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ABSTRACT

We present an original modelling of photo-induced temperature and thermal radiation in optical coatings submitted to
arbitrary spatio-temporal illumination. Numerical results are given at different temporal and spatial scales. The question
of emissivity engineering is addressed.

1. INTRODUCTION

Optical interference coatings are commonly used for a large panel of optical components for Space applications. Once
submitted to a laser illumination, a small amount of the laser energy is absorbed by the filter materials, which induces a
rising temperature inside the component and therefore a change in its thermal radiation. These laser-induced thermal effects
are a major issue in the field of Space communication or defense as they can be responsible for many problems ranging
from degradation of optical performance to irreversible damage. Furthermore, they are the basis of the various processes
for characterizing the absorption of filters such as photo-thermal deflection, common path interferometry or lock-in
thermography.

Huge efforts, both theoretical and experimental, have been made to describe and predict these phenomena. Most of the
work [1-6] focuses on the rising temperature that can damage the component [7,8]. Existing models are mostly numerical
and based on solving the heat equation. Analytical models exist, in the sense that they do not rely exclusively on numerical
methods, but they are generally limited. They use a partial description of the thermal source [9,10] or consider continuous
or infinitely short laser regimes [11,12]. Regarding thermal radiation, its modelling is often reduced to an emissivity
calculation in connection with Kirchhoff's law, which stipulates its equality with absorption. However, this method proves
insufficient when one wants to go further into the details of the thermal process balance (evanescent waves, guided modes
by coupling, transient regimes).

In this context, we propose theoretical models to accurately predict photo-induced thermal phenomena (rising temperature
and thermal radiation) in optical thin films under arbitrary illumination regimes (pulsed, clocked, continuous). The method
of resolution is based on work related to luminescent microcavities [13,14] and scattering of light in filters [15,16].

In order to obtain the laser induced temperature, the heat equation with the absorption density of the coatings for the source
term is solved with an original analytical method based on the Fourier Transform and an analogy between optical
propagation and heat diffusion [17]. This allows us not only to obtain the spatial and temporal evolution of the temperature
as a function of laser and components parameters, but also to determine laws to predict the maximum temperature
elevation, which is a major information for the user and enables to study the nature, thermal or dielectric, of the laser-
induced damage threshold.

To study thermal radiation, an electromagnetic approach is used to model the thermal agitation of charged particles by
electric current densities [18-21]. These currents, which are related to the temperature elevation by statistical tools, are
then introduced in Maxwell’s equations to get the spectral, temporal, and angular patterns of the thermal radiation of
arbitrary optical filters submitted to different optical sources.
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To summarize, the main steps in the modelling of photo-induced thermal phenomena are illustrated by the three diagrams
in Figure 1.1. The diagram shows a two-dimensional optical interference filter with interfaces between layers perpendicular
to the z axis. The x axis represents the transverse dimension. This component is illuminated by spatially and temporally
variable optical illumination, which induces a volume density of absorption in the layers, the source of photo-induced
thermal effects (step 1). An energy balance between this absorption and the thermal transfer modes (conduction only) then
allows the temperature rise in the component to be predicted (step 2). The thermal agitation of the particles is finally
modelled by volume densities of electric and magnetic currents that generate radiation propagating in the extreme media

(step 3).
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Figure 1.1: The main steps in the modelling of laser-induced thermal phenomena in optical interference coatings. Ei,Er and Ei
represents the incident, reflected and transmitted electric field respectively. The bulk absorption density is denoted by dA/dV
and induces a rising temperature AT. Electric currents are written J and produce a radiated flux ®q in superstrate and @ in
substrate. The power carried by guided modes is written Fyg'.

2. LASER INDUCED TEMPERATURE IN OPTICAL INTERFERENCE FILTERS

The object of study is a multilayer stack composed of p dielectric layers deposited on a glass substrate. The substrate is
denoted by s and the superstrate (air) is the medium 0. For each layer i, the complex optical index is denoted n; = n; +
jn;i" and the thickness e;. A schematic of the component is provided in Figure 2.1. The normal direction is the z axis.

Superstrate (ngy)

Substrate (ns)

Figure 2.1: geometry of an optical interference filter (see text).

To obtain the rising temperature in optical interference coatings, it is sufficient to carry out an energy balance between the
absorption volume density and the heat transfer modes. If the convection and thermal radiation are neglected, this reduces
to the classical heat equation which can be written, in every layer of the component, as:

o 1aT 1
AT;(p, t) — —a—tl(P, t) = —Esi(P. t) €Y)
L

1

where (a;, b;) are respectively the thermal diffusivity (m?.s') and thermal conductivity (W.m".K™") of layer n°i. T; (3, t) is
the temperature field at time ¢ and at point g in the layer. The thermal source S;, which is the absorption volume density
in the layer, is related to the laser parameters and the optical indices of the component.

-
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Equation (1) is solved by using an analogy between optical propagation in metallic media and heat diffusion [17]. To do
so, equation (1) is expressed in the Fourier plane by using a double Fourier Transform with respect to the time and the
transverse space variable. A complete description of the resolution method can be found in [22].

For arbitrary stack and optical illumination, the model provides a temperature field that depends on the time variable ¢ and
the space variable § = (x,y, z). To give an example, a Fabry-Perot filter with a central wavelength of 1064 nm is studied
in Figure 2.2. The formula of the component is: Air/H(LH)?6L(HL)*H /BK7 where H refers to a high index quarter wave
layer, composed of Nb,Os, and L to a low index quarter wave layer, composed of SiO,. The BK7 substrate is assumed to
be non-absorbent. The thermal and optical parameters of the materials are summarized in Table 1.

Table 1: Thermal and optical parameters used for numerical calculations

Materials Si0, Nb,Os Air Substrate: BK7
Refractive index @ 1 pm 1.45+107 2.25+107j 1 1.52

Thermal conductivity (W/m/K) | 0.5 1.0 2.5%102 1.14

Thermal diffusivity (m?/s) 1.84*107 4.3%107 2.05*107° 6.2*%107

This Fabry-Perot filter is submitted to a laser illumination with an energy of 1 mJ, at normal incidence and with a central
wavelength of 1064 nm. The spot radius, defined at 1/e?, is 100 pm.

In Figure 2.2 a) the rising temperature AT is plotted as a function of the height z in the component, for two pulse duration
(ns in blue and ms in red). The altitude z = 0 corresponds to the position of the top surface. For both regimes (ns and ms),
the temperature elevation AT is considered at the instant when it is maximum. This distribution may be compared in Figure
2.2 b) with that of the normalized electric field inside the component. As previously shown in [2,5,6], it may be noted that
for short duration pulses (< ns), the temperature field has a distribution similar to that of the stationary electric field, which
is not the case in the ms regime in which it is quasi-constant. This result is due overall to the thermal diffusion length [7]:

Ly = 2Vat 2

where 7 is the width at 1/e? of the laser pulse which is assumed to be Gaussian, and a the diffusivity of the medium in
question.
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Figure 2.2: Profiles of temperature (a) and of the square of the electric field normalized by the incident field (b) in the thickness of the
multi-dielectric component, calculated for 2 different laser regimes (ps and ms).

From a practical viewpoint, information which is essential for the user relates to the maximum temperature elevation
obtained in the component as a function of the energy, the pulse duration, the illuminated surface and the imaginary index
of the material. It is in fact these data which make it possible to grasp the importance of the photo-induced thermal
phenomena which we are attempting to summarize and simplify. Results will be found in [23].

Finally, our model allows us to compare the thermal and electrical damage thresholds as a function of the illumination
parameters and the imaginary indices of the thin-film materials. Very many works have been devoted to the laser damage
of components under flux [2,7,8,24-27]. It is known that for short pulse durations (typically less than one ns), the damage
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process is not thermal but resembles the concept of dielectric breakdown caused by the high value of the electromagnetic
field. Thus, it is common practice to define for these short pulses a laser damage threshold, or electromagnetic damage
threshold, as a reminder that it is related to the value of the optical field (rather than the temperature). This threshold
naturally depends on the materials and technologies used for manufacturing the thin films, the formula of the component,
the illumination conditions and also on the nature and the density of defects in the components.

This damage issue is similar for longer pulses, except that the damage process is thermal in nature (the temperature in the
component approaches the melting temperature T¢). In this context, it is helpful to consider another (thermal) damage
threshold, which represents the laser fluence F that must not be exceeded so that the temperature in the component does
not reach the melting temperature of the materials. The calculation of this threshold refers to a temperature calculation and
our formalism can thus be used [23].

3. LASER INDUCED THERMAL RADIATION

We now turn our attention to the thermal radiation induced by the rising temperature studied in the previous section. To
do so, we rely on works on statistical physics which enable to model thermal radiation in an electromagnetic way.
According to [18-21], the classical way to model it at the nanoscale is to consider an electrical current density, written
J.(# z,t), which represents the random thermal movement of charged particles. For a local isotropic medium at thermal
equilibrium, the spatial correlation function of the current at two different locations can be linked the temperature as
follows:

Ume @2, e, 2", f)) = 4ne” (HOf, )88 —)8(z — 2') 3)

where (.) is a statistical average, m,n € {x, y, z} are the coordinates of the current density, €” is the imaginary part of the
dielectric permittivity of the medium, O(f,T) = hf/(e™/*8T — 1) is the mean energy of Planck’s oscillator at the
frequency f and temperature T in thermal equilibrium, §,,,, is the Kronecker symbol and J,,, (%, 2, f) = [ Jme & 2, f)e/2™tdt
is the Fourier Transform of the current density versus the time variable. This current density is then inserted into Maxwell’s
equation to get the electromagnetic field induced by the temperature of the medium, that is, the thermal radiation. Using
this technique, Francoeur and al [28] calculated the thermal radiation flux of a multilayer structure where each layer is in
thermal equilibrium and thus has its own current density.

To satisfy the thermal equilibrium hypothesis in our interference coatings, the temperature elevation of section 2 is
discretized in time and space. We obtain a series of multilayer structures where each layer has a constant temperature over
a given period of time. We place ourselves in the situation described in [28,29] where the authors make the use of Dyadic
Green functions to solve the problem. Here, we choose to rely on the works related to luminescent micro-cavities [13,14]
and scattering of light in filters [15,16] in order to use theoretical and numerical tools that were previously developed.
More details on the calculation steps can be found in [22].

To illustrate the modelling, the laser induced thermal radiation of a multi-dielectric mirror is studied in Figure 3.1. The
component is a miror, centered at 1064 nm, of formula (HL)*H deposited on a BK7 substrate assumed to be non absorbent.
The thermal and optical parameters of the materials are the ones of Table 1. This mirror is submitted to a ns pulse laser
with an energy of 10 mJ, a spot radius of 100 pm and a central wavelength of 1064 nm. Optical index dispersion is not
considered in the calculation.

The radiative spectral intensity [21] of the miror in the superstrate is shown against the time in Figure 3.1 a). This intensity
is plotted at its maximum, thus at normal incidence (6, = 0°) and in the mid infrared region (4 = 7.7um). Figure 3.1 b)
plots the spectral intensity as a function of the emission wavelength, still at 8, = 0°. Figure 3.1 c) plots the spectral intensity
as a function of the angle of emission in the superstrate at A = 7.7um. The blue curve represents the radiative intensity at
ambient temperature chosen here at 20°C, shown by a blue dot on the temporal curve given in Figure 3.1 a). The red curve
corresponds to the instant at which the intensity is a maximum, shown by the red dot on the temporal curve in Figure 3.1
a). Note that for this calculation, the dispersion of the optical indices is not taken into account (despite the spectral range),
even though these dielectric materials become absorbent in the mid infra-red (MIR); consequently, radiation levels must
be higher in the MIR.

From Figure 3.1 we can deduce that, for temperature closed to 20°C, optical thin films behave as blackbody except for the
low signal levels due to the low absorption of the materials. In order to observe the effect of the filter formula on the
blackbody radiation, we must either use a mirror centered about 8§ um, or increase the temperature elevation to shift the
radiation to shorter wavelengths (1064 nm). More details will be found in [30].

4-
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Figure 3.1: Spectral intensity of the thermal radiation of a multi-dielectric mirror subjected to a 10mJ ns pulsed laser. a)
temporal evolution at normal emission angle and A = 7.7pum. b) spectral variation at normal emission angle. ¢) angular
variation at A = 7.7um. The red and blue curves are calculated respectively at the instants given by the red and blue dots of
figure a).

4. CONCLUSION

The photo-induced temperature and thermal radiation of optical interference have been modelized in a very precise way.
The models enable to predict the temporal and spatial variation of these two quantities for arbitrary multilayer stack
subjected to arbitrary illumination.

We believe this work may be very useful for Space applications as it can predict the levels of thermal radiation and those
of thermal damage threshold. Furthermore, since the modelization relies on a thin film multilayer approach, it could pave
the way of tailoring thermal radiation over large or narrow wavelength bandwidths. This could lead to the fabrication of
components with outstanding energy-saving characteristics such as selective solar absorbers [31] or radiative coolers [32].
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