Optimal design of reflecting photonic structures for space applications
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Summary. During atmospheric entries, vehicles can be exposed to strong electromagnetic radiation from gas in the
shock layer. We propose and analyze silicon carbide and
glassy carbon structures to increase the reflection of radiation. We performed numerical optimizations of photonic
structures using an evolutionary strategy. Among the considered structures are layered, woodpile, porous and guidedmode resonance structures. The role of structural imperfections on the reflectivity is analyzed.

1 Introduction
Practical applications of photonic crystals (PhCs) are
diverse [1, 2]. An interesting, but not yet practically
realized, application of PhCs is as radiation shields for
atmospheric re-entry of space vehicles. Electromagnetic radiation from ionized gas in the shock layer can
constitute up to 30-50% [3] of the overall heat flux for
lunar return trajectories, although for relatively short
times. For Jupiter entries, on the other hand, most of
the heating is radiative [4]. Therefore, in addition to
protection against convective heating, a reentry thermal protection systems (TPS) should also be designed
for radiation shielding. Ideally, the design should be
tuned to the radiative spectra of a specific planet and
specific entry conditions.
One of the easiest way to design radiation shields
for atmospheric re-entry is with layered media [5].
Provided the two constituent materials possess a sufficient dielectric contrast and low absorption, broadband radiation shields with high omnidirectional reflection can be designed [6]. However, applications
such as atmospheric re-entry impose many additional
constraints on the material properties (thermal, mechanical, etc.). Therefore, finding a suitable pair of
materials can be very demanding.
Currently, TPS for the most demanding atmospheric re-entries are made of highly porous carbon
based materials. These materials, for example, PICA
(phenolic-impregnated carbon ablators), possess many
of the required thermal and mechanical properties.
However, these materials are strong absorbers of radiation and therefore currently offer no protection at
all from radiative heating. On the other hand, if these
materials could be structured in such way that high

reflection is obtained, radiative heating of the vehicle during re-entry could be reduced. We analyze the
potential of glassy carbon and silicon carbide as radiation shields for Earth atmospheric re-entry. The
effects of structural imperfections on reflectivity are
also analyzed.
1.1 Optimization goal
The goal is to design a radiation shield that maximizes
the total reflection of normally incident unpolarized
radiation uν , shown in Fig. 1.

Fig. 1. (Red curve - experimental data of spectral radiation distribution, obtained at atmospheric re-entry relevant
conditions [7] blue dashed curve - spectrum smoothed with
Gaussian window function of full width ∆ f = 10 THz.

Therefore, the function to be maximized is:
R

hRuν i =

RΣ uν dν
, utot =
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Z

uν dν,

(1)

where RΣ is the total reflection of the incident unpolarized radiation:
RΣ = 0.5(Rs + Rp ),

(2)

where Rs and Rp are the sum of reflection efficiencies
for the s- and p-polarization, respectively:
s,p

s,p

Rs,p = R0 + ∑ Di , i = ±1, ±2, . . .

(3)

here the summation is performed over the propagating
diffraction orders in the upper air half space.
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For numerical optimization, we used evolutionary strategy (ES) algorithms. Based on previous experience [8], it is very powerful for real parameter
optimization problems and outperforms genetic algorithm, particle swarm optimization, and other methods in most cases. We used an (m+n) evolutionary
strategy with adaptive mutation for the optimization.
Here m is the initial number of parents and n is the
number of children created in each generation.
Some of the structures to be optimized are shown
in Fig. 2.

Fig. 2. (From left to right: guided mode resonance structure,
woodpile, porous-reflector
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