Vol. 112 (2007) ACTA PHYSICA POLONICA A No. 5

Proceedings of the International School and Conference on Optics and
Optical Materials, ISCOMO07, Belgrade, Serbia, September 3-7, 2007

Models of Interactions of Laser Beams
with Materials of Interest for Optical
Components and Provoked Damages

M. SRECKOVIC?, J. ILI¢?, A. KOVACEVIC®*, S. PANTELIC?,
Z. LAaTINovI¢?, N. BOrNA® AND V. Cosoviée

“Faculty of Electrical Engineering, University of Belgrade, Serbia
YFaculty of Mechanical Engineering, University of Belgrade, Serbia
“Institute of Physics, Pregrevica 118, 11080 Belgrade, Serbia
4IRADIA, Sremska Kamenica, Serbia
¢Faculty of Technology and Metallurgy, University of Belgrade, Serbia

Models of interactions of laser beams with materials of interest for op-
tical components are presented in this paper. Special attention is paid to
damages which appear within both active materials and optical components
along the path of a propagating beam with theoretical treatment via various
models.
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1. Introduction

Among various material modifications (labeled as reversible, irreversible,
temporary, permanent, unexpected/“unwanted”/“negative” or not, etc.), dam-
aging attracts much attention nowadays. The investigation of the cases on the
border between temporary and permanent change provides the information on the
resistivity of optical components [1-11].

Much research has been done in material exposition to laser beams of var-
ious dynamical operating regimes [1-11]. There are various data considering the
threshold of damages, namely, laser-induced damage threshold (LIDT) [1-3], show-
ing the tendency for standardization of fracture-appearing phenomena. There are
various established procedures for determining the damage threshold. In studying
damages induced via dielectric, thermal, Brillouin or other breakdown (including
mechanical) processes, the material purity plays an important role. For instance, if
inclusions in optical components are in the form of metal particles, specific cracks
appear and damages provoked in active materials (ruby, glass) are explained by
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specific approaches [1-3, 10]. Besides various theoretical approaches, with plasma
phenomena included or not, experimental results are the most reliable confirma-
tion of recommended model. The tendency to replace glass with plastic material
theoretically requires inclusion of various new models for damage explanation.

Various optical materials and elements (lenses and other glass or polymer
components) have been exposed to laser pulses and their damages have been an-
alyzed by microscopic and other methods. The threshold (LIDT) depends on
the state of the surface of an optical component prior to laser interaction. The
analysis includes: the influence of the internal electric field (the field depends on
the shape of micro-scratches) and the correction of the refractive index by the
Sellmeier approximations for less known materials.

It is necessary to record the changes of the material characteristics during its
operating life. According to the type of both optical components and lasing media,
the following cases are considered: (a) sample degradation; (b) the tasks which
prolong the component life; (¢) possible technological reparative processes. Laser
irradiation near (below) damage threshold might improve mechanical performances
and properties of some fibers or detectors.

High thermal gradients commonly arise in active materials during their op-
eration. The calculation of thermal stresses provoked in the materials is complex,
but allows the analysis of lasing processes in some (chosen) configurations. Dur-
ing the operation, stresses which exceed the limits appear in the materials with
various impurities included, which frequently lead to mechanical cracks. The de-
tection of these states, and methods for their analysis, are considered through
contemporary methods of mechanical stress control and compared with theoreti-
cal considerations of crack processes in previously mentioned cases (inclusions of
metallic particles) [10].

In the field of quantum electronics, some materials may have multiple roles.
They are used as active materials, but they are also used as windows or other
necessary optical elements. For instance, GaAs is used as a window for some
types of gas lasers, and it can also be an active material. The question of laser
output power limits, amplification degrees and throughput fluxes arises.

In high power lasers, multistage amplification is unavoidable. In technical
calculations, expressions that involve lasing thresholds and differential efficiency
are derived [4]. Factors causing the discrepancies are connected with: the influence
of non-homogeneity which leads to the appearance of saturation, the influence of
mode structure and the influence of overheating. High thermal gradients lead to
damages showing permanent deterioration of laser parameters as well as burning
and “shake” of crystals. Laser efficiency, thermal and lasing thresholds define
maximum operating temperatures [4].

2. Experimental techniques

Many types of materials are frequently used in experiments with short
(LiNbOg3, LaTaOs, NagNbOj3 ...) and both short and long (organic glasses,
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poly(methyl methacrylate) (PMMA) and polystyrene [6]) laser pulses. In all ma-
terials, surface and volume processes are commonly monitored. Fused silica, BK,
TF, K8, GLS-1, GLS-2 glasses, as well as linear crystals (KDP, LiTiOs, ruby), are
worth mentioning as interesting materials for laser processing.

Micro-fractures have been monitored and analyzed. Three groups of spec-
imens have been examined: (1) alphafilcon specimens — co-polymer of 2-
hydroxethyl methacrylate, N-vinyl pyrolidone and 4-tertiary butyl-2-hydroxy-
cyclohexyl methacrylate, which contains 66% of water when immersed in appro-
priate sterile NaCl and borate buffer solution (density of 1.075 g/cm?, refractive
index of n = 1.390, oxygen permeability of 32x 107! (cm3 Og-cm)/(cm?-s-mmHg)
at 35°C [5]); (2) itabisfluorofocon polymer specimens [5] — methyl-methacrylate-
-fluoritaconate-siloxanyl co-polymers which contains 1% of water when immersed
in mentioned solution (density of 1.27 g/cm?, refractive index of n = 1.435, oxy-
gen permeability of 45%(24**) x 107! (cm® Oj - cm)/(cm? - s - mmHg) at 35°C;
* — gas method, ** — polarographic method); (3) hard (n = 1.42), semi-
-hard (n = 1.435), and soft (n = 1.39) contact lenses.

The specimens are exposed to following lasers: COs, diode (808 nm), Er:YAG
(2.9 pm) and pulsed Nd*T:YAG laser (20 mJ, 15 ns, 1.064 pym). a

3. Theory

Laser induced damage threshold depends on material history before dam-
aging and on its purity [1-3, 5-11]. LIDT differs for single-pulse and multi-pulse
regimes. The modeling of damaging probability is complex and depends on both
the laser type and working regime. Damage mechanisms are commonly treated
by theories of fracture physics and mechanics, dielectric, Brillouin and thermal
breakdowns, etc. [1, 10].

There are two theories treating the internal origins of damages. The first
one does not make a difference between single- and multiple-pulse treatment. The
internal damage threshold T is a function of the number of pulses N [5]. Another
theory supposes that damages originated from different internal causes (origins)
do not develop in the same way for the cases of single and multiple pulses. The
damage threshold depends on the number of pulses logarithmically.

One of the modeling approaches [5] considers two phases of damaging. Dur-
ing the first one, under the influence of specific number of pulses, some variations
inside the bulk appear; there are no visible damages on the surface. The other
phase starts when internal modifications reach the critical level (one pulse damages
surface). This is significant for the redundancy forecast of optical components in
laser systems.

The electric field amplitude within the hollow made on uniform dielectric
(with dielectric constant ¢) is a function of incident electric field amplitude Eq
and is given by
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E=[1+(1-¢)L/e|" " Ey, (1)
where L is depolarization factor depending on the shape of the hollow. Thus,
for spherical hollow within the material L = 1/3 and for cylindrical hollow on
the surface L = 1/2. For narrow, pin-like hollow L = 1 — w¢/(2a), where ¢ is a
diameter and a is a hollow length. In the case of very narrow hollow (¢ < a),
L = 1. The electric field amplitude becomes E = €Ej, and the radiation intensity
is I = e2I,.

The laser radiation induces temperature change in a spherical region as a
function of the distance from the sphere center r, and time 7 is given by

t(r,7) = to exp(r8r?/3a?), (2)
where t( is the initial temperature, B is the absorbance of the material, a is the
sphere radius.

The laser radiation intensity limit I, can be expressed by

_ /\Qg (51 + 2)2 + E% 3
& 185 £ ’ )
where Qg = C/a?, £1, and £, are real and imaginary part of dielectric constant [10].

4. Results and discussion

For Ni sphere within a ruby and GaAs sphere, the temperature changes
versus distance from the sphere center » and time 7 are obtained by applying
Eq. (2) and presented in Fig. 1. In both cases the considered sphere radius was
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Fig. 1. The temperature changes versus distance from the sphere center r and time 7

for (a) GaAs sphere, and (b) Ni sphere within a ruby.

a = 1 mm, and initial temperature was tg = 20°C. Due to small absorbance of
GaAs (8 = 2.7 x 1072 1/s), the temperature in the sphere center remains the
same and the temperature of the sphere surface rises up to only 20.55°C during
the period of 3 s. During the same period, in Ni sphere, with the absorbance of



Models of Interactions of Laser Beams . .. 939

Fig. 2. Damages (100x) on (a), (b) semi-hard and (c), (d) hard lens.

Fig. 3. Damages on lens of 20 mm diameter.

1.791/s, the temperature in the center rises slightly (20.36°C) while the surface
temperature rises up to 120°C.

Damaged samples are analyzed by optical microscopy and fiber techniques.
Some interesting damage cases (lenses) are presented in Fig. 2 and 3. Photo-
recording methods were applied for energy density calculations.

The resistance of optical components to laser beams is described by irradia-
tion power density needed to produce the change in the component material, i.e.
by damage threshold. The damage appears on the surface of the dielectric due to
the ionization of absorbed contaminant molecules (mostly water). Multi-photon
ionizations should be taken into account. For high quality dielectrics, this is the
main source of damaging. Damages induced by thermally induced fractures due
to energy absorption are rare.

Final mechanical processing of optical components is important in overall
resistivity. Scratches and waves induced by bad polishing lead to reflection and
diffraction effects as well as to the appearance of parasitic electric field and its
changes associated with LIDT.

5. Conclusion

There are many models of the interaction between laser beams and glass-
/polymer-based optical components. Due to wide application area, there is a lot of
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empirical data concerning the interaction. Treated components are soft, semi-hard,
and hard lenses, glasses for binoculars and other implementations, including for
fine laser, holographic and interference optics. Damages provoked by @-switched
Nd:YAG are smaller compared to damages provoked by COs of significantly less
power. There are several recognized procedures for the professional investigation of
damage threshold. However, the thresholds are different even for the most known
materials. Because stabilized lasers are rarely implemented in these experiments
it would be interesting to conduct parallel research with this kind of lasers. In
each laser experiment, the dosimetry is tightly connected to A, E, 7, P and the
pulse shape; for each estimate, the protocol should be respected [1, 11].
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