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a b s t r a c t

Local CO2 laser treatmenthasproved tobe themost promisingmethod toextend the life-timeof fused silica.
However, previous experimental data show that some raised rims are observed around the mitigated sites
left from themitigation process, whichwill result in hazardous lightmodulation to the downstream optics.
In thiswork, themorphology featuresofmitigated sites on the surface of fused silica opticswereanalyzed in
detail. According to measured morphology features, a 3D analytical model for simulating the modulation
value induced by mitigated site has been developed based on the scalar diffraction theory. The diffraction
patterns at a discrete distance downstream from each mitigated site are measured. The influences of ge-
ometry, laser wavelength and refractive index of substrates on the modulation by repaired damage
morphology at different distances are discussed, respectively. The analytical model is usable and repre-
sentative to evaluate the hazardous modulation induced by repaired damage morphology to downstream
optics. Results on this research suggest that the downstream intensification can be suppressed by con-
trolling the morphology features of mitigated sites, which provides a direction for the development and
improvement of the mitigated techniques of damage optics.

© 2016 Published by Elsevier B.V.

1. Introduction

For large-aperture, high-power laser systems, laser-induced
damage on the exit surface of fused silica remains today a key
limitation for laser performance in terms of energy and focal spot.
It's inevitable to introduce damage precursors such as structural
defects [1,2] (e.g. scratches, craters) and contaminations [3] on the
surface of fused silica during polishing and grinding processes.
Research findings reveal that the interaction between high power
laser beam and those damage precursors would result in obscura-
tion that degrades the beam quality [4], and moreover, generate
localized intensification that is very hazardous to surface damage
resistance of fused silica [5,6]. Once the surface damage is initiated,
it will grow exponentially upon further illumination and seriously
shortens the lifetime of optics. In order to improve the life time of
optical components, various proposals, such as chemical treatment
[7,8], plasma etching [9,10] and CO2 laser treatment [11e16] have
been developed for a feasible mitigation process of damage growth.

CO2 laser treatment is themost promisingmethod to extend the life
time of fused silica in those proposals, because it is used not only to
increase the damage resistance by eliminating the structural de-
fects and contaminants on the surface of fused silica [11e13], but
also to mitigate the damage growth of fused silica by high tem-
perature melting of initial damaged sites [14e16]. However, pre-
vious experimental data show that some raised rims are observed
around the mitigated sites left from the mitigation process which
will result in strong light modulation to the downstream optics
[16e19]. Thus further investigation is very important to obtain
theory model for simulating light modulation value induced by
mitigated sites.

Under the simulation of previous work, the impacts of surface
cracks or small mitigated sites on the modulation of light field
mainly have been explicated based on using finite-difference time-
domain (FDTD) algorithm [5,6,19e22]. However, FDTD algorithm is
only applicable to a small-sized defect (<10 mm) because of the
limitation of calculation amount. Recently, the scalar diffraction
theory is applied to simulate the wavefront modulation properties
of downstream beam propagation behind various mitigated sites
[23,24]. In this paper, the profile parameters for each mitigated site* Corresponding author.

E-mail address: gaoxiang6969@163.com (X. Gao).

Contents lists available at ScienceDirect

Optical Materials

journal homepage: www.elsevier .com/locate/optmat

http://dx.doi.org/10.1016/j.optmat.2016.12.032
0925-3467/© 2016 Published by Elsevier B.V.

Optical Materials 64 (2017) 295e301

mailto:gaoxiang6969@163.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.optmat.2016.12.032&domain=pdf
www.sciencedirect.com/science/journal/09253467
www.elsevier.com/locate/optmat
http://dx.doi.org/10.1016/j.optmat.2016.12.032
http://dx.doi.org/10.1016/j.optmat.2016.12.032
http://dx.doi.org/10.1016/j.optmat.2016.12.032


were measured by the contacted stylus profilometry. In Section 2,
the experimental setup used to measure the diffraction patterns at
different distances is presented. In Section 3, analytical modeling
and numerical simulation have been developed based on the scalar
diffraction theory to give a theoretical description on the principle
of modulation by mitigated sites. In Section 4, the dependence of
modulation value induced by mitigated sites on geometry, laser
wavelength and refractive index of substrates are discussed in
detail, respectively.

2. Experimental method

The fused silica samples (Corning HPFS 7980) with a size of
50 � 50 � 5 mm3 are used in the experiment. The samples are first
etched in the buffered hydrofluoric acid (HF) solution for 10 min to
remove the re-deposited layer and reveal the defects before the
experiment. Then a series of damage sites are created in the rear
surface of samples irradiated by Nd:YAG pulse laser with 355 nm
wavelength. The effective pulse duration (at 1/e) is 7 ns with the

Fig. 1. Experimental setup for light modulation measurement.

Fig. 2. Schematic diagram of transmitted beam modulation model for mitigated sites: (a) single crater (b) double craters.
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