural relaxation because of local
thermal history after the damage mitigation process.!'®! The
density change can be reversed by secondary treatment. This
procedure can completely be regarded as the post-annealing,
which can effectively reduce the crater depth and the residual
stress.[11 Moreover, it has been proved by Cormont ez al. that
this process can improve the damage threshold of mitigated
site.[®] The small stress also reduces the risk of crack propaga-
tion when the damage is re-initiated.[”!

Besides the local structural relaxation densification, the
mass movement of silica during the secondary treatment is an-

other factor. The radial melting velocity v, can be expressed
[12]
as

B 22T (rn?uU

Vr—T ) )

where r is the radius, 7'(r) is the surface temperature, U is the
latent of evaporation, E is the activation energy, 7 is the vis-
cosity, and P is pressure. It is shown that the v, is only related
to the radius when the 11 and P are both constant under con-
stant temperature condition. A large laser beam will lead to a
wider mass movement, which results in a large deformation of
surface morphology. It can explain why the deformation size
obtained by 4-mm CO, laser is larger than that by 2-mm CO,
laser. Considering no loss of material during the secondary
treatment, the melting material on the surface will transfer to
the bottom of crater, thereby reducing crater depth and elimi-
nating the raised rim, which can reduce downstream modula-
tion. As shown in Fig. 9, the modulation decreases from 16 to
7, and it effectively avoids the appearance of the second peak

modulation, which prevents the deleterious intensification on
subsequent illumination of downstream optics. The similar re-
sults to simulations are reported in Ref. [11].
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Fig. 9. (color online) Plots of modulation versus distance for different
mitigated sites.

For different-size damage sites, the same operation can be
used to treat the mitigated site when the debris and raised rim
is confined around the site. For example, as shown in Fig. 10,
the residual stress is 22.9 Mpa at the end of irradiation with
1-mm CO; laser, and then it drops to 7.85 Mpa when it is il-
luminated by secondary irradiation with 2-mm CO, laser. The
treatment effect is obvious by this operation.
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Fig. 10. (color online) Distributions of residual stress during the damage
mitigation (a) and secondary treatment (b).

108104-6



Chin. Phys. B Vol. 25, No. 10 (2016) 108104

5. Conclusions

The mitigated site is irradiated by secondary treatment
with CO; laser, it is shown that the experimental results are in
agreement with the numerical simulation results. The debris
and raised rim around the crater can be effectively eliminated
by this method. Moreover, the residual stress can drop 70%
of the original stress; it can effectively reduce the probabil-
ity of crack propagation once the damage of mitigation site is
re-initiated. On the other hand, the secondary treatment can
increase the lateral size of mitigation site, reduces the crater
depth and eliminates the height of the raised rim. Moreover,
this process controls the appearance of the large modulation
and reduces the damage probability of downstream optics re-
sulting from the modulation.
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